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1 Introduction

The existence of right-handed charged currents (RHCC) is a distinctive signature of left-
right symmetric extensions of the Standard Model (SM) [1-3]. This class of models is
quite attractive as it allows parity to be restored at high energies by extending the SM
gauge symmetries to SU(3). x SU(2)g x SU(2)r, x U(1)p—r. An explanation for parity
violation is then provided by the spontaneous symmetry breaking of this extended gauge
group. Moreover, TeV scale left-right theories provide an appealing realization of the
seesaw mechanism for neutrino masses [4]. In light of the ongoing efforts to search for new
physics at the Large Hadron Collider (LHC) and in low-energy precision measurements, it
is timely to assess the status and prospects of detecting signals of right-handed charged
currents over a broad spectrum of probes.

In this paper, we consider a setup in which RHCC interactions manifest themselves
at observable energies, including the scales probed at colliders, through a single SU(3). x
SU(2)r x U(1)y-invariant dimension-six operator [5, 6], namely

2 » A
L6.q900 = v—gupTDugo upYH &jdﬁ +h.c., (1.1)

where D), is the covariant derivative, ¢ is the Higgs doublet, ¢ = ioo¢p*, v = 246 GeV is
the Higgs vacuum expectation value, 7 and j are generation indices, and we work in the
quark mass eigenbasis. After electroweak symmetry breaking this operator gives rise to a
coupling of the W+ boson to a right-handed charged current. In the unitary gauge we have

2
9 g j h
L6,gqpp = NG [fij Uyt dy WJ} <1 + v) +h.c., (1.2)

where ¢ is the SU(2) 1, gauge coupling. The operator in eq. (1.1) arises in left-right symmet-
ric models from the mixing between the charged gauge bosons of the SU(2)r and SU(2)[,
gauge groups. In this case ;; is proportional to a unitary 3 x 3 matrix, the right-handed
analog of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Here we do not commit to a
specific model, so that £ is a generic 3 x 3 matrix, with 9 independent complex parameters.
The elements &;; scale as &; ~ O(v?/A?%), where A is the scale of new physics. We work
within the framework of the SM effective field theory (SMEFT), in which it is a valid ap-
proximation to only consider dimension-six operators as long as there is a gap between the
scale of new physics and the largest energy scale in the problem. For low-energy observables
the largest energy scale will be the electroweak scale, such that we have the requirement



A > v. Instead, due to the larger energies available at colliders, the effects of eq. (1.1) can
be investigated in pp collisions at the LHC if one assumes that A > few TeV.

Although we do not restrict ourselves to a specific model it is worthwhile to mention
how eq. (1.2) can be induced in UV-complete models. For example, in the minimal left-
right symmetric model (see e.g. ref. [7]) the effective operator arises due to the mixing
between left- and right-handed W bosons. In this set-up, after integrating out the heavy
right-handed W boson, we can identify &; ~ (rkx'/v%)(VRg)i;e'® where k and &/ are vacuum
expectation values of the order of the electroweak scale, vr > v is the right-handed scale,
« is a CP-violating phase arising from the extended Higgs sector of the model, and Vg the
right-handed analogue of the CKM matrix. With further assumptions, such as explicit P
and/or C symmetry at high energies, Vi can even be calculated in terms of SM quantities,
such as quark masses and CKM elements, and the new model parameters «, ', and « [8-
10]. In this way, our results can be used in phenomenological analyses of UV-complete
scenarios, although care must be taken as other effective operators might be induced at
the matching scale.

The operator (1.1) has several interesting manifestations, both at high- and low-energy.
At colliders, it affects the production and polarization of W bosons. Furthermore, the
operator (1.1) affects the production cross section of the Higgs boson, both in associated
production with a W boson and in the vector boson fusion (VBF) channel. As we will
discuss, invariance under the SM gauge group causes eq. (1.2) to modify not only the
Waqq' vertex, but also the HWqq' interaction. This latter interaction produces a very
different dependence of the Higgs production cross section on kinematic variables such as
the partonic center of mass energy or the Higgs transverse momentum. This in turn results
in a large enhancement of the £-mediated cross section compared to the SM, especially for
W H associated production. As a consequence, we will see that, for the first two rows of
the £ matrix, processes involving the Higgs are already more constraining than single W
production. The third row of the & matrix is directly constrained by single-top production,
and top decay. In particular, the measurement of the W polarization in top decay allows for
a direct access to the Lorentz structure of the Witb vertex, and to test its left-handed nature.

The operator (1.1) leaves a distinctive trace at low energy as well. Indeed, it is the only
dimension-six operator in the SMEFT that induces a tree-level charged-current coupling
of left-handed leptons to right-handed quarks, thus affecting baryon 5 decays, and meson
leptonic and semileptonic charged-current decays. We will see that, under the assumption
that the SM is modified predominantly by a RHCC at the high energy scale A, low-energy
probes provide very stringent constraints on the first two rows of the £ matrix. However,
the most constraining observables are degenerate enough that, by introducing new physics
beyond the &;;, the bounds can be weakened to levels that are comparable to collider
sensitivities. Less degenerate observables, such as decay correlations in the neutron
decays, suffer from comparatively large theoretical uncertainties, so that, once again, they
probe the &;; at levels comparable to collider experiments. One of our main findings is
that once one tries to remove degeneracies by identifying observables that are sensitive
primarily to &;;, collider searches and low-energy probes have comparable sensitivity, and
it is of great value to pursue both.



In addition to observables that are at least in principle directly sensitive to RHCC, we
also consider indirect bounds, both at high- and low-energy. Some of the most stringent
indirect limits arise through top-quark loops which induce large corrections, enhanced
by m¢/mg,, to the bottom-Yukawa coupling and dipole operators. In turn, the bottom
Yukawa induces h — bb, while the dipole operators contribute to B — X 4v, the rare
decay K1 — m%Te™, and hadronic electric dipole moments (EDMs). We will see that the
constraints from these loop processes are several orders of magnitude stronger than direct
constraints from top production and decay. Furthermore, RHCC of light quarks induce
tree-level contributions to EDMs and direct CP-violation (CPV) in kaon decays [11]. The
stringent bounds on hadronic EDMs and the experimental value of €’/e can therefore be
used to rule out couplings larger that Im §,q,4s ~ 1076 —1077, suggesting a very high right-
handed scale. While these indirect probes are certainly more “degenerate” than direct
observables (i.e. they receive contributions from several other dimension-six operators in
the SMEFT), the bounds that they imply are nonetheless very significant. Within the
SMEFT these limits put stringent bounds on certain directions in the space of dimension-
six Wilson coefficients, thereby imposing non-trivial constraints on new physics scenarios.

This paper is organized as follows. We start by investigating the constraints coming
from colliders in section 2. We discuss direct W production in section 2.1, associated
production of a Higgs and a W boson in section 2.2, and Higgs production via VBF in
section 2.3. We then consider constraints on the &;; elements coming from top production
and decay in section 2.4, and from the decays of the Higgs in section 2.5. To connect to low-
energy observables, in section 3, we integrate out the heavy SM particles and match onto
a low-energy effective Lagrangian. In section 4 we consider the constraints coming from
B decay, and from leptonic and semileptonic meson decays. We then discuss observables
sensitive to non-leptonic operators induced by the operator (1.1), organizing the discussion
in AF = 0 observables (section 5), which consists of hadronic EDMs, AS = 1 observables,
including €' /e and K — mVete™ (section 6), and AB = 1 observables, mainly related to
inclusive and exclusive b — s,dy transitions (section 7). In section 8, we obtain limits
on the real and imaginary part of §;; by taking into account all the observables discussed
above, in a scenario in which only one of the elements is turned on at the high scale. In
section 9 we discuss strategies to unambiguously identify the signal of a RHCC, both at
low energies, and in associated production of a Higgs and a W. Finally, in section 9.3 we
consider more in detail the Wtb vertex. We conclude in section 10.

2 Right-handed charged currents at colliders

In this section we study the effects of the RHCC operator £ on several processes of interest
at the LHC. We focus on W production, associated production of a W and a Higgs boson,
Higgs production via vector boson fusion, and single-top production, as we expect these
processes to be the most sensitive to RHCC. For all these processes, we include NLO QCD
corrections to both the SM and BSM contributions, and, with the exception of single-top
production, we implement the processes in the POWHEG BOX V2 [12-14]. We also consider
the effect of the £ operator on the decays of the top-quark and the Higgs boson.
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Figure 1. Transverse mass distribution mY’ in pp — W+ — etv at VS =13 TeV in the presence
of right-handed charged currents.

Throughout this section we always consider ny = 5 massless quarks and we include
the exact top-quark mass dependence when necessary. For processes involving light quarks
only, this is justified by the fact that the interference of the right-handed currents with the
SM is suppressed by two insertions of the light quark masses. The interference is negligible
for values of the couplings &;; > yu,yd;, where y,, 4, are the SM Yukawa couplings. Even
in the most favorable case, £, neglecting the charm and bottom masses is reasonable for
£p > 1073, a level that, as we will see, is far from the sensitivity that can be reached
by present collider experiments. In the case of single-top production and top decays,
interference terms are important for &; ~ ypy:. While in this case the corrections are more
relevant, they are still subleading with respect to terms quadratic in & for the values of
the coupling accessible at colliders.

2.1 W production

The first process we analyze to look for manifestations of RHCC is W# production. This
process is accurately measured at the LHC, both at the level of the inclusive cross section
as well as for differential distributions [15-25]. Precise high-order calculations of the SM
background are available up to fixed NNLO QCD corrections [26-28] and also include
the resummation of the vector-boson transverse momentum [29, 30]. More recently, the
interface of the NNLO predictions with the parton shower has been presented in ref. [31].
A careful quantitative assessment of the size of the corrections at different orders, both in
QCD and EW, has been presented in ref. [32]. For this study, we have calculated the NLO
QCD corrections to the partonic processes mediated by RHCC and interfaced with the
parton shower according to the POWHEG method, extending the original work of ref. [33].
The contribution of the RHCC operator to W*-production observables that are sym-
metric under the exchange of the charged lepton and the neutrino momenta, is identical to
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Figure 2. Polar angle cos@* distribution in pp — WT — etv and pp — W~ — e 7 at VS =
7TeV, in the SM and in the presence of £,4. 6" is the polar angle of the charged lepton, measured in
the W boson rest frame, with the z-axis chosen to be oriented along the W direction in the lab frame.

the SM contribution after the replacement of the CKM elements V;; by &;;. For example, in
figure 1 we show the differential distribution with respect to the W transverse mass which
is defined as [34]

mYW = \/Q‘pTalTV‘(l —COSA(Z)ZV). (2.1)

Here ppr; and pr, are the charged-lepton and the neutrino transverse momenta, respec-
tively, and Ay, is their azimuthal separation. We evaluate the cross section at VS =
13 TeV for the SM (blue curve), £,q = 0.3 (green curve), and &,4 = 0.03 (red curve). The
effect of the RHCC amounts to a rescaling of the cross section. Since the correction is
quadratic in &;;, choosing &,q = 0.3 gives approximately a 10% correction to the SM pre-
diction, while &,q = 0.03 gives sub-permille corrections. Presently, the W7 cross section
at 13TeV is known with roughly 3% experimental uncertainty and a similar theoretical
uncertainty [16], implying that the bound on &,4 that can be extracted from the W= cross
section is at best around [£,4| < 0.2. Due to PDF suppression, the bounds on the other
elements of the §;; matrix are even weaker. As we discuss in section 2.2, with current sen-
sitivity, the associated production of a Higgs and a W boson is already more constraining
than W production. For this reason, we do not list the bounds coming from W production

on the various &;; elements.

The angular distribution of the charged leptons in W* decay is sensitive to the left-
handed nature of the W boson in the SM [35]. One might therefore expect that angular
distributions can provide stronger constraints. In figure 2 we plot the differential distribu-
tion with respect to cos 8*, where 6* is the polar angle of the charged lepton in the W-boson
rest frame, with the z-axis chosen to be in the direction of the W -boson momentum in the
laboratory frame. The differential cos 8* distribution is related to the W boson polarization



Figure 3. Leading-order contribution to the associated production of a Higgs and a vector boson.
Dots denote SM vertices, while squares denote an insertion of &.

fractions, Fy, Fr, and Fr by the relations [35]
1 do

Fy = [ dcosf*(2 —5cos® 0*)— 2.2
0 / cos 6*(2 — 5 cos )adCOSG*’ (2.2)
1 5 1 do
= * [~ * < 2% | = 2.
T /dcosﬁ < 2$cos€ +2cos 0)0dcos€*’ (2.3)

1 1
Fg = /dcos 0* <2 + cos 0" + 20082 0*) gdcccl)ZH* , (2.4)

where the upper (lower) sign is for W+(=),

Figure 2 depicts the cos 6* distribution for the SM (blue curve), for &,; = 0.3, and for
£uq = 0.03. These predictions were evaluated at /S = 7TeV and we applied the same pIW
cuts as used in the analysis of ref. [18]. We observe that £, does not affect the longitudinal
fraction Fp, while it increases the fraction of right-handed polarized W’s, and decreases
Fr — Fr. We find the helicity fractions to be given by

14+0.3¢&2 14+1.9 ¢
Fy=021, Fp= 0.54;51;1 Fp= 0.25+7§“2d : (2.5)
1+0.8¢2, 1+08¢2,
for 35 GeV < p!¥ < 50 GeV, and
1+ 0.4 |€ual® 1+ 1.8 [€ual?
Fy =019, F;,=05— D" pp—026—— >4 2.6
’ - 1108 [6a? F 1+ 0.8 [€udl® (26)

for pi¥ > 50 GeV. These helicity fractions were measured in ref. [18] with uncertainties of
roughly 20% on F, — Fr and larger uncertainties on Fy. The significant uncertainties allow
for rather large values of £,4, up to &4 ~ 0.4. The contributions to the W helicity fractions
involving other elements of the &;; matrix are further suppressed by the respective PDF’s
resulting in even weaker bounds. We conclude that at the moment the W polarization
fractions do not provide strong constraints on the effects of RHCC.

2.2 Associated production of a Higgs and a W= boson

As for single W-boson production, W H associated production is available at NNLO in
QCD [36-38] and is matched to the parton shower up to the NNLO+PS level [39].

A representative set of tree-level diagrams contributing to associated W H production
at LO in presence of RHCC is shown in figure 3. The first diagram denotes the SM



|£ud|2 |§us’2 ’5ub|2 |§cd|2 |€cs‘2 ‘gcb‘Q
central | 230 158 66.4 12.7 748 2.84

+0.8 +0.2  +0.08  +0.08
ow+m (pb) scale +4 +3 —0.4 —-0.1 —0.04 —0.04

PDF 20 36.0 3.2 1.8 232 048

central | 100 174 6.64 504 7.72 284

+28  +0.08 408  +0.08 +0.08
ow-n (pb) scale +2 —24 —0.04 -04 —0.04 —0.04

PDF 104 4.00 1.12 3.2 2.08 0.48

Table 1. Corrections to the W+ H cross section induced by the RHCC & at VS = 8TeV. The
total cross section is ow+py = U{?VA;[H + > a;jl¢;j|%, where the sum is over all light quarks. The
values and theoretical uncertainties of a;; are given in the table.

contribution. The remaining two diagrams involve an insertion of &, which is denoted by
a square. In addition to a contribution similar to the SM (the second diagram), the ¢
operator induces a local (7'q)gkhW interaction (the third diagram), which leads to a large
enhancement of the RHCC contribution. The interference of the right-handed currents
with the SM is suppressed by two insertions of the light quark masses and is negligible
for values of the couplings that can be probed at the LHC. We therefore focus on the
contributions quadratic in &.

We computed the NLO QCD corrections to the RHCC contributions to the W H cross
section, also considering the decay of the W into leptons. This implementation builds upon
the original NLO+PS POWHEG BOX code in [40]. The SM NLO cross section at v/S = 8 TeV
is

ow+pg = (0.461 +0.021) pb, oy— g = (0.264 + 0.017) pb, (2.7)

where we used the NLO PDF sets CT10, MSTW08, and NNPDF2.3. The error is dominated
by PDF uncertainties while scale variations are about (2-3)%. In table 1 we give the
cross sections induced by ¢ at v/S = 8 TeV. The central value is evaluated at the scale
= mpg + mw. As for the SM results, the errors are dominated by PDF variations that
are roughly 10%. As expected, PDF errors are larger for processes involving the strange
PDF, which is not known at the same level as the PDFs of the lighter quarks. The cross
sections at 13 and 14 TeV have similar theoretical uncertainties.

Using the total cross sections in table 1, we construct the production signal strength
in the presence of the RHCC,

3 3
3 Sw+n T Ow-m

fyyg =1+ : (2.8)
0'3/]\_{ gt O"‘?VJ\{ "

Our results for the production signal strengths at /S = 8, 13 and 14 TeV are summarized

in the upper half of table 2. As discussed in section 2.5, the first two rows of the &;; matrix

do not significantly affect the Higgs branching ratios. We can thus safely assume that Higgs



\/§ |§ud|2 |£us|2 |§ub|2 |£cd|2 |£cs|2 ‘€Cb|2
8 TeV | 451 +£29 250+57 10147 87+ 7 22+ 6 8+2

pwa -1 13 TeV | 663 £42 381+80 164+11 142+10 42+10 16+3
14 TeV | 703 £45 406 £84 177+12 153+11 46+11 1843

|Eual |Eus] |Eu| |€cal |€es| |€en

ATLAS, CMS [41] | 8 TeV 0.04 0.05 0.08 0.08 0.19 0.30
ATLAS [44] 13 TeV 0.04 0.06 0.08 0.09 0.18 0.28
future 14 TeV 0.02 0.03 0.04 0.05 0.09 0.13

Table 2. Signal strength for the W H production channel at v/'S = 8 TeV, 13 TeV, and 14 TeV, and
90% CL bounds on &;;. The projected bounds at 14 TeV assume 20% uncertainties on pyy g.

decays are SM-like and we simply use the production signal strength in the W H channel
in our analysis. The combined result from the ATLAS and CMS collaborations is [41]

pwe (8 TeV) = 0.891040 . (2.9)

In the lower half of table 2 we list the 90% CL bounds on |&;;|, with the assumption that
the SM is modified only by a RHCC at the high-energy scale A > v.! The constraints are
much stronger than those extracted from W# production. The ATLAS collaboration also
published preliminary results obtained at 13 TeV [44]

pwr (13 TeV) = 0.337355 . (2.10)

The larger contribution of the RHCC operators to the cross section is compensated by the
larger experimental errors, resulting in similar constraints as obtained from the 8 TeV data.

In table 2 we also show the signal strength and projected bounds at v/S = 14 TeV. The
RHCC contributions to the cross section grow faster than the SM contributions, resulting
in a greater sensitivity at the LHC Run 2. The projected bounds in table 2 assume a 20%
uncertainty on the uyy g signal strength. For all coefficients the improvement is roughly a
factor of 2.

The pattern of the constraints in table 2 can be simply understood in terms of the
parton distributions. W H production is most sensitive to &,4, which involves two valence
quarks in the proton, followed by the couplings with one valence quark, &,s, &up, and &qq4.
The bounds become weaker for &.; and & as the PDFs involve two sea quarks in these
cases. While the current and projected bounds on &,4, &us, &cd, and &5 are at least a factor
of 10 smaller than the corresponding CKM matrix element, the W H cross section allows
for values of £,;, and & that are much larger than V,; and V. As we will discuss, this
possibility is excluded by inclusive and exclusive B decays.

!Since the coefficients &;; depend very mildly on the initial scale A [42, 43], we do not specify its precise
value.
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Figure 4. Cross section for the production of HW*, with W+ — vet, at /S = 14 TeV, differential
with respect to the Higgs pr.

We have focused so far on the signal strengths alone. Differential distributions can
provide additional valuable information. In particular, as shown in figure 4, the RHCC
contribution is enhanced for large values of the Higgs transverse momentum, or of the W H
invariant mass, so that the study of differential distributions at the current and future LHC
runs could further improve the collider bounds on £. In section 9 we will explore in more
detail how to construct observables that can discriminate between RHCC and corrections
to the W H cross section from other dimension-six operators in the SMEFT.

2.3 Vector boson fusion

The production rate for an Higgs boson via vector boson fusion (VBF) is also sensitive to
the RHCC. The tree-level diagrams contributing to VBF Higgs production are shown in
figure 5. As for W H associated production, one topology is identical to the SM with the
CKM matrix replaced by &;;. In addition, the £ operator induces a ¢'qhW vertex depicted
in the last diagram of figure 5. This topology again leads to an enhancement with respect
to the SM, albeit not as numerically significant as for W H associated production.

The total cross section for Higgs production through VBF has been recently com-
puted in the SM at N3LO in QCD [45]. Fully-differential distributions are available up to
NNLO [46] and the interface with parton showering is available at NLO+PS accuracy [47].
For this study, we computed the NLO QCD corrections to both the SM and the RHCC
VBEF cross sections, building upon the POWHEG implementation presented in ref. [47]. We
find that the total VBF cross section is

OVBF (8 TeV)

pb =1.6 (1+16'4‘€ud’2+9'1‘€us’2+8'5’€ub’2+6'2’Ecd’2+2'6‘§cs’2+1'1‘€cb‘2) )

(2.11)



Figure 5. Leading order contribution to Higgs production via vector boson fusion. Dots denote
SM vertices, while squares denotes an insertion of &.

where we used y = my as the renormalization and factorization scale, and we computed
the cross section with the CT10nlo PDF set. PDF and scale variations indicate that the
theory uncertainties are below the 10% level.

In order to disentangle VBF from gluon-fusion contributions, the final state is required
to have at least two well-separated jets. The invariant mass of the two jets has to be
mj; > 600 GeV, while the rapidity separation has to be |y;, — y;,| > 4.2. Furthermore, all
jets are required to have pr; > 20GeV and |y;| < 5. Within these cuts, the NLO cross
section becomes

ovpr(8 TeV)

b =0.30 (1412.0(€uq|* +7.3|€us|* +6.7|€ub|> +5.7|ca|* +1.3|€cs |2 +0.3[€ ) -

(2.12)
From egs. (2.11) and (2.12) we see that the VBF channel is sensitive to RHCC, but the

modifications to the signal strength are much smaller than for W H associated production.
The combined ATLAS and CMS signal strength from Run I is [41]

pvpr =1.184+0.25. (2.13)

This implies that from the signal strength alone we get constraints on, for example, |£,q| <
0.2, |&up| < 0.3, and [£| ~ 1. These bounds are considerably weaker than those given in
table 2 arising from associated production.

At 14 TeV, the cross section within the aforementioned VBF cuts is

O’VBF(14 TeV)

o =1.1 (1+23.2|€a)* +12.4[&us |* +11.8]Eup | +8.7|ca|* +2.4] Ecs [* +1.0[€ )

(2.14)
which again signals a smaller sensitivity to &; compared to W H associated production.
One advantage of using VBF is the presence of jets in the final state, which gives an
additional handle on the flavor structure of the RHCC. For example, by requiring that at
least one of the jets in the final state is b tagged, we can enhance the contributions of the
couplings &, and & at the price of a reduced cross section,

over(14 TeV)

=0.05 (1 + 235|&|* + 19.3|€0%) - (2.15)
pb btag

~10 -



V'S (TeV) | oy (pb) | o7 (pb) | 0447 (pb) | Experiment

7 46+6 | 23+3 | 6848 | ATLAS [48]
— — 67+7 | CMS  [49]

8 574+4 | 33+£3 | 90+5 | ATLAS [50]
54+5 | 28+4 | 8448 | CMS [51]

13 156 £28 | 91+ 18 | 247+ 46 | ATLAS [52]

150£22 | 824+16 | 232+ 31 CMS  [53]

Table 3. t-channel single-top total cross sections measured by ATLAS and CMS.

After b tagging, the enhancement of the &,;, and &, contributions to VBF is slightly better
than the one quoted in table 2 for W H. Since the flavor tag allows for more direct access
to specific elements of the £ matrix, it can be interesting to pursue such observables at the
Run II.

2.4 Single-top production and W-boson helicity fractions in top decays

The processes considered so far (W production, WH production, and Higgs production
via VBF) do not constrain the &; elements of the right-handed current matrix. In this
section, we consider single-top production, which is sensitive to Wtq couplings, and the
W-boson helicity fractions in top decay, which probe the Wtb coupling, and are sensitive
to its left-handed nature.

The largest SM contribution to single-top production at the LHC is via the t-channel
exchange of a W boson. Smaller contributions arise from the associated production of a
top and a W boson and by s-channel W exchange. ATLAS published the measurement of
the inclusive and differential cross sections at v/S = 7, 8, and 13 TeV, with luminosities of,
respectively, 5fb~!, 20.2fb~! and 3.2fb~! [48, 50, 52]. CMS published results at v/S = 7,
8, and 13 TeV, with luminosities of 1.56, 20, and 2.3 fb~!, respectively [49, 51, 53]. The ob-
served cross sections are summarized in table 3. The associated production of a top and a W
boson, and s-channel single-top production have also been observed [54-56]. In our analysis,
however, we include only ¢-channel production as this gives the most stringent constraints.

The production of a top-quark in the ¢-channel can be described both in the 5-flavor
scheme, in which the b quark is considered massless and appears in the initial state, and
in the 4-flavor scheme, which keeps into account my, effects. The total and differential SM
cross sections are known at NNLO in QCD [57] only in the 5-flavor scheme. Top-quark
decay is also available at NNLO [58, 59]. A combination of production and decay in the
top-quark narrow-width approximation has been presented in ref. [60]. The calculation in
the 4-flavor scheme has been presented at NLO in QCD in ref. [61] and the interface to the
parton shower is discussed in ref. [62]. More recently, this process was interfaced with the
parton shower at the NLO+PS level, including off-shell and interference effects [63-65].
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VS (TeV) SM [&ral? [&es? ||

7 op (pb) | 419758 | 30943 | 85.64+6.4 | 36.0+1.2
or (pb) | 22.7195 | 89.2 £ 2.4 | 58.0+4.8 | 24.0+ 0.8

8 o, (pb) | 56.4731 | 37544 | 110+£8 | 48+1.6
or (pb) | 30.711%3 | 115+3 | 76+6.4 | 32+1.0

13 or (pb) | 136 £5 | 720412 | 259418 | 126 4 12
or (pb) | 81.0154 | 265+11 | 200+ 14 | 88+2.4

Table 4. t-channel single-top cross section in the presence of &;.

We computed the corrections of the operators &;; to the ¢-channel single top cross
section in the 5-flavor scheme, including NLO QCD effects building upon the POWHEG
implementation in ref. [66]. The right-handed current operators interfere with the SM
through terms proportional to the mass of the light down-type quark. For &y and &
operators it is safe to neglect these terms considering the current collider sensitivity. For
&, the interference is more important but can also be neglected at present.

In table 4 we give the SM cross section at V.S = 7, 8, and 13 TeV, and the corrections
induced by the RHCC operators. The cross sections are evaluated at the factorization
and renormalization scale = m;. The scale uncertainty was estimated by varying the
factorization and renormalization scales between p = m;/2 and p = 2m;. The PDF and
as uncertainties were conservatively estimated following the original PDF4LHC recipe [67]
using the three PDF sets CT10 [68], MSTWO08 [69], and NNPDF2.3 [70]. PDF uncertainties
turn out to dominate the theoretical uncertainty.

In addition to the single-top production cross section, modifications of the Wtq vertex
strongly affect the decay of the top quark. An observable particularly sensitive to RHCC is
the ratio of the top decay width into a W and a b quark and the width into all down-type
quarks. This ratio is measured to be [71]

L't — Wb)

=0.957£0.034. (2.16)
Zq:d@bf(t — Wq)
In the presence of §;;, neglecting terms proportional to my, this becomes
T 2 2

Dogmdsp PE—=Wa) 3 (Vigl® + [€gl?)

Additional information is carried by the helicity fractions of W bosons produced from
top quark decays, which are mostly sensitive to &;. The helicity fractions have been mea-
sured at the Tevatron [72] and at the LHC [73-77]. In table 5 we summarize the results
used in our analysis. The experimental uncertainty is obtained by combining in quadra-
ture the statistical and systematic errors reported by the experimental collaborations, and
considering the correlations between Fy and F, g in the determination of the x? function.
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Fy Fy, Fr experiment

0.72 £ 0.08 0.31£0.09 | —0.03+0.04 | CDF & DO [72]
0.67 £ 0.07 0.32+£0.04 0.01 £0.04 ATLAS [73]
0.68 +0.04 0.31 £0.03 0.01 £0.01 CMS [74]

0.72 £ 0.06 0.30£0.04 | —0.02£0.02 CMS [76]

0.709 £0.019 | 0.299 £ 0.015 | 0.008 £ 0.014 ATLAS [77]

Table 5. W helicity fractions measured at CDF, DO, ATLAS, and CMS.

The SM helicity fractions have been computed at NNLO in QCD [78]. They can be
expressed as functions of the ratio z = myy /m;. Choosing the top pole mass m; = 173 GeV
and my = 80.4 GeV, the SM helicity fractions at NNLO are Fy = 0.687, F;, = 0.311, and
Fr = 0.0017. The theoretical uncertainty is very small, only at the permille level, and
is negligible compared to the experimental uncertainty. The corrections to the helicity
fractions induced by a right-handed Wtb vertex have been computed at NLO in QCD in
ref. [79], and they can be obtained from the SM by exchanging Fr and FT,.

Combining the information from single-top production, top decay, and W boson he-
licity fractions, we obtain the following 90% C.L. bounds

|&al < 0.13, |€6s| < 0.22, &) < 0.16, (2.18)
where, as in the previous sections, we assumed that the SM is modified only by a RHCC.

2.5 Higgs branching ratios

RHCC affect Higgs decays at tree level, by modifying the h — WW™ channel, and, more
importantly, contributing at one loop to the Yukawa couplings of the Higgs boson to
fermions. In particular, &; induces large corrections to the bottom Yukawa coupling .
The corrections are proportional to the top Yukawa coupling y; and alter the h — bb width
and thereby the total Higgs width as well. Defining the quark Yukawa couplings as

LD —Yq qrqr h + h.c. , (2.19)

the running of the bottom Yukawa and mass are modified by &, as follows [42, 43, 80],

2

dmb a g *
m = VmZ;mb + Wmt(iﬂt —3)Vip&ew »
dys Qs 9> my
= — — 3z — NV 2.20
dln,u Tm 47Tyb + (471')2 v (xh + 9Ty ) tbgtb ) ( )
where x; = m? / m%/V The anomalous dimension =, = —6Cr determines the usual one-loop

evolution from QCD effects, while the & terms alter the evolution between the scale of
new physics, A, and p = My,. We use the boundary condition y,(A) = mp(A)/v, which
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follows from our assumption that the £ operators are the only dimension-six terms present
at ;4 = A. In this case the SM Yukawa couplings are not modified at this scale.

Apart from these RG effects, the right-handed current operators affect the h — bb
process through finite loop contributions. The effective coupling that is probed in Higgs
decays, is then given by

2 * 2
(eff) _ 97 mi&aVy 9 10e H
Yy Yn(1) At v 2 [(xh + 32, — 9) log -
a;t(xt — 3) ﬂt —1
—3——21 I
3 o1 og Tt + Tt og(BH_1
-1
(2, —2) By log (ﬁw )+(2$h+$t($t7))f1($h,ﬂft)
Bw +1

—(4+ (2 — zp)zy) fo(zh, 20) + (=5 + 22, + 43:,5)] , (2.21)

where y (1) is given by the solution of eq. (2.20), 8; = /1 — 4m?/mZ, and the two functions
f1,2 are given by

1
Ji(xn, z4) :/0 dz xt—xh(l—z)z> ;

1—x+xhg< L+ (2 — 1)z
1
1 1—$h(1—2)z>
zhoa) = | dz lo '
fa(@n, 1) /0 —1+a+xp2 g<xt+z(1_$t)

Setting u = my and A = 1TeV, we find numerically yéeﬂ) ~ 0.012 — 0.019&,V;;. We then

compute the h — bb decay rate using expressions in ref. [81]. Using the ATLAS and CMS
combination [41] for the vy, WW, ZZ, T, bb, and i signal strengths, we obtain,

(2.22)

Re&y € [-0.01, 0.13],  Im&y € [—0.22, 0.22], (2.23)

where we turned on only one parameter, the real or imaginary part, at the time, and the
bounds assume A = 1TeV. The limits are only mildly sensitive to the choice of initial
scale A. Setting, for example, A = 10 TeV results in Re &y € [—0.005, 0.10], and Im &y, €
[—0.15, 0.15]. Notice that the bounds from h — bb are already competitive with the direct
bounds from single-top production and top decay.

Analogously to &, the &4 and &5 elements give contributions to the down- and strange-
quark Yukawas that are enhanced by ¥, with, in this case, some suppression from the small
CKM elements Vi3 and Vi,. Since, at the moment, y4 and ys are constrained at the same
level as y;, [82, 83], the bounds on &4 and &5 are weaker than eq. (2.23) and not competitive
with single top production and top decay. The contributions of the first two rows of the
&ij matrix to the quark Yukawa couplings are not enhanced by the top Yukawa. In this
case, tree level corrections to h — WW™* are more important. Neglecting quark and lepton
masses, the decay rate at LO in QCD is equal to

4
3mpmy,

I'(h—» WW*) = 39,3y

R(zw) + > (IVij*Raw) + |55 Re(aw)) | 5 (2.24)

.3
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where zy = m%,[, / m%{, the sum over i and j extends over all light quarks, and the functions
R and R; are [81]

1— 1 1—8x+20x2 —-1
R(z) = —67;(2—13x+47x2)—§(1—6x+4x2)log x+(845i5\/+701$) arccos <3;;3/2>
1— 1 f
Re(x) = —fo(—?) + 53z — 54122 + 40723) + 6;(2 + 3z + 11422 — 1223) log x
—2 4+ 19z — 8022 + 15623 3z —1
= 2.25
* 3ryv/A4r — 1 areeos < 213/2 > (2.25)
For mpy =125 GeV, R¢(xw)/R(xw) = 0.03, such that
D(h— WW*) =Teu(h — WW*) [ 14+0.01>|&5% | (2.26)

]

and very large couplings, §;; > 1, are needed to significantly affect the Higgs branching

ratios.

2.6 Summary of collider bounds

To summarize, the 90% C.L. bounds on the ;; matrix are

|Eud| 1Eus] [Eupl 0.04 0.05 0.08
el [€cs] 1€ | <] 0.08 0.19 0.30 | - (2.27)
&l |&ts| &l 0.13 0.22 0.16

The bounds on the first two rows are dominated by W H production, while the bounds on
&tj are determined by single-top production and top decay. Including the constraint from
h — bb changes the bounds on & into Re &, € [~0.01,0.13] and Im &, € [—0.15,0.15]. The
above collider constraints still leave room for BSM physics around, or even slightly below,
the TeV scale.

3 Low-energy effective Lagrangian

The effects of the RHCC operator £ at low energies are obtained by integrating out the W
boson and the other heavy SM degrees of freedom. We start by analyzing the tree-level
contributions to semileptonic and four-quark operators and then discuss the loop-level
operators that are relevant for EDMs (AF = 0) and rare flavor-changing neutral-current
(FCNC) processes such as B — X,y and K, — n’ete” (AF = 1). The matching onto
AF = 1 penguin operators and AF = 2 operators relevant for meson-antimeson mixing,
which involve two insertions of &, are discussed in appendix A. A similar analysis for SM-
EFT operators involving the Z boson was recently reported in ref. [84].
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3.1 Tree-level effective Lagrangian

The combination of the SM left-handed charged current and the RHCC generates at low-
energy one semileptonic four-fermion and two four-quark operators. Including the four-
fermion operators induced by the SM at tree level, we have

_4AGr
\@

jl l ijl 171 Im % ij 1 t
—Z( ot v cilmoiin 1 cim (051 | (3.1)

L= (Vis A y* Pt o7y, Prl + & &y Pru’ 07y, Pl + h.c.)

where Pr, g = (1F75)/2, i-m are flavor indices, and the four-quark operators are defined as

OV} = d™ " Ppu 'y, Prd’ | OF}T = dy" Pruly lyy, Prdi,

Oij]fm am “PLu " 7 Prd’, (’);JIE’;{ = dgfy“PLu/lB E%V#PRdg, (3.2)
where «, (3 are color indices. The tree-level matching coefficients at the scale myy are given
by
4G F 4GF

where A, B € {L, R} and hermiticity implies Ci"zf * = Ci]LlT As usual, the SM couplings
scale as two inverse powers of the electroweak scale, C;; ~ 1/v%, while the ‘left-right’

ijlm * ijlm ijlm
CleL (mw) = im Vij » CleR (mw) = C2]AB(mW) 0, (3.3)

operators induced by the RHCC scale as two inverse powers of the scale of new physics,
CiLr ~ &/v? ~ 1/A%. We neglect four-quark operators that are quadratic in & and are
suppressed by v?/A? with respect to the linear terms.

The operators in eq. (3.1) need to be evolved to lower energies. While the semileptonic
operators are not affected by QCD RG evolution, the anomalous dimensions of the four-
quark operators are defined by [85, 86]

d T Qg Qg (n) T
~ 4r i 4
dlogu(clAB’CQAB) A e (477) YAB (ClAB,CQAB) , (3 )
and, at lowest order, we have
6 6
0 N, 0 N,
’Y/(:Iz = ) ’Yé})z = N2 . (3.5)
6 —an —6 —6

The solution of the RGE for the operators of interest is given in table 7.

The semileptonic operators in eq. (3.1) affect leptonic and semileptonic decays of
mesons and the § decay of baryons. In particular, £ is the only dimension-six operator in
the SMEFT that induces a tree-level charged-current coupling of right-handed quarks to
left-handed leptons, allowing for clean low-energy tests. The coefficients of the four-quark
operators O, g have an imaginary part which leads to CP violation even if all generation
indices are the same. They therefore induce large tree-level contributions to observables
such as EDMs and €'/e.
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3.2 One-loop contributions to AF = 0 and AF = 1 operators

Next we consider loop diagrams, which can induce important contributions to processes
such as B — X,v, K1, — n0ete™ and to EDMs. At linear order in &, the most important
operators that are generated are dipole operators and the Weinberg three-gluon operator,
described by

[,:<— 9N, Ol Gy~ %S my Cldio G, (36)
ije{u,c} ije{d,s,b}
e . . ellq P -
—~ 2“ > my, CH st Fuul — % > ma,CHdy ot Fd,
ijef{u,c} ije{d,s,b}
eQe

——== > me, Ce ot F“l,e%—i—h.c.) + 93—5 e <CC;G“ S (’;@gwﬁ G ﬁ> Gh,Ger
ije{e.n,7}
where we chose to factor the mass of the right-handed quark or lepton out of the definition of
the dipole operators. The lepton dipoles receive a contribution from &, at two loops, which,
neglecting neutrino mass effects, is diagonal in lepton flavor. We discuss this contribution
in appendix B. The operators in eq. (3.6) satisfy the RGEs

Tiog 1 (Chr Gl G +iCg)" = 2 n (E) A e (G2, C, C +iC) (3.7)
Qs Mg, as\" (n) i i NT
e S () e (CFR O™
7 n
cY,.CY. C, 'C~> _ 8 (75) (7}) <Cﬂj i o >C~) 33
dlog,u( 1> Cgar €6 G dm 4~ \dm Vdipole | “ya» Cgar CG T 106 (38)
Qs My, o n ( ) L YA
+4Tj m: (ﬁ) 7d?pole, dLR (01”55”70?512”’)
7 n

At lowest order vgipole is given by [86-89]

8Cr  —8Cp 0
Yoe =1 0 (160r—4Ny) 2N : (3.9)
0 0 N, + 2ns + Bo

The mixing between the tree-level operators C 2 1,g and the dipole operators was computed
in ref. [90] for down-type dipoles, and it is given by [90, 91]?
Qu 2 Q4 Qu
[ (1+328) 1608
(0) _
Vdipole,dLR — (47)2 % -8 . (3.10)

0

yé?gole uLR is obtained by replacing Q)4 with @, in eq. (3.10).

*We thank M. Misiak for providing us the expression of ’Vc(i?gole,dLR for general charges Qg4 and Q. [91].
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¢~ Sug' Vg SegVeg  StaVig
%UQngl(mw) -3.6-107° —0.019 3.2
TLVCM (mw)| - — 048
D209 () |—4.7-107° —0.025  —2.0
"o 200 () | -8.0-107T —4.3-1074 —0.30
%UQC%'(M;) —4.7-107°  —0.054 —2.0
T;Lli 20;3/(/%_) —8.0-1077 —6.2-1073 —0.30

Table 6. Contributions of the right-handed W-current to the ¢ — ¢y dipole operators at u = my,
and pu = /ﬁf = 2GeV. Here y, and u;" differentiate between cases in which the charm quark has
been integrated out at p = py, or is still present within the EFT, respectively. A “ —" denotes the
contribution is negligible for our purposes.

The one-loop matching coefficients at the scale my are

. 4Gr 2 mq,
Cil ) = 2822 5 Mgy
Yu 2 3 Vi
V2 (47) ictdas Moy, Qu,
C’;lu(mw) =0,

Z. AGp 2 My e 4GP 1 mQu 1

C’yld(mW) = \/§F( 26{2 de gjl ji \/§F( 71_)2 m;legth;fi fW(xt)_‘_@gW(xt) )
: 4G

Cili(mw) = \/f (471T) éthme(mt)

Calmw) = 0, (311)

where x; = mj /mw, and we neglected powers of z,, and x4, except for the top quark.
The loop functions are given by

23 +3r—4—6xlnx A4 w(r—11) 2?Inx

w@)=——g= W= T3

(3.12)

Notice that at the scale my, there is no matching contribution to the Weinberg operator.
Two-loop diagrams with internal top and bottom quarks, and a W exchange within the
loop, as the ones computed in ref. [92], are exactly canceled by a diagram in the EFT below
my, with an insertion of a bottom chromo-EDM (CEDM), the C’SZ operator in eq. (3.11),
such that Cx(my) = 0.

The operators b (9)d and C% (g)d contribute to B — X7, and their value at the scales
i =mpy and pu = pp = 2GeV are given in table 6. The contributions from diagrams with
internal top quarks are enhanced by m;/my, with respect to the SM, which, as we will see,
leads to stringent bounds on the &, elements of the right-handed matrix. In order to match
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onto the relevant operators for EDMs and K, — n%e e~ one has to consider the contribu-
tions arising at the bottom and charm thresholds. At the scale my, four-quark operators
such as C}dﬁé’ generate threshold corrections to the up and charm EDM and CEDMs, while
the bottom CEDM contributes to the Weinberg operator. Thus, at the b threshold

7 — 7 2 m Q ib * b *
Cihu(my) = Clb(mi) + 5 b (O (my) + Ne CHfli (m) )

(47)2 My, Qu
Chumy) = - (4; L G ).
Ca(my ) = — o ImC’d(mb) (3.13)

where we took into account that, with the initial condition of eq. (3.11), the running from
my to my does not induce an up-type CEDM, or a Weinberg operator. There is no
b-threshold contribution to C'% od and nyld

At a scale p. ~ me, one similarly integrates out the charm quark, and obtains addi-
tional threshold corrections to the d and s dipoles, and to the Weinberg operator

) — % 2 Meldy cl ci clci
i) = Clau) + oy e (Ot (ue) + Ne S (o))

(40 ma Qu
Cifis) = Ciblud) - (;) e Cilfh(ne).
Calug) = Capd) - glm C;Z(uc)- (3.14)

In order to avoid large perturbative corrections, we run to the scale p. = 2 GeV.

The numerical solution of the RGEs is shown in table 7, where, for convenience, we
introduced the short-hand notation & = v?Im C;. As the RHCC operator does not undergo
QCD renormalization, the results in table 7, as those in table 6, are independent of A to
good approximation. Some of these results, especially the contributions of &y to the
light quark EDMs, are rather sensitive to the choice of renormalization scale. This effect is
due to a partial cancellation between matching contributions and contributions from the
CEDMSs. In these cases, however, the largest contributions to hadronic EDMs come from
other operators (6;&” for & and Cg for o) that are less sensitive to the details of the
running such that the impact of perturbative uncertainties is still minor. We expect the
large hadronic uncertainties related to these operators, which we discuss in section 5, to
dominate the theoretical uncertainties on hadronic EDMs.

4 Leptonic and semileptonic charged-current decays

The right-handed current matrix §;; is strongly constrained by leptonic and semileptonic
meson decays, and semileptonic decays of baryons. Leptonic decays of pseudoscalar mesons,

such as 7t

— utv, or DT — uty,, are sensitive to the axial component of the weak
current, while semileptonic decays of pseudoscalar mesons into pseudoscalar mesons and
leptons, such as K — mwly;, probe the vector component. For the B system, one can in

addition study semileptonic decays of pseudoscalar to vector mesons, such as B — D*ly,
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Viia€ud Vas€us — Vinbuy  Vig€ea  Visles Vep&eb Via€ta  Viskes Vip€en
st - - - - - - - - 68x107°
e | —0.033 —-0.65 7.1 - - —1.7-1078 - - —-15-107°
éur 13.6-107° 0.073 47 - - —23-100" - - —20-107*
edd | —0.047 — — —54 - —1.7-107% —2029 - —-15-107°
eM |-8.0-107* - - —6.2 - —23-1007 —298 - —20-107*
[ - -23-107% - - -27 —17-107% - -102 -15-107°
ass _ —40-107° - = -0.31 -23-1007 - -15  —2.0-107*

V20 - - - - - -1.2-1073 - - 2.2.1073
Cpdud 1.8 - - - _ _ _ _ _
Cydudl0.91 — - - - . - _ _
Crsus - 1.8 - - - - _ _ _
oSN —~ 0.91 7 _ _ _ _ _ B

Table 7. Contributions of the CP-odd combinations, Im(‘/;jfij), to the operators at u = 2 GeV.
Here & = v2Im C; and a

[13

— 7 denotes that the contribution is negligible for our purposes.

Decay constant Form Factor

fr | 130.2+1.4MeV | fE7(0) 0.9677 £ 0.0027

fx/fx | 1.19240.005

fp | 209.2+3.3MeV | fP7(0) 0.666 4 0.029
fp, | 249.8£23MeV | fPE(0) 0.747 4+ 0.019
fe | 192.0+4.3MeV | Fp(1) 1.035 + 0.040

fB. | 228.443.7MeV | Fp-(1) | 0.906 £ 0.004 + 0.012

Table 8. Lattice input on pseudoscalar meson decay constants and form factors. We use the FLAG
lattice averages with ny =241 [93].

and further orthogonal information is provided by inclusive B decays, B — X, lv. 8
decays of heavy and light baryons, such as n — pe”v or Ay — A u~ U, give, in principle,
a direct handle on the chiral structure of the interactions, and allow one to construct
observables that are sensitive to CP violation in the matrix £&. An example is the triple
correlation, D,,, measured in neutron 3 decay.

From the theoretical point of view, leptonic and semileptonic decays are very clean
observables. Leptonic decays are characterized by a single nonperturbative parameter, the
meson decay constant, whose values are nowadays precisely computed with lattice QCD
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(LQCD) [93]. Semileptonic transitions have also been the subject of intense lattice study,
and the required form factors are known to high accuracy. In table 8 we list the values of
the pseudoscalar meson decay constants and form factors that we use in our analysis. The
LQCD input has been taken from the FLAG review [93].

We now list the experimental information we use to constrain the elements of the
matrix &.

u — d and u — s transitions. V,, is extracted from superallowed nuclear 8 decay,
which is only sensitive to the vector component of the weak current, and from leptonic
decays of the pion, which probe the axial component of the current. We use the following
experimental input [71, 94]

[Vaa (0T = 0F)|exp = 0.97425 4 0.00022,
|Vua(m = pv) frlexp = (127.13 £ 0.02 £ 0.13) MeV, (4.1)
where f; ~ 130 MeV is the pion decay constant. The first uncertainty in the second line
of eq. (4.1) is experimental, while the second is due to radiative corrections.

For the determination of Vs, we use two quantities that are experimentally very well
determined [95, 96]. From semileptonic kaon decays, one can extract

(|Vaus | FE™(0) ) exp = 0.2163 £ 0.0005 (4.2)

where f f ™(0) is the form factor entering the K — 7~ Iy, decay at zero momentum transfer.
The ratio of the pion and kaon leptonic decays gives

<Vus f£
Vud f7r

Because leptonic and semileptonic decays are sensitive to either the axial or the vector

) = 0.2758 4 0.0005 . (4.3)
exp

components of the current, we can easily modify the relevant expressions in the presence
of a RHCC to obtain
|Viud + &ual = 0.97425 +0.00022,  |Vyg — Eual fr = (127.13 £ 0.02 £ 0.13) MeV

‘Vus - gus‘fK
’Vud - gud’fﬂ'

Using the LQCD input in table 8, eq. (4.4) provides four constraints on V4, Vis, &ud, and

Vs + Eus| £17(0) = 0.2163 £ 0.0005, = 0.2758 4 0.0005 . (4.4)

&us.- Two additional constraints on the imaginary part of £,4 and £,s can be obtained from
neutron and hyperon § decays. Time-reversal violation can be measured in neutron 8 decay
by reconstructing the triple correlation <f )+ (Pe X py), where J is the neutron polarization.
Current measurements give D,, = (—14:2.1)-10~% [97]. This observable is contaminated by
fake T-odd signals from final-state interactions, which, with current experimental accuracy,
can still be neglected (see ref. [98] for a more detailed discussion). The same correlation
was measured in the decay of the ¥ baryon, ¥~ — ne v, with a much weaker bound,
Dy, = 0.11 £ 0.10. Following ref. [99], the D,, and Ds, coefficients can be calculated as

4 4
Dy = YA S g il pg o 948 Sus g gy Sus g

pu— Z pu—
1+3¢% " Via Vad 14345, Vus Vs
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where g4 is the nucleon axial coupling, g4 = 1.27, and g4 s, is the axial coupling of a ¥ to
a neutron, measured to be 0.340 4+ 0.017 [71]. D,, gives a strong bound on Im&,4/V,q, at
the 10™* level. The constraint on Im &, is at the few-percent level. As we will see, both
bounds are significantly weaker than bounds from EDMs and direct CPV in kaon decays.

¢ — d and ¢ — s transitions. Analogously to the ud and us case, we can use the
leptonic and semileptonic decays of the D and Dy mesons, D" — p*tv,, DY — ptv,, D —
wlyy, and D — Kly;, to constrain the vector and axial couplings of a charm quark to s and d
quarks. The leptonic decays of the pseudoscalar D and Ds mesons probe the axial current,
while the semileptonic decays probe the vector current. The experimental input is [71]

FD|Vea — €uq| = 45.91 +1.05 MeV FDu| Vs — €cs| = 250.9 £ 4.0MeV,  (4.6)
DT (0)|Vea + Eea] = 0.1425 £ 0.0019,  fPE(0)|Vig + £0s| = 0.728 £ 0.005 (4.7)

and the LQCD input for the D and Dy decay constants and form factors is given in table 8.

b — u and b — c transitions. In the case of b — ¢ transitions, the vector component
of the charged current is constrained by the semileptonic decay B — Dly;. For the axial
component, the purely leptonic decay of the B. meson has not yet been observed. The
decay B — D*lv; depends on both the vector and axial current. In the zero-recoil limit,
when w = v-v' = 1, where v and v’ are the B and D mesons four-velocities, only the axial
contribution survives [100]. Using the HFAG averages [101], we can write

new Fp(1)|Vey + €| = (42.65 +£0.72 +1.35) - 1073,
W Foe(D)|[Vay — €| = (35.814£0.11 £0.44) - 1073, (4.8)

where ngw = 1.012 £ 0.005 and 7%, = 1.015 + 0.005 [71] are electroweak corrections.
Fp(1) and Fp«(1) denote the form factors, evaluated at w = 1, for which we used the
FLAG averages in table 8. Angular distributions in B — D*ly; could provide additional
information on the Lorentz structure of the Wbe vertex [102].

The inclusive decays B — Xl also constrain &.. Neglecting power corrections of
order O(Aqcp/mp), the inclusive semileptonic width into charmed final states is given by

GZmb (V|2 NE
(B — X.v) = F:;;LT?)H 1+ f/l; (1 —8p+8p® — p* — 12p? logp)
me Eeb 2 3
—4—Re | 2= | (14+9p—9p° — 6p(1 1 4.9
s e(Vcb>(+p p> = p>+6p(1+p)logp)|,  (4.9)

where p = m?2/m?. We then set constraints by using the PDG average [71],
VSE| = (42.240.8)-1072 (B — X ), (4.10)

where |VEE|? = |V 2 T(B — X v)/TS™M(B — X.lv).

The constraints from the inclusive decays we obtain in this way should only be viewed
as order-of-magnitude constraints for a number of reasons. First of all, we should take
into account power corrections, which are not included in eq. (4.9), in order to obtain Vi,
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from inclusive decays [103-106]. Furthermore, eq. (4.10) relies on fits to the leptonic and
hadronic moments of the decay distribution. As the dependence on the lepton-energy is
not the same for & and V,, after applying cuts, the SM fit will be altered in the presence
of right-handed currents. We should therefore refit the leptonic moments, while taking
into account contributions from right-handed currents. Such an analysis is beyond the
scope of the current work. We will use eq. (4.10) to estimate the limits from the inclusive
measurements, and refer to refs. [107-109] for a more detailed discussion.

In the case of b — wu transitions, the leptonic channel B™ — 771, allows us to determine
the axial current |V, — &up|, while the vector current is probed by B — 7ly;. Additional
exclusive decays, such as B — ply;, can be used to further improve the sensitivity to
RHCC [109, 110]. For the leptonic decays, we use the HFAG average of the BaBar and
Belle results, Br(BT — 7v) = (1.06 £0.19) - 104, and we employ the FLAG extraction for
the semileptonic case,

Vip — &l fB = 0.77 £ 0.07,
Vi + Eup| = (3.62£0.14) - 1072, (4.11)

where the decay constant, fp, is given in table 8.

The inclusive determination from B — X, lv; decays suffers from the same problems as
the charm-bottom transition. In principle, power corrections should be included [111, 112]
and the leptonic spectrum should be refitted taking into account a right-handed current.
Since such an analysis is beyond the scope of our work, we take a similar approach as in
the case of V. We thus estimate constraints from inclusive decays by [71],

VIV + 1€wl? = (44940181018 - 1072 (B — X, lv). (4.12)

Another exclusive determination of Vg, and V,; is provided by measurements of

Br(A) — pu ) p2s156ev/Br(A) — Afp"0)2s7qev. This ratio of branching fractions

can be calculated using lattice determinations of the relevant form factors [113]. Following
the procedure outlined in ref. [113] we obtain for the partially integrated decay widths,

T(A) = p™ 2) g2o15 Gov =417 ps ™ Vi +up | *+8.17 s [Viy — Eup [P0 £0P) | (4.13)

+
F(A _>A H V)q 257qev=1.41ps™ 1|‘/Cb+€cb|2+6 99 ps™ chb Eeb| :l:o'stat):tas(yst)y

where the lattice uncertainties are given by
stat = (010 Vip + &up|* +0.33 [V — &ua|* +0.16 [V, — €3,%) ps ™2,
Syst = (0.10 [Vip + Eup|* 4 0.44 Vi — Eup|* + 0.050 [V — €2,%) ps 2,
ol )2 = (0.0023 Vi + Eap* + 0.017 Vi — Ep|* + 0.0052 V3 — €3]?) ps2,
(a(Ac)) (0.0053 Vi + Ep|* +0.11|Vigy — €| +0.0027 V2 — €2?) ps™2.  (4.14)

syst
The ratio of these decay widths is experimentally determined to be [114]

BY(AS — pﬂiﬂ)q2>15 GeV

— = (1.00 +0.04 £+ 008) . 10_2 . (4.15)
Br(Ag — Aé_l’b_y)q2>7GeV

In principle, measurements of angular distributions and correlations in semileptonic Ay
decays could provide more detailed probes of the Lorentz structure of the Whc vertex [115].
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de dn ng dXe dRa dp7 D

current limit | 8.7-1076 3.0-10"!% 6.2-10"17 55.10"14 1.2.1071° x
expected limit | 5.0-10727 1.0-107% 6.2-10~7 5.0-10"6 1.0-10"% 1.0-10716

Table 9. Current limits on the electron [116], neutron [117, 118], mercury [119, 120], xenon [121]
and radium [122, 123] EDMs in units of efm (90% confidence level). We also show future sensitiv-
ities [124, 125].

5 AF = 0 processes: electric dipole moments

Permanent EDMs of leptons, nucleons, nuclei, atoms, and molecules provide stringent
bounds on flavor-diagonal CPV interactions. The right-handed charged-current couplings
&;;j contribute mostly to hadronic and nuclear EDMs. Right-handed couplings of the light

quarks, such as &,4 and &,s, induce EDMs through the tree-level operators C%}‘-f% and

fo“LSR, while the couplings to heavier quarks, such as &, or &, induce loop corrections
to the light quark EDMs, CEDMs, and the Weinberg operator.

In table 9 we summarize the current limits on the EDMs of the electron, nucleons,
199Hg, 225Ra, and ??Xe that we used in our analysis, as well as projected sensitivities for
these systems, and for the EDMs of the proton and deuteron that are targets for storage-
ring experiments.

The calculation of nucleon and nuclear EDMs in terms of the operators in egs. (3.1)
and (3.6) involves two steps. The operators are first matched to an extension of chiral
perturbation theory (ChPT) that contains CPV hadronic interactions [126, 127]. The most
important interactions are short-range contributions to the nucleon EDM and CPV pion-
nucleon couplings. The latter give rise to long-range contributions to the nucleon EDM
(from pion loops) and, for chiral-symmetry-breaking operators like the quark CEDMs and
four-quark operators, dominate the CPV nucleon-nucleon potential. This CPV potential
provides the dominant contribution to the EDMs of nuclei and diamagnetic atoms.

The chiral power counting predicts that the four-quark operators C’ﬁ%zﬁ% and CﬁSQULSR

contribute mainly to the isospin-breaking pion-nucleon coupling g; [11, 126]. C’lufé%% do not

induce the isoscalar coupling gg, while C’ig’fR give corrections that, while formally LO, are
small with respect to gi. As discussed in ref. [11], it is possible to calculate the sizes of go 1
by noticing that these couplings receive large contributions from tadpole diagrams, which
involve the coupling of the neutral pion to the vacuum. The tadpole coupling can be related,
at leading order in ChPT, to the K — w7 matrix element of the SM electroweak penguin
operators Q7g. Using recent LQCD of these matrix elements [128, 129], it then becomes
possible to give a solid estimate of the sizes of g1 [11]. The error on gp is at the moment
dominated by ChPT uncertainties, which we conservatively estimate at the 50% level.
go,1 also receive contributions from the dipole operators Cg,’, Cgcild and Cj7. These
contributions can be in principle computed in LQCD [130], but, at the moment, the best
estimate comes from QCD sum rules. The sum rules estimates have roughly (50-100)%

uncertainties [131-134]. We thus find that the pion-nucleon couplings induced by the
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operators in egs. (3.1) and (3.6) are

- = — (@5 +22) (Crif +2011K) + (220 £ 11.0) (Cyi + 20393
+(0.2404) (0.7 — 1.5 55;;)) x 1076, (5.1)
s = = ((03£0.1)CHE + (1.3 £ 0.6)C51% + (005 4 0.10)(0.765% + 1.5544)

><10_67 (5.2)

where Fy = fr/+/2, all the couplings are evaluated at p = 2GeV, and their values in
terms of &; can be read off from table 7. As in table 7, we have defined ¢; = 02 Im C;.
Egs. (5.1) and (5.2) assume that the strong CP problem is solved by the Peccei-Quinn
mechanism [135] which somewhat affects the values of the matrix elements.

A variety of techniques are available for the calculation of the nucleon EDM induced by
four-quark and dipole operators in egs. (3.1) and (3.6). In refs. [11, 136], we estimated the
nucleon EDM induced by the four-quark operators in eq. (3.1) by considering long-range
contributions induced by the pion-nucleon couplings go,1 (see also ref. [137]). This estimate
has intrinsically large uncertainties mainly due to uncertainties on go 1 and our ignorance
of the size of short-range contributions that appear at the same chiral order. Here we use
the uncertainty estimate of ref. [11].

~Suu

~dd
Cyy and ¢

vd?
O(15%) uncertainties [138-140], while the strange contribution is still highly uncertain.

The contributions of the up- and down-quark EDMs, are known with

While considerable effort is underway for the calculation of the qCEDM contribution to
the nucleon EDM [141-143], the best estimate at the moment comes from QCD sum rules,
and has an estimated 50% uncertainty [131-134]. Finally, the Weinberg operator appears
with the largest uncertainty, O(100%), based on a combination of QCD sum-rules [144]
and naive dimensional analysis estimates [87]. Combining these results, we find

dy = <(43 + 27)CUY 4 (210 £ 130) C¥5% + (22 4 14) C4%d 4 (110 + 70) Cydud
—(0.93£0.05) &4 — (4.0 £0.2) &% — (0.8 £0.9) €55
—(3.9+£2.0) ¢ — (16.8 £ 8.4) ¢ + (320 + 260)1)20@) x 107 % efm,

dy = ( — (56 £ 30) C545 — (280 + 150) Cysus — (42 + 26) C14%d — (210 4 130) Cpdud
+(3.8+0.2) % + (1.0£0.1) &4 — (0.8 £0.9) &
+(9.3£4.6) ¢l + (9.2+£4.2) ¢ F (320 + 260)@2(7@) x 1077 e fm. (5.3)

Finally, using the nuclear calculations of refs. [127, 145-155] we can predict nuclear
EDMs in terms of go1 and d,, p

dp = (0.94 £ 0.01)(dy + dp) — (0.18 & 0.02)2%1 e fm,

dpg = —(2.840.6) - 107 - [(1.9 +0.1)d,, + (0.20 + 0.06)d,,

05 90 0.89 g1
_ <0_13t0.07 o T 0.251053 2F7r> e fm] :

— 95—



Re Ag 33.201 - 1078 GeV Re A 1.479 - 1078 GeV
|e| (2.228 4 0.011) - 1073 Arge 0.75957 rad

Re (¢'/¢) (16.6 +2.3) - 1074 Br(K* — mVetv) (5.07 £ 0.04) - 102

(K1) | (5.116 £0.021)- 1078 s T(K) (1.2380 £ 0.0020) - 1078 s

Table 10. Experimental input for the AS = 1 processes €' /e and K, — 7’eTe™ [71].

dxe = (0.33+0.05) - 1074 - [(—0.32 +0.02)d,, + (0.0061 = 0.001)d,

+(0.10+0-53 904 0.0761035 I )}efm,

—0.037 E —0.038 E
dra = (7.740.8)-107%. _1gtea IO ggraor IL ) g (5.4)
¢ ToFR,  T® 2k,

The nucleon EDM contributions to dr, have, as far as we know, not been calculated but
are expected to be small compared to the large pion-exchange contributions.

The estimates of the nucleon and nuclear EDMs in egs. (5.3) and (5.4) are affected
by large hadronic and nuclear uncertainties. Several matrix elements are consistent with
zero and the large uncertainties allow for cancellations between different contributions,
which can significantly affect the constraints on the &;; couplings. Therefore, when setting
constraints, we vary the hadronic and nuclear matrix elements within their allowed ranges
in order to minimize the total 2. This corresponds to the Rfit approach for treating
theoretical errors as defined in ref. [156].

6 AS =1 processes

In this section we discuss the contribution of RHCC to direct CP violation in kaon decays
and to the FCNC decay K; — mete™. While the real parts of the &ij elements are well
constrained by the leptonic and semileptonic charged-current decays discussed in section 4,
¢ /e and K1 — mete™ provide additional information on the imaginary parts of the &; and
&iq elements. €' /e is dominated by tree-level contributions from the four-quark operators
C’fféfR and Cﬁ‘%%dR, while Kj — m%te™ receives correction at one loop. The latter arise
from matching the RHCC to the flavor-changing dipole operators Cgfl and Cifil, which are
particularly important for internal charm and top quarks. Other AS = 1 FCNC decays,
such as Kj — wlvi, receive contributions from RHCC that are only quadratic in & and
therefore play a less important role. We discuss them briefly in appendix A.2. In table 10

we list the experimental input needed in sections 6.1 and 6.2.

6.1 €'/e

&uq and &, give large contributions to direct CP violation in Kj; — 7wm decays, while
indirect CP violation in kaon mixing is not significantly affected [11]. Direct CP violation
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is quantified by ¢, which can be expressed as

€ iwe'®2=00)\ [Tm Ay Im A,
e (£) e () [ o

Here Age'02 = %((Ww)1:0,2|H|K> are the amplitudes for final-state pions with total

isospin I = 0,2, the corresponding strong phases are denoted by g2, H is the weak
Hamiltonian, and w = Re A3 /Re Ay = 0.04454.

In the SM, Ag and As are sensitive to contributions from charged-current operators,
019, strong penguin operators, Qs g, and electroweak penguin operators, Q7_19. The
values of their NLO Wilson coefficients have been calculated in refs. [85, 157-159], while
lattice determinations of the necessary matrix elements are given in refs. [128, 129, 160].
Combining these results with the experimental values in table 10 and lattice determinations
of the strong phases, g = (23.8 £4.9 +1.2)°, d2 = —(11.6 £ 2.5 £+ 1.2)°, leads to the SM
prediction [160]

/
Re <6> = (1.38£5.15+£4.59) - 107% ~ (1.4 £ 6.9) - 1074, (6.2)
€/ sm

where we combined the statistical and systematical errors in quadrature.

As noticed in ref. [11], chiral symmetry relates the contributions to €'/e of the four-
quark tree-level operators induced by £,q4 and &,s, given in eq. (3.1), to those of the elec-
troweak penguin operators Q7 and Qg. Such a determination in principle still suffers from
higher-order, O(m%), corrections. Fortunately, the I = 3/2 parts of the LR operators,
011‘%7]‘{5 and Og%}?, coincide after an isospin decomposition with those of Q7 and Qg, respec-
tively. Isospin symmetry therefore implies a stronger relation between the contributions of
the left-right operators to the I = 2 amplitude and the matrix elements of Q7 g [161, 162].
As this relation depends on isospin arguments, it is only subject to O((mg —m,)/A,) and
O(a/m) corrections, expected at the few-percent level. The resulting expression for the
I = 2 amplitude is [11]

1

Im | (CYEE° — CIEET) {(wm) 1=2| Q7| K°)

+H(O3E — O33R ) () 1=2] Qs|K°) | (6.3)
where [128, 129]
((m7) 1=2| Q7| K°) = (0.36+£0.02) GeV?, ((n7) 1=2| Q| K°) = (1.64:0.094) GeV?. (6.4)

Such a relation does not exist for the I = 0 amplitude, however, at leading order in ChPT
we obtain Ag(£) = —2v/245(¢). We thus find

€\ ¢ iwe'2=00)\ [Tm Ay (€)  Tm Ag(€)
Re <€> = Re <€>SM+R6< 7ae >[ Red, ~ Rodg |’ (6.5)

where we use the experimental values for Re Ap2. The expression for Ap(¢) might suffer

from relatively large SU(3) corrections. However, it is the A3(§) term that constitutes the
dominant ¢ contribution to €, while the Ag(¢) term is suppressed by 2v/2w ~ 0.1. We
therefore expect eq. (6.5) to be accurate up to the lattice uncertainties in eq. (6.4).
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6.2 Ky — wlete™

In the SM, the decay K; — m’eTe™ has a large direct CPV component dominated by
the penguin operators Cry 5y*d ey e and Cya5v"d ey, yse [85]. In addition, there is a CP-
even long-distance component dominated by two-photon exchange and an indirect CPV
contribution proportional to the mixing parameter ex. Finally, in the presence of right-
handed currents, this decay gets contributions from the dipole operators C:Yi; and C’jfl. Due
to the large factors of m;/ms q and m./ms 4 that appear in the matching coefficients (3.11),
this K decay is particularly sensitive to the imaginary part of the couplings &4, &5 and,
to a lesser extent, &.q and &..
The decay rate can be expressed in terms of the vector and tensor form factors

1 0+
(P _ K 2 i m
mO\5yHd|K ) = — b,
2
O—MVdK — s fKm 2 f 7R VN L 7 6.6
(mlsotdlK) = ifg™(q) === (PP — PiPr) (6.6)

where f f ™ (see table 8) is related to the vector form factor in K+ — n%e*v, while fX™ has
been computed on the lattice. We will use the evaluation of ref. [163], {5” = 0.417+0.015,
at a renormalization scale yu = 2 GeV.

The RHCC contribution to the branching ratio is determined by the coupling Cr

Cr(n) = — 2 (m, O () + maC3) (6.7)

where the values of the coefficients at u = 2 GeV are given in table 6. The SM contribution
is expressed by the functions g7y and g74 [85] given in appendix A.2. The & operators
also contribute to the penguin operators C7y and Cr4, as discussed in appendix A.2, but
these contributions are quadratic in ¢ and not enhanced by my./ms. We therefore do not
include them in our analysis.

In terms of g7y, 974, and Cr, the branching ratio becomes

2 KT('(O) 2
Br(K; — mlete™) = Im\; T 16m2Im(v2C' Im\? 32
r(Kp —meve”) = ke [<m ty7V+mK+mw fﬂ(o) mIm(v°Cr) | +ImAy g74]

(6.8)
where \; = V;V;q. The factor k. is introduced to cancel the SM dependence on the vector
form factor ff“ by normalizing to the KT — 7%t v decay rate. k. is defined as

1 (K1) (aem>2 0 < 0.225 )2 ~
Ke = Br(KT = n%e¢tv) ~ [ ————) 6-107%, (6.9
Vie P (i) \an ) P ) Vet € (6.9)

where we used the experimental values in table 10. The expression in eq. (6.8) involves

only the direct CPV contributions from the SM. However, since the experimental limit is
currently only sensitive to branching ratios that are roughly two orders of magnitude larger
than the SM prediction [71],

BR(K; — mete™) <2.8-1071° (90%C.L.), (6.10)

we simply use eq. (6.8) to estimate the branching ratio.
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BR (B — Xgv) (14.1+5.7)-1076 BR (B — Xsv) | (3.3240.15) x 10~*
Acp(B = X4167) 0.032 £ 0.034 Acp(B = sv) 0.015 £ 0.02
Skcr —0.16 4 0.22
Amyg (0.5064 + 0.0019) ps—! Amg (17.757 4 0.021) ps~!
AT (-1.346.7) - 103 ps~! AT®) (0.086 & 0.006) ps—!
ad —0.0020 + 0.0016 as, —0.0006 4 0.0028

Table 11. Experimental input for the processes discussed in section 7 [71, 101]. The branching
ratios BR (B — Xg,+7) have a cut on the photon energy, E, > 1.6 GeV.

7 AB =1 and AB = 2 processes

AB =1 FCNC processes such as B — X, 47 lead to very strong constraints on RHCC in
the top sector. These processes are described by the effective Hamiltonian

4G

HGH: - \/>

V}thq [0707 + 07 /7 + CsOg + Céo/g] , (7.1)

with

Or =

mquO—quR F'u,y 5 08 = — MytabR . (72)

€ s
(47)? (4m)?
07 ¢ have analogous definitions with L <> R. Relations between the coefficients in eq. (7.1)
and the coefficients of the dipole operators in eq. (3.6) are given by

47T Qd 20 47r2Qd m ba
C Cq Cl — g 20 q
C = 201 C} = —1 (v?C2)". 7.3
S(mW) ‘/tb‘/{; v gd 8(mW) V;fbV;fZ mp (U gd) ( )

The coefficients at the scales yu = p, = 2GeV are given in table 6. From eq. (3.11) we
see that the contribution of &, to C7 g and of & and &4 to Cé,s are enhanced by my/my
with respect to the SM, and therefore give rise to large effects in the B — X, 4 branching
ratios. Information on the phases of the &; and &, elements can be gained by studying the
CP asymmetries in inclusive B — X sy decays, and in the exclusive channel B — K 0y,
We discuss the B — X ;v branching ratios in section 7.1, and the inclusive and exclusive
CP asymmetries in sections 7.2 and 7.3, respectively.

B — X7 is not very sensitive to RHCC in the Wbc vertex. In section 7.4, we
therefore study the corrections from RHCC to B, — B, mixing with ¢ = d,s. While the
contributions to the mass differences Amg and Amg are either quadratic in &, or suppressed
by mp/m; with respect to the SM, corrections to the real and imaginary part of the width
are more important and lead to constraints on Im &, that are comparable to those obtained
from the tree-level processes discussed in section 4.

The experimental input used in this section is taken from refs. [71, 101] and is sum-
marized in table 11.
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7.1 The B — X4 v branching ratio

For the B — X -y branching ratios, we employ the expressions derived in ref. [164] rescaled
by the SM predictions of refs. [165-167],

N vl
1100 [Vop|? + [€co|?
+ags(|Rs|* + |R§|?) + af Re Rg + af Im Rg + ac|e,|* + a” Ree,
+alTme, + al; Re (RgR% + RYRY) + ag, Im (R R% + RLRY")

BR (B— X,7) a+ arr(|R7|* + |R|?) 4 @b Re Ry + a% Tm Ry

+ar, Re (R7€;)+ai7€ Im (R7e;) +ag Re (Rsey) +ak Im (Rsey)|, (7.4)

where Rrg = GRS, Roy = Crslme) o8V () = —0.189, and CSM(my;) = —0.095.

7
C? (mz) C%%/I (mt)
Furthermore, N' = 2.567(1 £ 0.064) - 1073. r, is a factor that rescales the above expression

to the SM predictions of refs. [165-167]. It is given by ry = % and rg = % Finally,

Vo Va . . .
= T4 and the numerical values of a;; can be found in ref. [164]. In our analysis, we

= Vivy
appliedqthe expressions relevant for the following cut on the photon energy £, > 1.6 GeV.

For B — X4~ this requires extrapolating the branching ratio quoted in ref. [101], as
discussed in ref. [166],

The branching ratios in eq. (7.4) should be compared with the current experimental
world averages [71, 101], which we give in table 11. To derive constraints we follow refs. [168,
169] and apply the relative uncertainties on the SM predictions o4 = %BR(B — Xav)
05 = %BR(B — Xs7). These theoretical uncertainties are then added in quadrature to

the experimental ones.

7.2 The B — X4y CP asymmetry

The phase of &; can be probed by the B — Xy CP asymmetry. We employ the expression
derived in ref. [170],

Acp(B = sy) _ 1T(B = Xsy) —T(B = X57)

T T 7B — X))+ (B = Xi)
40 40 AC Qg A§7 CQ 4045 A78 Cs
A== )=+ m == — drog—= ) Tm —
[(81 9 mb> ™ + mb] mC7 (97T +ama Smb mC7
Ay —AS, 40 A, ag Cs
(T T ) m (e ), 7.5
< mp + 9 my me Cy (7.5)

where Cy is the coefficient of the charged-current operator O, Cy = CEE/ (Vo ViE),
which, along with C7g, should be evaluated at the factorization scale p, ~ 2GeV. We
employ the following SM values for these coefficients [170],

CM(2GeV) =1.204,  CPM(2GeV) = —-0.381,  CgM(2GeV) = —0.175.  (7.6)

In addition, the CP asymmetry depends on the scale, A, ~ 0.38 GeV, and on three hadronic
parameters that are estimated to lie in the following ranges [170],

AY € [—0.33, 0.525] GeV, A%, € [—0.009, 0.011] GeV, Azs € [—0.017, 0.19] GeV.
(7.7)
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We use the Rfit procedure to deal with these uncertainties [156].
In the case of B — Xyv decays, instead of the CP asymmetry Acp(B — Xg7), the
combined asymmetry Acp(B — Xgts7) is measured. This combination can be expressed

as [164],
ACP(B — XS’}’) + RdsAC'P(B — Xd"y)

1+ Ry ’

with Rgs = (T(B — Xgv) + (B = Xg4v))/(T(B — Xsv) + I'(B — Xy7v)). Since the
branching ratio of B — X7 is significantly larger than that of B — Xgv, Rgs is expected to

Acp(B = Xatsy) = (7.8)

be at the percent level and Acp(B — X44¢7) is therefore mainly sensitive to Acp(B — 7).
In addition, the experimental precision on the determination of Acp(B — Xgys7y) is of
the same order as Acp(B — X,7), such that the latter does not provide any additional
constraints.

7.3 The B — K*% CP asymmetry
The time-dependent CP asymmetry in the exclusive decay B — K*7 can be described by

I'(B — K*%) —T(B — K*%)
(B — K*9) +T(B — K*0)

= Sk cos(Amgt) + Cgxy sin(Amgt) . (7.9)

Here we are interested in the parameter Sg+., which is given by

B gA(B—) I_(*Ofy)
"~ pA(B — K*y)’

Im A gy

Speny = 2— 2T 7.10
K*y 1+ ’)‘K*’y|2 ( )

Aigen

. ViV, S5 . .
where the ratio % = Vz’b’ 1#4 arises from By— By mixing. At leading order the coefficient Sk«

is generated by the electromagnetic dipole operators, C7 and C%. The dependence on C7 is
particularly interesting as this Wilson coefficient is induced by right-handed currents, while
being suppressed by ms/my, in the SM. In fact, the leading-order expression is [169, 171],

Vio Vil Vi Vi
21m<V§£V;3 P @0;)
Sken — (7.11)

|C7]? + |C7)? ’
such that Sg+, vanishes unless C% is nonzero. As mentioned above, the SM prediction is

rather small [172, 173]
S = (—2.3+£1.6) 1072, (7.12)

The experimental value for Sg+, is given in table 11.

7.4 By — Bq mixing

Right-handed currents can affect B, — B, oscillations through insertions of ¢ in AB = 2
box diagrams that govern this mixing. The contributions to the dispersive part of these
amplitudes, Mo, are either quadratic in &; or suppressed with respect to the SM by a
factor of the external quark mass, which is at most m?/m?. We will therefore neglect the
contributions to Mio which are linear in £, as well as the dimension-eight effects discussed
in appendix A.3. In contrast, the &; contributions to the absorptive part of the mixing
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amplitude are not suppressed with respect to the SM, as both are proportional to m%. The
largest contributions come from £, and &4, for which we find

2 2
9 () = —wawz (Afﬂﬂ(m —(1=22) = AAP(1 - 2)?) x (713)

2 . §oq
X [ ([Bl - = 2R:| Q + B R ) MI1LL"MI1LR

3 Vep Vi
gcb §
331+ BsR 7+B RV* (mizmeiLrR+n21 LM LR+ 3 N1 LA LR) | 5
where z = m2/m2, )\SQ) Vi, and R = m2Bq/(mb + mgy)?. The B; are given in ap-

pendix A.3 and represent the bag factors of the AB = 2 operators in eq. (A.13). Finally,
the n factors originate from the RG evolution, between my, and my, of the four-fermion
operators in eq. (3.1). These factors relate the four-fermion operators at different scales
through C; rrzr)(ms) = Mi00(Lr)Cj Lir)(mw), and are determined by eq. (3.4). Ex-
plicitly we have

1 _
MiLL = 5(776/23 +n 12/23), MILR = 773/23
1 _ 1, _
M21LL = 5(776/23 -7 12/23), M21LR = 5(77 24/23 _ 773/23)a (7.14)

where n = as(mw)/as(my).

The real part of the right-handed contribution to I'12 can be constrained by the width
difference between the mass eigenstates, whereas the imaginary parts are probed by the
measure of CP violation, af, [174],

2 (9)
r
q :Im< 1(2)>. (7.15)
D M

Re (199" ,7)

(@) —
AT 4 Amp,

q _
, afs—l—‘

As mentioned above, the right-handed corrections to Mjs are small and we neglect them
here, while the SM expression for Mis can be found in appendix A.3. The SM values for
these quantities are given by [175],

AT = (2.6140.59) - 10 % ps* | AT = (0.085 4 0.015) ps !,
af|gy = (—4.7£0.6)-107*, ad|qy = (222£0.27) - 1077, (7.16)

while the current experimental determinations are given in table 11.

8 Single-coupling constraints

In this section we discuss the constraints on the various right-handed couplings in the
case that a single &;; element dominates at the scale of new physics. To obtain bounds we
construct a x? involving the observables described in sections 4-7. Furthermore, we assume
that the CKM matrix is SM-like and apply the Wolfenstein parametrization to write the
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CKM matrix in terms of A, A, p, and 7, up to O(A%) corrections [176].> Since the standard
extraction of the CKM elements can be modified by the inclusion of right-handed currents,
we determine the SM CKM parameters along with the &;; from the x2. Thus, for each &ij
we simultaneously fit for A, A, p, and 7 as well as the real and imaginary parts of &;;.

Apart from the observables discussed in the sections above, we include B — J/¢Y K,
Bg — ptp~ and the AF = 2 processes e€x, Amg, and Amg. As discussed in ap-
pendix A.1, A.2 and A.3, these processes do not get large corrections from the RHCC
operators. However, we include these observables in our analysis as they provide an im-
portant role in determining the SM CKM parameters.

We do not include other non-leptonic B decays, such as B — mw. These processes are
affected by right-handed currents at tree level, and a reliable estimate of the corrections
requires non-perturbative information on the matrix elements of the four-quark operators
C1pr and Cy g, which, at the moment, is not available. As a result, even without taking
into account { contributions, we find wider ranges for p and 7 compared to ref. [71], but
we expect these differences to have small impact on the bounds on &.

Finally, most of the observables in sections 4-7 involve theory uncertainties, which
we treat by adding them in quadrature to the experimental errors. However, there are
several cases in which these uncertainties are large and allow for cancellations, notably in
€ /€, €k, dpn, dug, and Acp(b — s7v). In these specific cases, where cancellations between
different contributions can significantly affect the constraints, we treat the theoretical errors
using the Rfit approach as defined in [156]. We vary the matrix elements within their
allowed ranges and apply those values of the matrix elements that minimize the y2. This
procedure leads to conservative constraints as it allows for cancellations between different
contributions.

Using the approach described above, we find the following 90% C.L. constraints on the
real and imaginary part of &;;

[-7.0, 1.6] - 10~* [-2.1, 0.05] - 1073 [~1.4, 1.3] - 1073
Reij € | [-1.0,0.8] - 1072 [-4.2, 0.55] - 102 [0.1, 3.5]-1073 |, (8.1)
[-1.0, 1.0 - 107% [-2.1,2.5] - 107* [~1.4,1.2] - 1073
[0.15, 3.4] - 107% [0.5, 7.9] - 10~7 [-0.4, 0.7] - 1073
Imé&; € | [-8.5,7.2]-1076 [-5.7, 7.0] - 1073 [~1.5, 0.6] - 1072 | , (82)

[—4.2,4.2] - 1075 [-2.5, 1.9] - 107* [-2.4, 2.3] - 1073

where we stress that the bounds are obtained turning on one complex &;; element at a time.
For the CKM parameters we obtain the 90% C.L. allowed ranges in case of the £, fit

A €[0.2232, 0.2255], A € [0.787, 0.827], p € [0.060, 0.20], 7 € [0.33, 0.40].  (8.3)

These values are in agreement with those found in ref. [71], although the constraints found
here are generally weaker. As mentioned above, this is to be expected as the fit of ref. [71]

3The higher-order terms are mainly important for ex, which we employ to constrain the CKM parame-
ters. The imaginary part of the V. V.4 term only appears after expanding V to O(\°).
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Figure 6. The figure shows naive constraints on the real (in blue) and imaginary (in red) parts of
ua and &, converted to an effective scale A by using &;; = v?/A% These limits are obtained by
setting the CKM parameters to the values of ref. [71], and turning on only one real or imaginary part
of &; at a time. In the cases where the bounds are asymmetrical, we show the limit that results in
the lowest value of A. The different bars represent the limits from the collider, semileptonic, EDM
(AF =0), AS =1, and AB =1 observables, discussed in sections 2, 4, 5, 6, and 7, respectively.

includes several more observables than we take into account here. This affects p the most,
which is reflected by the observation that our allowed ranges are roughly twice as wide.
In addition, at 68% C.L. our upper limit for 7 extends roughly one standard deviation
upwards compared to ref. [71], while our lower limit for A extends one standard deviation
downwards. For most of the &;; couplings, the ranges in eq. (8.3) are rather stable and do
not vary significantly between the different &;;. The upper and lower ranges of both A and
A vary by less than 1% between the different fits, while p and 7 exhibit variations of up to
a few percent. The exception occurs in the case of &, where the upper ranges of A and p
widen by about 5%, while the allowed lower range for 7 is widened by roughly 5%.

While the x? function used to obtain eqs. (8.1) and (8.2) includes all the observables
described in sections 4-7, the bounds on most entries of the §;; elements are dominated by
a smaller set of processes. Below we briefly describe which observables drive the constraints
for each & element.

£ua and €,s. An overview of the constraints on Re &4 is shown in blue in the left panel
of figure 6. These constraints are obtained by setting the CKM parameters to the values
of ref. [71] and assuming that only Re§,q is turned on. As these limits indicate, in the
single coupling analysis, the best constraints on Re &,4 come from semileptonic decays, in
particular, superallowed 3 decay. Indeed, the unitarity of the CKM matrix V and the
absence of modifications of the us element allow one to use leptonic and semileptonic kaon
decays to accurately determine A, and then extract &,4 from superallowed 8 decays without
relying on leptonic pion decays, which suffer ~ 1% percent theoretical uncertainty from the
LQCD determination of the pion decay constant. As is shown in red in the left panel of
figure 6, Im &4 is constrained by the D coefficient, ¢/ /e and EDMs. The stronger constraint
comes from € /e, followed closely by the neutron EDM. The limit from the D coefficient is
two orders of magnitude weaker, Im &,4 € [—2.9,5.1]-10~%. This translates into a difference
of one order of magnitude between the semileptonic and EDM constraints on A in figure 6.

The situation is very similar for &,s; as shown the right panel of figure 6. Here the
real part is constrained by leptonic and semileptonic kaon decays, while the imaginary
part is constrained by EDMs and €’/e, with the latter giving again the stronger bound. In
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Figure 7. The figure shows naive constraints on £.q4 and £.s. Notation is the same as in figure 6.
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Figure 8. The figure shows naive constraints on £, and &,;. Notation is the same as in figure 6.

this case, the semileptonic constraint on the imaginary part is weaker due to the fact that
the experimental limit on Dy, is significantly less stringent than that on D,. As noticed in
ref. [11], an imaginary part of §,4 or &,s can solve the 20 discrepancy between the measured
value of €’ /e and the SM predictions of refs. [160, 177-180], without conflict with EDM and
other low- and high-energy constraints. This manifests in the non-zero values for Im &4
and Im &5 in eq. (8.2).

&ca and Ecs.
mainly constrained by leptonic and semileptonic D (D) decays, while the collider limits are

As shown in the left (right) panel of figure 7, the real part of &.q (&) is

weaker by a factor of a few. The larger theoretical and experimental errors cause the bounds
from semileptonic decays to be less stringent than for &,4 and &,s. The bound on Im &4 is
dominated by the neutron EDM, while the small imaginary part of V.4 gives rise to a (much
weaker) EDM bound on Reé.q as well. Im &4 also contributes to K — n%%e™, but the
bound is three orders of magnitude weaker, [Im &.4| < 2-1073. Im &,.s mainly contributes to
the nucleon EDM by generating a strange quark EDM. As shown in eq. (5.3), the matrix
element linking the neutron EDM to the strange EDM is consistent with zero [138, 139],
which, in the Rfit approach, leads to no constraint on Imé&.;. The bound in eq. (8.2)
therefore comes from K; — mlete™.

&cp and Lyp- )1
and exclusive semileptonic B decays. Furthermore, the B, — B, oscillation observables,

As can be seen in figure 8, &, and &, are both constrained by the inclusive

Al'y and a‘fls, constrain the real and imaginary parts of £, while EDMs only constrain the
imaginary part. Instead, for &, both the real part and imaginary parts are constrained
by d,, (due to the sizable imaginary part of the relevant CKM element, V,;), while the
contributions to B, — B, mixing are negligible.

For both ub and cb elements there is some tension between the determination via
inclusive and exclusive decays. We find that adding a right-handed current improves the y2.
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Figure 9. The figure shows naive constraints on &4, ;s and &;. Notation is the same as in figure 6.

As shown in eq. (8.1), in the case of ¢b, our fit prefers a non-zero value of Re &, while for the
ub element, both real and imaginary part are compatible with zero. The reason being that
the nonzero values of £, that are preferred by the semileptonic decays are disfavored by the
neutron EDM. We caution though that our analysis of the inclusive decays is incomplete,
and, in particular, we did not repeat the fits to the lepton spectrum, which receive different
contributions from left- and right-handed currents. We notice that the bounds on &,; and
Im &, are rather weak when compared to the magnitudes of V,; and V, and sizable right-
handed corrections (up to 50% for V,;, and 30% for V,;) are still allowed.

Erds &ts, and &, We collect the naive constraints on &4, &5, and & in, respectively, the
top-left, top-right, and bottom panels of figure 9. The figure shows that all the top-row
elements are strongly constrained by AB = 1 observables. In particular, &4 is constrained
by B — Xgv, while for & 4 stringent limits arise from B — X 5.1 A comparable limit
on Im &, comes from EDMs, while for &4 the EDM limits are stronger than the AB =1

constraints by an order of magnitude. Due to the imaginary part of V4, EDMs constrain the

(s5)
vd

there are no EDM constraints on &;. Finally, &4 (&) also contributes to K, — n%ete™,

real part of &4 as well. In contrast, due to the poorly known matrix element related to ¢

but the bounds are weaker by roughly a factor 10 (100). For all &; elements the indirect
bounds are stronger than the direct collider bounds, by at least an order of magnitude.

8.1 Summary

We summarize the strongest constraints on the real and imaginary parts in the left and
right panels of figure 10, respectively. The solid bars depict the constraints derived using
the Rfit approach for the EDM uncertainties as outlined at the end of section 5. Instead,
the dashed bars indicate the ‘central’ case, in which we set the theory errors in d,, and

Tt should be noted that, apart from the allowed range given in eq. (8.1), the flavor and low-energy
observables allow for larger negative values of Re &y namely, Re&y € [—0.034, —0.031]. However, this
possibility is excluded by LHC constraints on h — bb.
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Figure 10. The figure summarizes the most stringent naive constraints on &;;. The dashed bars
show the naive constraints in the case that we do not take into account the theory errors that
appear in the EDM expressions egs. (5.3) and (5.4). Notation is the same as in figure 6.

dpg to zero. The difference in the strengths of the constraints illustrates the impact of the
hadronic and nuclear uncertainties.

The real parts of &4 and & are the most stringently constrained elements (by b — ¢v),
while the weakest constraints are obtained in the case of {.4.s. In the latter case, the
precision of the semileptonic decays and the corresponding lattice input is at the percent
level, thus allowing for couplings of order O(1072). The remaining real parts are constrained
at the sub-percent level. Furthermore, as can be seen from the dashed bars, most of the
real parts are unaffected by the theory uncertainties related to EDMs. The exceptions
are &up, Eed, and &g, which contribute to EDMs as their corresponding CKM elements
have sizable imaginary parts. The main effect of neglecting the theoretical errors is that
cancellations in the neutron and mercury EDMs are no longer possible. As a result, the
mercury EDM provides the most stringent limit on the real parts of &, cqtq in the ‘central’
case. Although the mercury EDM also constrains & in the ‘central’ scenario it does not
overtake the b — sy limits.

Moving on to the imaginary parts, one can compare the left and right panels of figure 10
to see that, even when using the Rfit approach, the limits on the imaginary parts are
generally better than those on the real parts. All constraints are well below the percent
level, apart from those on &4 and &.s. The weak bounds on the c¢b and cs elements result
partially due to suppressed contributions to d,,: the £.s contribution depends on the poorly
known strange-EDM matrix element, while the &, contributions only arise at the two-loop
level. Among the stronger constraints are those on &4 s (from b — ¢y and EDMs), however
the most impressive limits are set on §,4 and &, and arise from the neutron EDM and €' /e
which probe effective scales around O(100 TeV).

As seen from the dashed bars, most constraints on the imaginary parts are at least
somewhat affected when moving from the Rfit approach to the ‘central’ case. For most
couplings this results in an improvement of the EDM limit by a factor of a few to O(10).
More drastic changes occur for &gs 15, ud, and &us. In case of & this is due to the poorly
known strange-EDM matrix element resulting in a vanishing EDM constraint in the Rfit
approach, whereas the neutron EDM strongly constraints Im £.s in the central case. The
situation is similar for &, although less clear from figure 10 as the improved EDM limits
do not overtake the b — sy constraints. For £,4 and £, the EDM limits improve by factors
of O(300) and O(100), respectively. These large factors arise due to the fact that the
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Figure 11. The left (right) panel shows the constraints on the real (imaginary) parts of &, and &s.
These limits assume that only the real or imaginary parts of &, and &, are generated at the scale A.

four-quark operators O;‘gﬁd and O}7's induce a large pion-nucleon coupling g1, to which
the mercury EDM has an increased sensitivity compared to d,. The resulting limits then
overtake the ¢ /e constraints and naively reach scales up to O(10%) TeV.

As the above discussion shows, in some cases the uncertainties related to the matrix
elements can mean the difference between a stringent limit or no bound at all. For exam-
ple, although the neutron and mercury EDMs are in principle sensitive to the right-handed
couplings to strange quarks, the poor knowledge of the strange matrix elements does not
allow us to set EDM bounds on &, and &s. This also holds true for the nuclear matrix ele-
ments related to the pion-nucleon couplings go 1. These matrix elements allow the mercury
EDM to vanish for all §; elements, even though the ‘central’ limits on §,q and &,s show
that dpg could potentially probe scales up to 103 TeV. These observations are similar to
those discussed in ref. [181] in the context of CPV Higgs-quark interactions, and further
motivate studies of hadronic and nuclear matrix elements with lattice QCD and modern
nuclear many-body methods.

Finally, it is interesting to see whether the limits given in eq. (8.1) and (8.2) are stable
against turning on several ;; couplings at the same time. Here we do not commit to a
global analysis involving all the &;; couplings. Instead, as an example, we briefly discuss
the resulting limits when turning on one row of the §;; matrix at a time. In this scenario
the real parts of the first two rows remain largely unaffected.®

The imaginary parts are more sensitive to the effect of turning on additional couplings,
as this allows for cancellations in d,, and € /e. As a result, the limit on the imaginary part
of &,q is now determined by the D,, coefficient, giving constraints at the O(107%) level. In
turn, this leaves room for an imaginary part of &,s up to O(1073). The limit on Im &4 is

5The only exception is &5 for which nonzero values, IRe&us| = 2 - 1073, are preferred due to the
discrepancy between inclusive and exclusive semileptonic decays. Given that our determination of the
inclusive decay is not entirely consistent, see section 4, these nonzero values should not be taken too seriously.
The reason that &, is consistent with zero in the single-coupling analysis, eq. (8.1), is that nonzero values
are disfavored by the neutron EDM. When several couplings can be nonzero at once, however, the neutron
EDM limit can be canceled by Im &,4 and Im &,s contributions.
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weakened by roughly two orders of magnitude due to similar cancellations in d,,. Instead,
the constraints on the imaginary parts of &, » and {.s do not change much since they are
mainly determined by the semileptonic decays and Kj — n%te™, respectively.

For the third row, the limits on both the real and imaginary parts are weakened by
factors of a few for &4, while those on & deteriorate by an order of magnitude. As an
example of the interplay between the different &, elements, we show the & — & plane for
the real (imaginary) parts in the left (right) panel of figure 11. The constraints shown in
the left (right) panel assume that only the real (imaginary) parts & and & are present at
the scale A.

9 Identifying right-handed currents at low and high energy

In section 8 we showed that, under the assumption that the SM is modified dominantly by
a RHCC at high energy, low-energy bounds from leptonic and semileptonic charged-current
decays, B — X, 47, € /¢, and EDMs are significantly stronger than collider bounds. On
the other hand, in explicit models of new physics the low-energy observables unavoidably
involve some degeneracy [182]. In this section we therefore study more general scenarios
in which other operators apart from a RHCC are induced at high energy and how to
unambiguously identify RHCCs both at high and low energy. In sections 9.1 and 9.2 we
focus on the couplings of the W to ud and us quarks, while in section 9.3 we examine the
Wtb coupling.

9.1 Low-energy probes

In section 8 we used superallowed § decays, and leptonic and semileptonic pion and kaon
decays to put stringent bounds on RHCC involving the v and d, and the uw and s quarks.
The processes we used to constrain Re&,q and Re&,s are, however, sensitive not only to
RHCC, but can be affected by additional contributions. These can be studied by consider-
ing the most general semileptonic dimension-six Lagrangian at low energy [183, 184, 186]

e, . : _
— IV | (1 + 6Vig + (e1)ua) @' Prd v, Pry + Sud uy" Prdly, PLv (9.1)

L =
\@ Vud

1 - 1 _ _
+§(5S)ud udlPrv — 5(5P)ud uysd I Ppv + (5T)ud uoct Prd lO'/“,PLI/ + h.c.|,

and analogous contributions for the us couplings. In eq. (9.1), we separated the contri-
bution to left-handed currents coming from corrections to the W couplings to left-handed
quark or leptons, dV,4, from a semileptonic four-fermion operator, ;. While these
operators are degenerate at low energy, they have different manifestations at collider
experiments [183, 184, 186]. The operators in eq. (9.1) are in direct correspondence
with gauge-invariant operators in the basis of ref. [6], and the mapping is discussed in
refs. [183, 184]. Semileptonic operators arising from vertex corrections, 0V,4 and &4, are
automatically lepton-flavor universal. For the four-fermion operators, €7, p 57, we assumed
the couplings to be diagonal in lepton flavor.
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The operators in eq. (9.1) affect all the observables introduced in section 4, which
we used to bound &,4 and &, (see ref. [187] for a comprehensive analysis). For example,
superallowed B decays receive corrections from the scalar coupling g, which shifts V4
into [184, 186, 188§]

14+ 0Vug + (61)ua + Sud + g—sc§+(2)(ss)ud

+ + _
’Vud(o —0 )|cxp - ‘Vud| Vud B

7 (9.2)

where gg is the nucleon matrix element of the scalar current, and cOS+ (Z) is a function which

depends on the individual nuclear transition. The expression for 7+ — ,uiyu is modified
into
‘Vud(ﬂ- — Ny)fﬂ‘ex = ’Vud‘ 1+ 5Vud + (5L)ud - guid - (EP)udm—gr f7r (93)
P Viud my(mg +my) | "’
and, similarly, the ratio of pion and kaon decays
Eus mic
( Vas fK) U Vhs o+ (erdus = 22— (P )us iy | Vsl S (9.4)
= - . )
Viud f7r exp ‘1+5Vud+(€L)ud_ %—(Ep)udm’ ‘Vud|f7r

Analogously, the semileptonic decay K 0 — 7ty receives contributions from Wausy (£8)us,
and (e7)ys-

The difficulty in identifying a right-handed current at low energies can be illustrated
by looking at the degeneracy with anomalous left-handed currents. By setting the four-
fermion couplings to zero but allowing for nonzero values of V., and dV,s, we obtain
significantly weaker constraints on, for example, £,4

Re&yq € [-1.0,0.7] - 1072, (9.5)

which is in reach of future collider searches. The bound is determined by the theoretical
uncertainty of fr, which is at the percent level [93]. If we only allow BSM effects in
the left- and right-handed currents, £,; and 0V,,4 are completely anticorrelated, since the
vector combination |V,q + &,q| has to satisfy the stringent constraints from superallowed
decays. Introducing additional operators further weakens the bounds on &, and &,s [187].
Still, in order to not disrupt the agreement between the SM and the data for leptonic
and semileptonic decays, strong correlations between the operators in eq. (9.1) must exist,
posing non-trivial constraints on models of new physics.

In light of the intrinsic degeneracy of the observables used in section 4, one might ask
if there is a more direct way to access RHCCs at low energy. Decay correlations in the
neutron and hyperon 8 decays are particularly sensitive to the Lorentz structure of the
quark and lepton coupling [184, 186-189]. For example, the 5 and neutrino asymmetry in
neutron /3 decay can be expressed as [184, 186]

L 2A(1-)) 21+

A(Ee) - Wa ( e) - W (9.6)
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Figure 12. The figure shows the constraints in the &,4 — dV,4 plane, after marginalizing over &,
and 0V,s. The blue line depicts the constraint from W H production, while the red line indicates
the limits from superallowed [ decay and leptonic pion decay. The vertical orange band results
from the experimental determination of A, from neutron decay correlations, in combination with an
assumed lattice determination of g4 = 1.27 £ 0.05.

In the presence of the most general modification of the semi-leptonic dimension-six La-
grangian [188, 190], we have

§u
N 1+ 0Viua + (eL)ud — 32 _g,4<1_2Re<§ud>>+O(’U4> (9.7)
9V |14 6Vaa+ (eL)ua + $24| 9V Viud AY)

where gy and g4 are the nucleon matrix elements of the vector and axial-vector currents.
Experimentally, the ratio g4/gy is determined with per mil uncertainties, A = 1.2723 +
0.0023. In order to constrain &,; one needs precise information on g4. While this is the
subject of intense research in LQCD, current determinations of g4 have about a 4-5%
uncertainty [140, 185], which allows for percent-level right-handed contributions, as first
discussed in ref. [187] . Setting the central value of g4 to 1.27, and assigning a 4% theoretical
error, g4 = 1.27 4 0.05, would result in Re &,q € [~2.1,2.0] - 1072, in the same range as the
values probed by W H production. To illustrate the interplay between the different low-
energy and collider constraints, we show in figure 12 the limits in the £, — V4 plane, after
marginalizing over £,s and 0V,,s. As can be seen from the figure, superallowed 8 decay and
m — pv currently provide the strongest limits. However, as mentioned, these observables
get additional contributions from scalar and pseudo-scalar interactions (eg and €p), and do
not uniquely probe RHCCs. The experimental determination of A combined with lattice
calculation of g4 provides a direct low-energy probe of right-handed currents in the ud
sector. Currently this leads to a constraint that is comparable to future collider limits.

9.2 Collider probes

In similar fashion we can ask whether a discrepancy in a collider setting could be un-
ambiguously attributed to a RHCC. In this section we focus on observables related to
W H productions as this process, as discussed in section 2.2, is particular sensitive to
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Figure 13. W+H cross section for p}¥V > pi¥ at v/S = 14TeV. The blue line denotes the SM
cross section, the remaining lines include the contributions of the operators in eq. (9.10).

right-handed interactions. To address the issue of identifying the & operator, we explore
observables that could disentangle RHCCs from other BSM contributions. We consider the
full set of dimension-six operators that modifies W H production using the basis of ref. [6]

Ls = wagDTgDWuVWMV + C@VVQDTQOWMVW“V

= 3 3 <= _ 1
+o! 718D o avr'yeglar + i D o qryear

g _ ~ g _
——qLa“”F%TIWiV¢ UR — —qLa“”F%TIWJynp dr

V2 V2
2
+U7¢¢TDM¢ upy* &dp + hec., (9.8)

where ¢ is the Higgs doublet, 7/ are Pauli matrices, ¢ = ip*, W!f,/ denotes the SU(2)
field strengths, and WH = grves Wap/2. The Higgs covariant derivatives are given by

(pTz D, = upT(Du — 5#)907 QOTTIZ D ,p= wT(TIDM — 3#71)@. (9.9)

For fermionic operators we consider couplings to the u and d quarks (the us couplings
can be studied in analogous fashion), which, in the mass basis, can be written as

h g R\ 2
——Vua [ 1+ 5Vud <1 + U> ﬂL’y”dLW;

L:f( WHW 00 + e WH W,
5 \eww w T CWw u)+\/§

2
g PN b d
+\/§§ud <1+U) upy*drW,

gVud h — — +
— 1+ — md Hdp) W h.c. 9.10
Jou < + v) (ewatipo"dg + cwutiro™dr) W, + h.c (9.10)

The CKM factors in the previous expressions arise from rotating to the mass basis. In
order to avoid flavor-changing neutral currents at tree level, we impose that the matrices
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Figure 15. Difference of left and right-handed polarizations of the W boson in W+ H production
as a function of pl¥_ ., at v/S = 14 TeV.

(1)

G F{‘fv, CQp» and cg’)

,, are diagonal in the mass basis. In addition to £,y we then need to
consider the dimensionless couplings

eww = v*Cow aww = v2Cy,
— (2.3 = (2179 S (2
OVua = (v cQSD)H ; cwd = (v FVV)n’ cwu = (VTY),, - (9.11)

These couplings scale as v? / A%, Hermiticity implies that cyw, éww, and §V,y are real,
whereas £,4, ¢y, and ¢4 in general have real and imaginary parts. Since we are neglecting
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Figure 16. W H differential cross section with respect to ¢* at /S = 14 TeV, in the SM (blue
line), and in the presence of dimension-six operators.

interference terms proportional to the light quark masses, the cross section only depends
on the absolute values of these couplings.

To illustrate the diagnostic power of collider measurements, we set &,q = 0.022. This
value is still allowed by the 8 and 13 TeV data and produces a 40% modification of the
signal strength at 14 TeV. We then proceed by turning on one of the couplings in eq. (9.10)
at a time, and tune them such that they give the same signal-strength modification as £,4.
In figure 13 we show the effect of the different couplings on the cumulative W+ H cross
section for p:,W > p:,W cut» Where pZW is the transverse momentum of the W boson. In general
this observable receives different corrections from different operators. However, as can be
seen from the figure, this observable is not sufficient to lift the degeneracy. In particular,
&uq and the dipole operators, ¢y, and ¢4, induce very similar corrections.

A more suitable observable to disentangle the effects of the various BSM contributions
is the angular distributions of the charged lepton coming from the decay of the W boson.
We work in the W-boson rest frame, with the direction of the z-axis along the momentum
of the W boson in the lab frame. 6* is the polar angle of the charged lepton in this frame.
The z-axis is in the direction orthogonal to the Higgs and W momenta & ~ (pjy X pr). In
this frame, we define the azimuthal angle ¢* as the angle between the plane containing the
W and the Higgs bosons, and the plane containing the W and its charged decay product.
That is
(Pw X pr) - (Pw X D)

[Dw X Pul [Pw X Pel

cos " = (9.12)

and we note that ¢* is invariant under boosts along the W momentum pyy .
The angular distribution of the W boson in this frame is parameterized by 8 coefficients,
which completely characterize the W-boson spin-density matrix

——— = —1 0"+ —(1-3 0*
o dcos 0* do* 167 eosTo 2 ( cos™¢")
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A
+Aj sin 20* cos ¢* + 72 sin? 6* cos 2¢*
+Assin 0% cos ¢* + A4 cos0* + As sin 6% sin ¢*
+Ag sin 20 sin ¢* + A7 sin® 6* sin 2¢*} . (9.13)

The differential distributions with respect to 6* and ¢* are obtained by integrating
eq. (9.13), and are given by

deosl" — 38 [1+COS 0" + 5 (1 —3cos“0*) + Agcos |, (9.14)
1 do 1 3T 1
e * in ¢*)+— * in2¢*)|. (9.1
cdor  om [ +16 (Azcos@*+Assing )—|—4(Agcos2q§ +A7sin2¢ )] (9.15)

The coefficients Ag and Ay are related to the W-boson helicity fractions [35],

=5 F= @-AFA),  Fe=Q-Ac:A),  (916)
for W, respectively.

In figures 14 and 15 we plot the longitudinal, and the difference of the left- and right-
handed polarization fractions of the W boson, for p7W > pYWCUt. We show these quantities
for the pure SM and for the SM modified by one of the dimension-six operators in eq. (9.10).
For the Wilson coefficients we use the same values as used in figure 13 such that the signal
strength at 14 TeV is modified by 40%. As can be glimpsed from the figures, within the
SM the W-boson becomes increasingly polarized in the longitudinal direction as the cut
on the W transverse momentum increases [191]. This behavior is not significantly affected
by a right-handed current, &,4, or a gauge-invariant correction to the left-handed current,
6Vyua. The operator ¢y would also preferentially induce a longitudinally polarized W at
large p:,W cuts Put with a smaller fraction.

On the other hand, dipole couplings of the W boson to the up and down quarks would
greatly reduce the longitudinal fraction at large pp. In figure 15 we show that ¢y, and
Cwq induce, respectively, a left- and right-handed polarized W. Finally, a nonzero value
of ¢yw would also reduce the longitudinal fraction and produce equal amount of left- and
right-polarized W bosons at large pr. The W-boson helicity fractions would therefore make
it possible to identify the effects of the dipole interactions, or perhaps of ¢y, but they
would not clearly identify a right-handed current.

We now turn to the azimuthal-angle distribution which does turn out to be sensitive
to RHCC. In figure 16 we show the normalized differential cross section with respect to ¢*,
with no cut on p:,W, for the SM, and for the operators &,4, 0Vud, cww, and éyw. In the SM,
the cross section is well described by the cos ¢* term, with a smaller component proportional
to cos 2¢*. We observe that the left-handed current, §V,4, does not significantly affect the
shape of the ¢* distribution. cpyw induces a slightly larger cos2¢* component which
only mildly modifies the distribution. &,q does not modify the functional form of the
distribution, which is proportional to cos ¢*, but significantly affects the amplitude. This
is captured by the coefficient A3, which we show in the left-panel of figure 17 as a function
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Figure 17. A3 and Aj coefficients in W H production as a function of pjvycut, at VS = 14 TeV.

of p7W eut- A3 vanishes if parity is conserved in the production of the W boson, and, for
the chosen value of £,4, this effectively occurs at pQW cut = 120GeV. For larger cuts, §,q
overtakes the SM contribution and the sign of A3 flips.

Figure 16 shows another interesting feature, namely that ¢y induces a sin ¢* depen-
dence of the cross section. Differently from all other operators in eq. (9.10), for éyw a
CPV interference term with the SM survives. This term does not induce any corrections to
the total cross section, but it does induce a large As coefficient as shown in the right-panel
of figure 17. Such a signature is a distinctive feature of a @T@WW operator at the LHC.

This discussion shows that, in the presence of a deviation of the total W H cross section
from the SM prediction, a study of the pgy spectrum and of angular distributions of the
charged lepton produced by W decay, would provide important information in identifying
the origin of the discrepancy. We should point out that our preliminary study did not
include detector effects, background estimates, nor reconstruction efficiencies and a more
careful investigation is warranted. Such an investigation would be better performed within
the framework of an experimental collaboration.

9.3 Anomalous Wtb couplings

Analogously to the ud-us sector it is interesting to see to what extent the constraints in
the tb sector are affected by turning on additional operators. To explore this, we extend
our Lagrangian, involving right-handed (tb) currents, with the following set of operators,

9 2
gv | 1 _ , 1, 1 - h
O[[ 5 |:\/§ LY I A \/5 L7V Ul m c pltLY UL v 3 ( )

1 7! v — iny v 1 . — + h
Ow: = —gmy [ﬂbuf’”‘ trW,, +tro tR<2cWZ’“’ +igW, W, >] (1 + v) , (9.17b)
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Real Individual Marginalized | Imaginary Individual Marginalized
& [~1.4,1.5]-1073 [—0.01,0.12] & [—2.4,2.4]-1073 [—0.16,0.13]
OLL [—0.03,0.04] [—0.03,0.04] —
v? Cyyy [—0.09,0.05] [—0.10,0.04] v2 Cyy [-6.0,6.0] - 107* | [~1.0,0.9] - 1073
v2 Cyryp [—0.04,0.05] [-3.5,0.4] v Cyyp | [-3.5,3.5] - 1072 [-1.9,2.2]

Table 12. Allowed regions (90% C.L.) for the Wtb couplings at the scale A = 1TeV. The second
and fifth columns show the constraints under the assumption that only a single coupling is generated
at the high scale. In the third and sixth columns we assume that all Wb couplings in eq. (9.17)
are present at the scale of new physics and we marginalize over all couplings.

1 _ - 1 o h
Owyp = —gmy [ﬁt/l,o-#beW/Z/ —bro"bgr (2014/2/“/ + ZgWH W;>:| <1 + U) , (9.17¢)
which appear in the Lagrangian with couplings Crr w+ wp, respectively. Here, V' = Vjb +
Viss + Viad, t' = Vit + Vic+ Viu, and ey = cos Oy, with Oy the Weinberg angle. In
total, the effective Wtb vertex can then be written as

Etb = 79 LT ’}/M(th(l + 5LL) PL + gtb PR)W+ — a’“’Wt(th’* tPL + mbCVVbPR) b+ h.C.,
V2 g g W
(9.18)

where® §;;, = %CLL. Eq. (9.18) provides a general parametrization of the Wb vertex [193]
and these couplings have been studied in many previous works [79, 192-205]. Most of these
studies constrain the Wtb vertex by looking at collider processes or flavor constraints (in
particular AB = 1 processes). Here we study the effect of turning on &, and Crr we, we
simultaneously, while taking into account both collider and low-energy constraints including
those from EDM experiments which are usually not considered.

To derive the resulting constraints we require several additions to the expressions
discussed in previous sections. In particular, for the Crr, ywp 1w contributions to the helicity
fractions discussed in section 2.4, we employ the expressions given in ref. [79]. We take into
account 67,7, contributions to single-top production by replacing Viq — Vi4(1 4 0r1), where
q € (d,s,b). For the running and matching of C 1, ¢ w onto the C7 g operators relevant for
b — g7y, we use the expressions in refs. [192, 206]. Finally, for the contributions of Cyy; and
Cywyp, to EDMs we follow the analysis of refs. [207, 208]. With this combined input we turn
on drr, &b, and Cyyywp simultaneously, while setting Vi, = 1. The resulting constraints
are shown in table 12, together with the bounds that result from a single-coupling analysis.

The constraints on 477, and Cyy; are the least affected by the presence of the other
operators, and the marginalized bounds are fairly close to the single-coupling analysis. This
can be understood by noticing that drr, is stringently constrained by single-top production,
which does not allow for cancellations against the other couplings. Similarly, Im Cyy

SWithin the framework of the SMEFT, Op, arises from the operators Qg; and Qg; in the notation
of [42, 43, 80]. We follow ref. [192] and assume no flavor-changing neutral currents at tree level, the Wtb
coupling is then hermitian and CLy, is forced to be real.
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Figure 18. The figure shows the constraints in the & — v? Cyyp plane, illustrating the significant
cancellations that can occur between the two couplings. The real (imaginary) couplings are shown
in the left (right) panel. The exclusion bands (at 90% C.L.) assume that only Cy, and &y are
generated at the scale A.

provides the dominant contribution to the electron EDM such that its constraint survives
to large extent the global analysis as well. Re Cyy; is constrained by several observables
with similar strength (electroweak precision tests, W helicity fractions, and b — sv, see
ref. [208]) such that the marginalized constraint is not too different from the individual one.

The situation is significantly different for Cyyp and &;. In the single-coupling analysis
the real parts of these couplings are mainly constrained by b — s, while their imaginary
parts are constrained by the neutron EDM. When both operators are present the constraints
on the real and imaginary parts can be weakened significantly by mutual cancellations in
BR(b — sv) and d,, respectively. In fact, comparing the second (fifth) and third (sixth)
columns of table 12 we see that the limits on the real (imaginary) part of &, deteriorate
by roughly two orders of magnitude. The bounds are similarly weakened for Cyyy.

This effect is illustrated in figure 18, where we show the constraints in the & — Cyp
plane for the real and imaginary parts. The results in this figure assumes only & and
Cwp to be present at the scale A, but this is sufficient to see that significant cancellations
can occur between these two couplings. The left-panel shows that the CP-even b — sy
observables allow for a free direction, and the much weaker limits from the helicity fractions
and h — bb are needed to obtain a constraint. In the case of the imaginary parts, shown
in the right panel, the neutron EDM allows for a free direction and the electron EDM is
needed to obtain a bound. As can be seen from table 12, including Cyy; and ér; hardly
affects the bounds on the real parts of &; and Cyy, compared to figure 18. The limits
on the imaginary parts are weakened by a minor factor compared to figure 18, confirming
that the major deterioration between the single-coupling and global constraints are indeed
due to cancellations between &;, and Cyyp. A comparison of the single-coupling and global
constraints for the Re £ —Im &y plane is shown in figure 19. Again, it is clear that turning

on several couplings can severely weaken the various constraints.
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Figure 19. The figure shows the constraints in the Re &, — Im &y plane. The constraints from
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respectively, and assume that only &, is generated at the scale A. The dashed black line is the
resulting constraint when marginalizing over the other b couplings.

In summary, in the tb sector isolating the right-handed current is complicated by
the degeneracy with the Cyyp dipole operator. Nevertheless, as shown in table 9.3, the
marginalized constraints on most of the anomalous Wb operators are very stringent.

10 Conclusion

Motivated by the attractive possibility of parity restoration at high energies, we investi-
gated possible footprints left behind by a right-handed extension of the SM. We studied in
detail the right-handed charged-current couplings &;; defined in eq. (1.1), looking at their
manifestations in collider experiments, flavor physics, and low-energy precision tests.

Our work provides a case study of the complementarity of low-energy and collider
experiments in probing heavy new physics which is not within direct reach of the LHC,
and therefore can be analyzed in the framework of the SMEFT.

In a first major thrust of our work, assuming that at the scale A the SM is modified
dominantly by the RHCC operator, we have worked out the bounds on the &;; from a broad
range of probes. The resulting 90% C.L. limits are summarized in eqs. (2.27) (collider)
and (8.1), (8.2) (global fit). A graphical summary is presented in figure 10. Note that in
this setup one can straightforwardly compare the sensitivity of various direct and indirect
probes both at high and low energy. Such a comparison reveals that low-energy probes
provide the strongest constraints, putting most of the §;; out of LHC sensitivity reach.

The above results, however, should be put in a broader context. Since most explicit
models of new physics generate more than one class of operators at the UV-matching scale
A, many of the observables used in our analysis would receive contributions form several
other dimension-six operators in the SMEFT. Therefore, in a more general setting, the
low-energy constraints require that certain linear combinations of dimension-six Wilson
coefficients (including the &;;) be highly constrained, which in turn imposes non-trivial
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constraints on new physics scenarios. Realizing this, in a second thrust of our work we
have explored: (i) the impact of degeneracies on the &;;, finding that the low-energy bounds
can be weakened to a level comparable to the collider sensitivity by turning on additional
operators; (ii) ways to remove this degeneracy, identifying observables that would uniquely
point to RHCC, both at collider and low-energy. Details can be found in section 9, with
focus on the couplings &,4, &us, and &p. Our analysis shows the importance of pursuing
improved searches of §;; manifestations at both the energy and precision frontiers, and
suggests new handles on RHCC at colliders.
We conclude by listing the main highlights of our analysis:

e Keeping in mind the significant theoretical uncertainties, we note that the introduc-
tion of appropriate &;; elements can help resolve some tensions between data and SM
predictions in flavor physics, such as ¢’ /e [11] and the inclusive-exclusive discrepancy
in Vi, and Vy, [209, 210].

e In the framework of the linearly realized SMEFT, the most stringent collider con-
straint on the light elements &;;, with i € {u,c} and j € {d, s, b}, come from the as-
sociated production of a Higgs and a W boson, followed by W production and Higgs
production via vector boson fusion. The right-handed charged-current operator £ also
affects W Z production, which, at the moment, provides somewhat weaker bounds.

e Nucleon beta decay, and leptonic and semileptonic decays of pion, kaons, and D
mesons allow one to obtain strong bounds on the elements &,4, Eus, Ecq, and Egs.
Under the assumption that the SM is modified solely by the RHCC operator &, the
low-energy bounds put on §,q and s are out of the collider reach, while in the
case of &4 and &.s improved constraints from the LHC Run II can compete with
low-energy bounds. If we allow for modifications to the couplings of left-handed
quarks to the W boson, or for additional semileptonic operators, the single coupling
bounds on &,; can be weakened to the percent level, see figure 12, making it
important to look for collider constraints on this coupling.

e To this end, we identified differential distributions in W H production which are very
sensitive to the Lorentz structure of the coupling of the light quarks to the W boson.
In the presence of a deviation from the SM expectations, these distributions could
help identify the possible origin of the correction, disentangling RHCC interactions
from other possible modifications of the W H process (see for example figure 16).

e At colliders, it is hard to probe &,;, and £ at a level comparable to the one achievable
in exclusive and inclusive B decays. Possible strategies might involve tagging b jets
in WH and V BF, but in both cases it would remain hard to access values of &,; and
&ep smaller than the corresponding CKM elements. We observe that, even including
flavor observables, the bounds on &,; and & are not extremely strong. In light of
this, a more detailed study of RH contributions to inclusive B-meson decays might
be appropriate. Such a study might also resolve whether RHCCs can explain the
current tension between the determinations from exclusive and inclusive B decays.
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e The collider observables that are needed to constrain the third row of the £ matrix
are single-top production, top decays, with particular attention to the W polarization
in the decay, and h — bb. It is quite interesting that the loop process h — bb already
probes &, at a level comparable to top decays.

e Right-handed currents in the top sector are, however, severely constrained by
B — X, 47y and EDMs. In a single-coupling analysis, the limits are two to three
orders of magnitude stronger than collider limits, and are not severely weakened by
turning on &4, &5, and &y at the same time. The collider limits become relevant only if
we allow for more general modifications of the Wtb vertex. In section 9.3 we therefore
performed a global analysis, including all relevant low- and high-energy experiments,
of the most general modification of the Wb interactions. In such a scenario, &;, and
Cwy are strongly correlated (see figure 18) and the resulting limits are significantly
softened. Our analysis extends those based on subsets of the available data, see e.g.
refs. [196, 197, 205], and reflects the relevance of low-energy precision experiments.

e Despite the large theoretical uncertainties, limits on EDMs provide strong constraints
on the imaginary parts of many £ elements and even on some of the real parts because
of the interplay with imaginary parts of certain CKM elements. Improvements of
hadronic and nuclear theory could further strengthen the constraining power of
EDM experiments as can be seen from figure 10. In the ideal case of negligible
theoretical uncertainties, EDM experiments would set the strongest constraints on
all imaginary parts (except for Im &), reaching the O(103 TeV) scale for Im &4, and
the real parts of &y, &eq, and &q.
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A Additional input for CKM fits

In this appendix we discuss several processes that get small contributions from RHCCs,
but that were used in the fits discussed in section 8 to constrain the SM CKM elements. In
appendix A.1 we discuss B — J/¢¥ K, which determines the CKM angle 5. RHCC in the
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Wbc vertex contribute to this observable at tree level, but, as we will argue, the contribution
is suppressed with respect to the SM. The remaining elements of the §;; matrix generate
no or small contributions, after taking into account the limits from other observables.

In appendix A.2 we discuss the FCNC decays B, — p*u~, K; — 7%vv, and the
penguin contributions to K; — wVete™. These contributions are quadratic in & and
necessarily involve two different ¢ elements. Thus, they do not play any role in a single
coupling analysis. Finally, in appendix A.3 we discuss AF = 2 processes. Also in this case,
contributions are quadratic in &. Both types of processes might play a more important
role in a global analysis involving all &;; couplings, as possible cancellations may allow for
larger values of the &;; couplings. However, this is beyond the scope of the current work,

and we neglect all dimension-eight effects discussed in these appendices.

Al B — J/YyK
The CKM angle 5 = arg( — Vchc’E,) is determined from S/, which appears in the CP

ViV,
asymmetry,
T(B = JJYK) —T(B — J/K) ,
_ = Amygt Amgt) . Al
DB = JoK) 1T (B = Jjok) — K sinlamat) + Cypprccos(Amat). (A1)
Here _— F 4
2ImA gk qAspr _ VgVia Auper
S =T A == = , A2
AN Agjprc|? TR Ajpr VoV Arwik (#-2)
VipVid

where the ratio 1 = Vave,
¢ _
for the decay B — J/YK (B — J/¢¥K). In the SM, this amplitude is due to a tree-

level decay (proportional to Vi V.%) followed by K — K mixing (the real part of which is

is due to the B — B mixing and A yx (A;/yk) is the amplitude

dominated by a term proportional to V.sV), such that to good approximation we have,

Ajrprc ~ VaVy

= , S =sin2p. A3
Ayor ViV JJK B (A.3)

The experimental value is given by [71],
Sy = 0.682 +0.019. (A.4)

RHCCs can contribute to this observable through the amplitude, A;/,x, or through B or
K mixing. As discussed in appendix A.3, the RHCC contributions to meson mixing are
quadratic in &, and we neglect them here. The RHCC contributions to the amplitude can
arise from &.s; and &. The constraints on & from semileptonic D and Dy decays imply
that the contribution to Sj/,x is at the percent level and therefore negligible. As for &,
the corrections to S JpK are proportional to 4,/ Ve and to ratios of the matrix elements of
the left-right and SM operators, (’)ff’zci r and (’)(1"%’202 - In this case, inclusive and exclusive B
decays into charmed final states and B, — B, oscillations allow for relatively large values of
Im(&ep)/ Ve, Im(&ep) /Vep ~ 0.3. For exclusive B decays into s-wave charmonia, it was shown
that the matrix elements factorize [211-213]. In particular, in the case of the left-right op-

erators, one has to estimate the matrix element (J/v|¢rcgr|0). While a precise evaluation
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is difficult, we notice that both in the nonrelativistic and in the m. — 0 limit, the matrix
element vanishes at leading order. We therefore expect the corrections to Ak to be
relatively small. Since the suppression factors in the two limits, the relative velocity of the
charm quarks in the J/% or the ratio m /., /mp, are not extremely small, it might nonethe-
less be worthwhile to more rigorously investigate RHCC contributions to B — J/¢ K.

A.2 AF =1 neutral current decays

The effective Hamiltonian for B ; — utu~, K — ptp~, K — neTe™ and K, — vv

contains the semileptonic operators

GEmiy
1672
+C3, Py PRd Ty, PLl + CY | # 4" Prd’ oy, Prv + CY,, dAH Prd’ ﬂfy#PLu} :

H=-— {CPy @ Pod -+ Cily dy Prd Ty Cfyy diy* Pl I Pul (A.5)

The matching coefficients at the scale u = my are obtained by computing penguin and
box diagrams, and, for i # j, we find in the MS scheme

i v, o [ 8(8 =50 + 63x7 + 627 — 24x})
CL]V = V;thisw{ 90z, — 1) log x4
+4mt(108 — 2597, + 16327 — 18z3) }
9(zy —1)3 ’
2 2 3 4 5
") {32 (2—32) log n,;%V | 8(8— 14z, 81x5(—;:232f;4 1682} 4 361D) log 2;
4(—320 + 528z 4 14122 — 49323 + 162z
a 27(x; — 1)3 }

1472 256, p? . -
_ (27 e log m%v> S?U(écjgd + §Uj£“i) ’
g i 1222 Ay (zy — 4)
CPu = ViV {(9015—1)210ngr Cm -1 [

y 2 42410 — 11y + 422) 4 — 4y + 3x7
(o 4(— 4 1 1% o t t t 1 4 t t
Cpu = &8 { (—3 + 4z¢) log - 12 og Tt + i

12

(16 + 12log > (fcjfcl + g'u,‘]f'l,“) s

IEt( t_2) 2—|—l’t
C’LW—Vt]V;tz{ mlogfﬂt—4xt } ;

xr—1

2 2
7 — 112y + 4a? 2+ 4z — 3z
= i —4dxy) 1 4 logzy + 44—
Chuw = €6 {405 = ) o L4 a2t o
12
(8 - 1210g > (50)507, + gujfuz) ’ (A6)

where we neglected powers of z. and z, and we used unitarity for the SM contributions.
Of the above operators, Czq” and C%’” contribute to Bg’d — It~ and K, — ptp.

The photon penguins Cijv and C’gv do not contribute due to vector current conservation.
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The decay rate is

0 +7— 1 Amj GFmW ’ bq bg |? A
DBY = 117) = gy [ = b, o A O %)
q

where the minus sign between the Wilson coefficients is due to the fact that only the axial
part of the quark current contributes. The observed branching ratios for Bgs — putpu~
are [101]

BR(BY — ptp~) = (3.9779) - 107°,  BR(Bs — ppu) = (28707) - 107, (A8)

From eq. (A.6) one sees that RHCC contributions to these processes are relevant if £} £ ~
V3 Vig- As discussed in section 8, this possibility is ruled out by B — X 47, even when all
&:j are turned on at the same time. Similarly, the RHCC contributions to K, — p*u~ are
small after taking into account limits from semileptonic decays and B — X v. In our anal-
ysis we therefore only use BR(Bgd — uTp7) to constrain the CKM elements Vis and Vig.

Czdw and Cf{dw contribute to the decay K; — m%v. The contributions of the SM and
RHCC are of similar size if Im (£},&q) ~ Im(V%Viq) ~ 1074, which is ruled out by EDMs,
and by the branching ratio and CP asymmetry in B — X 4v. Therefore, this channel
might become interesting only in scenarios in which multiple operators are turned on at
the same time.

The operators Czdv and Czdw give the leading SM contribution to K — wlete”
They are related to the operators C7y and C74 defined in ref. [85] by

ds
Oem ds C’L ~Lpp Qem ds
Crv=—=5|C Cip=———-5C . A9
4% 3271'3121) ( LV + 9 ) ) TA 2 L pp ( )

C'7 4 does not run, while C7y mixes with tree-level charged currents. Factoring out a factor
of aem/27, the authors of ref. [85] define the couplings

v () = Po) — 4 (Cofe) + Dot ) + 2050, == (o)
with
= 8 (125 ).
Co(zt) = % (iz : E1S + (3$t + 2 10g$t>
Dy(xy) = —glog:nt + _31695:14;23% + i 18(1_—2;:5)4_ 6) log x4 , (A.11)
where z; = m}/m?,. Without resummation, Py = —4/9logz.. The value of Py(u) at

different scales is given in ref. [85].
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A.3 AF = 2 processes

The effective Hamiltonian for AS = 2 processes in the presence of a RHCC is given by [214]

G2m?
H = 1FG7TW > Cil (A.12)
with
OYM = (57, Prd) (39" Prd), O™ = (54, Prd) (59" Prd),
LR n _
w
o7 = (sv PL ) (57" Prd), O = (5Prd) (5Pgd),
O = (sPpd) (5PLd), O = (sPrd) (5Pgd),
O3 = (50 Prd) (30, Prd) O5SRR = (50" Prd) (50, Prd) . (A.13)

An analogous Hamiltonian can be written for AB = 2 and AC = 2 processes.
The coefficients C; are obtained by computing the box diagrams with two W exchanges,
for which we find in the MS scheme

2
CYM = ViViaViiVia ((6 — x; — x;) log “2

W
2
2
W

CI® = 2V;iVia€l&ja ((6 —a; — ;) log -

+f1($z=$g)>

+ fg(acl,:cj)>

2

mim; ., v
C%R —9 (A é-zs id ngd ( 410g lu + f (xlvl‘j) - 461 (Sucg(l'l,l’]))
mW m
S 2 . .
ClSLL = - ézs ldé]s Jjd < 410g 2 + f3(‘r17 .CC]) 45;705&59(1&'71’3’)) ’
mim; Y
ClsRR _ ) ] d ( 410g + f3($“xj) 45;2706%769(x27$])> )
mw
m;m;
CZSLL = —2 fzs zdfjs jd (f4 l‘l,l‘] 5u c(sucg(x“l‘]))
miy
;M ; j
CzSRR - TI; : st‘fzd 5§]d (f4 -Tz,x] c(si,c g(.%'i,l'j)) ’ (A'14)

w

where ¢ = u,c,t and j = u,c,t label the internal up-type quark, and a summation over 1,
J is understood. m;, m; are the masses of the internal up-type quarks, and z; = m? / m%/v.
The loop functions are

J U L e
z) = — log(z;) + log z;
S ) A S e e R
3 3(x; + xj — x4my)
2 — —(x i)~ ’ :
(—4 + )22 —4 + x;)%a?
fo(wi, xj) = : )2 7 l08(75) = ( ( o s

-1+ %)2(—%‘ + :Uj)
Ti+Tj — TiT
(1—2)(1—ay)’

(i - zj)(x; — 1

3
+14 — §($1 +z;)+9
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Azj(4 — 2z 4 3) o, Awg(4— 2z +a?)

ily) = : v
f3(zi, ;) @ —2) (1120 08 T (=1 + 2)2(x; — ;) og T
42+ zi + xj — i7w5)
(—1+a)(—1+z;)’
2(—2+x))z; 2(=2 + @iz
) = log 2; + log z;
fa(zi, ;) @ — ) (-1 + ;)2 0g T (—1 + 23)2(—a; + 7;) og T
2

+ . A.15
(C1tz)(-1+2)) (A.15)
The remaining function, g(x;,x;), arises from the matching contributions in the theory
below 1 = myy, which is why it does not receive contributions from diagrams involving the
top quark. Up to O(z,, x.) corrections, it is given by,
2 ] e .
g(zi,2;) = —4 <1+log £ T8t ong> . (A.16)

2 o
miy Ti — T

We verified that the expressions in eq. (A.14) are gauge independent. Our results are
in agreement with ref. [215], except that we find matching contributions to C}R CSLE
and CSRR which are not given in ref. [215], and we do not assume unitarity of the &;
matrix. Most expressions in eq. (A.14) are UV divergent. For the SM coefficient CYY™" the
unitarity of the CKM guarantees that after summing over ¢, j the divergence cancels. In
all other cases, the divergence indicates mixing of two insertions of RHCC onto AF = 2
four-fermion operators between the high-energy scale, A, and myy. The QCD running of

the operators in eq. (A.13) below the scale myy is discussed in detail in ref. [214].

A.3.1 B — B oscillations

The Hamiltonian in eq. (A.12) can be used to compute the mass difference between mass
. . 0o o
eigenstates in the Bj -B; ; systems

(BB _ <G%mgv> 1
mBq

Amg = 2|MP| = o =

> Ci(w) (BOI|B)| . (A.1T7)

a )

The matrix elements for the operators in the basis (A.13) have been computed on the
lattice in ref. [216], and we have

(BYIOYMBY) = (BLIOY™|BY) = ° B(u)m, 73, (A.18)
(BYIOSHBY) = (BYOTNBY) =~ By Rw) mh, 13, (A19)
(BUIOS 18 = (BIOFMBY) = (5830 - 3BY) ROows, 73, (A20)
(BYIOW|BY) = 5 BY(w) RGuym, 3, (a.21)
(BYIOKMBY) = S B0 Rium, £, (4.22)

where R(u) = mQBq/(mb(,u) +mg(1))?. The bag parameters, in the MS scheme at the scale
= my = 4.2GeV are summarized in table 13. The FLAG average for the B; and B
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By B B3 By Bs

BY — BY [216] | 0.85+0.04 0.72 +£0.03 0.88 +0.13 0.95 £ 0.05 1.47 + 0.12
BY — BY [216] | 0.864+0.03 0.73 £0.03 0.89 4+ 0.12 0.93 £ 0.04 1.57 £ 0.11

K% — K9[93] | 0.56 +0.01 0.50 +0.01 0.77 £ 0.03 0.93 & 0.02 0.72 & 0.04

Table 13. Bag parameters for B, — Bq and K° — K© oscillations, in the MS scheme. For B, — Bq
oscillations, we use the results of ref. [216], and the bags parameters are given at the renormalization
scale 1 = my. For KO — KO oscillation, we quote the FLAG averages of simulations performed with
ny = 2+ 1 flavors [93]. In this case, By = By is given at the renormalization scale p = 2GeV,
_____ 5 are given at = 3 GeV.
decay constants is given in table 8. The RGE factors to run the coefficients in eq. (A.14)
to the scale yu = my to u = my are given in ref. [214].

Neglecting the RHCC contributions which are quadratic in £, one has to good approx-
imation in the SM,

GEmiy
672
in which z; should be evaluated at ¢ = m; and ng = 0.55 & 0.01 [217], So(z;, ;) =
L(fi(zi, ) — £1(0,25) — fi(s,0) + £1(0,0)). In place of Bf’d, it is convenient to introduce

the renormalization-group-independent bag parameters Bp 4.+» for which we use [93]

Amg = Q‘Ml(g)‘ =

MqWZ\QJ%qBBqUBSO(%, ), (A.23)

f,\/Bp, =219+ 14MeV,  fp.\/Bp, =270 + 16 MeV . (A.24)

The experimental values of Amg and Amyg are

Amg = (0.5064 +0.0019) ps™',  Amg = (17.757 £ 0.021) ps ™' . (A.25)

A.3.2 EK

In the case of K°— K9 oscillations, the mass difference Amygx = m K, — MK receives sizable
long-distance contributions [85], whose uncertainties prevent the use of Amy for a precise
extraction of the CKM elements. On the other hand, CPV in Ky — Kj mixing is dominated
by short-distance effects. The indirect CP violation in K — 77 decays is parametrized by
the parameter ¢, which, up to O(&2) corrections, is given by [176]

ek = G%m%v me?(BK
127T2 ﬂAmK

oo (nccwg;vcdfso(xc) 2V VeaViE ViaSoles 21)

+mt<v;zvtd>250<xt>> |

Here x4 should be evaluated at 4 = m; and z. at yu = m,, furthermore from FLAG and
ref. [217]

Br =0.717+£0.018 £ 0.016, . = 0.94 +0.02,
Nee = 1.87 4 0.76, Net = 0.496 = 0.047,  m = 0.5765 £ 0.065.  (A.26)
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By is the renormalization-group-invariant bag factor. In ref. [11], we considered long-range
contributions to £k, linear in &, and &,4. Since the ensuing constraints on these couplings
are much weaker than the one from € /e, we do not include these corrections here.

B Two-loop contributions to the electron EDM

As the & operator only couples the W boson to quarks it mainly induces hadronic EDMs.
However, the &; coupling also generates a (fairly small) electron EDM at the two-loop
level. Here we briefly describe this contribution.

In the relevant diagram two W bosons connect an electron line with a top-bottom
loop which emits a photon. Neglecting the lepton masses, this produces the following
contribution to the electron EDM,

~ YtYv « | @t
v2 C»(yc;e)bloop — _16NCWIm (&aVip) @F(xt,xb) +(t b)), (B.1)
where z; = m?/m?%,, and
e -1 1—
F(x;,x;) = / dz— v In (1 =) . (B.2)
2Jo 2Ptz -wi—D)4a x(ry—x)
In the approximation of small z, the loop function becomes,
1 2
F(1,0) = = |Lig(1 — 1/2) — |,
2 6
11 2
Flan,a) = 5oy [lnxt In % — (¢ + DLis(1 — 1/ay)| + % . (B.3)

Below the scale u = myy, a second matching contribution arises from an operator of the
form, £ = C©botpe o y5e. This operator is generated at one loop and, in turn, induces
the electron EDM through an additional loop. All combined, the matching conditions at
the scales © = my and p = my become

2 v(be) _ Yt¥e Inz;
v O ) (4m)2 1 — x4

Im (&3Vp) ,

E(ee) (MW) _ é(ee)bl . 8Ne mpQyp
1 ~l oop (47’()2 meQe

2

m
In 2b cbe) (Lw),

Hyy

6(66)

— ~(ee 8NC meb m2 e
() = CE/Z )( ) (47)2 m.Q In M2b ) () (B-4)
ele b

where pw ~ myy indicates a scale around pu = myy, while u: (1 ) refers to a scale just

above (below) the b-quark threshold. Finally, the RG evolution between my and mg,

which determines C(*¢) (1) and E,(Yele) (1), is given by

d ~(ee€) T mpQy (b,e) d (be) Qg
=16 N,—— € _ (e — 90 -2
dIn ,uc7l (1) = 16N (4m)2 meQ. QR dIn ,uC (1) =2Ck 4

The electron EDM does not evolve under RG p = my, (apart from small QED corrections),

we use 6236) (2GeV) = 6%6) (1, ) which is given in table 7.

CtO (). (B.5)
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