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CP violation beyond the Standard Model (SM) is a crucial missing piece for explaining the observed
matter-antimatter asymmetry in the Universe. Recently, the ATLAS experiment at the Large Hadron
Collider performed an analysis of electroweak Zjj production, thereby excluding the SM locally at
95% confidence level in the measurement of CP-sensitive observables. We take the excess interpretation in
terms of anomalous gauge-Higgs interactions at face value and discuss further steps that are required to
scrutinize its origin. In particular, we discuss the relevance of multiboson production using adapted angular
observables to show how they can be used to directly tension the reported Zjj excess in a more
comprehensive analysis. To connect the excess to a concrete UV scenario for which the underlying
assumptions of the Zjj analysis are valid, we identify vectorlike leptons as a candidate theory consistent
with the observed CP-odd Wilson coefficient hierarchy observed by ATLAS. We perform a complete one-
loop matching calculation to motivate further model-specific and correlated new physics searches. In
parallel, we provide estimates of the sensitivity reach of the LHC’s high luminosity phase for this particular
scenario of CP violation in light of electroweak precision and Run-2 Higgs data. These provide strong
constraints on the model’s CP-even low-energy phenomenology, but also inform the size of the CP-odd
SM deformation indirectly via our model hypothesis.
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I. INTRODUCTION

The search for non-Standard Model (SM) sources of CP
violation is a crucial missing piece in connecting the
phenomenological success of the SM so far with its apparent
shortcomings related to the observed baryon antibaryon
asymmetry [1]. Searches for CP violation in various channels
at the Large Hadron Collider (LHC) are therefore a key part
of the ongoing experimental program (see, e.g., [2,3] for
recent analyses in the context of Higgs physics).

In particular, ATLAS has recently performed a detailed
analysis of electroweak Z + 2j production in Ref. [4],
where it also interprets measurements in terms of effective
field theory (EFT) deformations of the SM using dimension
six CP-violating operators in the Warsaw basis [5],
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QW — €uhc WZZ/ Whup WePH, ( 1 )
Quiws = (H't"H)Wj, B, (2)

where W, B denote the field strengths of weak SU(2), and
hypercharge U(1)y,, H is the Higgs doublet, 7 are the
Pauli matrices, and the tilde refers to the dual field strength
tensor X, = €,,5,X%/2 (X =W, B, G). Using the effec-
tive Lagrangian

Cw C
L=Lsy+-—75 A2 20w+ 7\213 Qs (3)
ATLAS provides the observed 95% confidence level
constraints on the following CP-violating operators [4]:

TeV?2

TeV?2
C
HWB 75~

Ciy =z~ € [-0.11.0.14] €[0.23,2.34],

(4)

based on dimension six interference-only contributions
arising from matrix elements

IM|? = [Mgsm|* + 2Re[MsyMo (Cyp. Crivg)]. (5)
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This leads to asymmetries in P-sensitive distributions,
such as the “signed” (according to rapidity) azimuthal
angle difference of the tagged jets A®;;. The benefit of
such observables and the study of their asymmetries is that
the CP-even deformations do not contribute to the exclu-
sion constraints directly, which also extends to CP-even
modifications arising from “squared” dimension six con-
tributions. In Eq. (5), My denotes the amplitude contri-
bution from the operators of Eq. (1); thus, it is a linear
function of Cy; /A2, Cpyyp/ A’ (as we are keeping terms up
to order 1/A?).

The constraint on the Wilson coefficient (WC) Cpyyp
in Eq. (4) indicates a tension with the SM while the
observed cross section agrees well with the SM expectation
with 39.5 fb data [6-8]. This prompts us to the following
interesting questions.

First, the tension of Eq. (4) seems to rule out the SM at
an SM-compatible cross section. Experimental analyses of
asymmetries are challenging, and systematics are crucial
limiting factors of distribution shape analyses. Nonetheless,
the result of Ref. [4] could indeed be the first glimpse of a
phenomenologically required and motivated extension of
the SM, thus deserving further experimental and theoretical
scrutiny.

Second, limiting ourselves to a subset of the dimension
six operators that could in principle contribute to physical
process can be theoretically problematic, in particular
when we wish to interpret the experimental findings in a
truly model-independent fashion. While concrete UV
scenarios can be expected to exhibit hierarchical Wilson
coefficient patterns, it is not a priori clear that limiting
oneself to anomalous gauge boson interactions has a broad
applicability to UV scenarios.

Addressing these two questions from a theoretical and
phenomenological perspective is the purpose of this work.
In Sec. II, we motivate additional diboson analyses of the
current O(100) fb~! data set that will allow us to tension
or support the results of Eq. (4) straightforwardly. This is
particularly relevant as the ATLAS constraints amount to a
large, and as it turns out nonperturbative, amount of CP
violation associated with a single direction in the EFT
parameter space. In Sec. III, we show that the ATLAS
assumptions of considering two operators are consistent
for models of vectorlike leptons, which cannot only
reproduce a hierarchy |Cpyypl/A% > |Cy|/A? as sug-
gested by Ref. [4], but also collapse the analysis-relevant
operators to those modifying the gauge boson self-inter-
actions for the considered analyses. Combining both
aspects, in Sec. IV, we assess the future of diboson and
Z +2j analyses from a perturbative perspective and
discuss the high-luminosity (HL) sensitivity potential of
the LHC in light of the electroweak precision constraints.
We conclude in Sec. V.

II. SCRUTINIZING Cpyp WITH DIBOSON
PRODUCTION AND CURRENT LHC DATA

Deviations related to the gauge boson self-coupling
structure can be scrutinized using abundant diboson pro-
duction at the LHC. With clear leptonic final states and
large production cross sections, these signatures are prime
candidates for electroweak precision analyses in the LHC
environment with only a minimum of background pollu-
tion; see also [9,10]. In particular, radiation zeros observed
in Wy production are extremely sensitive to perturbations
of the SM CP-even coupling structures [11-17]. In this
section, we discuss the relevant processes that can be
employed to further tension the findings of Eq. (4).

A. Processes

The squared amplitude of Eq. (5) receives interference
contributions from dimension six operators that in the
special case where they are CP odd, do not change the
cross section of a process but appear in CP-sensitive
observables. Anomalous weak boson interactions were
studied in Ref. [4] through the Zjj channel by the intro-
duction of two CP-violating operators, Oy and Qyyp,
modifying the differential distribution of the parity-
sensitive signed azimuthal angle between the two final
state jets Ag;; = ¢j, — ¢;,, where ¢; (¢;,) is the azimuthal
angle of the first (second) jet, as ordered by rapidity.
Similar parity-sensitive observables can be constructed for
the leptonic final states of the Wy — vy, WTW~ —
v, vy, and WZ — £uvfT¢~ channels allowing to fur-
ther constrain the reach of the two Wilson coefficients.

The operators are modeled using FeynRules [18,19] and
exporting the interactions through a uro [20] file. Events
are generated using MadEvent [21-23] through the MadGraph
framework [23] and saved in the LHEF format [24] before
imposing selection criteria and cuts.

1. WZ production at the LHC

We study the WZ channel by selecting leptons in the
pseudorapidity |7(£)| < 2.5 and transverse momentum
pr > 5 GeV regions. Exactly three leptons are required
and at least one same-flavor opposite-charge lepton pair
must have an invariant mass within the Z boson mass
window my, € [60,120] GeV. In the case of more than
one candidate pairs, the one that yields an invariant mass
closest to the Z boson is selected. The remaining lepton
¢’ is required to have p;(¢’) > 20 GeV. To obtain a
P-sensitive observable, we reconstruct the dilepton pair
four-momentum and obtain the rapidity y,, and azimuthal
angle ¢,,. We order the dilepton and third lepton azimuthal
angles based on the rapidities of the two reconstructed
objects, such that ¢; (¢,) is the one with the greatest
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(smallest) rapidity. The signed azimuthal angle is then
constructed as Agy, = ¢y — ¢s.

The distributions of the signed azimuthal angle for both
the SM and the SM-BSM (beyond the Standard Model)
interference are normalized to the CMS measured fiducial
cross section [25] of the particular phase space region at
13 TeV center of mass energy,

oia(pp = WZ - £'vee)
= 258 + 21(stat) )3 (syst) + 8.0(lumi) fb.  (6)

2. WW production at the LHC

Turning to the WW channel and following Ref. [26], we
produce events decaying to the WW — ev, v, final state.
The two leptons e and y are required to satisfy |(£)| < 2.5
and pr(Z) > 27 GeV with no third lepton in the p; >
10 GeV region. Contributions from the Drell-Yan back-
ground are reduced by imposing cuts on the missing energy
E; > 20 GeV and on the transverse momentum of the
dilepton pair pr(eu) > 30 GeV. The phase space region is
constrained further by enforcing the invariant mass con-
dition m(eu) > 55 GeV that suppresses the H - WW
background. In this channel, the signed azimuthal angle
A¢,, is then defined directly from the azimuthal angles of
the two leptons sorted by rapidity.

The fiducial cross section of WW — ey + E; was
measured by ATLAS [26] as

ona(pp > WW = Cu )
= 379.1 £ 5.0(stat) £ 25.4(syst) & 8.0(lumi) fb, (7)

which is used to normalize the calculated differential
distribution of A¢y,,. The total cross section of the events
and the relative statistical and systematic uncertainties are
subsequently rescaled to include the final states of all light
leptons WW — £uvtv.

3. Wy production at the LHC

To obtain the cross section of Wy at 13 TeV, we first use
MCEM [27-31] with generation level cuts py > 10 GeV
and |»| < 2.5 for both leptons and photons, requiring the
separation AR(Z,y) > 0.4, in order to obtain the cross
section at next-to-leading order precision with p;(y) as the
renormalization and factorization scale. We have validated
these choices against early measurements from ATLAS [9]
and CMS [10]. The events are generated as before with
MadEvent using the same generation cuts and we rescale the
computed MadEvent cross section of the events to the MCFM
value, in order to include higher order effects and obtain
normalized distributions.

Postgeneration we veto events without at least one
lepton (photon) with transverse momentum py(£) >
35 GeV (pr(y) > 15 GeV and require a separation of

AR(Z,y) > 0.7. The azimuthal angles of the photon and
the lepton are sorted by rapidity and A¢,, is calculated
similarly to the other channels.

We assume that the relative statistical and systematic
errors that can be calculated from the measured cross
section of Ref. [10],1

ora(pp = Wy — )
= 37.0 £+ 0.8(stat) = 4.0(syst) £ 0.8(lumi) pb, (8)

will remain the same for the case of /s = 13 TeV and use
this in the following statistical analysis.

B. Analysis of CP-sensitive observables

To study the allowed region of the (Cy, Cpyyp) param-
eter space based on current experimental data at the LHC,
we consider the differential distribution

do(Cy, CHWB) - dogm doy,

) doyyg
dApy  dbgy T Vangy

dAgy
©)

where, depending on the process, X = ¢'Z, ¢¢, ¢y, and
ogwp and oy are constructed from Qupp and Oy,
respectively, and derive from MC integration of Eq. (5).
We generate events for each process using the two coupling
reference points (Cy, Cyyp) = (1,0) and (Cy, Cyyp) =
(0, 1) and can rescale distributions using the linear relation
of Eq. (5) to subsequently scan over the space of the two
CP-odd Wilson coefficients, performing a y? fit, in order to
obtain limits. The y? statistics is defined as

+ Chivg

ZZ(CVVv Cup) = (bgM+d6(CW’ Cuivp) — béM)
X ijl (Bsvras(Ciis Cowp) — bgw)s

(10)

where b, 46(Cy. Chyyp) is the number of events at a
particular luminosity based on the ith bin of the differential
distribution Eq. (9) for a set of Wilson coefficients and b,
is the bin’s expected number of events based solely on the
SM. The covariance matrix V;; includes the relative statis-
tical and systematic uncertainties” from the experimental
measurements, obtained from the aforementioned fiducial

cross sections Egs. (6)—(8) for each process and included in
V;; as terms of the form (e, g, + £y gy PspPéy» aSSUM-
ing that both relative and systematic errors are fully

correlated. € oo and €, ¢ denote the relative statistical
and systematic uncertainties of each process.

'# for this cross section indicates each type of light lepton (e,
) and not a sum over them.
Luminosity uncertainties are treated as systematics.
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FIG. 1. Exclusion contours for Wy and WW are shown

separately and when combined for 139/fb. WZ does not provide
significant sensitivity and lies outside the plotting region. We
overlay the diboson constraints with the Z + 2 as extracted from
the confidence intervals of ATLAS and the best fit lines (dotted)
from experimental observations [4].

We define the confidence intervals with

1-CL > /°° dxpi(x),  x* =1 (Cy/N2 Chyp/A?),
)(2
(11)

using the y? distribution of k degrees of freedom py(x),
where k is obtained by subtracting the number of Wilson
coefficients from the number of measurements.

We perform a scan based on an integrated luminosity of
139/1b to obtain the 95% confidence level contours shown
in Fig. 1. The results are overlapped with the Z + 2j
allowed region from ATLAS [4], as well as the best fit point
from experimental data, while the WZ does not constrain
the region enough to appear on the plot. To obtain the
Z + 2j contours, we have tuned a covariance matrix on the
basis of the information of Ref. [4] to obtain the exclusions
reported in their work.

As can be seen the measurement of Z + 2j is consid-
erably more sensitive to Qy, than to Q. Which results
from a combination of accessing ?-channel momentum
transfers in the weak boson fusion-type selections and the Z
boson having a larger overlap with the W? field than the
photon. The latter is also the reason why Wy production
enhances the sensitivity in the Qg direction. We note
that electroweak mono-photon production in association
with two jets is more challenging due to jet-misidentifica-
tion and thus does not provide significant sensitivity
compared to prompt Wy production.

C. HL-LHC extrapolation

We repeat the analysis with the same technique but using
an integrated luminosity of 3/ab to obtain contours for

0.15
0.10f
0.05F

0.00f

Ci/A? [TeV 7]

-0.05}

-0.10}

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Cyivp/N* [TeV™?]

FIG. 2. Same as Fig. 1, but extrapolated to an integrated HL-
LHC luminosity of 3/ab. The contours depend mostly on the
statistical fluctuations and no significant change occurs when
statistical errors are reduced.

HL-LHC. Systematic errors could be significantly reduced
at HL-LHC; however, for this particular case, we find that
the fact that BSM contributions are antisymmetric func-
tions, in contrast to the symmetric SM differential distri-
bution, leads to cancellations of the introduced errors in the
22 Hence, the analysis is predominantly limited only by
the statistical fluctuations. The extrapolated contours for
3/ab are shown in Fig. 2.

IIl. VECTORLIKE LEPTONS AS A MODEL FOR
Cyivs-TARGETED (DI-)BOSON SIGNALS

Let us return to the examining the excess related to
Qpwp from a UV model perspective. To this end, we
extend the SM by three heavy vectorlike lepton (VLL)
multiplets [32],

n ) 1

1
glL,R: <1717y_§>7

where the quantum numbers are depicted in SU(3), ®
SU(2); ® U(1), convention.

The most-general gauge-invariant renormalizable
Lagrangian involving these heavy VLLs can be written as

(12)

Ly, = i(ipz —my)Z+ ﬁ’(iDn/ - mn’)ﬂ/ + 5_/(’7)6’ - me”)f/
- {EH(YI’]LPL + Y],]RPR)ﬂ/
+ZH(Ye, P+ Y, Pr)E +He}, (13)

’The same occurs if the absolute systematic errors are
distributed according to a symmetric shape distribution across
the bins, instead of using relative errors.
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where my, m,, and mg are the masses of X, »’, and &,
respectively. P; (Pg) are the left (right) chiral projection
operator. Y;’s are the complex Yukawa couplings. We
will consider my = m, = mg = m, i.e., all the VLLs are
degenerate in this work.* We will see that this class of
models provides the appropriate UV backdrop for the
Wilson coefficient analysis that we have performed above
and on which Ref. [4] relies.

A. Wilson coefficients

We integrate out all three heavy degenerate VLL
multiplets; see Eq. (13) leading to the effective Lagrangian,

1
Lgpr = Lgm + WZC,Q[, (14)

where Q;, C; denote the effective dimension six operators
and the Wilson coefficients, respectively. The UV theory in
Eq. (13) is suitably matched to the Standard Model
effective field theory at the scale m which serves as the
cutoff scale of the EFT. Here, the 1672 factor signifies that
all the effective operators are generated through one loop.
And we separate off the loop factor (162%)~! from the
definition of the Wilson coefficients C,, i.e., C; = C;/16x>
and A = m in comparison with Eq. (3). We employ the
modified minimal subtraction (MS) renormalization
scheme and also set the RG scale at y = m. Integrating
out heavy fermions from UV theories is discussed in
Refs. [32,35]. Note that dimension eight CP-violating
effects play a subdominant role when perturbative matching
is possible in the first place; see [33,36]. We can therefore
|

expect the dimension six deformations to play a domi-
nant role.

We present the effective operators in the Warsaw basis
[5] and their respective WCs are encapsulated in Table 1.
We also provide the matching using strongly interacting
light Higgs (SILH)-like convention of [32] (see also
[37,38]) in Table V of Appendix A for convenience. We
compute the most generic results using the complete
Lagrangian including CP-conserving and -violating inter-
actions simultaneously. A subset of our generic results (in
SILH-like basis) is in well agreement with operators
computed in Ref. [32]. The results in WARSAW for this
VLL scenario has been computed for the first time in this
paper.5 We find 19 effective operators with nonzero Wilson
coefficients (16 CP even + 3 CP odd). In the renormaliz-
able Lagrangian, the VLLs interact with the SM Higgs
doublet and that explain the origin of ten bosonic along
with nine fermionic effective operators accompanied by
nonzero WCs. These appear due to application of the
equation of motion of the SM Higgs doublet on the
effective Lagrangian.

Here, we define the following functions to express the
WCs in much more compact form [32] in Table I:

1
|ai|2:Z(|YiL|2+|YiR|2+Y?LYiR+YiLY?R), (15)
1 * *
|ﬁi|2:Z(|YiL|2+|YiR|2_YiLYiR_YiLYiR)a (16)

where i = 5, £. We further use the additional abbreviations
for the same purpose [32],

Cr = 3 (gt = AlasPlay 2+ hoy*) + 5 (18,1 + 18P, P + 13t
201 P18, P IBe) + 5 (8Pl P+ lasIA, )
P32+ G+ @GP+ (52 + 5 asbiah, + aspea )
Crs = 5 (a +1a,) + 5 (B +15,2),
Cr = 5 [(1¥5, P+ e, PIm(Ye Y3,] = (1Y, P+ 17,, P)im]Y,, Y3, ]). (17)

Here, we denote the electron (e)-, up (u#)-, and down
(d)-types Standard Model Yukawa couplings as Yy, Yy,
and YglM, respectively, while we refer to the SM Higgs
quartic self-coupling as Ag.

*This model is also discussed in some detail in Refs. [32-34].

’In Ref. [32], the contributions from CP-violating (CPV)
couplings into the CP-even operators are not considered.

The operators that may affect the couplings of gauge
bosons to fermion currents, i.e., the relevant LHC processes
are [5,39,40]

QeB’ QeW’ QuB’ QuWa

Qap,  Qaw> (18)

le)’ QSI)’ QS()W QSBI’ QHud’ QHev QHw QHd'
(19)
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TABLE 1.

The generated Warsaw basis operators and respective Wilson coefficients after integrating out VLLs

using Eq. (13). The CP-odd gauge boson operators are displayed in first three rows. Multiplication with a common

factor (162%m?)!

is understood implicitly; see Eq. (14).

Operators Operator structures Wilson coefficients (C;)
Oup (H'H)B,,B" —5[(1 46+ 1202)Im[Y,, ¥;,] + (1 - 69 + 12Y%)Im[Y,, ¥} ]
Qnw (HTH)W,, Wer — S mlY,, Yi, + Ve YE]
Ouws (H't“H)W ,*B" (1 +6)Im[Y,, Yy |+ (1 —6Y)Im[Y,, Y ]|
Ow ebew a1 W e w er g/ 180
On (H'H)’ =15 (o [® + e ) + 3 (18,1° + 181
+3 (|18, + Iagl |ﬂ§| ) + 2(1ay P18, [* + lae*1Bel*)
+3 (o, P ()87 + a3(8,)?) + lac P ((a)B2 + @2(B2)?))
+2(|/3,,|2((a;;)2 7+ (8)?) + |ﬂ5|2((0’2)2ﬁ§ + aé(ﬂ.’g)z))
=22 Cr + A (lae* + oy ) + 5 Au (18> + 18, 1)
Ono (H'H)O(H'H) =3l + lae?)? = 318, + 1B:*)°
=3 (BePlay* + oz P18, 12) = 1|y P18, > + e 1)
=3 (afianp, + azpeaBy) + 3 (7 (8;)° + (o) 47)
Onup (H'D,H)"(H'D'H) =3 (loel® = o, *)* = 3 (18> = 18, *)?
+3 (Bl lay * + lac P18, ) = 2(lay [*18, > + lae|B¢I)
+%(ai(ﬁ5§)2 +(@)*87) + 3 (abianfy + azprof)
Ous (H'H)B,,B" (=T 4 40V — 80)2) a2 + (=7 — 40 — 80)2)|a, |2
<5 40y + soyz)lﬁ.f\z (5 +40Y + 80)2) |, ]
QHW (HTH)W}”’“WQ'”D 120 (|a5‘2 + |ar[| ) (|ﬁ5‘2 + |ﬂﬂ|2)
Onws (H'z"H)W,,*B" Ddr [(3 —20))|ag|* + (3 +20))|a, ?
+5( L+ 4Y)|Bel* = 5(1 +4)|8,[%]
Qe (H'H)(I e H) +H.c Re[(Y§y)'ICr + zlm[(Yé )ICr + 2 (Yen) " (Y)Cra
Qun (H'H)(g u H) +He — 3 Re[(Yéy)"ICr = 3 Im[(Y4) ICr + 241 (Vi) (Y1) Crcs
Qan (H'H)(q d H) +H.c —3Re[(Yéy)TICF + llm[(Y‘SJM)T]éF + 224 (Y§) " (Y631 )Cra
Qledq (7j e)(aqj) +H.c {(ng)(YgM)Tcm +H.c.}
Q<qlu>qd (@’ w)ex(q* d) +He {(Y§)" (Y§y)"Cra + Hee }
o), (I )¢ (7 u) + He ~{(Y5)" (Vi) Crs + He }
Qi (l}’u 1)(ey, e) %(YEM)T(YEM)CIM
o4l (@r" q)(ay, v) — 1 (V)T (V) Cra
QEIQ (@r, a)(dy, d) —3 (Y63 (Y63)Cra

We have a relevant CP-even operator Qyp that leads to an
additional contribution to oblique corrections [41-48] and
in particular the S parameter. In later section, we discuss the
impact of all relevant CP-even operators in electroweak
precision observables (EWPOs) in detail. At this point, it is
worthy to mention that the operators

Onup: Onw, (20)

QHVV» QHB (21)

do not modify trilinear gauge interactions as their contri-
butions either vanish due to momentum conservation or can
be absorbed into field and coupling redefinitions respecting
gauge invariance. By investigating Table I, we also find
that our adopted scenario, Eq. (13), predicts Cyy, = 0. Thus,
together with our previous observations, we conclude that
Opwp # 0 is the only relevant operator to interpret the
results of ATLAS within the vectorlike lepton framework.

In passing, we would like to mention that some of the
remaining nonzero operators can be probed in Higgs-boson
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TABLE II. The CP-even effective operators (in Warsaw basis)
after integrating out VLLs: “v” and “X” signify that the
respective operator is constrained or not, respectively, by the

EWPOs and Higgs data. The operators Q.. leu)q i Qgé()zu’ Ole»

QE,I,,), Q((Ila,> do not affect the observables under consideration.

Effective operators Constrained Constrained
(Warsaw) by EWPO by Higgs data
On 4 4
Onn 4 4
Onup v v
Ous X v
Onw X v
OQnws v v

QeH X 4
QuH X v
Oun X v

associated final states or (to a lesser extent) through their
radiative correction contributions [49,50] (the latter corre-
sponds to a two-loop suppression in the considered vector-
like lepton UV completion). These processes provide
additional CP sensitivity, however, at smaller Higgs-boson
related production cross sections (see, e.g., the discussion
in Ref. [51]) that receive corrections from a range of
nonzero Wilson coefficients Cj 3, Cpyyy. We will not inves-
tigate Higgs-CP related effects in this work as neither they
contribute to the electroweak precision observables nor
impact the discussion of the previous section.’

B. Constraints from electroweak precision
observables and Higgs data

The CP-even Standard Model effective field theory
operators contribute to the EWPOs [39,54,55] and to the
production and decay of the SM Higgs [56]. We note that
all the dimension six operators, generated after integrat-
ing out the VLLs, do not leave any impact to these
observables; see Table II. We briefly outline the nature of
correlations among the relevant effective operators and
the EWPOs in Appendix B. Though these observables do
not constrain the CP-odd operators directly, we note that
within our framework the CP-even and CP-odd operators
are related to each other, see Tab. I, through the model
parameters, e.g., the Yukawa couplings in Eq. (13). Here,
we want to emphasize that instead of considering
individual complex Yukawa couplings we prefer to work
with a set of Yukawa functions, chosen based on the

®The additional chiral symmetry violation that leads to non-
vanishing Wilson coefficients could in principle be traced into
a uniform modification of the Higgs two-point function [52]
that can in principle be probed at hadron colliders. A related
investigation was performed recently by CMS in four top final
states [53]. Sensitivity, however, is currently too limited for this
effect to play an important role in a global fit.

TABLE III. Fitted values of the parameters, functions of
Yukawa couplings of VLL model, using EWPOs and the Higgs
data. The choice of the parameters is guided by the detailed
structures of the Wilson coefficients; see Table I. We assume
m =1 TeV.

VLLs: Yukawa Fitted values of parameters

couplings (@ 68% C.L.)
RelY, ¥, 1007530
Im[Y,,Y; ] 0.07°3)!
Re[V, 7 | 032@5@
Im[Ye, Y7 | =9.9)3%
Y, 2 1.0047 50
1Y 0.65105
Y, I 0.58%73
Ve, 1302750

computed WCs; see Table III. This allows us to avoid
unnecessary increase of free parameters in the theory
which could have spoiled the quality of the fit without
any gain for the earlier choice. Thus, by encapsulating
the effects of these observables on CP-even WCs, we can
deduce complementary constraints on the CP-odd WCs
through the exotic Yukawa couplings in addition to the
couplings’ phases. We perform a detail y-statistical ana-
lysis7 using a Mathematica package OptEx [57] to estimate
the allowed ranges of the model parameters in the light of
the following experimental data: for EWPOs, see Table 2
of Ref. [58] and Higgs data for Run-1 ATLAS and CMS
[59,60] and Run-2 ATLAS and CMS [59-70]. The
statistically estimated parameters which are suitably
chosen functions of VLL-Yukawa couplings are depicted
in Table III.

IV. INDIRECT VECTORLIKE LEPTONS: FROM
RUN-2 TO THE HL-LHC FRONTIER

In Fig. 3, we show a scan over the model parameters
when contrasted with the parameter constraints of the
ATLAS analysis result of Eq. (4). It can be seen that the
large excess in the Cpyp 95% constraint that is in tension
with the SM favors either low mass scales or very large,
potentially nonperturbative couplings. Direct searches for
vectorlike leptons have been discussed in [71] and a HL-
LHC direct coverage should be possible up to mass scales
of 450 GeV which translates into model Im(Y;, Y} ) ~ 40,
thus probing Re(Y;), Im(Y;) ~ 6. For such relatively low
scales, where the EFT scale is identified with the statistical
threshold of a particular analysis, the couplings are still in
the strongly coupled, yet perturbative |Y| < 4z regime.
Such large couplings can lead to potential tension with

"We would like to mention that in our analysis the degree of
freedom is 80 and p value is .36. The min-y? is 83.86.
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On the left, Cpy5 Wilson coefficient calculated from the expression in Table I by sampling the Yukawa values and a fixed

hypercharge of (SM-like) ) = —1/2 is plotted against the vectorlike lepton mass m. On the right, the relevant combinations of Yukawa
values contributing to Cyy are shown. The points for the different exclusions are determined by assessing whether Cyyy5/m? lies
within the 95% contours for 139/fb and 3/ab, as well as the allowed range the observed data of the ATLAS experiment [4].
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FIG. 4. Yukawa values allowed by the 68% and 95% C.L. fits using EWPOs and SM Higgs decays plotted along with the regions
allowed from the diboson analysis with 3 /ab. In addition, the diboson exclusions obtained for 6/ab (resulting from a ATLAS + CMS
combination) with the same methodology are also included. The 68% and 95% C.L. fits are shown for three benchmark points

(see Table 1V).

other observables that are correlated through our particular
model assumption. The constraints outlined in Sec. III B
are in fact stronger, in particular for the combination
of Im(Y,, Y7 ) < 40.

Returning to the complementary constraints that can be
derived from the diboson, and in particular the Wy
analyses, we show the expected sensitivity range to the
new physics scenario and its compatibility with the allowed
parameter space consistent with the EWPO and Higgs
signal strength in Fig. 4.® We choose three benchmark

¥t is important to note that while generating the EWPO +
Higgs data consistent with parameter space, the CP-violating
observables are not included.

TABLE IV. These are the three benchmark points chosen to
analyze the 68% and 95% C.L. allowed parameter space in the
Im[Y,, Y, ] —Im[Y,, Y} ] plane, using the EWPO and the Higgs
data. The shown fit parameters are set to the best-fit values (see
Table I) and two other set of points. The corresponding 68% and
95% C.L. regions are shown in Fig. 4.

Fit parameters Set 1 (best fit) Set 2 Set 3
RelY, Y; ] 1.00 1.05 0.25
Re[Y, Y; ] 0.32 0.19 0.27
R
1Y, |2 1.00 0.61 0.73
|Y,1R|2 0.65 1.2 0.46
|Ye, 2 0.58 0.38 0.52
[Ye, |? 1.30 0.05 1.11
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points (see Tab. IV) and show the 65% and 95% C.L.
regions in the Im[Y, Y; | —Im[Y; Y; ] plane. There it
becomes clear that the searches outlined in the beginning
of this work will provide important sensitivity to this

particular model class in the future in the Im(Y, Y; )
R

direction, which (for our choice of )) is relatively uncon-
strained by Higgs and EWPO data.

V. DISCUSSION AND CONCLUSIONS

The insufficient amount CP violation in the SM to
explain the observed matter-antimatter asymmetry is a
clear indication of the presence of new physics beyond
the SM. Consequently, analyses of CP properties of
particle physics interactions are an important part of the
current phenomenological program at various energies,
reaching up to the current high-energy frontier explored
at the LHC. The observation of Cpyyp-related excess by
the ATLAS Collaboration in the recent reference [4]
could be the first indication of the presence of such
interactions in the gauge boson-Higgs sectors. Taking
inspiration from Ref. [4], the focus of this work is
twofold which are as follows:

(i) We motivate a particular UV model class, namely,
that of vectorlike leptons Eq. (13), to provide a
minimal and consistent theoretical backdrop to
the analysis of Ref. [4]. We perform a complete
matching calculation at one-loop order and dem-
onstrate that all relevant CP-odd EFT deforma-
tions of the SM amplitude of diboson (and
Z +2j) are dominantly captured by the QOpywp
operator. In parallel, at the given order, we do not
induce Qy, which impacts the analyses of CP-
odd observables in (di)boson final states as well,
but which is consistent with the SM expectation
of Cy, = 0 given the results of Ref. [4]. The mass
scales of the vectorlike lepton scenario that can
be directly explored at the LHC [71] constrain the
model’s parameters to the strong coupling, yet
perturbative regime. An analysis of electroweak

precision and Run-2 Higgs results indicates that
the region of the ATLAS excess could be ex-
plained by Im(Y, Y, )~0 and a significant
Im(Y,, Y7 ) with some tension given the UV-
model’s correlation of CP-even and CP-odd
couplings for masses that fall into the HL-LHC
kinematic coverage.

(i) The excess observed by ATLAS deserves further
scrutiny. We show that diboson analyses, and in
particular Wy production will serve as a strong cross
check of the excess, in particular because its phe-
nomenology is particularly sensitive to Qpyp-in-
duced deviations. The analysis suggested in Sec. II
A will therefore allow the collaborations to directly
explain the results of Ref. [4] as a statistical
fluctuation or gather further, strong evidence for a
non-SM source of CP violation.

Finally, the correlation of different Wilson coefficients as
predicted by our matching calculation motivates addi-
tional Higgs-based phenomenology probe that can further
constrain or solidify the excess through measurements
that target, e.g., Qpp, Opw in a suitable way [51] (see
also [72,73]).
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APPENDIX A: WILSON COEFFICIENTS OF THE DIMENSION SIX EFFECTIVE
OPERATORS IN THE SILH-LIKE BASIS

TABLE V. The complete set of most generic Wilson coefficients corresponding to the respective dimension six
effective operators in the SILH-like basis (a part of the result is noted in Ref. [32]). The heavy VLL multiplets are
integrated out from the UV complete theory. The WCs are calculated up to one-loop order considering the CP-
conserving and -violating couplings simultaneously. Note down the additional contributions of CPV couplings to
the CP-even operators. Note that we are referring to SILH-like operators as O;, to highlight their difference from the
Warsaw-basis operators.

Operators Operator definition Wilson coefficient (C;)
O SIHP((D*H)'H = H'D*H) 5 [([Ye, [+ [Ye, ) Im[Y,, Y7 ] = (|Y,, [P + Y, [)Im[Y,, ¥, ]
Ogp g3 (H'H)B,, B" — 5 [(1+6Y + 12Y)Im[Y,, ¥ ]+ (1 = 6Y + 12)%)Im[Y,, Y} ]]
Oww g%v(HTH)WWa wen 12I (Y0, Yo + Ye, YE,J
Ows 2gway(HTH)W,, B L [(1+6Y)Im[Y,, ¥;,] + (1 - 6))Im[Y,, ¥3 ]
O3W %eabcw a./AW”b,quc.p %
Oaw _ (’DﬂW ) %
y 2+16)?
023 _% (8”3;41/)2 Jr15
Os (H'H)? =15 (lay |° + lagl®) + 3 (18, 1° + 1Bel°) = 22uCpe
+3 (o[, 17 + lac*1B*) + 2(oy P18, [* + oz e ]*)
+3 (o[ ()87 + a3 (B)?) + lael* ((a2)*B2 + a2 (B;)))
+2(18, ()85 + az (8;)%) + 1B ((a2)* 2 + o (B2)?))
On 3(0,(HH))? () +lae?)? + (18,17 + 1B)?
+3 (Bellay > + |18, ) + 2(la, P18, I + lac|BeI*)
+3 (@B, + o pranfy) =3 (@ (B))? + (o))
Or |H'D,H|? —3(lac? = lay|*)* =3 (1B — 18, *)?
+3(BPlay* + la|B,*) = 2(lay |* 1B, + loe B¢ ])
+3 (a8 + ()°By) + 35 (acBranfy + azBea, ;)
Oy 1|H|*(H'D*H + H.c.) Cr
Ok [D*H|? 5 (el +lay ) + 3 (1Bel* + 18,17
Opgp g%,(HTH)BWB”” % (=7 4 40y — 80)?)|ag|® + (=7 — 40Y — 80322)|oz,,\2
+(5 =40 + 80Y?)|Be|* + (5 + 40V + 80)?)|3,[]
Ows 29wgy (H 2 H)(W,,“B™)  55[(3 = 20Y)lac” + (3 +20Y)|e, >
+5(=14+4Y)|:* = 5(1 + 4Y) |5, ]
Oww gy (H H)W,, W — 30 (ae* + lay |*) + 2 (B> + 18, 1)
Ow igW(HTT“%”H)('D”WWa) i5(|Ol§|2 + |ar1| )+ (|ﬂ§|2 + |ﬁ17|2)
O5 5 (lael® + oy [2) + 5 (1B + 1, 1)

L gy(H'D'H)(0"B,,)
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APPENDIX B: CORRECTIONS TO THE EWPOs
FROM DIMENSION SIX WARSAW BASIS
OPERATORS

The dimension six effective operators may affect the
electroweak observables and modify the couplings related
|

to the SM Higgs production and decay. These observables
are very precisely measured. Thus, any alteration beyond
their SM predicted values puts stringent constraints on the
WCs associated with those operators.

The electroweak parameters under consideration are

. 5 1 dra Vara Vana
sin“fy ==(1—, /1l ————, gy = ) gw = = )
2 V2Gpm? cos Oy, sin Oy,
___ 9w SM _ .2 SM _ -2
= , = T5 — Qsin’*Oy,, = —Qsin“Oy,
9z cos Oy 9L 3—0 w IR Qsin“Oy
1
(H) = v,, m¥, = m%cos*Oy

=G,

and can be expressed as functions of the electroweak input
parameters fine structure constant a, mass of Z boson m,
and Fermi constant GF.9

Here, we capture the additional contributions to the
EWPOs, the relevant parameters and couplings, following
the prescription suggested in Refs. [39,54,55], in the
presence of the computed dimension six operators in our
VLL framework; see Table II. We estimate the contribu-
tions to the following parameters based on Refs. [39,54,55]
(we denote the SU(2),, U(1), gauge couplings with gy
and gy, respectively):

(i) a and my,

o agy 9wCrwa

oo = , B1
TGN (51
2 1 m% CHD 21/4\/ﬂ0{mz CHWB )
omyz = A2 3/2 7 - (B2)
2\/5 GF A GF/ A
respectively.

(i) The Higgs boson mass mp,

m%, (_ 3 CH
\/z(;}:/\2 2}“H

C
sm%, = +2Cyn — ;’D> (B3)

sin Oy cos Oy,
V2GpA?
891, = 8(92)g;, + 920(sin*Oy),

6&__6m%

- HWB
gz Zm% ’

2 .
8gf = 6(92)91 + ggzé(sszW),

1 .
897 = 8(92)9f + ggzé(sm29W),

8g7, = 6(92)91 »

(iii) The Weinberg angle (6y),

sin 26
5(sin%0y) = U
(sin”6w) 21/2 c0s 20, G A2
X (Sin QWCHD + 2CHWB) (B4)
(iv) The gauge coupling (gw),
gw oo 5(Sin29W)
Sgw = | 2—————5—"2 . B5
W= ( a  sin’Oy (BS)

(v) The couplings of fermions to charged gauge bosons,

8(gw) = 8(gly) = dgw- (B6)

(vi) The mass and width of W boson,

myz COS 9W (259{}[})
2 gw )’

5mW =

4 8 m?

3 2m3,

respectively.
(vii) The couplings of left (L) and right (R) chiral
fermions to Z boson,

5gk = 0(g7)gk,  8g% =0,

2 )
Sg% = 6(9z2)9% + 3925(5“129W)a

597;' = 5(92)9?%-

G gets correction from Qp; and Q;; dimension six operators. In the case of the model of Eq. (13), these two operators are absent;

thus, we directly impose 6Gr = 0.
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The total scattering cross section of Z boson,

0o _
Chad =

127[ Ferhad

’

r;

including the effects of 61", oI', and 6I'},,4, 66,,,4 can then be calculated straightforwardly. The partial decay width of the Z

boson into fermions is given by

2
r,—n2z 142 1(g%Jrg
I 2 mZ\2

2m?2 2 23
e )] (87

V4

where N is the color charge of the fermions. The change in the partial decay width is computed in a very similar way as
done for &I'y,. Furthermore, the ratios of the changes in partial decays, e.g., R;, 6R),, and 6R., and the asymmetries (5A ;)

and forward-backward (SAJ;B) can be recast in terms of changes of the couplings.
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