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Abstract The angular moments of the Z boson can be
used as analyzers for the underlying production dynam-
ics for the ¢t1Z and tZj processes. In this manuscript, we
derive these angular moments at leading and next-to-leading
order in QCD at the LHC. We show that these observ-
ables work as efficient probes to beyond the Standard Model
effects, considering the Standard Model Effective Field the-
ory framework. Remarkably, we observe that these probes
unveil blind directions to CP-odd operators, providing siz-
able new physics sensitivity at the 14 TeV LHC with 3 ab™!
of data.

1 Introduction

Precision studies for top quark physics are a cornerstone for
the LHC program. The large top quark mass indicates that it
may have a special role in electroweak symmetry breaking
(EWSB) [1-9]. Thus, top quark precision measurements can
display the first glimpse into new physics connected with
EWSB. While the basic top quark properties (e.g., mass, pair
production cross-section, and W-helicity fractions) are well
known and consistent with the Standard Model (SM) [10],
its interaction with the Z boson is still weakly constrained.
The most promising direct probes for the top quark-Z
boson interaction are via production at the LHC of a top
pair and a Z boson pp — ttZ and single top production
in association with a Z boson and a jet pp — tZj [11].
The large production threshold of 2m, + m for 1t Z and the
small electroweak production rate for ¢ Zj require the sizable
collision energy and luminosity provided by the LHC, mak-
ing these probes unattainable at previous colliders. The most
recent experimental measurements for the top quark-Z boson
interaction are reported by ATLAS with 139.1 fb=! [12] and
CMS with 77.5 fb~! [13], displaying good agreement with
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the theoretical calculations within the SM. Experimental pro-
jections indicate that the top quark electroweak interaction
will be probed to great precision when going from the Run
2 dataset of 139 fb~! to the projected high luminosity LHC
(HL-LHC) with 3 ab—! [14]. These analyses can ultimately
shed light on well motivated connections of the top quark to
new physics.

In the present study, we show the possibility to boost the
new physics sensitivity in the t7Z and t Zj /1 Zj processes at
the LHC using the angular moments for the Z boson [15—
21]. This proposal scrutinizes the hadronic structure of the
processes under inspection through the full Z boson polariza-
tion information, using the leptons as spin analyzers for the
underlying production dynamics. While this phenomenolog-
ical probe is disregarded in the current experimental analyses,
we show that the proposed method can be a key ingredient
to access new physics contributions at higher precision.

We parametrize new physics effects in terms of the SM
Effective Field theory (EFT) framework [22-24]. The EFT
provides a well-defined approach to explore indirect effects
from new theories as deformations from the SM structures.
These new physics effects would generally manifest as subtle
deviations in the standard physics observables.

The paper is organized as follows. In Sect. 2, we present
the SM angular moments for the t7Z and t Zj /1 Zj processes
and quantify the higher order QCD effects. In Sect.3, we
present the relevant operators in the EFT framework up to
dimension-six and calculate their new physics contributions
to the observables under scrutiny. In Sect.4, we show our
detector level analysis and discuss the HL-LHC sensitivity
to the corresponding Wilson coefficients. We draw our con-
clusion in Sect. 5.
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Fig. 1 Representative set of Feynman diagrams for the pp — 11Z
(top) and pp — tZj (bottom) processes

2 Theoretical framework

In the present manuscript, we show that the angular distri-
butioninthe Z — £ ¢~ decay opens a gateway for precision
studies in the pp — rtZ and t Zj /1 Zj processes. In general,
the differential cross-section for these processes can be writ-
ten as [15,16]

1 do
o dcosOd¢

3 1
=—[1+ cos? O0+Ag—(1-3 cos? 0)+Aj sin 26 cos ¢
167 2

1
+ A2§ sin260052¢ + Az sinf cos¢ + Aqcosf

+ Assin’ 6 sin 2¢ + Ag sin 260 sin ¢ + A7 sin 6 sin ¢],
(1)

where 6 and ¢ are the polar and azimuthal angles of the £~
lepton in the Z boson rest frame. The eight coefficients A;,
i = [0, 7], correspond to the number of degrees of freedom
for the polarization density matrix for a spin-1 particle. The
angular coefficients A; are frame dependent. We adopt the
Collins-Soper frame in our study [25]. This is a typical frame
choice in angular coefficient analyzes [26-28].

Our studies will focus on the top quark and Z boson inter-
action via top quark pair production in association with a
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Z boson pp — tiZ and single top quark production in
association with a Z boson and a jet pp — (Zj/tZj. See
Fig. 1 for a representative set of Feynman diagrams. We con-
sider the semi-leptonic top pair decays and Z — £7£~. The
Monte Carlo analysis sums over all possible combinations of
charged leptons ¢+ = e*, u*. Before analyzing the angular
coefficients in the quest for new physics, we study in this
section the stability of these terms to higher order effects.
Event generation for pp — t1€*¢ " and pp — t (1)L
processes is performed at leading order (LO) and next to lead-
ing order (NLO) QCD with MadGraph5_aMC@NLO [29].
We consider the LHC at /s = 14 TeV. Both the Z and
y* intermediate states, associated to the dilepton final state,
are accounted for. To isolate the higher order effects in our
simulation, we perform a parton level study in this section,
requiring only basic selections to the two charged leptons
from the Z/y* decays, keeping the top quark pair stable.
Leptons are defined with |ny| < 4 and pr¢ > 5 GeV. We
demand a charged lepton pair, with same flavor and opposite
sign, reconstructing the Z boson mass |[mey—mz| < 10 GeV.
The renormalization and factorization scales are dynami-

cally defined as ug = up = 1/23°0, /m? —i—p%,i, We

adopt the parton distribution function NNPDF23 at NLO with
ag(mz) = 0.119 [30].

To extract the angular coefficients A; from our Monte
Carlo simulation, we observe that Eq. (1) is a spherical har-
monic decomposition for the differential cross-section with
real spherical harmonics Y7, (0, ¢) of order [ < 2. Hence,
we can access the angular coefficients, exploring the orthog-
onality relations for the spherical harmonics. The angular
coefficients are projected out with

A0=4—<10c0529>, A; = (5sin26 cos @) ,

Ay = (10 sin” 6 cos 2¢>, = (4sinf cos @) ,
A4 = (dcosb) As = (5 sin 0 sin 2¢>,
Ag = (5sin 26 sin @), A7 = (4sin0sin ¢) , )

where the weighted normalization is defined as

do

1 2
(£ 6, ) Ef_ld“’w/o daf @, ¢>)0m 3)

In this definition, o can represent any differential cross-
section that is independent of the lepton kinematics.

The properties of these angular coefficients can provide
valuable insights into physics. Among them, the three coef-
ficients As_7 display direct proportionality to the relative
complex phases of the scattering amplitudes [17,31]. Con-
sequently, when these coefficients are linked with reduced
strong phase contributions arising from loop processes,
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Table 1 Angular coefficients A; for top pair plus dilepton pp —
t1¢+ ¢~ and single top plus dilepton pp — t(7)€1€~ j processes at
LO and NLO QCD. The processes are calculated at the parton level

with |n¢| < 4, pre > 5 GeV, and |myy — mz| < 10 GeV. The Monte
Carlo statistical uncertainty, represented as one standard deviation, is
enclosed within parentheses for the last digit

Ao A Ao Az Ay As Ag A7
ttZ1o 0.693(9) 0.004(9) —0.41(1) 0.00(0.01) 0.00(1) 0.010(9) 0.00(1) 0.00(1)
t{ZNLO 0.68(1) —0.003(7) —0.39(1) 0.004(4) 0.001(7) 0.001(2) 0.000(6) 0.000(2)
t(H)ZLo 1.46(2) 0.001(8) 0.117(9) 0.04(1) 0.000(8) —0.003(9) 0.001(8) 0.00(1)
t(t)ZNLO 1.41(1) —0.008(5) 0.12(1) 0.035(6) —0.005(6) —0.002(6) —0.006(7) —0.001(9)

they become particularly sensitive to genuine CP-violation
effects. Furthermore, the the coefficients A3 4 7 are propor-
tional to the polarization analyzer n, = ((g]ed)2 - (gfe)z) /
((g9)> + (g%)?) ~ 0.14 [31]. The inherently small value
of n, naturally accounts for the depleted magnitude in the
coefficients A3 4 7. Nevertheless, we take a comprehensive
approach and numerically calculate all the A; coefficients in
our study.

In Table 1, we present the angular coefficients A; at LO
and NLO QCD. We observe that the angular distributions
for the leptons are controlled by two leading terms, namely
Ao and A>. The higher order corrections display relevant
dependencies with the Z boson transverse momentum, see
Fig. 2. The other angular coefficients result in sub-leading
effects.

3 Effective field theory

The current LHC constraints point to a mass gap between the
SM degrees of freedom and the new physics states. In this

--- tZ-LO
150 1 — tZ-NLO
--- ttZ-LO
120 — ttZ-NLO
X
~ 90-
=3
<
] ]
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o 1.1
-
~ 1.0
L
S
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Fig. 2 Angular coefficients Ag (left panel) and A, (right panel) for
top quark pair plus dilepton pp — t7€7£~ (red) and single top
quark plus dilepton pp — t()£+€~j (black). The results are pre-
sented at LO (dashed line) and NLO (solid line). The processes are

context, the new physics modes can be integrated out and be
well parametrized by high dimension operators within the
SM Effective Field Theory framework [22-24,32]. In the
present section, we study the effects of higher dimensional
operators that influence the interaction between the top quark
and neutral gauge bosons and are relatively unconstrained
[12,13,33-46]. Following the Warsaw basis [23], we focus
on the operators

Oup = (Q0""'1) PByy .

Ow = (@a“”r’t) PWL, .

Ot = <¢Ti(D_;¢) (ty*1)

Oy = (¢'iDn9) (0" 0) .

o5y = (¢'iDut's) (2’ 0) . )
where Q denotes the left-handed top-bottom doublet and ¢

the right-handed top singlet. T/ are the Pauli matrices, and
the Higgs doublet is represented by ¢ and ¢ = it2¢.

R -10
<
=301 ——- tz10
50 — tZNLO
--- ttZ-LO
_70{ — ttZ-NLO
q 1.50
= 1254
9 100
Z o715
' 0-100 100-200 >200
PTZ [GeV]

calculated at the parton level with [ny| < 4, pr¢ > 5 GeV, and
[meg¢e — myz| < 10 GeV. The renormalization and factorization scales

aresetto g = up = 1/2 30, m
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Fig. 3 NLO differential cross-section as a function of prz for the
SM and illustrative new physics scenarios. The Wilson coefficients are
turned on one at a time to ¢;z = 1 TeV~2 and Cpr =Cpo =5 TeV~2,
The new physics terms scale up to O(1/A%) and the histograms are
stacked. We show the ratio between the stacked BSM histograms and
the SM in the bottom panel

The BSM contributions to the top quark and Z boson
interaction can be parametrized by the Wilson coefficients
(cot €z, ctIZ, cy0)- The last three coefficients are defined
from the following linear combinations [13,47]

¢tz = Re (—sinbwyc;p + cosOwerw) (5)
¢!, =1Tm (—sin@wcip + cosOwew) | (6)
€60 = o0 = Cho - @

where Oy is the Weinberg angle.!

Although we follow the EFT framework, it is illuminating
to observe how these operators translate to the anomalous
coupling approach [33]. In this context, the possible effects
from physics beyond the SM are modeled by the extended
Lagrangian for the 7 Z interaction

Liiz = ea(p)lyu (Crv + y5C1.a)

iohv )
T (Coy +iv5sCan) V(P Z )
My

where ¢ is the electromagnetic coupling constant, ¢, =
(pr — pi)v, and oy, = 5[y, v In the Standard Model,
the vector and axial couplings are respectively CISI\{[, ~ 0.24

! Several alternative theories that go beyond the Standard Model and
focus on explaining the process of electroweak symmetry breaking pro-
pose significant couplings involving dipole moments. These theories
also suggest modifications to the vector and axial couplings of 11Z
interactions compared to their values in the SM [7,48-51].

@ Springer

and Clsl\;{ ~ —0.60. In addition, the weak magnetic C> y and
electric dipole C3 4 interactions are zero at tree level. Higher
order corrections in the SM generate subleading contribu-
tions to these terms with Cp y ~ 1074 [52] and C3 4 being
further suppressed, appearing only at three-loops [48,53].

The EFT contributions in Eq. (4), which respect the SM
symmetries, can be translated in terms of the anomalous cou-
plings as [54]

02

+ -
2AZ2 sin Oy cos Oy

X [—C¢z + (C;Q — C;SQ):I s

v2

Re

SM
Cl,V = Cl,v

Cia=CM+
LA = M LA T S A2 Sin Oy cos Oy

X [—C¢t - (Cq3>Q B C;Qﬂ’

c w o g [— sinGwers + cos ey ]
= e[—sinfyc cos Oycrwl,
2V = 5 AZsin Ow cos Oy werh werw
202
Cra V2 Im [~ sin6y¢c,p + cos Oy crw] .

AT 2 AZsin Ow cos Oy

©))

In this form, it can be seen that the Wilson coefficient c;»
generates the weak magnetic dipole moment and its imagi-
nary counterpart ctI 7 sources the electric dipole moment. At
the same time, the coefficients cy; and ¢4 o induce anomalous
neutral current interactions. Remarkably, the Wilson coeffi-
cients c; 0 and c(})Q only appear with an opposite sign, hence
the associated production of top quark(s) and Z boson (t1Z
and 1Zj/tZj) can only constrain the coefficient ¢4 defined
in Eq. (7).

4 Analysis

In our analysis, we focus on the associated production of
top quark(s) and a Z boson (17Z and tZj/tZj), consider-
ing the final state with the Z boson decaying leptonically
and one top quark decaying semi-leptonically. To probe the
HL-LHC sensitivity to new physics effects, we use Mad-
Graph5_aMC@NLO with the UFO model SMEFTatNLO
[55,56]. This model file grants EFT studies at NLO QCD
for the CP-conserving operators (cg;, ¢;z, cpp). The CP-
violating contributions for ctIZ are generated with the UFO
model file dim6top [47], that provides EFT samples at
LO. Spin correlation effects for the top quark pair decays
are obtained with MADSPIN package [57]. The leading back-
ground for this analysis arises from W Z production, which
is also simulated with MadGraph. Parton shower, hadroniza-
tion, and underlying event effects are accounted for with
PYTHIAS [58]. Detector effects are simulated with DELPHES3
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Table 2 Angular coefficient A; for the SM and new physics hypothe-
ses. The results account for the combination of all leading channel
contributions: pp — tt¢T¢~, pp — t()¢T¢~, and W Z. The Monte
Carlo events are generated at NLO QCD for the CP-conserving opera-
tors (cgr, €1z, cpo) and LO for the CP-violating one (c[’Z). The event

generation includes parton shower, hadronization, and detector level
effects. See the text for more details. The Wilson coefficients are turned
on one at a time with the following strengths: ¢;z = ct’Z = 1TeV~2and
Cor =Cpo =S TeV~2. The new physics terms scale up to O(1/A%)

SMnLoO crz =1 cpr =95 cpo =95 SMLo C,[Z =
o [fb] 7.863 8.434 10.418 5.603 5.010 5.349
A 0.803 0.788 0.521 0.976 0.886 0.892
Aj —0.003 0.001 —0.002 0.001 0.001 0.000
Ay —0.265 —0.198 —0.459 —0.160 —0.226 —0.179
A3 0.009 0.014 0.004 0.015 0.015 0.013
Ag 0.000 0.000 0.000 0.000 0.000 0.001
As —0.001 —0.001 0.002 —0.002 —0.001 0.000
Ag 0.000 —0.003 —0.003 0.001 0.000 —0.013
A7 —0.001 0.000 —0.002 —0.004 0.000 0.000
— SM — ¢ — SM — ¢
120 A - Cz — C J — Cz — C
+ $Q 0 T $Q
=+ 1
~ 1007 = -201 —{ ]
X X
o 801 T o +|+
< T T <T —40
60
1 ~60 1
40
14 2.8
=
= 114 = —\—,—
3 3 121 ,
Fosl T ® 04 : . s
0-100 100-200 >200 0-100 100-200 >200
Prz [GeV] Prz [GeV]

Fig. 4 Angular coefficients Ag (left panel) and A, (right panel) as a
function of prz for the SM and new physics hypotheses for the com-
bined samples ¢7Z, t(f)Z, and W Z. The Wilson coefficients are turned
ononeatatimetoc,z = 1 TeV~2 and Cor =Cpo =95 TeV~2. The error

[59], using the default HL-LHC detector card [60]. We con-
sider the LHC at /s = 14 TeV.

We start our detector level analysis, requiring three
charged leptons. Leptons are defined with |,] < 4 and
pre > 5 GeV. We demand a charged lepton pair, with same
flavor and opposite sign, reconstructing the Z boson mass
|[mge — mz| < 10 GeV. For the hadronic part of the event,
we require three or more jets where one is b-tagged. Jets are
defined with the anti-k7 jet algorithm with radius R = 0.4,
[n;j| < 4,and pr; > 30 GeV.

In Fig. 3, we present the NLO differential cross-section
as a function of the reconstructed Z boson transverse
momentum for the SM and CP-conserving EFT operators
(cgr, €1z, cpo). Remarkably, the c¢;z contributions display
augmented BSM effects at high energy scales. This can be
understood by the extra momentum dependence arising from

bars represent the Monte Carlo statistical uncertainty of one standard
deviation on the SM value, estimated through 100 pseudo-experiments
as detailed in the text

new physics. This is apparent, for instance, in the C; y term
of Eq. (8). In contrast, the other CP-conserving operators
(cgr, cpo) Tesult in almost constant corrections to the SM
rate across all energy bins.

The angular coefficients provide an extra phenomenolog-
ical probe to these new physics effects. They work as spin
analyzers for the hadronic structure. In Table 2, we display the
angular coefficients A; for the SM and new physics scenar-
ios. To illustrate the distinctive BSM effects to the angular
coefficients, we turn one Wilson coefficient at a time with
strengths ¢;z = ctlz =1TeV~2and Cor = Cpp =35 TeV—2.
The two leading angular coefficients that control the angular
distributions in the SM, Ag and A, present large BSM effects
for the considered deformations in the EFT parameter space.
Furthermore, while the SM and CP-conserving operators dis-
play depleted angular coefficient Ag, being zero at tree level,

@ Springer
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Fig. 5 Angular coefficients Ag as a function of the Z boson trans-
verse momentum prz for the SM (black, gray) and BSM CP-violating
hypothesis c,IZ (red). The results for the 17 Z (solid) and 7 (7) Z (dashed)
processes are presented separately. The samples were generated at LO
QCD and the Wilson coefficient is set to C;Iz = 1 TeV~2. The error
bars represent the Monte Carlo statistical uncertainty of one standard
deviation on the SM values

the CP-violating operator ctI - presents a sizable contribution.
The angular coefficient Ag is sensitive to the imaginary part
of the amplitude, arising from the CP-violating operator. In
Figs. 4 and 5, we show that these angular coefficients resultin
relevant dependencies with the energy scale prz. In particu-
lar, we observe augmented BSM contributions in the boosted
regime for the ctI - operatorin Fig. 5. The uplifted new physics
effects at high scales appear for both the 71Z and 1 Zj/tZj
processes, being more pronounced for the latter.

To evaluate the sensitivity of these new BSM probes, we
perform a bin-by-bin x? analysis, exploring the differential
cross-section and the angular coefficients A; as a function
of the transverse momentum of the Z boson prz. The x>

Table3 95% C.L. intervals for the dimension-six operators. The results
are presented at linear and quadratic levels in ¢;/A%. The bounds
for the CP-conserving operators (c;z, ¢y, C¢;) are obtained with the
observables (N (p;z), Ao(prz), A2(prz)). For the operator ctlz, we
also account for the CP-sensitive observable A¢(prz). We assume the
HL-LHC at 14 TeV with 3 ab~! of data

ci/A? [TeV~2] A/Jci [TeV]
95% C.L. bounds BSM scale
CtIZ Linear in c,-/A2 [—2.23,2.23] 0.67
Quadratic in c,-/A2 [—1.10,1.12] 0.95
iz Linear in ¢; /A? [—4.63, 4.63] 0.47
Quadratic in ¢; /A% [—1.39, 1.26] 0.89
Cor Linear in ¢; /A2 [—4.00, 4.00] 0.5
Quadratic in ¢; /A? [—3.06, 2.94] 0.58
Cp0 Linear in c,-/A2 [—2.61,2.61] 0.62
Quadratic in ¢; /A? [—2.43,2.83] 0.64

@ Springer

function is defined as follows

2
2 (OFM(prz,j) = O™ (prz.)))
= ) 10
=2 (30: (pr2.1))? 1o

where O;(prz ;) are the observables considered in this
analysis for distinct prz ; bins. We account for both the
binned number of events N (prz, ;) and the angular moments
A;(prz,;). For the errors 80;(prz,;), we assume SN =
VNSM 4 (eyNSM)2 with systematic uncertainty ey =
10% [12,13]. For the angular coefficients, we estimate the
statistical uncertainty associated with the measurement of
each A;(prz, ), performing 100 pseudo-experiments. We
consider a random set of N(prz, ;) Monte Carlo events to
calculate A; (prz, ;). We use the standard deviation from the
pseudo-experiments to infer the statistical uncertainty on the
angular coefficients. The confidence level (C.L.) intervals are
defined with

o0
I—cL z/ dxpi(x) | (11
X2

adopting the x%(c;/A?) distribution with k degrees of free-
dom pg(x). The CP-conserving effects are evaluated with
SM and BSM events samples at NLO QCD. Since the CP-
violating operator can only be generated at LO with the
UFO model file dim6top, the analysis for this hypothe-
sis accounts for SM and BSM 7Z and tZj/t Zj samples at
LO, for consistency.

In Table 3, we present the 95% C.L. constraints on the Wil-
son coefficients, considering the effects of one BSM operator
at a time. We assume the HL-LHC at 14 TeV with 3 ab~!
of data. The results are presented up to linear and quadratic
level on the new physics parameters ¢;/A2. To shed light
on the extra sensitivity arising from the angular coefficients,
we analyze the ¢;z and ctI -, results in Fig. 6 in three scenar-
ios. The first only explores the binned distribution for the
transverse momentum of the Z boson N (prz;). The second
also accounts for the angular coefficients as a function of the
energy scale Ag(prz,;) and A2(prz, ;). The third one further
includes A¢(prz,;) as an extra probe. We observe that the
extra information stored in the angular moments can strongly
boost the sensitivity to the Wilson coefficients. Remarkably,
while the analysis of the differential N(prz) distribution
results in no significant sensitivity for ctl - at the linear level
in the ¢;/A? expansion, the addition of the angular coeffi-
cients A; result in strong limits at the HL-LHC. In particular,
this is due to the new physics effects from the imaginary part
of the amplitude that can be probed by the angular coefficient
Asg.
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Fig. 6 95% C.L. intervals for ct’Z and c¢;z at linear level in c,~/A2.
The results are shown for three scenarios that differ by the used set
of observables: i) N(p,;,) (blue); ii) N(pp;,), Ao(prz), A2(PT2)
(red); and iii) N(pp;,). Ao(prz). A2(prz). A6(prz) (green). The
latter scenario is only shown for the ctI 2» Where Ag displays appreciable
sensitivity for the CP-odd effects. See also text and Fig. 5. We assume
the HL-LHC at 14 TeV with 3 ab~! of data

5 Conclusion

In this study, we present a method to augment the new physics
sensitivity in searches with the t7Z and tZj/t Zj processes
at the LHC. The proposal explores the accurate measure-
ment of the angular moments for the Z boson, which probes
with greater precision the underlying production dynamics.
We first access the next to leading order QCD effects for
the angular coefficients A;. We observe that the higher order
effects can present relevant contributions. Going forward, we
parametrize new physics effects in terms of the SM Effective
Field theory framework. We observe that the SM and BSM
samples display distinct angular coefficients A;. Perform-
ing a realistic Monte Carlo study, we show that the angular
moments can significantly boost the sensitivity to the Wilson
coefficients. In particular, this approach can uncover blind
directions to CP-odd operators, leading into sizable sensitiv-
ity at the HL-LHC. Remarkably, this proposal only relies on
the lepton pair reconstruction, displaying small uncertainties.
Hence, it can be promptly incorporated in the ATLAS and
CMS analyses.
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