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ABSTRACT: We explore the experimental sensitivities of measuring the gg — Z~ process at
the LHC to the dimension-8 quartic couplings of gluon pairs to the Z boson and photon,
in addition to comparing them with the analogous sensitivities in the gg — 7 process.
These processes can both receive contributions from 4 different CP-conserving dimension-8
operators with distinct Lorentz structures that contain a pair of gluon field strengths, G’ZW

and a pair of electroweak SU(2) gauge field strengths, W . as well as 4 similar operators

v
containing a pair of G’fw and a pair of U(1) gauge field sl‘;rengths, B,,,. We calculate the
scattering angular distributions for gg — Z~ and the Z — ff decay angular distributions
for these 4 Lorentz structures, as well as the Standard Model background. We analyze the
sensitivity of ATLAS measurements of the Z(— ¢7¢~, v, qq)y final states with integrated
luminosities up to 139fb~! at /s = 13 TeV, showing that they exclude values < 2TeV for
the dimension-8 operator scales, and compare the Z+v sensitivity with that of an ATLAS
measurement of the vy final state. We present combined Z~ and v constraints on the
scales of dimension-8 SMEFT operators and «~ constraints on the nonlinearity scale of
the Born-Infeld extension of the Standard Model. We also estimate the sensitivities to
dimension-8 operators of experiments at possible future proton-proton colliders with centre-
of-mass energies of 25, 50 and 100 TeV, and discuss possible measurements of the Z spin
and angular correlations.

KEYWORDS: Phenomenological Models

ARX1v EPRINT: 2112.06729

OPEN AccCESS, © The Authors.

Article funded by SCOAP®. https://doi.org/10.1007/JHEP04(2022)123


mailto:John.Ellis@cern.ch
mailto:gesf@sjtu.edu.cn
mailto:makai@ucas.ac.cn
https://arxiv.org/abs/2112.06729
https://doi.org/10.1007/JHEP04(2022)123

Contents

1 Introduction 1
2 Dimension-8 gluonic QGC operators 3
3 Properties of the gg — Z~ and ~+ cross sections 5
3.1 Total cross section and energy dependence 5
3.2 Angular distribution and background suppression 7
4 Search strategy and sensitivities at hadron colliders 9
4.1 pp — vy at the LHC 11
4.2 pp — Z(¢1L" )y at the LHC 12
4.3 pp — Z(vv)y at the LHC 13
4.4 pp — Z(qq)y at the LHC 14
5 Prospective sensitivities at future hadron colliders 16
6 Potential improvements using the Z spin and angular correlation 17
6.1 Polarization effects in the fermion polar angle distribution 19
6.2 Spin correlation in fermion azimuthal angle distributions 21
6.3 Combined distribution of scattering and azimuthal angles 22
7 Conclusions 23

1 Introduction

In the Standard Model (SM) of particle physics, the triple and quartic gauge couplings
are fixed by gauge symmetry. Measuring these couplings can test not only whether the
gauge symmetry is realized linearly or nonlinearly in the low-energy effective theory of the
electroweak symmetry-breaking sector [1] but also provide an interesting way of looking for
possible new physics beyond the SM [2, 3]. Hence the search for anomalous gauge couplings
is one of the priority measurements for LHC and possible future colliders. Many studies
have been made of the present and prospective experimental sensitivities to triple gauge
couplings (TGC) and quartic gauge couplings (QGC) between electroweak SU(2)rxU(1)y
gauge bosons. Quartic couplings between these and the SU(3). gluons are absent in the
Standard Model (SM), but are also allowed in the Standard Model Effective Field Theory
(SMEFT) at the level of dimension-8 operators. These have not been studied to the same
extent as dimension-6 SMEFT operators (see [4, 5] and references therein), though there
have recently been studies of dimension-8 operators that generate QGCs between photons [6]
and between photons and gluons [7], as well as those that generate neutral TGCs [8, 9.



The dimension-8 operators that generate QGCs also arise from loop diagrams in the
SM, via extensions of the original calculations by Heisenberg and Euler [10, 11], and may be
generated by the exchanges of massive axion, dilaton or spin-2 resonances. One particular
combination of dimension-8 interactions arises in Born-Infeld theory [12-15]:
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where the index A runs over the 12 generators of the SM SU(3).xSU(2).xU(1)y gauge
groups. The parameter 8 = M? is the Born-Infeld nonlinearity scale associated with
high-scale physics. The Born-Infeld extension of SM (BISM) may have deep roots in
M-theory-inspired models, where it is related to the separation between branes [14]. Since
all the SM gauge group factors appear in eq. (1.1), it generates quartic couplings of gluons
to electroweak gauge bosons (gluonic QGCs, gQGCs) [7].

The cleanest strategy for searching for the photonic and gluonic QGC operators is to
study processes that do not receive SM or dimension-6 SMEFT contributions. For example,
the diphoton final state generated by light-by-light scattering, vy — =+, provides a very
clean probe of the photonic QGCs [6]. A first LHC constraint on light-by-light scattering
was provided by an ATLAS measurement in heavy-ion collisions [16] (see also [17]). Its
rate was found to be consistent with the Heisenberg-Euler prediction [10, 11], allowing
lower limits O(100) GeV to be set on the scale of a Born-Infeld extension of QED and
other possible dimension-8 SMEFT interactions [6]. Recently, the CMS and TOTEM
collaborations updated the lower limits on the basis of a search for the exclusive production
of high-mass -+ final states in pp collisions at the LHC [18]. Diphoton final states generated
by gluon-gluon scattering, gg — 77y, provide clean probes of gluonic QGCs [7], and the
13 TeV data of ATLAS with 37fb~! [19] enabled lower limits > 1 TeV to be placed on the
scales of the gQGC operators [7].

In this paper we study in more detail the present and prospective future experimental
sensitivities to the gQGC operators involving gluons and pairs of neutral electroweak bosons,
Z and . We present a first analysis of gg — Z~ scattering and compare this with its
gg — vy counterpart. We analyze ATLAS measurements of Z~ production followed by
Z — €107 [20], v [21] and gq [22] decays, with up to 139 fb~! of luminosity at /s = 13 TeV.
The scale of the dimension-8 gQGC operators can be constrained up to = 2 TeV, higher
than obtained in the updated analysis of the diphoton channel that we also present in
the current paper. However, we also show that whereas measurements of the Z+ final
state do not constrain the BISM scale, the vy process constrains its scale to 2 5TeV.
Interestingly, we note that a combination of measurements of the Z~ and v final states
could in principle disentangle the contribution of different operators. Finally we display
the combined sensitivities of the Z+ and v channels, and show how the sensitivities
to dimension-8 operators could be increased in the future by measurements at possible
proton-proton colliders with centre-of-mass energies of 25, 50 and 100 TeV.

The structure of the paper is as follows. Section 2 reviews the dimension-8 gQGC
operators, especially those relevant to the associated production of Z and ~, as well as vy



pair-production. Then section 3 studies the kinematics and differential cross sections of the
gg — Z~ process at the LHC. In particular, we show how the unitary constraint can be
implemented consistently. Following these preparations, we investigate the experimental
constraints on the gQGC operators at the LHC in section 4 and future colliders in section 5.
Then, in section 6 we present the helicity amplitudes for the partonic process gg — Z~ and
analyze the corresponding angular distributions as well as spin correlations in Z boson decay,
and discuss the possible interest of measurements of the Z spin and angular correlations.
Our conclusions can be found in section 7.

2 Dimension-8 gluonic QGC operators

Although there are many possibilities for new physics at higher scales above the EW one, the
low energy effective field theory (EFT) should be subject to the SM SU(3).xSU(2),xU(1)y
gauge symmetries. A convenient way to take these symmetries into account is the
SMEFT [23], which includes systematically all the allowed interactions with mass di-
mension d > 4. The extra dimensions are compensated by inverse powers of a mass scale
M that is associated with heavy new physics. The gQGC operators appear at dimension-8
level with 1/M* suppression [7],
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Oyr1 = 16}\4{1 > G, G x S W, (2.1b)
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In order to respect the SM gauge symmetries, the gauge bosons should appear via their field
strengths, such as Gy, for gluons together with Wﬁy and B, for EW gauge bosons. Since

a
N
contain an even number of gluon field strengths, such as GZVG“’O‘ﬁ , so as to be colorless.

gluons carry QCD color, denoted by the a superscript of G¢ ,, the gQGC operators must
The same thing applies for the SU(2);xU(1)y gauge boson field strengths, for example
Wlini’aﬁ and BWBO‘B. Another symmetry to be imposed is Lorentz invariance. There
are four different Lorentz-invariant contractions, as shown above. Hence we must consider
eight gQGC operators in total.



The total and differential cross sections are largely determined by the Lorentz structure
of the gQGC operators. The eight operators can be classified into four pairs {OgT7(0’4),
Oyr,(1,5)s Og1,(2,6)> Og1,(3,7)}> €ach with a same Lorentz structure. The W* and B fields do
not correspond to the physical mass eigenstates, which are the photon A and Z boson fields,
W3 = cpZ + suA and B = ¢, A — 5,7 where (cy, 5,) = (cos Oy, sin fyy) are the cosine and
sine functions of the weak mixing angle fy,. Each pair W'W? and BB contains AA, AZ
and ZZ contributions with coefficients determined by 6y :

SWW =WAW3 4 =L AA+ 2cusuZA + 22 + -+ (2.2a)

BB = 2 AA — 2cys5,ZA+ 52727 . (2.2b)

We see that their contributions to gg — Z~ scattering via the ZA combination differ only
by a sign. Consequently, they produce exactly the same event distributions, and therefore
yield identical cross sections for common values of the dimension-8 cut-off scale.

Only 4 independent operators contribute to gg — Z~. On the other hand, in the case of
gg — 77, one needs to study separately the 8 operators, as done in [7], and the contributions
of BB operators are larger than those of their >, WW' counterparts by a factor cot? Oy .
Thus the vy and Zv channels in gluon-gluon scattering are complementary, and their
combination can help to disentangle the W*W*® and BB components within each pair.

For comparison, the Born-Infeld extension of the SM shown in eq. (1.1) contains only
one linear combination of the eight gQGC operators,

Opisu 3 [TH(GGYTr(WW) + Te(GG)YTe(WW) | +{W — B}, (2.3)

1
16 M4,
where the traces are over the Lorentz and SM gauge group indices. The first term involves
only CP-even pairs GG and WW of gluon and EW field strengths while the second is
composed of the CP-odd combinations GG and WW. The combinations of CP-odd operators

can be rewritten in the form of eq. (2.1), as follows:
Tr(GG)Te(WW) = ATe(GWGW) — 2T (GW) Tr(GW), (2.4)

and similarly for Tr(GG)Tr(BB). Hence the BISM contribution to gQGC is simply a linear
combination of six gQGC operators in the basis considered above, namely

Ogism 2 Ogro — 20471 + 40413 + Ogra — 20475 + 40,47 7. (2.5)

Most importantly, these six operators share a common cut-off scale M and their coefficients
are fully correlated.

It is important to observe that, since the different gauge sectors appear with equal
coefficients in the Born-Infeld lagrangian eq. (1.1), the dimension-8 couplings of the EW
gauge bosons to gluons take the diagonal form Y, WW® + BB. Hence, because of the
opposite signs and equal magnitudes of the ZA terms in eq. (2.2), the BI extension of the
SM does not contribute to Zv production, but only to vy and ZZ production. As we shall
see in section 4, the sensitivity to the scale of the BI extension of the SM at the LHC via
gg — ~y7y scattering is considerably greater than that obtained from the study of vy — ~vy
scattering.



3 Properties of the gg —+ Z~ and ~~ cross sections

As discussed in section 2, dimension-8 contributions to gluon-gluon collisions can yield v+
and Z+v final states. Both can provide a clean signal for probing gQGC operators, whilst
the BISM can be probed only by the vy channel. This section summarizes the properties of
the total and differential gg — Z+ and ~~ cross sections, discussing the basic features and
laying the basis for the analysis of the various Z decay modes in section 4.

3.1 Total cross section and energy dependence

When regarded as a probe of new physics beyond the SM, the sensitivity of the search for a
gQGC signal is limited by the possible event rates. A conservative search strategy starts by
using the total cross section. Since each gauge field strength (GY,, WZV, and B, ) contains
one derivative and hence contributes one factor of momentum p to the scattering process,
the four field strengths in a dimension-8 operator yield a scattering amplitude M with a p*
dependence. Taking into account the flux prefactor that is oc 1/§ for high-energy scattering,
we find that the cross sections given by the gQGC operators grow as % ~ p®. Hence the
signal cross sections generated by the Oyr; operators are rapidly-rising functions of the

center-of-mass energy § of the gluon pair:

1 i =0,4,
1
2 -
U swewd (1 —x2)* 1120 13+ 407 +303] =15, (3.1)
Zyi — 1 '

2048 7w M8 L {36 32, + 3722} i=2,6,
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where 27 = m% /3. This effect enhances the signal event rate significantly at higher energy,
as shown in figure 1, where we see that the signal grows very fast whereas the SM background
decreases o 1/ V4. Thus one expects to find greater sensitivities at higher-energy colliders,
as we discuss later.

The steadily growing cross sections finally violate the unitarity bound at some center-of-
mass energy scale [7]. This problem can be addressed by introducing momentum-dependent
couplings or unitarization procedures [24], or by estimating the maximum center-of-mass
energy allowed by unitarity [25]. Following the procedure adopted in [6] and [7], here we

L once the

respect the unitarity constraint by assuming that the cross section falls as §~
“tree unitarity” requirement [26] is satisfied, after which the energy scaling is the same as
that of the major irreducible background due to gg — ~. We find that this unitarity bound

on~1/ m2Z7 is saturated at the gluon-gluon center-of-mass energies

_ SwCuw 13 36 23\]°\/8
M- 1, —— — = 2
S = {20487r ( ’ 120° 480’ 480)] ’ 3.2)

for i = (0,4),(1,5),(2,6),(3,7), in the limit zz — 0. For § = 1 TeV?, the ratio zz < 0.01 is
generally negligible.
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Figure 1. The total cross sections for gg — Z~ (left) and gg — v (right) generated by the different
dimension-8 gQGC operators at the parton level (colorful non-solid lines). For illustration, we
assume that the scattering amplitudes have equal cut-off scales M = 1TeV until their respective
cross sections reach their unitarity limits, which we assume to be saturated at higher gluon-gluon
centre-of-mass energies V3. The cross sections for the SM background from ¢g annihilation are
shown as solid black lines.

The sensitivity to the scale of new physics is quite stable with respect to the choice of
unitarization scheme. For example, an aggressive unitarization scheme that cuts off the
signal events above the saturation point would reduce the total event rate by a factor of
about 2. But the dependence on the new physics scale M; is eighth power, o o 1/M¢, so the
sensitivity is reduced by only 10% at most. In following discussions, the same unitarization
scheme o ~ 1/§ is applied for both the current LHC-13 TeV with real data and the future
experiments with projected pseudo-data.

The total cross sections for gg — Z~ and vy are summarized in figure 1 as functions
of V3, with M; = 1TeV for illustration. The signal cross sections are much larger than
the SM background for v > 2TeV, and the tree unitarity limits are reached when
V3 = (3.58,4.72,4.94,5.22) M; for i = (0,4),(1,5),(2,6),(3,7) for the gg — Z~ process;
V3 = (4.71,6.21,6.51,6.88, 3.49, 4.60,4.82,5.10) M; for i = 0,...,7 for the gg — 77y process;
and /3; = 3.26M; for the Bl model. Even when the unitarity bound is imposed for gg — Z~,
replacing its rapidly-growing cross section with the SM 1/§ scaling, the signal is almost two
orders above the SM background, as seen in the left panel of figure 1. For comparison, in
the case of the cross section for the vy channel shown in the right panel, the difference
between signal and background is close to three orders of magnitude. This indicates that
the gg — Z~ and ~ signals should be readily detectable at high-energy hadron colliders if
gQGC operators appear at the TeV scale. Details of a more complete study are given below.

Figure 1 also shows the next-to-leading order (NLO) SM background due to gg — Z~
via box diagram. Its cross section has been calculated using MadGraph@NLO [42] to calculate
the loop diagram automatically. Due to the loop factor, this gg background is suppressed
by roughly four orders of magnitude compared to its qq counterpart. In addition to its own
contribution, this loop-induced gg — Z~ scattering amplitude can also interfere with the
dimension-8 operator amplitude. However, for this interference term to be comparable with
the gq background, the dimension-8 operator amplitude would need to be two orders larger



than the qq one. In this case, the signal is much stronger than background. In the case that
the signal is comparable with the background, i.e., the dimension-8 operator contribution is
comparable with the ¢g one, the interference term is two orders smaller. In either case, the
loop-induced SM gg background is negligible. Hence, in the following discussion we focus
on the SM ¢q background and the gg — Z~ signal.

We note that dimension-6 operators could in principle contribute to the same final state
pp — Z7v. It could well be that such operators are absent, but their presence would not
invalidate our analysis. We recall that the amplitude for a 2 — 2 process is dimensionless.
With a coefficient that is o< 1/A%, where A is the corresponding new-physics scale, the
contribution to the amplitude should scale as s/A? due to dimensional analysis. Comparing
with the dimension-8 contribution that scales with s?/A%, the dimension-6 operator is
suppressed in the high-energy signal region v/5 > 1TeV. Hence dimension-6 operators are
not a problem for our study of the collider sensitivities to dimension-8 gQGC operators
in this paper. We note that this argument based on dimensional analysis applies to any
dimension-6 operator, and is independent of its concrete form.

3.2 Angular distribution and background suppression

The SM background mainly comes from t-channel q¢ — Z+ scattering. This process is
intrinsically suppressed at large angles by the intermediator quark propagator, which is
oc 1/t in the massless limit. For a fixed ratio between the Mandelstam variables § and ¢,
the leading-order cross section for the SM background is given by

2(1+2%)
l—xz

4 4

O q7 — —
aq—2y 2 2.2 2 2 2
2478 | Qgsucn,  Qqcn o

[tanh ™ (1-6)~148] ~ £ (1-27) |,

(3.3)
where § ~ 0 is an infrared regulator that scales as 1/§ in the high-energy limit. The
ratio between the quark mass m, and mz~, mg/mz,, would in principle provide a natural
cut-off value for the scattering angle, but in practice mq/mz~ is much smaller than typical
kinematic cuts for event selection, and hence is irrelevant for our purposes. Although the
SM background decreases as 1/3, it will still dominate the event rate if the cut-off scales M;
of the gQGC operators are much higher than the 1 TeV used in figure 1. For this reason, it
is desirable to find kinematic cuts to suppress the SM background.

One such cut-off is provided by the scattering angle in the center-of-mass frame [7], since
the Z and photon are emitted as initial state radiation in the ¢-channel exchange process
and hence are typically quite forward. The differential cross section do/d cos®d [27] is

dogg < @ ey 2l {1+2%2 1
Gaa=2y @ — (T,)” 2T Sw Tz —(1 —xz)sin® 9| cot? 9, (3.4)
decost 2475 |Q2skcl  Qucs, ek | |[1—xz 2

where T4 and Qe are the quark isospin and electric charges. As shown by the black curve
in figure 2, the SM background indeed peaks in the forward and backward directions, where
cost¥ = +1. The comparison between the left panel (\/§ = 100 GeV) and the right panel
(\/§ = 1TeV) shows that higher energy leads to more forward scattering. This property
applies to both the Z~v and v channels.
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Figure 2. Distributions in the normalized scattering angle cos ¥ for gg — Z~ scattering from the
gQGC operators (colorful non-solid curves) and the SM background gg — Z~ (black solid curve). The
energy dependences are seen by comparing the left (\/§ = 100 GeV) and right (\/§ = 1TeV) panels.

For comparison, the signal distribution is much less forward-backward peaked than the
SM background. The differential cross sections for the gg — Z~ process generated by the

dimension-8 operators are

1 i=0,4,
1
— [73+52 cos(209) +3 cos(419) +24a% sin (1))
512 i—1.5
+81:Zsin219(5+3cos(219))}
dogg—zy  Swew(l—x7)%8° " 1 Y 4
deosd 40967 M3 —[163+28008(219)+cos(419)—I—S:UZsm 9 .
; 2048 =26,
+8xzsin219(3+cos(219))}
1
s [105-+20cos(29) +3cos(40) + 242 sin' 9
2048 i=37.
+8xzsin219(5+3cos(219))}
(3.5)

These angular distributions are the same as for the gg — 7y case [7] in the limit 2z — 0, re-
flecting the fact the limit £z — 0 corresponds to a massless Z boson that is no different from
a massless photon. Since the Z boson mass is significantly smaller than the typical invariant
mass mz~ at hadron colliders, the correction due to a finite xz is generally negligible.
The differences between the gQGC signals (colorful non-solid lines) and the SM back-
ground (black solid line) in figure 2 are prominent. Since the polarizations of the incoming
gluons are unknown, the process is symmetric under the interchange g(pi) <+ g(p2). This
means that there is a symmetry in the polar angle under ¥ — m—19, under which sin ¥ — sin ¢
and cosy — —cos¥. Figure 2 shows that Oyr (g 4) yield isotropic distributions, whereas
the other gQGC operators yield distributions that have small forward-backward peaks.
The four Lorentz structures have quite different distributions in general, but we note the
following similarities. At the low energy v = 100 GeV in the left panel, Oyr,(0,4) and



10”» T LI S s T T T T T3 10()» T T T T T T T T
. E 99— 2y Bkg.(qq — Z7) E F 99— 2y Bkg.(q7 — Z7) El
= 07 E s=13TeV  ....... Oyr04) — + —Oyr06) = 1071 Vs=13TeV Ogr0a) — - —Ogr20) 3
S 102k — — =045 <Ogr3,1) ] 3 , — — —=Oyras5 —— -Ouran) ]
S E 3 = -2 L -
S F E 2107 E
3 R : E £ 1073
= F e ] E R 3
J 10k i 3 = Hx !
Z E . = a e . ™ N
G ool A ] A = A
7 E "y, 3 | i EUA
E . 3 Z. - EhE
Z ook . 1075 -.l\ =
g M=1TeV 1§ 1 : | M= 1‘TeV W
1077 \\\‘. L L (R S| 10—6 L1 L1 e
102 103 10* 10* 102 103
mzy[GeV] pry[GeV]

Figure 3. The normalized event spectra due to the background (black solid line) and gQGC
operators (colorful non-solid lines) as functions of the Zv invariant mass mz, (left) and the photon
transverse momentum pp (right) at the LHC with /s = 13 TeV. As seen more clearly in the left
panel, the total cross sections have been regulated to respect the unitarity constraint.

Oyr,(3,7) yield similar angular distributions, whereas in the right panel at V5 = 1TeV there
is greater similarity between the angular distributions for Oy7 (26) and Oy, (37).

Since the gQGC signals have only mild anisotropies, whereas the SM background is
concentrated in the forward and backward regions, a simple cut on the Z/~ polar scattering
angle in the rest frame of the gg system can suppress significantly the SM background and
thereby enhance the signal sensitivity. This feature is used in our study of the experimental
sensitivities at the LHC and future colliders in section 4. The potential for distinguishing
different gQGC operators via the angular distributions is discussed further in section 6.

4 Search strategy and sensitivities at hadron colliders

As discussed above, probes of the gQGC operators at hadron colliders with the processes
g9 — Z~ and vy are potentially interesting. The signals would dominate over the SM
background when the gg center-of-mass energy reaches the TeV scale, and a simple cut on
the scattering angle can further enhance the sensitivity significantly. In this section, we
study more details of possible experimental probes. The photon signal at a hadron collider
is very clear, so we simply use photon information to obtain sensitivities for the gg — v
channel. The event spectrum for the gg — 7 process has been studied carefully in [7], and
we discuss the updated sensitivity of gg — <7y in section 4.1.

The normalized event spectra for gg — Zv due to the various dimension-8 operators at
the LHC with /s = 13 TeV are shown in figure 3. The major differences between figure 1
and figure 3 are due to the gluon parton distribution function (PDF) in proton, which
suppresses the high-energy tails of the event spectra. This makes the difference between the
gQGC signals and the SM background even more prominent, and reduces the sensitivity
to the treatment of the unitarity constraint. Spectra in the Zv invariant mass mz, are
shown in the left panel of figure 3 and the photon transverse momentum pz- distributions
are shown in the right panel.! Comparing the two panels of figure 3, we see that the DT~

! Analogous m., distributions for gg — v scattering were shown in figure 2 of [7].



spectra grow more slowly. In the cases of charged-fermion final states, Z — 7/~ and qg,
the invariant mass spectrum contains more information, by virtue of the p® ~ s* energy
dependence. However, in the case of the decays into neutrinos, Z — vv, the only reliable
experimental information is provided by the photon transverse momentum pr,.

We study individually the Z boson decays into various fermion-antifermion pairs: decays
into charged leptons, Z — ¢7¢~, in section 4.2; decays into neutrinos, Z — v, in section 4.3;
and decays into quarks, Z — qq, in section 4.4. The prospects for all these channels at
the future hadron colliders (HE-LHC, FCC-hh, and SppC) are studied in section 5. The
event rates in this paper are simulated with MadGraph5 [28] with model files prepared by
Feynrules [29] in the UFO format [30] for the leading order (LO) results. NLO corrections
to the background at /s = 13 TeV are taken into account by an overall K-factor that
is extracted by comparing our LO calculations with the NLO calculations given in the
experimental papers (the pp — 7y process reported in [33], the pp — Z~ processes in [20]
for the leptonic channel and [21] for the invisible decay channel as well as [22] for the
hadronic channel). For future colliders, we have used the same overall K-factor.

We adopt the same binning for the prospective signals, NZ-S ig, as has been used for the
corresponding experimental data points, Nidata. On the basis of these numbers, we use the
following x? function to evaluate the sensitivity to the dimension-8 gQGC operators:

12
Ngata — FNPSTI(1 4 Gpi + fooki) — NJ®

xzzzi: \/W : +Xk:f;?- (4.1)

In addition to the cut-off scale M; that enters implicitly through the signal event rates

N®8(M;), the x? function also contains an overall normalization F' and multiple nuisance
parameters fi to account for the various systematics published in the experimental papers.
For each systematical error, both the central value &; and the deviations fioy; have been
taken into account. Assuming quadratic dependences on the nuisance parameters F' and
fx, the x? minimization can be done analytically [31, 32]. After marginalizing over F' and
fx, the resulting x?(M;) as function of a single parameter provides the sensitivity to the
cut-off scale M;. The same procedure has been followed for the SM background, so as
to calculate x2. . The square root of the difference, Ax?(M;) = x?(M;) — x2,,, directly
gives the significance that we show below. We generally quote results at the 95% C.L.,
corresponding to Ax? = 3.84. The sensitivities shown in this paper are obtained for each
of the 8 gQGC operators separately and for the BISM combination. The constraints on
the individual operator coefficients would in general be weaker if all the operators were
included simultaneously and one marginalized over the other operator coefficients.

Below we apply this x? analysis to the ATLAS data for various channels. To guarantee
that the quadratic x? function is a good enough approximation, only those bins with at least
5 events are included in eq. (4.1). This provides a very conservative sensitivity estimation,
since beyond the end points of the SM background (or the experimental data), the signal is
still growing and essentially free of background. If a more sophisticated data analysis were
employed, the sensitivity could be further improved. We leave this to our experimental
colleagues.
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4.1 pp — v~ at the LHC

We first update the analysis of [7] using the ATLAS measurement of the diphoton invariant
mass M.~ spectrum using 36.7 fb~! to include 139fb~! [33], which provides improved
sensitivities to dimension-8 operators. The left panel of figure 4 displays the updated
results from analyzing the ATLAS data on isolated ~ production. Because of the different
electroweak mixing angle factors in eq. (2.2), the 3, W W' operators Oyr,0,1,2,3) With
coefficients s2, are constrained more weakly than their BB counterparts Oyr,(4,5,6,7), Which
have factors 2, instead. The 95% C.L. lower limits on the mass scales M; reach ~ 1.3 TeV
for Oyr (1,2,3), = 1.8 TeV for Oyr (0,5,6,7), and >~ 2.5 TeV for Oyr 4. Since the improvement
comes principally from the updated luminosity, further enhancement in the collision energy
and luminosity at the LHC can push the limits to higher values. The right panel of figure 4
shows the prospects for LHC running at the design energy /s = 14 TeV with integrated
luminosity £ = 3ab~! [34]. The constraints at the same 95% C.L. can improve by amounts
~ 1 to 2TeV.

The solid black line in figure 4 represents the sensitivity to the Born-Infeld Oy gy
combination of the gQGC operators in eq. (2.5). This linear combination of 6 individual
gQGC operators yields an event rate that is much larger than any individual operator, as
seen in figure 1. Consequently, the 95% CL lower limit on the BISM mass scale reaches
Mpr 2

~

5TeV. This result is strong enough to impose a significant constraint on the
separation between branes in some M-theory inspired models that address the electroweak
hierarchy problem.

We emphasize that we are working to quadratic order in the dimension-8 operator
coefficients, unlike many analyses of dimension-6 operators at the LHC. Also, our analysis
is reliant on values of /3 that are below those where the unitarity constraints become
important. However, we also note that in some instances the values of v/§ contributing
to our analysis are comparable to (or even exceed) the magnitudes of the constraints on
new-physics scale M; that we derive. In such cases, the validity of our constraints depends on
the magnitude of the new-physics coupling. They would be most reliable if the dimension-8
operator were generated by some strongly-coupled new physics at a scale A with coupling
strength 47, in which case A = v47wM would generally exceed the values of v/3 that provide
the constraints in our analysis.

The CMS and TOTEM collaborations have recently searched for exclusive diphoton
production in proton-proton collisions and set constraints on the dimension-8 quartic photon
couplings (1 F),, F* F,e FP? and (oF),, F*PF,; F7V [18]. Their result is a two-dimensional
contour in the plane of the coefficients {7 and (s, in the absence of theoretical constraints.
As demonstrated earlier, the Born-Infeld QED extension in eq. (1.1) naturally correlates
the two purely photon QGC operators with ¢; = (o = 1/32M*. Thus the 95% sensitivity of
the CMS-TOTEM data becomes Mp; > 670 GeV. The CMS and TOTEM sensitivity is
limited by the fact that it uses vy — v+ scattering with photons in both the initial and
final states, leading to a weaker constraint than the gg — = process at the same collider
for either individual operator or the combined BISM operator. This confirms the advantage
of considering the gg — 7y channel at hadron colliders.

- 11 -
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Figure 4. The significances y/Ax? for probes of the individual dimension-8 gQGC operators Oy ;
and their Born-Infeld combination in eq. (2.5) at the LHC as functions of the cut-off scales M;.
These results are obtained from the gg — vy reaction at /s = 13 TeV with integrated luminosity
L = 139fb~* observed by ATLAS (left) and /s = 14 TeV with £ = 3ab™! at HL-LHC (right).

4.2 pp — Z(£1TL" )~ at the LHC

The ATLAS Collaboration has searched for new physics in the Z(£1£7)~ final state with
an integrated luminosity of 139 fb~! [20] at /s = 13 TeV. Here we re-interpret the results
with electron (Z — ete™) and muon (Z — ™) final states as constraints on the gQGC
operators. Both the photon and the charged leptons are observable. The event selection
required the photon to have pseudo-rapidity in the range 17| < 2.37 and transverse energies
EJ. > 30GeV. We use the ATLAS data with tight photon identification, which had an
identification efficiency ranging from 82—85% for E). ~ 30 GeV to 90-98% for E}. > 100 GeV.
The electrons and muons are required to have pseudo-rapidities |7]£] < 2.47 and transverse
momenta pfip > 25GeV. The identification efficiency for charged leptons is about 80%
(93%) for pr ~ 25 GeV (100 GeV). Because of geometrical limitations, the transition region
between the barrel and endcap (1.37 < |n| < 1.52) is excluded for both the photon and the
charged leptons.

The dominant instrumental backgrounds for the Z(¢7¢~)v final states are Z + jets,
pile-up events with one photon, ¢ty and 77777, as well as double vector boson production
with or without an isolated photon [20]. It was estimated that the combination of these
backgrounds contributes about 18% of the signal process q¢@ — Z(£T¢~)~ in the fiducial
phase space. For simplicity, we take the Sherpa simulation of the background from the
ATLAS paper [20] and assign an overall normalization factor F' when fitting the experimental
data as explained in the discussion of eq. (4.1).

The left panel of figure 5 shows the sensitivities obtained from fitting the observed
Z(— £707)~ invariant mass mz., spectrum at ATLAS [20] for probing the gQGC operators.
Since the contributions of GG'Y", WiW'® and GGBB operators with the same Lorentz
structures have identical EW mixing factors for the Z+ combination, except for a relative
sign, see eq. (2.2), the sensitivities to Ogr; and Ogr 44 (i =0, 1, 2, 3) are pairwise identical.
Hence we plot only 4 curves, for Oy 94y (red), Ogr 15 (blue), Oyr 26y (black), and
Ogyr,3,7) (green), respectively. The 95% C.L. lower limits on the new physics scales M;

- 12 —
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Figure 5. The significances y/Ax2 for probes of the individual dimension-8 gQGC operators
Oyr,(i,i+4), where i = 0,1,2,3, from the Z(£*t0™ )y channel as functions of the cut-off scales M;.
The left panel shows the sensitivities obtained using the current LHC data with /s = 13 TeV and
luminosity £ = 139fb~ !, and the right panel shows the estimated sensitivities for the future HL-LHC
with /s = 14 TeV and £ = 3ab~ '

can reach >~ 1TeV for Oyr (123567 and = 1.7TeV for Oyr (g 4). For comparison, the right
panel of figure 5 shows the prospects at the HL-LHC with /s = 14 TeV and integrated
luminosity £ = 3ab~!. We see that the lower limits are enhanced by roughly 1 TeV.?

With three detectable particles in the final state, much more information can in principle
be extracted beyond just the invariant mass, pseudo-rapidity, and transverse momentum.
For example, ATLAS also analyzed the angular distribution of the £*/~ pair relative to
the scattering plane. We discuss in section 6 potential improvements of the cross-section
analysis using spin and angular correlation measurements.

4.3 pp — Z(vv)~y at the LHC

The detection of the Z(vv)y final state differs from those of the diphoton channel and the
g9 — Z(£*€~)y mode, since only the photon is observable. This renders impossible the
reconstruction of the invariant mass spectrum that is the optimal choice for seeing the
momentum dependence of the dimension-8 gQGC operators. The only usable information
is the photon energy/momentum vector. Although this can readily be measured, the
information cannot be fully used since the initial momenta of the colliding gluons in the
beam protons are unknown. Because of this uncertainty, one can only utilize the transverse
momentum spectrum depicted in the right panel of figure 3. Although not optimal, it still
possesses the feature that the event rate keeps growing with momentum until the unitarity
saturation is encountered and the gluon PDF suppression finally dominates.

The ATLAS measurement of Z(— v)+y uses an integrated luminosity of £ = 36.1fb~!
at 13 TeV [21]. The event selection uses the following experimental cut on the transverse
energy: EJ, E??iss > 150 GeV. Similarly to the charged lepton case, the photon pseudo-
rapidity is in the range |n?| < 2.37, but excluding 1.37 < |7| < 1.52 to avoid the gap
between the detector barrel and end-cap regions. The transverse missing momentum piss

2We recall that the Zv final state does not provide any constraint on the Born-Infeld scale, since the
contributions of the W3W? and BB operators cancel with each other as explained below eq. (2.2).
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Figure 6. The significances y/Ax2 for probes of the individual dimension-8 gQGC operators
Oy, (i i+4), Wwhere i = 0,1,2,3, from the Z(vi)y channel as functions of the cut-off scales M;. The
left panel shows the sensitivities obtained using the current LHC data with /s = 13TeV and
luminosity £ = 36.1fb~" while the right panel shows the estimated sensitivities for the future
HL-LHC with /s = 14TeV and £ = 3ab™'.

needs not be opposite to the photon transverse momentum p}, due to parton shower from
the initial gluons. Requiring the azimuthal angular difference A¢(p,, ppi) > /2 further
suppresses the background.

The dominant instrumental background for the Z(vv)y final state comes from W+
associated production with the W decaying leptonically but the charged lepton from W — fv
not being identified. In addition, jets +v and other events with either an electron or a jet
being misidentified as a 7 are possible sources of background [21]. These backgrounds can
amount to about 68 (58)% of the inclusive (exclusive) SM background ¢q — Z(vv)y in the
fiducial phase space, i.e., the cross section with > 0(0) additional jets.

The sensitivities from analytical x? fits to the different gQGCs obtained using eq. (4.1)
are shown in the left panel of figure 6. Although the pp — Z(vv)~y channel is not the
optimal one, the lower bound on the cut-off scale M at 95% C.L. can still reach around
1.4 TeV for Oyr (123567 and 1.9TeV for Oyp g4). One reason is that the Z — v mode
includes all three neutrinos whereas only electron and muon modes are used for the charged
lepton mode. Moreover, the Z decay branching ratio into a single neutrino is roughly
double that of its charged lepton counterpart, so the combined Z — vv branching ratio is
about three times larger than the combined Z — ¢7¢~ branching ratio. The right panel of
figure 6 shows the prospects at the HL-LHC with its higher energy and luminosity. The
lower bounds are improved by 2 1 TeV.

4.4 pp — Z(qq)~ at the LHC

The leptonic modes discussed in the previous sections have very clean signals at the
hadron colliders. However, although the hadronic decay modes of the Z boson have more
complicated backgrounds, the larger branching ratio provides some advantages. The ATLAS
Collaboration has measured the Z(— ¢q)y mz- invariant mass spectrum with an integrated
luminosity of £ = 36.1fb~! at 13 TeV [22]. The experimental analysis first selected events
containing a hadronic jet with pp > 200 GeV and |n| < 2.0 in addition to a photon with
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Figure 7. Validations of our simulation of the hadronic decay mode Z — ¢q, assuming a scalar
resonance X with mass mx = 1TeV. The left panel shows the invariant mass distribution of a fat
jet emerging from the decay of a highly-boosted Z-boson while the middle and right panels compare
distributions of the invariant mass m, for the VMass and Else categories.

pr > 250 GeV and |n| < 1.37. The events were then divided into four categories [22]: 1) The
BTAG category of events in which the two leading track-jets associated with a large-radius
jet candidate satisfy the jet mass requirement for b-tagging, with a Z — gq identification
efficiency of 3 to 4%; 2) The D2 category that is composed of events satisfying combined jet
mass and substructure discriminant requirements with an identification efficiency of 20 to
28%; 3) The VMass category containing events that pass the jet mass selection but fail to
enter either of the two previous categories (identification efficiency 24 to 36%); and 4) The
Else category containing the remaining events that pass the baseline selection (identification
efficiency 40 to 50%). Roughly speaking, the event rates in the above four categories
increase by an order of magnitude going from category 1) to category 4). Figure 7 shows
some validation results from our simulation obtained using Pythia8 [35] for parton shower
effects and Delphes3 [36] for detector effects, as well as FastJet[37], ExRootAnalysis|[28§]
and Root [38] for data analysis. The invariant mass distribution in the left panel reproduces
adequately the Z boson peak and a lower background peak around 20 GeV. Since the
event rate is dominated by the VMass and Else categories, we only show these two in
the middle and right panels. Our simulations are reasonably consistent with the ATLAS
data points.

The sensitivities for the pp — Z(qq)~y channel at the LHC are shown in figure 8 for
both the current LHC data (left panel) and the future HL-LHC (right panel). Although the
hadronic modes are much more difficult to detect, the 95% C.L. lower bound still reaches
around 1.5 TeV for Oy (12356,7) and 2.3 TeV for Oyr (9 4y, which are even stronger than
the neutrino mode. Further improvement by at least another 1TeV should be possible
at HL-LHC. In addition to the pseudo-rapidity and transverse momentum, the angular
distribution of the ggq pair relative to the scattering plane can also be measured. However,
this was not done in the ATLAS analysis [22]. A discussion of possible future improvements
using this information is given in section 6.
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Figure 8. The significances y/Ax2 for probes of the individual dimension-8 gQGC operators
Oy, (i i+4), where i = 0,1, 2,3, from the Z(qq)y channel as functions of the cut-off scales M;. The
left panel shows the sensitivities obtained using the current LHC data with /s = 13TeV and
luminosity £ = 36.1fb~" while the right panel shows the estimated sensitivities for the future
HL-LHC with /s = 14TeV and £ = 3ab™'.

Process 25 TeV 50 TeV 100 TeV

pp — VY pr~ = 100 GeV pr~ = 150 GeV p1Hy = 300 GeV
= 60 GeV = 100 GeV = 200 GeV

pp — Z(£+€7)’}’ pTa'Y pTv'Y pTv'Y
pre = 50 GeV pre = 80GeV pre = 160 GeV
B pr~y = 250 GeV pr~ = 450 GeV pr~ = 1000 GeV

pp — Z(vir)y ! ! !
P = 250 GeV P = 500 GeV P = 1000 GeV
pp — Z(qq)y pry = 400 GeV pry = 800 GeV 1,y = 1600 GeV

Table 1. Transverse momentum cuts at higher-energy colliders.

5 Prospective sensitivities at future hadron colliders

In addition to the existing LHC and its upgrade to HL-LHC, other hadronic colliders
are being proposed, including HE-LHC [34], FCC-hh [39], and SppC [40], whose collision
energies range from 25 TeV to 50 TeV and 100 TeV. As discussed in section 3.1, because
of its strong momentum dependence, the gQGC signal increases very rapidly with the
colliding energy. This gives future higher-energy hadron colliders great advantages for
probing the gQGC operators. In addition, future hadron colliders typically have much
larger luminosity than the current LHC. We assume a universal figure of £ = 20 ab™! for
the various higher-energy colliders and higher pr cutoffs than for the LHC, as shown in
table 1, but retain the same scattering-angle cuts as for the LHC.

Figure 9 compares the sensitivities at the LHC and possible future hadron colliders
with centre-of-mass energies of (25, 50, and 100) TeV, characteristic of HE-LHC and FCC-
hh/SppC. The sensitivities of the different colliders are colour-coded with shadings to
distinguish the various final states considered. As expected, the higher the collision energy,
the greater the sensitivity. The greatest Z+v sensitivity is in general provided by Z — vv
decays, while the v channel provides even greater sensitivities for Oyr (45,6,7)-
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Figure 9. The 95% C.L. sensitivities of the various channels at the LHC, HL-LHC and proposed
future hadron colliders, with cuts given in table 1.

We also show the combined sensitivities of the Zv and ~v channels by summing the
x? functions in figure 4, Figure 5, figure 6, and figure 8 for the LHC and similarly for the
future higher-energy colliders. The lower bound at 95% C.L. can be significantly enhanced
in 100 TeV collisions to above 20 TeV for O, 04) and the SM Born-Infeld extension, an
order of magnitude beyond the current LHC limits.

6 Potential improvements using the Z spin and angular correlation

As mentioned above, the pp — Z(¢£*£~, qq)~ channels have three detectable particles in the
final state. In these cases, not only the scattering angle distribution at the intermediate
Z~ level that is shown in figure 2 can be used for background discrimination, but also the
difference between the Z+ scattering plane and the decay plane of Z — £/, qg can provide
useful information. Thus the phenomenology of the Z(¢T¢~,qq) channels is in principle
much richer than that for pp — v+ and pp — Z(vv)~y, which yield only photons in the final
state. In this section we explore basic features of the Z spin and angular correlations with
a view of potential improvements in the analysis sensitivity.

In order to keep full information on the Z — ¢7¢~, qq decays, we adopt the helicity
amplitude formalism [41] to calculate the scattering matrix element for the gg — Zv
process:

9P, M) + 9(P2, A2) —  Z7(Pz,Az) + (D, Ay) (6.1a)

L 1B A+ ). (6.1b)

Here, \12 = £1 and A\, = X1 are the helicities of the massless gluons and photon,
respectively, whereas in the case of the massive Z boson we have Az = 0, 1. Also,

17 -



Af/2 = £1/2 denote the helicities of the final-state fermions from Z decay. For simplicity,
we assume that the masses of the final-state fermions can be neglected.

The amplitude for the two-step process of Z+ production followed by Z boson decay
can be written as

M =Dy(Z" = f+ [)G*(Z)Pg+g— 2" +7), (6.2)

where P, = (Z,,7|0ilg192) and D), = (fflOsr|Z) are the matrix elements for the produc-
tion and decay of Z*, respectively. The intermediate Z-boson propagator G*”(Z*) can be
written as
TN m2
G (Z*) = (g™ —pp"/mz) (6.3)

N

§— mZ—l—ZmFZ

Since the decay width of the Z boson is considerably smaller than its mass, we use here
the narrow-width approximation (8 —m% +imI'z)G"(Z*) = 3y, €k (p)eX: (p). Then one
polarization vector €57 contracts with P, to give the production matrix element while
the other polarization vector e‘)fz contracts with D, to give the decay matrix element.
Consequently, the total helicity amplitude (6.2) can be decomposed into a sum of products
of three scalars:

M=D,"Y Py,D,, (6.4)
Az

where Dy = § — m2Z +imyzIl;. The summation is over the helicity of the internal Z boson,
which does not change during free propagation. The production and decay matrix elements

are
Py, =Plg+9—2"+7)-,0), Dr,=DZ" = f+f) ex,(p), (6.5)

which can be calculated in the usual way for gg — Zv and Z — ff separately.
The spin information appears in the absolute square of the scattering matrix element,

(M2 = D 233 PAzDy2 (6.6)

Az )\’
where
N, v — * v
Py =P, (P, ) =P} e\, () €5, (p) = Puv ey, (p) €5, () (6.7a)
by * v _ Uk
D\Z =D, (D,\'Z) = DD} €\ (p) ex, (p) = Duv ey, (p) €57 (p) (6.7b)

The Z-boson polarization vectors encode the spin information.

Resolving the decay plane of the channel Z — vv is not possible, and resolving that
of Z — gq is challenging in practice, particularly when the Z boson is highly boosted.
Therefore here we investigate in detail only the leptonic decay channel. The Z-boson
momentum provides a natural definition of the z-axis with respect to which we define the
fermion polar angle 7 in the Z rest frame. Since the detector is azimuthally symmetric,
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Figure 10. Kinematic variables for the process gg — Z(ff)7y. The scattering plane is defined by
the incoming gluons and outgoing Z/+ bosons. The polar angle (scattering angle) of the Z boson is
defined as ¥, 2* is defined as the 2*-axis in the rest frame of the Z boson along the direction of the
Z boson momentum, and the 2* — 2* plane is spanned by the vector zZ* and the direction of the
initial gluon motion. The polar and azimuthal angles of the leptons in the rest frame of the Z boson
are ¢; and ¢;}.

we can without loss of generality define the Z-axis to lie in the scattering plane of the Z
and v bosons, with the Z momentum having a positive £ component. The azimuthal angle
difference between the scattering and decay planes is ¢}, see figure 10. Then the decay

L A
polarization tensor components D)é are

DEf =m? (9‘2/ + g/Q_‘) (14 cos? 0}) + 4gyga cos 04 , (6.8a)
DY = 2m?% (9‘2/ + g%) sin? 0}, (6.8b)
DI =m? (9‘2/ + 9124) sin? gFeti29% | (6.8¢)
D} = \i/%mgz[(g% +g7) sin(267) £ 4gy g sin 07| =0 (6.8d)

The polarization state of the intermediate Z boson depends in general on the dimension-
8 gQGC operators that produces it, carrying information beyond that provided by its
momentum.® The decays of the Z boson open a window on the polarization information.
Below we show how to use the fermion polar angle in section 6.1 and the azimuthal angle in
section 6.2 to distinguish the gQGC operators. With enough event rate, it is also possible to
study a combined two-dimensional distribution of polar and azimuthal angles as we discuss
in section 6.3.

6.1 Polarization effects in the fermion polar angle distribution

. . A, . . .
The Z polarization tensor 73)\5 is defined in the laboratory frame with the z-axis along the
beam direction. Since the scattering is rotationally-invariant with respect to the azimuthal

3In principle this also applies to the associated photon, but it is so energetic that its polarization cannot
be easily extracted.
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angle, the components of 73))\\5 depend only on the scattering angle ¥:

+  Asycy g
(Poa)s = 162 M8 256

(Poa)y =0, (6.9b)

+ 4sycy §

(1-22)?[64], (6.92)

(Pis)y = Wz—%(l —z7)? :292 + 208 cos(20) + 12 cos(49) + 962% sin® 19} . (6.9¢)
(Pis)g = fg;”ﬁ};;(l — 27)? 6427 5in? 9 (5 + 3 cos(20))] , (6.9d)
(77276)1 = m;{;(l —x7)? :163 + 28 cos(209) + cos(41)) + 8z% sin* 19} , (6.9¢)
(73276)8 = fg;u]\c;} 2§546(1 —xz)? :16 xzsin? (3 + cos(219))} , (6.9f)
(Psn)i = f g;ﬁg ;546(1 — 27)?[105 + 20 cos(20) + Beos(40) + 24ah sin 9], (6.9g)
(Ps7)g = fg’]\j};;a —27)? 1627502 9(5 + 3 cos(20))] , (6.9h)

for the 8 gQGC operators. We see that the positive (A\z = +) and negative (Az = —)
polarization states are always produced equally. In other words, there is no net polarization
effect. Furthermore, the production rate of the longitudinal state (Az = 0) is suppressed
by zz at large invariant mass my,, and therefore can be neglected at high-energy hadron
colliders. However, in the region x; ~ O(1) it could be useful for distinguishing different
Lorentz structures.

In the presence of the longitudinal mode, there is in principle a polarization effect,
though its magnitude decreases with increasing center-of-mass energy mz,. The polarization
of the Z boson can be measured by studying angular distributions of its decay products.
The differential cross sections with respect to the polar angle of the outgoing lepton are

given by
Ao p+ - 3
~ete—,(0,4) 2 nx
=1 0 6.10

Oypte-padcosty 8 ( o 4) ’ (6.10a)

doypte- (1,5) _ 3 [26(1 + cos? 0}) + 162z sin’ 0 + 32% cos(20}) + 92%] (6.10b)
Opto- 1,5 dCcOS O] 16 (13 + 4wz + 32%) ’ :

doye+o- (2,6) _3 [72(1 + cos? 0}) + 1227 sin? 0F + 2% cos(20}) + 3x%] (6.10¢)
Oryp+o- 2,6 d cos ) 16 (36 + 3z7 + 2%) ’ '

doyeto- (3,7) _ 3 [46(1 + cos? 0}) + 162z sin? 0 + 322 cos(26}) + 9z%] (6.10d)
Ooyp+- 37 dCOS O] 16 (23 + 4z + 32%) ’ ’

For Oyr (0,4), since the Z boson is generated isotropically as shown in figure 2, the polar
angle of the lepton is identical with the distribution in the decay of an unpolarized Z
boson. However, the situations for other operators differ because of the contributions of the
longitudinal component. The left panel of figure 11 shows the normalized differential cross
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Figure 11. The normalized differential cross sections in the polar (6;) and azimuthal (¢}) angles
of the outgoing lepton when the gluon-gluon collision energy v/ = 100 GeV.

sections at the gluon-gluon collision energy v/§ = 100 GeV, where sizeable differences can
appear. However, these differences are proportional to the scale factor £z, and in the limit
zz — 0 all the curves in the left panel of figure 11 converge to forms o 1 + cos? 6}.

6.2 Spin correlation in fermion azimuthal angle distributions

Since the intermediate Z is not directly measured, it is in general produced in an entangled
spin state with the only exception being when produced by the operators Oyt (o4). Hence
different polarizations correlates with each other and the interference between the helicity
states can induce non-trivial distributions of the fermion azimuthal angle. To make this
transparent, it is necessary to calculate the relevant off-diagonal matrix elements of the
gg — Z~ production process:

(Poa)f =0, (6.11a)
(731,5)1 = Zl?é?“;;ﬂi;xz (1— Hfz)2 (3 + cos(29)] sin? 4 , (6.11b)
(732,6)1 = %;@mz(l —zz)? (3 + 2 cos(20)] sin? ¥, (6.11c)
(7?377)1 = 46112210312]\3281‘2(1 — x7)?[1+ 3cos(20)] sin? ¥ . (6.11d)

The related off-diagonal matrix elements of the Z — £/~ decay process are given in (6.8¢)
and (6.8d). We see that the transverse-transverse correlation effect leads to a non-trivial
dependence on the azimuthal angle ¢} of the outgoing lepton. The normalized differential
cross sections with respect to the azimuthal angle of the outgoing lepton for the different
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operators are

e W |

Tt 04 gy T on (6.12a)
doyeti- 15 _ 26 + 62% + 8xz + 97 cos(2¢7) (6.12b)
Oypte— 1,5 d0; 4 (322 + 4z z + 13) ’
doye+g- 2.6 72+ 23:22 + 627 + 3xz cos(2¢)
Onpto- 2,6 AP} - 4 (2% + 3wz + 36) ’ (6.12¢)
doe+e- 3,7 _ 46 + 69022 + 8z — w7 cos(2¢)) (6.124)
Ongti- 3,7 A0} 4 (3z% + 4wy + 23)

A non-trivial distribution of the azimuthal angle ¢; would indicate the importance of a
gQGC operator different from Oyr (o 4), offering in principle the possibility of distinguishing
the gQGC operators. The right panel of figure 11 shows the normalized differential cross
sections at a gluon-gluon collision energy v/ = 100 GeV. We see that, compared to the
polarization effect in the left panel of figure 11, the correlation effect is expected to be more
sensitive to the Lorentz structures of the gQGC operators. However, the effect is suppressed
by zz at high Mz, .

6.3 Combined distribution of scattering and azimuthal angles

A non-trivial azimuthal angle distribution was also searched for by ATLAS [20]. As shown
in the previous section, the spin correlation in the lepton azimuthal angle distribution
is due to the off-diagonal elements eq. (6.11) in Z production. We observe that these
off-diagonal elements have non-trivial dependence on the Z boson scattering angle ¥). More
spin information can in principle be extracted from the correlation between the Z scattering
angle ) and the lepton azimuthal angle ¢;. The corresponding normalized double differential
cross sections for the gQGC operators are

d(774+gf ,0,4 1

Ot 0,4 dcos Vdgy T n’
d074+477175 _ 15
Opti- 1,5 dcosIdgy 256 (32% + 4wz + 13)
+ 24 sin? (9)x% + 40sin?(0)zz + 24sin?(9) cos(20)z

{73 + 52 cos(29) + 3 cos(49) , (6.13a)

+ 12sin?(¥9) cos(209)z 7 cos(2¢}) + 36 sin? (V) 7 cos(2¢>’g)} ,

dO',yg-&-g—’g’ﬁ _ 15
Oiti- 2.6 dcosVdpy 256w (v + 37 + 36)
+ 8sint(9)z% + 24 sin®(9)x 7 + 8sin? () cos(29)z 7

[163 + 28 cos(21) + cos(499) (6.13b)

+ 4sin?(¥9) cos(20)x 7z cos(2¢}) 4 12 sin?(9)x» cos(2¢2)} )

ddvﬁgigj _ 15
Opro- 37 dcosVdgy 256w (3%, + 4wz + 23)
+ 2427 sin?(9) cos(209) + 24 sint(9)2% + 40sin? (V)

{105 + 20 cos(299) + 3 cos(49) (6.13c)
+ 1227 sin?(9) cos(209) cos(2¢}) + 4az sin’ (V) cos(2¢2)} . (6.13d)

- 29 —



.07 0.07

0.07

sl
1.2 16 2
9

24 28 3.2

0 04 08 1.2 1.6 2 24 28 32
0

Figure 12. Contour plots in the plane of the lepton azimuthal angle ¢; and the Z boson polar
angle ¥ for the gQGC operators Oyr 0.4y (upper left), Oyr (1.5 (upper right), Oyr (2,6) (lower left),
and Oyr (3,7) (lower right). These results are for a gluon-gluon collision energy V5 =100GeV.

Figure 12 shows contours of the normalized double-differential cross section at the gluon-
gluon collision energy v/3 = 100 GeV. We see that the angles ¥ and ¢, are correlated
very differently for different Lorentz structures, but note that the transverse-transverse
correlation effects also depend on zz. In particular, for Oy 04y and Oyr (37), the polar
angle ¥ distributions (at V5 =100 GeV) are very similar but the ¢} correlation properties
are very different. Thus the two-dimensional distribution carries additional information
beyond that provided by the one-dimensional distributions.

7 Conclusions

The SMEFT is a powerful way of searching for possible indirect effects of new physics beyond
the SM that may appear at energies outside the direct reaches of active experiments. In
particular, the SMEFT provides a framework for exploring possible anomalous multi-boson
couplings while taking into account all the gauge symmetries of the SM, which is one of the
priority measurements for LHC and possible future colliders. The present and prospective
experimental sensitivities to anomalous triple gauge couplings (TGCs) and quartic gauge
couplings (QGCs) have been studied extensively, but there have been fewer studies of
possible quartic couplings between gluons and electroweak gauge bosons, which are absent
in the SM. In the SMEFT, these are first generated by dimension-8 operators, whose
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study offers an interesting window on BSM physics [7], complementing the exploration of
dimension-6 operators that have been analyzed extensively, see [4, 5] and references therein.

In this paper we have presented a first analysis of the experimental sensitivities of
measurements of the gg — Z~ process to the dimension-8 quartic couplings of pairs of
gluons to the Z and photon (gQGCs), including an analysis of present LHC data and
assessments of the prospects at HL-LHC and proposed higher-energy proton-proton colliders.
Four distinct Lorentz structures of CP-conserving dimension-8 operators contain gQGCs,
and each may be constructed either with pairs of SU(2) or U(1) gauge field strengths. We
have stressed the differences between the polar angle distributions they generate from the
one generated by the dominant SM background due to gg — Z~, and analyzed the possible
sensitivities of analyses of Z — ¢T¢~, v and ¢q final states. The present LHC data on
these final states correspond to integrated luminosities up to 139fb~! at 13 TeV, and we
show that they exclude mass scales < 2TeV in the dimension-8 operator coefficients, with
future colliders offering sensitivities to scales an order of magnitude higher, extending above
20TeV for Oyr (04)- The gg — ZZ channel has more complex phenomenology that will be
studied in a separate paper.

We also present an updated analysis of the sensitivities of LHC measurements of the ~~
final state with up to 139fb~! at 13 TeV and at future colliders. The present data already
constrain the nonlinearity scale of the Born-Infeld extension of the SM to be 2 5TeV,
putting pressure on some brane models that address the electroweak hierarchy problem. A
future collider with 100 TeV in the center of mass could be sensitive to Born-Infeld scales
2 20TeV. As we also show, potential analysis improvements might be made possible by
exploiting Z spin measurements and angular correlations using decays into £7¢~ and gq
final states, which are important at low Z~ invariant masses.

Our results provide further illustrations of possibilities for exploring and constraining
possible dimension-8 terms in the SMEFT, in addition to light-by-light scattering [6, 18]
and the searches for neutral triple-gauge couplings discussed elsewhere [8, 9]. There is
plenty of life in the SMEFT beyond dimension 6.
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