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Abstract: We show that hadron colliders have an excellent reach for positivity tests on a class of diphoton operat-

ors. Due to the helicity selection rules, the relevant dimension-6 operators either do not contribute or are highly con-
strained by other experimental observables. We demonstrate, for the first time, that the LHC can probe the positivity
of the dimension-8 operators involving colored particles. The kinematic differential distributions of the diphoton fi-
nal states are utilized to perform the y2 analysis. Through a global fit, the effective scale for these operators can be
inclusively probed up to around 2 TeV at HL-LHC and over 5 TeV at future 100 TeV FCC-hh at 95% C.L., provid-
ing a powerful test of the positivity bounds up to the multi-TeV scale.
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I. INTRODUCTION

Effective Field Theory (EFT) provides a model-inde-
pendent bridge between infrared (IR) and ultraviolet
(UV) physics. Heavy states generate higher-dimensional
operators suppressed by powers of a cutoff scale A. Un-
der general assumptions of unitarity, causality, and local-
ity, scattering amplitudes satisfy positivity bounds that re-
strict combinations of Wilson coefficients; these bounds
become nontrivial starting at dimension eight [1-23].
Measuring the corresponding Wilson coefficients and
testing their compatibility with these positivity bounds
thus offers a unique way to directly probe the fundament-
al principles of quantum field theory. Any signature of
positivity bound violation would not only indicate new
physics beyond the Standard Model (BSM), but also un-
dermine the validity of those principles.

Testing positivity at colliders is typically challenging
because lower-dimensional operators (notably dimension
six) generally yield larger effects in the same observables.
Nevertheless, helicity selection rules can render certain
processes insensitive to dimension-6 contributions [24].
The diphoton process is one such example, where the
leading BSM effects arise from dimension-8 operators
and, therefore, provides a clean test of the positivity
bounds. Building on proposals to test positivity at lepton
colliders [25] and related extensions to hadron colliders
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[26], we study, for the first time, how hadron colliders en-
able us to probe the positivity bounds in the quark and
gluon sectors through the diphoton channel.

In this study, we identify the relevant dimension-8
contact operators coupling two photons to quark pairs or
gluons, derive helicity amplitudes, and apply positivity
bounds to obtain sign constraints on linear combinations
of Wilson coefficients. Phenomenologically, the amp-
litude induced by the quark-photon operators interferes
with the SM tree amplitude, while the BSM amplitude
generated from the gluon-photon operators interferes with
the SM one-loop box diagram. Although loop-sup-
pressed, the gluon channel benefits from large gluon par-
ton distribution functions (PDFs), which can enhance
sensitivity. We estimate collider sensitivity using kin-
ematic differential distributions and a x> analysis fo-
cused on the interference signal (linear in the dimension-
8 coefficients). Our projections indicate sensitivity to ef-
fective scales of order ~ 2 TeV at the HL-LHC and above
~5 TeV at a 100 TeV proton collider (95% C.L.), up to
which the validity of the positivity bounds can be tested.

II. DI-PHOTON PROCESSES

The diphoton final state at hadron colliders is experi-
mentally clean and theoretically well-controlled [27—48].
At leading order, the dominant mechanism is quark-anti-
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quark annihilation ¢g — yy. Gluon-initiated production in
the SM first arises at one loop via the quark box diagram,
which is subleading compared to ¢g — yy. However,
when interfering with new physics at tree level, this chan-
nel can also be sizable. Additional channels such as
gq — vyj produce extra jets, but photon isolation and jet-
veto cuts can suppress these contributions, so that the
two-photon final state remains the principal observable.

The higher-dimensional operators modify these pro-
cesses either by correcting SM vertices or by introducing
new contact interactions coupling two photons to quarks
or gluons. Gauge invariance forbids the local
photon—gluon contact operator at dimension six. The
leading local contact interactions first arise at dimension
eight. In the following, we first show that the leading di-
mension-6 effects do not interfere with the SM amplitude,
and then comment on the higher-order contributions be-
fore presenting the dimension-8 operators and their phe-
nomenology.

A. Dimension-6 Operators

At the dimension-6 level, the leading operators that
modify quark—photon couplings are dipole-type operat-
ors, such as (go*"u)¢B,, and (go**u)t'¢W/, [49]. A single
insertion of such a dipole operator flips the fermion chir-
ality relative to the SM tree-level amplitude, resulting in
light-quark-mass-suppressed interference with the domin-
ant SM ¢g — yy configurations at leading order.” The
analogous quark—gluon dipole operator (go*" T*u)¢Gy,
contributes at NLO and suffers from the same helicity
suppression. The square of the amplitude proportional to
dimension-6 Wilson coefficients can contribute to the
total cross section, but it is suppressed due to the follow-
ing reasons. First, the amplitude square of the dipole op-
erators scales as |Mgyq|* ~v2s/A*, which shows less en-
ergy growth compared to the interference term of dimen-
sion-8 operators Re(Mgy Mas) ~ s°/A*. Second, these op-
erators are strongly constrained by other measurements.
The scales of the quark electric dipole operators can
already be constrained to A >2TeV using electroweak
precision measurements and 36fb™' of LHC data, while
HL-LHC projections can extend these bounds to
4-5TeV [50, 51]. For the color dipole operators, Ref.
[52] showed that the scales are bounded by 2TeV from
the pp — hX process.

Other dimension-6 operators, such as the CP-even
triple-gauge operator e/XW/W’/WX and Higgs—gauge op-
erators, can, in principle, modify diphoton production
through loop insertion, but many of these operators are
tightly constrained by measurements of triple gauge
couplings and Higgs precision observables [53—59].

For the gluon-initiated channel gg — yy, insertions of
dipole operators into the one-loop box also induce heli-

city flips and do not produce a leading interference with
the SM box. Purely gluonic dimension-6 operators (e.g.,
FABCGAGEGC) are typically suppressed in their contribu-
tion to this observable. We summarize the effective scale
reach of the relevant dimension-6 operators in the ap-
pendix. Therefore, the diphoton process provides a clean
measurement of the dimension-8 operators and tests the
positivity bounds, without contamination from dimen-
sion-6 contributions.

B. Basic set of Dimension-8 Operators

Having shown that dimension-6 operators either do
not interfere or are tightly constrained, we focus on the
dimension-8 _operators relevant for diphoton production
[60, 61]. These operators fall into two classes: (i) quark-
portal operators coupling a quark current to two elec-
troweak field strengths, and (ii) four field strength operat-
ors coupling gluons to electroweak field strengths. Posit-
ivity bounds probe amplitudes that scale as s*; hence, op-
erators with two or more derivatives enter.

The relevant quark-portal operators are given by

1 Sy
Ouw = (i y" " u) Wy, WY, M
[ WDy P
OuB = Z(lup’y ur)BypBy 5 (2)
I .- 5
Oa’W = Z(ldp’y(#D }dr)W/ij\{pi (3)
1 ] {#(BV) P
OdB = Z(ldpy dr)BupBV N (4)
L WBn T ywip
W = 7 p r pp 'tV 0
Ogw = 4 (igyy" ™" q)W,, W (%)
L wBn P
qB = 7 \1qp r)Bup by, "
O = 77,y 4,)B,, B (©)
Lo By Ip
OqBW = Z(ICI,;)’ qr)B,upWy s (7)

where [ is the SU(2) adjoint index, and p and r refer to
the flavor indices. In the following, we work in the fla-
vor-diagonal limit and focus on the first generation. All
the relevant operators above induce the same Lorentz
structure for the process gg — yy. The other set of CP-
even operators describes the interactions between gluons
and photons, from the combinations of four field strength
tensors, given by

1) For all that matters at the LHC, all light quarks are considered massless, so we use helicity and chirality equivalently for the rest of the paper.
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Oy = (WL, WH)G,GY7) @®)
02z = (WL W) (GA,GY) ©)
Oy = (WL,GY" )WL, G, (10)
0D, = (WLGY¥™)Y(W! G¥7) (1)
Ofge = (B B)G), G, (12)
02, = (B, B")(GA,G*) (13)
03 = (BGM)(B,, G, (14)
O =BG ) (B, GY7) (15)

where / and A are the SU(2) and SU(3)¢ adjoint indices,
respectively. For the OV and O® operators, the gluon
field and the electroweak field are separately contracted.
In contrast, for the 0% and O™ operators, one gluon field
tensor contracts with the electroweak field tensor. These
different operator combinations lead to distinct kinemat-
ics. In the following, we analyze the positivity bound of
these operators and their observational effects at the
LHC.

C.

We first consider the quark-initiated channel and turn
on the seven quark-portal operators with Wilson coeffi-
cients ¢;/A*. In the SM, the non-vanishing helicity amp-
litudes for massless quarks are M(g.g,y"y™) and
M(grgry*y~). We adopt the convention that all external
momenta are outgoing and +/-— label the right/left-
handed helicity modes. Considering the amplitude
q(p1) +G(p2) — y(p3) +y(p4), the contribution from the di-
mension-8 quark operators to the amplitudes takes the
compact spinor form.

qq — Yy processes

C
M(qrquy™y e = quj[13][23]<24>2, (16)

C
M(qrary™y as = [T'T<14><24>[23]2, (17)

where g = u,d, and the weak-mixing combinations enter-
ing the photon coupling are

C, = cffv)v sin® Oy + cf;z cos’ Oy — cf;gw cos Oy sin by,

(18)
Cyy = clhysin® Gy + clip cos? By + coyy cos Gy sin by,

(19)
Cup = %) sin’ By + c®) cos? By, (20)
Cy = c&gv)v sin® Gy, + csg cos” Oy 21

Summing over initial-state helicities yields a partonic
differential distribution proportional to the averaged coef-
ficient C, = (C,, +Cy,)/2.

Applying the forward-limit positivity bound [4, 5] to
the crossed elastic process gy — ¢y yields the sign con-
straints C,, >0 and C,, >0 (and hence C, > 0).

D. gg— yy process

The CP-even gluonic operators yield the following
helicity amplitudes for the process
g(p1)+8(p2) = y(p3) +¥(pa):

M8y Y as = % (4012P[341(Cy = Co2)

+ 2([13]2[24]2+[14]2[23]2)(Cg,3—cg,4))5“1“2
%4[12}%34%(0&, +C,2)0"®,
M8y s = 1 2013P Q4 (Cos + G,

Mgy Y s =

1
Mg g™y Y Das = 7 2[1417(23)*(Cy 3 + Cpa)d™ ™,

A4

where a;, are the SU(3) adjoint indices for gluons, and
the electroweak—gluon combinations are defined as
Cyi =sin® Oy ), +cos? Oy ch .. The contraction of the
field-strength tensors enforces equal helicities for the two
gauge fields. Consequently, the Lorentz structure singles
out the operators in different channels. C,, and C,, enter
only in the s-channel, and C,; and C,, only show up in
the ¢ and u channels.

Imposing the positivity bound on the crossed process
gy — gy, we find that

ng3 > 0, Cg,4 >0. (22)
There is no constraint on the other two Wilson coeffi-
cients C,; and C,,, as the amplitudes from the two con-

tact terms vanish at the forward limit 7 = 0.
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III. PROBING THE POSITIVITY BOUND AT LHC

In this section, we evaluate the LHC sensitivity to the
dimension-8 operators [62—69] relevant for positivity
tests. The full amplitude consists of the SM contribution
plus the EFT contact term. Our baseline is performed at
leading order in QCD and focuses on the interference
term linear in the dimension-8 Wilson coefficients. Ex-
panding the squared amplitude leads to

IMsm + Masl” = IMsul’ + 2Re(MgyMas) - (23)
Here we neglect the |Mgys|*> (A3-suppressed) term and
treat the interference Re(Mg,Mas) as the signal, with
[Msul> being the dominant background.”

We focus on two primary channels: the quark-initi-
ated process gg — yy and the gluon-initiated process
gg — vy. The signal rate of gg — yy, originating from the
interference between the SM loop diagram and the tree-
level diagram from dimension-8 operators, is generally
much larger in relative size than that of the quark-initi-
ated interference. This results from the fact that the inter-
ference term carries only a single loop factor, whereas the
SM gluonic channel is doubly loop-suppressed. While the
majority of SM events are concentrated in the low § re-
gion, the contribution from dimension-8 operators—char-
acterized by high-derivative interactions—is enhanced at
high 3.

For the numerical computation, we exploit the
FeynCalc package [70—73] with interfaced LoopTools
[74]. The convoluted PDF is <chosen to be
nCTEQ15FullNuc_1 1 [75]. Both the renormalization
scale and factorization scale are set to be V§. We vary
this scale from V3/2 to 2 V3 as an estimate of the theoret-
ical uncertainty. In our analysis, we work at the leading
order (tree level for ¢qg — yy and one-loop box diagram
for the SM contribution to gg — yy). While higher-order
QCD corrections can be sizable, characterized by an O(1)
K-factor [39, 45], our primary goal is to highlight the im-
pact of the new physics. Hence, we leave the precision
QCD improvement for future work.

As shown in the previous sections, there are six inde-
pendent coefficients in total, namely C,,Cy, Cy1,Cy2,Cl3,
and C,4. In the following, we first turn on each individu-
al operator relevant to the positivity bound and display
the constraint on the corresponding coefficient. Then all
relevant operators are turned on simultaneously and chi-
square fitting is performed to derive the constraints on
each Wilson coefficient. To fully exploit the available
kinematic information, we first compute the 2D differen-
tial distribution do/(d V3dAy), where Ay is the rapidity
difference of the two outgoing photons, to capture and

characterize the angular dependence of different operat-
ors and processes. For illustration, the distributions
do/d V3 and do/dAy for SM and the operators are shown
in Fig. 1 and 2. The invariant mass V3 is restricted to
range from 200 GeV to 2 TeV, and Ay is limited from 0
to 5. The curves corresponding to C, and C,; represent
the interference terms, which are linear in C,/A* and
C,:/A*, respectively. For normalization, we adopt the
benchmark values C,=C,; =1 and A =2 TeV. The fol-
lowing kinematic cuts are applied in the diphoton distri-
butions:

n(y) < 2.5, pr(y) >30GeV . 24)

As shown in the figures, the differential distribution
in the SM case decreases with increasing diphoton invari-
ant mass. In contrast, the distributions for C, and C, ap-
pear relatively flat. This behavior arises from the com-
pensating effects of the dimension-8 operators, which en-
hance the high § region. The contribution from C, is sev-
eral times larger than that from C,, reflecting the larger
PDF for u-quarks compared to d-quarks. For the gluonic
operators, the curves for C,; and C,, in Fig. 2 are nearly
parallel, consistent with the amplitude from these higher-
dimensional operators scaling as §*. The behavior of C,;
is more intricate: the signal flips sign around 1.8 TeV.
Below this threshold, the negative interference from the
+—+-— and +-—+ configurations dominates, whereas
above this energy, the positive contribution from the
++++ configuration overtakes. For the normalized
do/(odAy) distribution, the results for C, and C, are
nearly indistinguishable across most of the Ay range, with
noticeable differences only in the low-Ay regime. Com-
pared to the Standard Model, the signals induced by C,
and C, are more concentrated at low Ay, reflecting en-
hancement in highly boosted configurations. The signals
from the gluonic operators exhibit a similar pattern but
possess distinct distributions, allowing them to be clearly
separated.

To set bounds on the Wilson coefficients (equival-
ently on the effective scale A/(C™Y)"/*), we perform a
binned chi-square analysis on the 2D differential distribu-
tion do/(d V3dAy). For the 14 TeV projections, the di-
photon invariant mass m,, is binned from 200 GeV to 2
TeV in steps of 100 GeV, while Ay is binned from 0 to 5
in intervals of 0.5. For the 100 TeV projections, we use
my, € [1,6]TeV with a 500 GeV bin width and the same
Ay binning. Bins containing fewer than 10 expected SM
events are discarded. We compute the chi-square func-
tion for the i-th bin,

1) Compared to the previous study on the | Mgg|? signal for the gluonic operators [68, 69], not concerning positivity, we find compatible sensitivity.
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Fig. 1. (color online) Top: Invariant mass distribution of the

SM background and the interference signal from quark-photon
operators. Bottom: Normalized Ay distribution. Curves labeled
0, and O, show the interference term with only the up- or
down-quark operator switched on with C, =1 and A =2TeV.

SN2/ 1 =
s (3) (3 oo
i =\ 3, B O

where S; and B; represent the number of events for the
signal and background, respectively, and §; refers to the
theoretical uncertainty from PDF scale variation. The
total Ay? is obtained by summing over all bins.

We require the new physics contributions to lie with-
in the 95% confidence interval of the SM prediction. The
corresponding results are shown in Fig. 3. Since the con-
tributions of C, and C, are nearly degenerate, we only
turn on C, while marginalizing over the other four oper-
ators C;. The dark bar in the figure represents the result
from the marginalized projection when turning on all op-
erators, while the light bar corresponds to the sensitivity
of an individual operator turned on. For the marginalized
projection, at the 14 TeV HL-LHC, the effective probed
scales are all around 2 TeV. At a future 100 TeV proton-
proton collider with the same luminosity, the reach can
extend to 5-8 TeV. When turning on individual operat-
ors, the projected sensitivity ranges from 3 to 5 TeV for
the 14 TeV HL-LHC, and from 7 to 20 TeV for the 100
TeV proton collider.

Furthermore, we show the correlation between differ-
ent coefficient pairs on the 2D plane in Fig. 4. The blue
curve is for the case of turning on five coefficients, and
the orange curve is for turning on two coefficients. The

(25)
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Fig. 2. (color online) Top: Invariant mass distribution of the

SM background and the interference signal from gluon-photon
operators. Bottom: Normalized Ay distribution. Curves labeled
0,,; show the interference term with the corresponding C,; = 1
and A=2TeV.

100 TeV
20 114 TeV
> 10}
-
< 5
L\j
<
1t
Cu Cg,] Cg,2 Cg,3 Cg,4

Fig. 3.  (color online) The 95% C.L. reach for the effective
scale A/(C)'* of different operators is depicted. Light-
colored bars represent individual operator bounds (with one
operator turned on at a time). Darker bars illustrate the mar-
ginalized projection with five operators varied simultaneously.
The results assume an integrated luminosity of L =3ab™" at 14
TeV and 100 TeV.

light shading indicates the region allowed by the positiv-
ity bounds for the corresponding coefficients. This indic-
ates that the diphoton channel not only allows positivity
bounds to be tested at high energy scales, but also en-
ables SMEFT fittings to be combined with positivity con-
straints to obtain stronger bounds on the Wilson coeffi-
cients.
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Fig. 4. (color online) Projected 95% C.L. contours in repres-

entative 2D planes of Wilson coefficients at the 14 TeV HL-
LHC. The blue contour is obtained when five coefficients (all
except C,) are floated, and the orange contour shows the two-
parameter fit (only the two indicated coefficients are nonzero).

IV. SUMMARY AND OUTLOOK

In this paper, we examine the implications of positiv-
ity bounds on dimension-8 operators contributing to the
diphoton production process at the. LHC and future had-
ron colliders. We systematically identify all interactions
involving two photons and either a quark or gluon pair,
and show that the leading contributions start from dimen-
sion-8 operators. The positivity bounds require the
Wilson coefficients associated with quark-photon operat-
ors to be positive, while certain gluon-photon operators
remain unconstrained due to the vanishing forward scat-

Table Al.
photon production. All the bounds are recast and projected to

Bounds on dimension-6 operators relevant to di-

HL-LHC, assuming the dimensionless couplings C = 1.

Operator Constraint Signal
(o w)@Byy A >4.6TeV [50]
(G uyr gwi, A>42TeV [50] LO
(§o** d)pByy A >42TeV [50] Mgl ~ 28
(Go )T gW!, A >39TeV [50]
(Go" TAu)pG, A>2.6TeV [52]
NLO
(G TAd)3GH, A >22TeV [52]
eV Kwiw! wk A > 10TeV [58] NLO

tering amplitude.’ The quark-initiated operators modify
the gG — yy process, whereas the gluonic operators con-
tribute to the gg — yy channel. We analyze the resulting
differential distributions and assess sensitivity using a
binned chi-square on (m,,, Ay). Two benchmark scenari-
os are considered: the 14 TeV HL-LHC and a prospect-
ive 100 TeV proton-proton collider, both with an integ-
rated luminosity of L = 3ab™'. Working at interference or-
der, we find that the 95% C.L. exclusion limits for the ef-
fective scale typically reach ~2TeV at the HL-LHC and
exceed ~5TeV at a 100 TeV collider. This provides a
powerful probe of the positivity bounds in the quark and
gluon sector, and thus tests the fundamental principles of
quantum field theory.
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The projected sensitivities of the dimension-6 operat-
ors at the HL-LHC.
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