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We study higher-order QCD corrections for the associated production of a top-antitop quark pair and a
photon (¢7y production) in proton-proton collisions. We calculate the approximate next-to-next-to-leading
order cross section, with second-order soft-gluon corrections added to the complete next-to-leading order
result, including uncertainties from scale dependence and from parton distributions. We compare our
results to recent measurements from the LHC, and find that the soft-gluon corrections provide improved
agreement with the data. We also calculate differential distributions in top-quark transverse momentum

and rapidity.
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I. INTRODUCTION

The production of a top-antitop quark pair in association
with a photon, i.e. 7y production, for which evidence was
first seen at the Tevatron [1], has been observed and studied
at the LHC [2-9]. The cross section for this process is
sensitive to the top-quark charge [10,11] as well as any
possible modifications of the top-photon interaction vertex
from new physics [12-14].

The next-to-leading order (NLO) QCD corrections for
this process were calculated in [15,16] and, including
top-quark decays, in [17]. Matching with parton shower
was done in [18] and further numerical studies were done
in [19], while electroweak corrections were calculated
in [20,21]. More studies with off-shell effects were
performed in [22-24]. The top quark charge asymmetry
in tfy production was studied in [25].

Soft-gluon resummation [26-35] is very important for
top-quark processes since the cross section receives large
contributions from soft-gluon emission near partonic thresh-
old because of the large top-quark mass. This is well known
for numerous 2 — 2 top-quark processes, including top-
antitop pair production [26,27,29,32,36,37] and single-top
production [28,30,31,33,34]. More recently, the resumma-
tion formalism has been extended [35] to 2 — 3 processes,
in particular tgH production [38], tgy production [39],
and tgZ production [40]. In all these processes, as well as
in tty production, the soft-gluon corrections are dominant
and account for the majority of the complete corrections
at NLO.
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In this paper, we calculate approximate next-to-next-to-
leading order (aNNLO) cross sections and top-quark differ-
ential distributions for 77y production. The aNNLO results
are derived by adding second-order soft-gluon corrections
to the complete NLO calculation which includes QCD plus
electroweak (EW) corrections. In the next section, we
describe the soft-gluon resummation formalism for f7y
partonic processes. In Sec. III, we present numerical results
for the total cross section through aNNLO. In Sec. IV,
we present results for the top-quark differential distributions
in transverse momentum, py, and rapidity. We conclude
in Sec. V.

II. RESUMMATION FOR #fy PRODUCTION

We begin with the soft-gluon resummation formalism for
tty production. At leading order (LO), the parton-level
processes are a(p,) +b(py) = 1(p,) +1(ps) +1(py),
with @ and b denoting two incoming gluons or a quark-
antiquark pair, and we define the usual kinematical vari-
ables s = (p, + pp)* t = (py — p,)* and u = (p, = p,)?,
as well as ' =(p,+p;)? ¢ =(p,—pp)? and
u' = (p, — p;)*. If an additional gluon is emitted in the
final state, then momentum conservation gives p, + p, =
p: + pi + p, + p, where p, is the gluon momentum. We
also define a threshold variable s4 = (p; + p, + pg)2 -
(pi+ p,)* = s+ t+u—mi — (p; + p,)* which involves
the extra energy from gluon emission and which vanishes
as p,— 0. The soft-gluon corrections appear in the
perturbative series as terms with coefficients multiplying
plus distributions of logarithms of 4, specifically
Ink(s,/m?)/s, where k takes integer values from 0 through
2n — 1 for the nth order corrections.

Resummation follows from factorization properties of
the cross section and renormalization-group evolution. We

Published by the American Physical Society


https://orcid.org/0000-0001-7302-6242
https://orcid.org/0000-0002-3227-495X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.034013&domain=pdf&date_stamp=2023-02-16
https://doi.org/10.1103/PhysRevD.107.034013
https://doi.org/10.1103/PhysRevD.107.034013
https://doi.org/10.1103/PhysRevD.107.034013
https://doi.org/10.1103/PhysRevD.107.034013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

NIKOLAOS KIDONAKIS and ALBERTO TONERO

PHYS. REV. D 107, 034013 (2023)

begin by writing the differential cross section for fzy
production in proton-proton collisions as a convolution,

do

pp—=tly =

Z/dxa dxb¢a/p(xa’ﬂF)
b

X ¢b/p(xb’/“tF)d&ah—>lfy(s4vﬂF)’ (21)
where p is the factorization scale, ¢/, and ¢, are parton
distribution functions (pdf) for parton a and parton b,
respectively, in the proton, and 6,,_,, is the partonic cross
section which at a given order also depends on the
renormalization scale pp.

The cross section factorizes if we take Laplace trans-
forms, defined by

. (2.2)

6ab_),;7(N)—A dS4 _NS4/Y ab—>tty(s4)
where N is the transform variable. Under transforms, the
logarithms of s, in the perturbative series turn into
logarithms of N which, as we will see, exponentiate.
We also define transforms of the pdf via $(N) =
Je™¥U=¥)g(x)dx. Replacing the colliding protons by
partons in Eq (2 1) [27,35,41], we thus have a factorized
form in transform space

(za/a (Nav /"F)&b/b (Nb’ ﬂF)déab—nf}' (Nv /"F)'
(2.3)

déab—n‘?y (N) =

The cross section can be refactorized [26,27,35] in terms
of an infrared-safe short-distance hard function, H,;_ g,
and a soft function, S,_,7,, which describes the emission of
noncollinear soft gluons. The hard and the soft functions
are 2 x 2 matrices in the color space of the partonic
|

x Bresum
ub—>tt7

= exp [ZE
i=a,b

i=a,b F

- s VS/N du
XSah—nfy <a‘\‘ <\]<,—> > P eXp |:/ IWS ab—tty (as
N

where P (P) denotes path-ordering in the same (reverse)
sense as the integration variable y. The first exponential in
Eq. (2.6) resums soft and collinear emission from the
initial-state partons [41], while the second exponential
involves the parton anomalous dimensions y;,; and the
factorization scale y. These are followed by exponentials
with the soft anomalous dimension matrix I's 7, and its
Hermitian adjoint. Explicit results for the first two
exponents of Eq. (2.6) can be found in Ref. [35].

e[S [ %000 |u{ et | [ s

scattering for an incoming quark-antiquark pair, while they
are 3 x 3 matrices for two incoming gluons. We have

daahetf;/(N) = l/~/51/51(AIa’:"tF)l/‘}b/b(]vhvIMF)

e Hop ) Sun- ()

(2.4)

where the functions y are distributions for incoming
partons at fixed value of momentum and involve collinear
emission [26,27,35,41].

Comparing Eqgs. (2.3) and (2.4), we find an expression
for the hard-scattering partonic cross section in transform
space

ll:/a/a(Nav,MF> <Nb ﬂF)
¢a/a( a» ﬂF)¢b/b(Nb’ :uF)

x tr{HaM (1)) S (%) }
(2.5)

déab—n?y (N) =

The dependence of the soft matrix on the transform
variable, N, is resummed via renormalization-group evo-
lution [26,27]. Thus, S,;_, iy Obeys a renormalization-group
equation involving a soft anomalous dimension matrix,
[s ap— s> Which is calculated from the coefficients of the
ultraviolet poles of the eikonal diagrams for the partonic
processes [26-35].

The N-space resummed cross section, which resums
logarithms of N, is derived from the renormalization-group
evolution of the functions S’ab_ﬁ;y, Wajas Wb/bs g;ﬁa/a, and

(}h/b in Eq. (2.5), and it is given by

o e (@)

W)}

The soft anomalous dimensions for ffy production are
essentially the same as for 7 production [26,27,32], since
the color structure of the hard scattering is the same, with
only some modifications to account for the 2 — 3 kin-
ematics (see Ref. [42] for a review). For the processes
q(p.) +4(py) = t(p,) +(p:) +r(p,) we choose a color
tensor basis of s-channel singlet and octet exchange,
A — 5,600, A9 = T¢ T¢,, where 1 and 2 are
color indices for the top and antitop quarks, respectively.

(2.6)
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Then, the four matrix elements of I'g,;_.7 are given at one loop [42] by

2\ (4 2
(1) (1) Cr () (1) (t=mi) (' —m7)
Ly - =—Cp(Ly+1), L,y - =—I,_ -, Iy, - =1 ,
11 gg—tty F( p ) 12 gg—tiy 2N, 21 qg—tty 21 qg—tty n((u _ ?)(l/t/ _ t2>

u—mi)(u —m;

where Ly = “;5’2)111(;;7,1), with f' = /1 —4m?/s', and Cp = 4/3, C, = N. = 3 in QCD. ]
For the processes g(p,) + g(py) = t(p:) + 1(p:) + y(p,) in the color tensor basis ¢{~"" = 59055, 37" = d**°T¥,,

cg”_}ﬁy = if*T¢,, the nine matrix elements of ', . are given at one loop [42] by

o (1) (1)
Fllgg_”;y - _CF(Lﬁ/ +1), F12gg—>z?y - FZIgy—»z?y =0,
2\( 4+ 2
oL ((—md)( —m]) .
Flng—»l?y - Eln<(u _ m%)(u/ _ mZZ) ) r:},] gg—>ﬁy = 2F13£]{]—>ﬁ}”

" (CF ) %> 1y G Fln((t — ) (¢ = ) (u = m2) ! = m%>> _ 1],

22 gg—1ly 7 |2 ) m?
o _Car o _(N=4) DY
23 gg—tty 7 13 gg—tty? 32 gg—tty — N 13 gg—tiy’ F33 gg—tty — F22 gg—tiy* (28)
|
At two loops, again the results are essentially the same as III. TOTAL CROSS SECTIONS

for ¢7 production [32,42].

We can expand the resummed cross section, Eq. (2.6), to
any fixed order, and then do a straightforward inversion
back to momentum space without requiring a prescription
[35]. Thus, by expanding to NNLO, we can calculate the
first-order and second-order soft-gluon corrections. By
adding the latter to the complete NLO results, we thus

In this section we present results for total cross
sections for #fy production. We use a top-quark mass
m; = 172.5 GeV and set the factorization and renormal-
ization scales equal to each other, with this common scale
denoted by u. The complete NLO results, which include
both QCD and EW corrections, are calculated using
MadGraph5_aMC@NLO [43,44] following the prescriptions

perform aNNLO calculations. of Ref. [21]. We use MSHT20 [45] pdf in our calculations.
pp->tty cross section u=m=172.5 GeV pp->tty crosssection u=m=172.5 GeV
MSHT20 NNLO pdf P> 20 GeV isolated Y MSHT20 pdf at each order Py > 20 GeV isolated ¥
4 e e 4 — T T T~ T T T T 1

K-factors over LO ] | K-factors over LO

G (pb)
G (pb)

7 8 9 10 11 12 13 14 7 8 9 10 11 12 13 14
VS (TeV) VS (TeV)

FIG. 1. The total cross sections at LO, NLO, and aNNLO for #7y production in pp collisions at LHC energies using (left) MSHT20
NNLO pdf and (right) MSHT20 pdf at each order. The inset plots display the NLO/LO and aNNLO/LO K-factors.
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TABLE L. The fty cross sections (in pb) at LO, NLO, and aNNLO, with scale uncertainties, in pp collisions with V§=17,8,13,13.6,

and 14 TeV, m, = 172.5 GeV, and MSHT20 pdf.

fty cross sections in pp collisions at the LHC, p,r > 20 GeV, isolated y

o in pb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
LO QCD (LO pdf) 0.380" 000 0.541+0:2% 1.8170¢! 2.0379¢8 2.141071
LO QCD + EW (LO pdf) 0.38110 052 0.54410-299 1.821041 2.0410%% 21515070
LO QCD (NLO pdf) 0.33170018 0.47410-162 1587037 1767933 1.897927
LO QCD +EW (NLO pdf) 0.33370018 0.47753162 1.601052 178703 1.90753]
LO QCD (NNLO pdf) 0.33370040 0.478751% 1597032 1775938 1.895037
LO QCD + EW (NNLO pdf) 0.3357 0048 0.47970162 1.601047 1784034 1.901038
NLO QCD (NLO pdf) 0.49170:064 0.707- 3008 247595 2.7210:3¢ 2927038
NLO QCD + EW (NLO pdf) 0.4827 5058 0.6951 0083 2467035 2.731938 2.891037

NLO QCD (NNLO pdf)
NLO QCD + EW (NNLO pdf)
aNNLO (NNLO pdf)

O.49Of§"§625:
0.485:())_'%%
0.54755 0>

o.708i§;§§§
0.7050.089

249703 2767038 296704
247103 2741031 2.9410%

044 0.18 +020 +0.
O~789f8,840 2'74ir0.1l 6 3‘O4t0.126 3-26:)‘127]

In Fig. 1, we plot the total cross section for ffy
production in proton-proton collisions as a function of
the collider energy. We impose a cut on the transverse
momentum of the photon, p,; > 20 GeV, and require the
photon to be isolated, as defined in Ref. [17]. We show the
central (4 = m,) LO, NLO, and aNNLO cross sections
using MSHT20 NNLO pdf throughout (left plot) or using
MSHT?20 pdf corresponding to each order of the perturba-
tive calculation (right plot). Thus, the plot on the left is
more useful in showing how each order in the series
contributes to the final aNNLO result, while the plot on
the right is more useful in showing stand-alone results
at each order. The inset plots in both cases display the
K-factors relative to LO, i.e. the NLO/LO and aNNLO/LO
ratios. The K-factors are large and they rise slowly with
collision energy.

In Table I we show total rates, with scale uncertainties,
for ¢ty production for various LHC energies at LO, NLO,
and aNNLO using the photon cuts described before and
MSHT20 pdf at various orders. For the LO and NLO
calculations, we show results both with QCD only con-
tributions and with QCD + EW contributions. We note that
the difference between the NLO QCD and NLO QCD +
EW cross sections is smaller than 1%, making the EW
effects negligible, in agreement with the results of [21].

The central results in Table I are obtained by setting y =
m,; while the uncertainties are found by varying the scales
between m,/2 and 2m,. The scale uncertainties are roughly
+13% at NLO and around 5 to 6% at aNNLO for all LHC
energies. In addition to scale variation, there are also
uncertainties from the pdf. Including pdf uncertainties,
we find that the aNNLO cross sections are given by
0.54750 57 s pb at 7 TeV; 0.789100: 0010 pb at
8 TeV; 2.7410131098 pb at 13 TeV; 3.047 070109 pb at
13.6 TeV; and 3.267021199 pb at 14 TeV. The pdf

uncertainties are much smaller than the scale uncertainties,
especially at higher energies.

Furthermore, we note that the K-factors as well as the
scale and pdf uncertainties are very similar to those found
in 7 production [32,36]. While this finding is not too
surprising, given the similar QCD structure for these
processes, it is nevertheless noteworthy.

Finally, we compare our predictions with the most
recent, and most accurate, measurement of the cross section
for the process in the dilepton decay channel from CMS at
13 TeVenergy [8]. They measure a cross section of 175.2 +
2.5(stat) £ 6.3(syst) fb which is compared to an NLO
prediction of 155 £ 27 fb with scale and pdf uncertainties.
The CMS central result is significantly higher than the
central NLO prediction, and it also has a much smaller
uncertainty. Our aNNLO calculation instead gives a cross
section of 1737113 fb which is in much better agreement
with the data and more commensurate with it in overall
uncertainty.

IV. TOP-QUARK DIFFERENTIAL
DISTRIBUTIONS

As the resummation formalism in Sec. II indicates, soft-
gluon resummation is derived not only for total cross
sections but also for differential distributions. In this section
we present results for the top-quark transverse-momentum
and rapidity distributions in 77y production. Again, we use
MadGraph5_aMC@NLO [43,44] for the complete NLO results
to which we add second-order soft-gluon corrections to
derive aNNLO distributions.

In Fig. 2, we plot the central (u = m,) results at
LO, NLO, and aNNLO for the top-quark p; (left plot)
and rapidity (right plot) distributions in 7y production
at 13 TeV LHC energy with MSHT20 NNLO pdf and
with the same p,; cut and photon isolation requirement as

034013-4
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top rapidity VS=13 TeV p=m=172.5 GeV
MSHT20 NNLO pdf Pyr >20 GeV isolated y
20 — T T T T T T T

pp->tiy

K-factors over LO

do /dp, (fb/GeV)

0 50 100 150 200 250 300
top p; (GeV)

top rapidity VS=13 TeV  p=m=172.5 GeV
MSHT20 NNLO pdf Pyr >20 GeV isolated y
1000 — T T T T T T T

pp->tty

F — aNNLO E
—- NLO
- LO

800

do /dY (fb)

o
=)
S

200

FIG. 2. Top-quark p; (left) and rapidity (right) distributions at LO, NLO, and aNNLO in 7y production at 13 TeV LHC energy.

The inset plots show the NLO/LO and aNNLO/LO K-factors.

pp->tty toprapidity VS=13.6TeV p=m=172.5GeV
MSHT20 NNLO pdf Py >20GeV isolated y

20 . T . T . T . T . T .

do /dp, (fb/GeV)

0 50 100 150 200 250 300
top p; (GeV)

FIG. 3.
The inset plots show the NLO/LO and aNNLO/LO K-factors.

for the total cross section. The K-factors relative to the
LO results are shown in the inset plots. For the pr
distribution, we note that both the NLO/LO and the
aNNLO/LO K-factors decrease as the top-quark trans-
verse momentum increases. For the rapidity distribution,
we see that both K-factors are relatively flat for central and
moderate values of the top-quark rapidity, but they begin
to grow for rapidities larger than 2. Regarding the
theoretical uncertainties from scale variation (which are
not shown in the plots) we note that they are very similar
to those for the total cross section in most of the range
plotted for the p; and rapidity distributions, but they
become a little smaller at large pr and bigger at large
rapidities.

pp->tiy toprapidity VS=13.6TeV p=m=172.5GeV
MSHT20 NNLO pdf Py >20GeV isolated y
1000 T T — — — — T

F — aNNLO E
—- NLO

800 |- -~ Lo -

o
S
S

T
1

do /dY (fb)

IS

S

S
T
1

200 |- : [ ’ -

Top-quark pr (left) and rapidity (right) distributions at LO, NLO, and aNNLO in ffy production at 13.6 TeV LHC energy.

In Fig. 3, we plot the LO, NLO, and aNNLO top-quark
pr (left plot) and rapidity (right plot) distributions in #fy
production at 13.6 TeV LHC energy. The K-factors relative
to the LO results are shown in the inset plots, and we
observe the same trends for the K-factors and the scale
uncertainties as at 13 TeV.

In Fig. 4, we plot the LO, NLO, and aNNLO top-quark
pr (left plot) and rapidity (right plot) distributions in 77y
production at 14 TeV LHC energy. The K-factors relative
to the LO results are shown in the inset plots, and again we
make the same observations for the K-factors and the scale
uncertainties as at 13 and 13.6 TeV. In all cases, the
enhancement from the aNNLO soft-gluon corrections is
very significant.
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top rapidity \S=14 TeV u=m=172.5 GeV
MSHT20 NNLO pdf Pyr >20GeV isolated y

pp->tty

20 . T . T . T . T . T .

K-factors over LO

0 50 100 150 200 250 300
top p; (GeV)

top rapidity VS=14 TeV  p=m =172.5 GeV
MSHT20 NNLO pdf Pyr >20GeV isolated ¥
1000 . T . T . — T . T .

pp->tty

800

do /Y (fb)

IS
=3
S

200

FIG. 4. Top-quark p7 (left) and rapidity (right) distributions at LO, NLO, and aNNLO in ¢7y production at 14 TeV LHC energy. The

inset plots show the NLO/LO and aNNLO/LO K-factors.

V. CONCLUSIONS

We have provided a study of higher-order corrections for
tty production at the LHC. We have included complete
QCD and EW corrections at NLO as well as soft-gluon
corrections at aNNLO. We have calculated total cross
sections at the LHC as a function of the collider energy,
from 7 to 14 TeV, as well as top-quark differential
distributions.

The total cross sections get large enhancements from the
complete NLO QCD and EW corrections (around 50%),
with the EW effects being negligible, in agreement with the
results of [21]. The additional aNNLO QCD corrections are
significant, accounting for a further ~15% enhancement of
the cross section. The theoretical uncertainties from scale
variation get reduced with each increasing perturbative
order. We have found that the K-factors at both NLO and

aNNLO are very similar to the corresponding ones for 77
production.

We have also computed the top-quark p; and rapidity
distributions for three representative center-of-mass ener-
gies, namely 13, 13.6, and 14 TeV. These differential
distributions also receive large corrections at NLO and
further significant enhancements at aNNLO.

Our aNNLO results provide the first theoretical predic-
tion beyond NLO for tfy production at the LHC. The
enhancement from the aNNLO soft-gluon corrections
improves the agreement with recent data from the LHC.
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