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Motivation: direct photon production

Consider inclusive process of direct photon production in the region tr > A:

p(P) +p ) = v(pt.pr) + X,

where P, = (P*/2) ny with P* = /S. We use Sudakov light-cone basis n4.: (ns,ns) =2,
p* = (pns).soy(p) = (1/2)In(p™/p").

Properties:
» Single—scale process: ur ~ pr = DGLAP logs o' In" (u% /A2) supposed to be dominant;
» Fully perturbative process at parton level;
» Good probe to study PDFs / asymmetries / etc.
Disadvantages:
» Higher order corrections are found to be large = resummation is needed,

» Direct photon production is studied at high p7 = Collins—Soper—Sterman (CSS) approach is
not suitable for studying TMD PDFs.

One possible solution is the Parton Reggeization Approachinefedoy, Salcev, Shipilova *13]-
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Motivation: direct photon production in the PRA

Introduce x+ = p*/P*, then cross section for the direct photon production in the Collinear
Parton Model (CPM) reads:

1
dz dz_ N
o(CPM) _ /ﬁ F <xi”uF)/ < F( ,,,LF) xH(zj[,as(u]%)) + (9( )
k. I+ 4+ J Z— Z— ,uF

here F(x,u?) = x f (x, u2). We assume pip =~ g =~ .

» Motivation: resum already in LO large radiative corrections keeping .

» Resummation formalism: Parton Reggeization Approach (PRA), uses properties of the
Modified MRK (mMRK) approximation correct up to z+ ~ 1. Based on the High—Energy

Factorization or ky—factorization|Grivov, Levin, Ryskin *84; Collins, Ellis *91, 94; Catani, Hautman *94]-

The purpose of this study is to calculate direct photon production cross section in the NLO*
approximation of the PRA from /S = 13 TeV down to SPD energies /S ~ 20 — 30 GeV.
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PRA: I

Cross section in the PRA has a ky—factorization form:

d
o PRY) (pp — yX) / s / Dy(x—,qF,, U7)

MRK 2 A# IJF
x g™ )(Xi,QTm%(HR), ) + O .
PROCESS INDEPENDENT Unintegrated PDF (uPDF) calculated in the modified KMRW (mnKMRW)
modeljKMR "01; MRW "03; Nefedov, Saleev 20]*

d? qr, dx_ [d* q7
: <I>q(x+,qT| NF / / L

o (a}) T (x,q7,
o f) = SIS [y (1) o (o (ahs) ).

» Exact normalization condition:

"Hi
/0 dq7 ®;(x,q7,u7) = Fi(x, up).

» Inthe limit q7 < up: 1-A (q%,u%) ~ |qr|/pr and Sudakov form factor becomes

2

2 .2 u 3.u
(otsd) = o] & o (20
qr qr
= consistency with the Collins—Soper-Sterman approachicss *gs: 11}
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PRA: II

Cross section in the PRA has a ky—factorization form:

dx, [d*q d’*q
o PRA) (pp — yX) / +/ L L (X+7QT1 uf / / Lo, (xfaquJlF)
A# 2
x  ge(mMRK) (xi,qrwas(u,%),...> + O (u—#,%)
F

rrocess perenvent Hard Scattering Coefficient (HSC) 7(™MRX) calculated in the modified MRK
(mMRK) approximation for QCD amplitudes, so it is gauge invariant due to gauge invariance of
the effective vertices, f.e., in the LO:

(m+ﬂﬁ”ﬂ$mmKXm)QWﬁ—+ﬂ:

unlike to case of the TMD factorization where:
TMD _
(@1+@)" ™M (alar) d(a2) > 7) = O (a, /).
Together with mKMRW uPDFs properties, PRA may be considered as a gauge—invariant TMD.
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Direct photon production in the PRA

The tree-level partonic subprocesses of the orders O (o o)) with n+m < 2:

LO, IR finite: 0(q)+0(q2) — 7l(g3),
NLO*, IR finite: Q(q)+R(q2) — v(g3)+q(qq),
NLO", IR diverge: 0(q)+0(q2) — v(g3)+g(q4)

» There is no collinear divergences when q3 || q4 since the experimental definition of the

cross section requires no hadrons in the isolation cone of the photon:

olis0) — 5 (,. > R(iSO)) , r= \/m

» To estimate the fragmentation photons contribution, one may use the Frixione modification

of the cone condition:

(iso) 1—cosr \"
Er < E . .
ro= T x(rsn), x(rsm) < 1 — cos R(is0) )

We found the impact of the Frixione cone condition is negligibly small.
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mMRK double counting subtraction scheme: I

Matching of the LO contribution with the NLO* tree—level corrections:

LO, PRA NLO*, PRA MRK, sub.
\G:G< ) 1 g(NLO", PRA) _ (mMRK, sub.)

subtraction term may be obtained using the exact normalization of the uPDF, sucu procepure 1s IR
SAFE SINCE INITIAL STATE REGGEONS IN THE PRA HAVE FACTORS qi/(Z\qu 5 |) = CORRECT COLLINEAR LIMIT.

A

+E]i - +{WEV\‘}“‘;9(”yq)
=

+

NOTE THAT §— AND [l-CHANNEL DIAGRAMS ARE VANISH IN THE REGGE LIMIT AND DON’T CONTRIBUTE TO THE SUBTRACTI?‘I/T?IT\/L



mMRK double counting subtraction scheme: II
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NLO* vs. mMRK subtraction term
» In both cases NLO* coincides with the relevant mMRK subtraction at large ¥ = y¥ — y7¢;

» In case of the second NLO* subprocess, the subtraction is large even at intermediate values
of Y, so the resulting contribution is small = self—consistency of the PRA.
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Results @ DO 05, v/S = 1.96 TeV

Contributions:
NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ ATLAS °16, v/S = 8 TeV
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Contributions:

NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ ATLAS °19, /S = 13 TeV
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Contributions:

NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ ATLAS °23, v/S = 13 TeV
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Contributions:
NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ CMS °19, v/S = 13 TeV
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Contributions:
NLO* + LO - mMRK sub. / NLO* /LO / mMRK sub.
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Results @ PHENIX *12, v/S = 200 GeV
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Contributions:
NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ UA6 ’98, v/S = 24.3 GeV
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Contributions:
NLO* + LO - mMRK sub. / NLO* / LO / mMRK sub.
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Results @ SPD, VS =27 GeV
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Contributions:
NLO* + LO - mMRK sub. / NLO* /LO / mMRK sub. /.O CPM
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Conclusions

» The production of the single isolated photon within the framework of the NLO*

approximation of the Parton Reggeization Approach is studied;
» The new modified Multi-Regge Kinematics double counting subtraction scheme is proposed;

» We have obtained a quite satisfactory description of the transverse momentum spectra at
wide energy range up to p;/ﬁ ~0.2-0.3;

» The study of the direct photon production at low energies was performed, predictions for the
SPD NICA experiment were made;

» We demonstrated that NLO treelevel correction QQ — yg to the already existed LO
subprocesses Q0 — 7 is small after subtraction procedure, this shows the self—consistency of
the Parton Reggeization Approach.

Acknowledgments: we are grateful to M. Nefedov for a fruitful discussion on the direct photon
production in the High—Energy Factorization approach.

Thank you for your attention!
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Lipatov’s Effective Action approach

In Ref [ Anonov, Cherednikov, Kuraev, Lipatov '05]» the Feynman rules of the EFT for Multi-Regge
Kinematics (MRK) processes in QCDJLipatov "95; Lipatov, Vyazovsky 02] Were constructed. ror an

OVERVIEW SEE [Nefedov *19; Hentschinski *20] -

Some relevant for the study Feynman rules (implemented in the ReggeQCDNefedov]):

T oE _ e e T T, o0 5 i
.')é:'. _><D( )(q):?P ) ."q-j('. =D;"(q)=P ?
#1 #2

%Yi
#3 va y“i q1,p }’“—i-gl o
Q1Yi P e
#4 L _F(i;)(‘h,qz) Y”ﬂil +ﬂ27-
2y

#1 and #2 are the Reggeized quark (Q) propagators;
#3 is a Qgy effective vertex;
#4 is a QQ7 effective vertex (known as Fadin—Shermangg 74 effective vertex).
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Parton Reggeization Approach @ mMRK

The PRA based on the modified MRK (mMRK) approximation for hard QCD amplitudes. This

kind of approximation is actively used[Martin et.al. *03; Andersen et.al. *09; Nefedov, Saleev *20]-

Using Feynman rules of the EFT, ME factorizes keeping :

— - 48° Pyqlzr)
(MR (g gyg) P = =55 5 6 (A (af,n?) —2+)

q149> i+
B o))

x | AMRR) (0(qr,) O(ar,) — ) I,

where |z, = ¢ /4" |and

o 2
Z**‘IQ/‘IZ , AND A(q7, (%) = i/ (0 +|ar]) s A qZTY

KMR CUTOFF ENSURES RAPIDITY ORDERING: y(ki) > y(¢3) AND y(q3) > y(k»).

The MRK matrix element is known for a time[s,jeey *08]:

= Cy
| AN O(an) Olar) — 1) = 4ma 15 = (df +a3, )
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mMRK double counting subtraction scheme

Three main requirements to the double counting subtraction scheme:
i. Gauge-invariance of the subtraction terms;
ii. The number of the rapidity regions must leave three (Yi, Y'), SINCE WE ARE INTERESTING IN THE CASE
OF DOUBLE COUNTING BETWEEN HSC AND UPDF, IT’s NOT ENOUGH ONLY TO PUT {—CHANNEL PROPAGATOR REGGEIZED}
iii. The photon and additional parton must be strongly divided by the rapidities.
[
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NOTE THAT §— AND {I—CHANNEL DIAGRAMS ARE VANISH IN THE REGGE LIMIT AND DON’T CONTRIBUTE TO THE SUBTRAC’Q@/IEITVL



mMRK double counting subtraction scheme

The squared subtraction amplitudes are correct in the Regge limit (—7)/§ — 0:

2CrN,  $+4} Ti'Pu(z)
A (mMRK, sub.) N 2 2 ¢ ~h F_"48\%) g -
| (Q¢—19) | £ G N-D)§ritad 2= (¥(g3) —y(q4))

| AMRK)(Q(qz,) O(ar) = 7) |2,

- 2Cr $+4a} Cil'P(2)
A (mMRK, sub.) _ 2 2 ~_h F qtz 0 .
| (07— vg)| LN Srirq 2D (v(g3) —y(q4))

| AMRK)(O(qr;) Oar) — 7) |2,

here ¢ = q; — g3, momenta fraction z = g, /g5, and | g ~ (g5 /2) ny |

X

X
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