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Introduction

This talk is based on the results, presented in [M. A. Nefedov, V. A. Saleev,
Diphoton production at Tevatron and the LHC in the NLO* approximation of the
Parton Reggeization Approach; arXiv:hep-ph/1505.01718].

Diphoton production is interesting as from the point of view of the New Physics
searches (e. g. irred. background to H — ) and also as an excellent test for the
techniques in pQCD:

o Fixed-order canculations in the Collinear Parton Model (CPM)
o Soft gluon/logarithmic resummation techniques

o kp-factorization, TMD factorization



Diphoton hadroproduction at the NLO™ level in the

Inclusive diphotons in pp or pp collisions.

Let’s consider the reaction:
p(P1) +p(P2) = v(g3) +v(qa) + X,

where the photons are hard (gr3 4 2 10 GeV), isolated in the (Ay, A¢) plane,
both from each other, and from hadronic activity, and prompt, i. e. have to come
from the primary collision vertex.

There are many differential observables to meashure:

do do do do do do
dM’ dpp’ dY’ dA¢  dcos0* dz’

)

where M2 = (g3 + q4)?, p% = (qpr3 + ara)?, z = qr3/qr4, 0*- Collins angle, and
the process itself is multiscale:

op, M, B pSL  pUso)

Tmin?’ Tmin?’ T
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Approach of the Collinear Parton Model in the fixed order.

Factorization formula of the CPM:

1

1
do= 3" [der [ dvafy, (o108 foa w2 1) 010 a1, 02005 01,
P1,P2 0

where q1 = 21 Py, g2 = T2 P2, P2, =0, fp(z, ur) — (integrated) PDF of the parton
p in proton, dé — hard—scatteriné cross-section. For the sufficiently inclusive
single-scale observables (e. g. do/dydQ? in Drell-Yan), it is proven (see e.
g.[Collins, 2011]), that the factorization-breaking terms are power-supressed (e. g.
~ 1/Q?), and large-a;s log(Q?) perturbative corrections are resummed through the
pr-dependence of the PDFs, using the DGLAP evolution equation.

The LO (O(a?)) subprocess is:

g+tq—=v+
The NLO (O(al)) subprocesses:
q+9—>v+v+9 9+ q— v+~ +g; 1-loop virtual corrections
NNLO (O(a2)):

g+9—>7+7;2— 4 real; 2 — 3 real-virtual; 2-loop virtual corections.
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Direct and fragmentation contributions.

The experimental definition of the o requires no hadrons (QCD radiation)
with Ex > E<TISO) in the isolation cone of the photon § = \/A¢?2 + Ay? < R.
This definition is not collinear-safe due to collinear singularity of the ¢ — g7y
splitting. Ways out:

o Introduce the quark— v FF: f, /, (2, 1?), which will absorb the collinear
singularity. = o,ps = direct component (with collinear singularity
subtracted in the M S scheme)+ fragmentation component. Problems:
FFs should be fitted to data and introduction of the FFs complicates the
analytcs a lot.

o There is a way to define collinear-safe direct cros-section — Frixione
isolation condition [Frixione, 1998|.

The trick is to modify the isolation condition:

1—cosd \"
Er < E(TISO)X((S): x(0) = (m) , n>1/2.

Recent studies [Cieri, de Florian, 2013] show, that the direct contribution with
Frixione isolation condition (n = 1) is a very good (within 1 — 3%) estimate of the
full direct+fragmentation cross-section with standard isolation at NLO. Since

higher-order effects are very important (O(100%) in some kinematical regions), it
is reasonable to proceed with Frixione isolation.
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1d NNLO results, ATLAS data.

Plots are extracted from [arXiv:hep-ex/1211.1913v2]:
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kp-factorization and PRA.

In the CPM, the transverse momentum qr of initial-state parton is neglected in
the hard part and integrated over in the PDFs. This approximation leads to
large higher-order corrections to the pr-spectra in CPM. The kp-factorization
scheme [Gribov et. al. 1983; Collins et. al. 1991; Catani et. al. 1991] is introduced
to improve the description in the kinematical region where:

¢t =2VS~ |ar| < ¢F

Here, most of the initial state radiation is highly separated in rapidity from
the central region, and can be factorized, but the transverse-momentum of
the initial-state parton can not be neglected in the hard-scattering
part, and should be taken ito account in the gauge-inveriant way.

In present time, three methods proposed to solve the last problem:

_ ar ).

o The old kp-factorization prescription for gluons (e#(q) = TarT

e The parton Reggeization approach (PRA).

o Methods based on the extraction of the multi-Regge asymptotics of the
amplitudes in the spinor-helicity representation [van Hameren et. al., 2013].

In fact, the last two are closely related to each-other.
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Reggeization of amplitudes in QCD.

PRA is based on the Reggeization of amplitudes in gauge theories (QED, QCD,
Gravity). The high energy asymptotics of the 2 — 2 4+ n amplitude is dominated
by the diagram with ¢-channel exchange of the effective (Reggeized) particle and
Multi-Regge (MR}() or Quasi-Multi-Regge Kinematics (QMRK) of final state.

A4 PLpPPrRPI In the limit s = oo, 1,2 — 00, —t1 <K $1,
—t2 < s2 (Regge limit), 2 — 3 amplitude has the
| form:
|
tid | 51 AEC g (51 w(t1) 1 y
| k AB = 45V arp 0 o
s RRP@W C o 1/ sp\@(t2) B
| xT'Ry Ry (21, 02) X (*) VBB
ta ]! s 2 \%0
| 2
! Fgl Ry (q1,q2) - RRP effective production vertex,

B P, PPR P B’ 'yﬁ,A - PPR effective scattering vertex,

w(t) - Regge trajectory.
Two approaches to obtain this asymptotics:

o BFKL-approach (Unitarity, renormalizability and gauge invariance), see e. g.
|Ioffe, Fadin, Lipatov, 2010].

o Effective action approach |Lipatov, 1995].
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The field content of the effective theory.

Light-cone vectors:

2P, _ 2P _
+ _ — + —
ntT=——=,n =——,n"n =2
NE V'S
o]
xi:nixzzoﬂ:x?’ 0+ =2——

oxF
Lagrangian of the effective theory L = Ly + > (LQCD + Lind)7 vu = vt
y

[t“,tb] = fabeie Each subinterval in rapidity (1 <1 <Y) hasit’s own set of
QCD fields:

1
Loep = —7t7‘ [GQ 15 Guv = 0uvy — Ouvp + glvp,vu].
Different rapidity intervals communicate via Reggeized gluons (A+ = A%t®) with
the kinetic term:
Lyin = -0, AT " A2,
and the kinematical constraint:
0_Ay =04A_=0=

A4 has k— =0 and A_ has ky =0.



0,87 A_(z)+

0,0 Ay (z)

Wilson lines generate the infinite chain of the induced vertices:
Ling = tr { |:7J+ — gUJraJ:ler + g2v+8;1v+8;111+ — ] 00 A_+

+ [v_ - gv_('):lv_ +92v_8:1v_8:1v_ - ] 8[,8‘7A+}
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ation Approac

Feynman rules. Quarks, gluons and photons.

Feynman Rules for Reggeized gluons [Antonov, Cherednikov, Kuraev, Lipatov, 2005]
Feynman Rules for Reggeized quarks |[Lipatov, Vyazovsky, 2001]

Initial state factors:
|
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Factorization of the cross-section.

kp-factorization formula:

d2 d.
: dU:/ﬁ/ﬂq’(m,thﬂF)X
1

™

d?q dxo A~
l:vg;:tg I X/i/g(b(m%t%ﬂF)doPRA

Factorization:

Py

s

I Where ® - Unintegrated PDFs. The factorization
is known to hold in the LLA (aslog(1/z))
p [BFKL, 1978], and NLLA (a2 log(1/z)) [Fadin,
! | Lipatov, 1998; Camici, Ciafaloni, 1998; Bartels,
et. al., 2006).

Normalization of the unPDF:
Collinear limit holds for the amplitude:

2
n
dpidps .
| e i P s = A o [ dtviat ) = as (o)

where f(z,u?) - collinear PDF.
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Subprocesses in the PRA.

e LO (0O(a?)):

Qq1) + Q(g2) — ~(g3) + v(q4), 1)
where Q(Q)-Reggeized quark (antiquark), g1,2 = z1,2P1,2 + 11,2,
qio = —l1,2.
o NLO (O(a})):
Q(q1) + R(g2) = v(g3) +v(qa) + a(g5), (2)
Q(q1) + Q(g2) = v(g3) + v(qa) + 9(g5), (3)

where R- Reggeized gluon. Also the 1-loop real-virtual corrections to 1 should
be included.

e NNLO (O(a2)):

R(q1) + R(g2) = v(g3) +7(qa), 4)
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QQ — 7y subprocess.

Q—:V y Y v The answer is known for a long time
< ,{: qM [Saleev, 2009]:
Py v

Q*;v oy Y Q.

|M(QQ — ’Y'Y)'z = §7r264@2&(11)0 +w1S+w252 +w353)
3 97 agagbsbaSta ’

where a3 = ¢ /\/§ a47q4/\ﬁ b37q3/\f b47q4/\/§ 5= (q1 + q2)2,
t=(q1—q3)? 4= (q1 —qa)? z1 = a3 + a4, vz = bz + by,

wo = t1ta(t1 + to) — t0(f + a),

tita(as — aq)(bg — bs) + towy (bat + bgtt) +
+  tizo(ast + ag@t) + ta(azbs + 2aabs + 2a3bs + asby),

—w1

—wo = b3bazity + azasrits + agbaf(z1b3 + asbs) + asbzi(asbs + asza),

—w3 = agasbsby (a3b4< ) + a4b3( ))
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LO/NLO double counting.

The integral over the whole phase-space of the additional parton in the 2 — 3
subprocesses is finite (unlike the CPM case), due to the Sudakov suppression of
the region of small-¢g7 in the KMR unPDF (which will be discussed below).
However, there is a double-counting between LO and NLO real corections, when
the additional parton goes deeply to the forward or backward rapidity regions.
This double-counting should be subtracted. The appropriate subtraction technique
was introduced in [Bartels, et. al., 2006; Hentshinski, Vera, 2012]|.
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QMRK vs. MRK. Numerical results.

zation Approach.
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Why region of high-pr is MRK-dominated at NLO?

Because:

@ “3-channel” and “@-channel” contributions are power-suppressed like ~ 1/ p%.

o At high-pp, the asymmetric initial states
with ppr ~ |qr1| > |qr2| dominate.

@ The T invariant:

Ty = —(arz—ars)? —|ars|\/ M2 + pre™ 2V,

is minimal when q72 ~ qr5 and Ay — co
(Multi-Regge region).
o Therefore the MRK-configurations with:

pr ~ |lari| > |arz| ~ |ars),

dominate at high-pr and low-M, i. e. in the
M < pr region.



Diphoton hadroproduction at the NLO™ level in the

The Kimber-Martin-Ryskin unPDF.

In the present numerical computations we use the modified KMR unPDF from
[Martin , Ryskin, Watt 2010].

KMR prescription to obtain unintegrated PDF from collinear one is based on the
mechanism of last step parton kr—dependent radiation and the assumption of
strong angular ordering:

1-A

q)q(x,k%,f):é / T i) L) [P (1, (2.0%) + Pua2)fa (2.4

(2m)
where Pyg(2), Pgq(2)- LO DGLAP splitting functions, Ty(k?, u?)- Sudakov
formfactor:

A

2
1—
d
Ty (K%, p?) = exp { — qT & qT) Z / Paa
k2

where A = uTl;T ensures the rapidity ordering of the last emission and

particles produced in the hard subprocess, and ¢? = k2 7/(1 = 2).
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The RR — ~~ contribution.

The RR — ~~ contribution is formally NNLO, but it is sizable, due to the
enchancement of the gluon distribution at small-z. We have computed this
contribution, keepinging the exact dependence on the virtuality of the
initial-state partons, which was done for a first time. The main conclusion is the
same as in the case of YR — ~g subprocess in vp — vX [Kniehl, Nefedov, Saleev,
2014], the transverse momentum of the initial-state partons leads to the 30 — 40%
suppression of the loop-induced contributions w. r. t. corresponding CPM
results.

R- Ry - YV Y

R- Y R- y
q q q y
q q q q q q
Y
RO R Rt
| | |
I I I
R | |
L v gy Blg Y
q q q q
| q ¥ ! q ! q
R, R, Y Ry Y 22 /29
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Tevatron (pp, V'S = 1960 GeV), pr-spectra.

CDF-2011

Layers of the histogram from top
to bottom:

e RR — vy
o QR — (vy)q, QMRK-MRK
CDF-2011, *QQ =y

pr<M 1 Gray band — scale uncertainty:

do/dpt , pb/GeV

] pr = pp = Emax(qrs, qra),

do/dpy , pb/GeV

where ¢ =1, 2%,
1 Contribution from the

g QQ — (y7)g subprocess is not
CDF-2011,

shown, due to it’s substantial
20 pr>M 4 sensitivity to EF%". For
%W Emin = 2 GeV it is of the same
£ order as RR — v, and localized
Ew’ at small pr.

pr. GeV
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LHC, (pp, V'S = 7000 GeV), pr-spectra.

ATLAS-2013

do/dpt , pb/GeV

pr.,GeV
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Tevatron (pp, V'S = 1960 GeV), Ag-spectra.

CDF-2011

do/dAg , pb

Layers of the histogram from top

to bottom:
o )R — vvq, QMRK-MRK
cor Lo ° QQ vy

The deficit of the theoretical
cross-section is observed in the
region of low pp and A¢ ~ 7,
where the additional radiation is
kinematically constrained to be
very soft, this region is more
suitable for the fixed-order
calculations or SCET, than
PRA.

Ag, rad. 25 /29
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LHC, (pp, V'S = 7000 GeV), A¢-spectra.

ATLAS-2013
102
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Tevatron (pp, V'S = 1960 GeV), M-spectra.

100 e

CDF-2011

CDF-2011,
pr<M

CDF-2011,
pr>M
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to bottom:
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LHC, (pp, V/S = 7000 GeV), M-spectra.

ATLAS-2013

10°

10

10

M, GeV

28 /29



Diphoton hadroproduction at the NLO™ level in the Pa eg ation Approach.

Conclusions.

o The good description of experimental data is achieved in the pp > M-region,
already in the LO of PRA.

o In this kinematical region, NLO QMRK corrections are shown to be
supressed, demonstrationg the self-consistency of the approach.

o Our results demonstrate, why in many other processes, like single photon, jet
or heavy quarkonia production, the LO PRA calculations describe data well.

e The RR — v contribution is shown to be 30 — 40% smaller than in the CPM
case, constituting O(10%) of the cross-section.



