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Introduction
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Parton evolution at high energy

Motivation: The photon as a tool in pp and pA collisions

B p+ A — v+ has a probe of cold nuclear matter effects

m Complements hh production

m vh vs. hh as a probe:

Better theoretical control
Downside: smaller cross sections by e vs. s

m Isolated photons - exclusion of fragmentation photons via isolation cone around

the photon, R = \/A¢? + An?
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Parton evolution at high energy

Gluon saturation

H1 and ZEUS
o 17 T 7
s [ W2 =10 GeV* F=
-xmw %uum,
L —— HERAPDF2.0 NLO i %gxwur
08 uncertainties: et
t M experimental a! MMMMM\,—F
[ model
[ parameterisation xuy S Laanannone -

m At high energy, the parton density becomes
large

m Gluon emission and recombination processes
balance out

m Emergent saturation scale:

Q%(x) ~ AV3/x03 w1 GeV
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Parton evolution at high energy

Color Glass Condensate (CGC)

Light cone coordinates: x* = (x° 4+ x3)/v/2, x| = (x1, x2)

Parent gluons (average lifetime Ax;") frozen by Lorentz dilation, sources for fields
(cascading gluons with Ax™ < Ax;r) - glass-like hierarchy of time scales

Averaging over color source configurations:

= [ 1AW oL

Evolution of weight functional W (i.e. separate evolution of gluons as field sources
and dynamical fields) described by small-x renormalization group equations
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Parton evolution at high energy
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m Effectively, a probe sees this target as a gluon wall

m See also Eric Andreas Vivoda's talk tomorrow
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Parton evolution at high energy

Phase space diagram of QCD

Y =In1/x
Saturation

InQ2(Y)=AY

Dilute system

BFKL

—

&

DGLAP

B
InAZ, InQ?

Venugopalan, J.Phys.G 35 (2008) 104003.

m Dependence of saturation on rapidity, transverse momentum and A of the target;

x x 1/4/s
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Parton evolution at high energy

Gluon correlators

m High energy - eikonal scattering of partons on the nucleus
m Representation of gluon shockwave through effective vertex - Wilson lines
(fundamental and adjoint)

m Gluon distributions are color-averaged U(x)
correlators of Wilson lines! Q E
(Blaizot, Gelis, Venugopalan, Nucl. Phys. A743 (2004), P =

13)

06) = Pexp i [ A (| = Fana(h) = - [ &7 (000000
x+t cJy

L

U) = Peso |ig | ACOTE| = Naa ()i = [ et vy

* Yo
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Parton evolution at high energy

“r o m Dipole unintegrated gluon distribution
"/ﬂ‘/\}/’”“ e (UGD):
3 -// \\\ ® oop,y, (kL) ~ kENa v, (kL)
= \ ~_ m oop,v, (ki) “~ Q2/K3, and
T ki —0
f ~ T wop (ki) “~" K2
/ T m Dependence on k|, evolution in
o s Bjorken x versus @2 - BFKL hierarchy

versus DGLAP equations
m In some processes (hh, jet-jet etc.) we can probe the Weizsacker-Williams (WW)

UGD: g (k) “<"° log(Q2/k?)
m Relation between UGDs and collinear PDFs:

xfy(x) = = / ova(ky)

T2
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Parton evolution at high energy

Balitsky-Kovchegov equation

| /\N/A,yA(kL) is the Fourier transform of the solution to the running-coupling
Balitsky-Kovchegov equation:

B = [ K () + ) = ) = ) ()

. _Nea(3) [ Z,i L1 (as(rﬂ) ~ 1) + L (as(rz;) - 1)]

2 2 2 2
2m? i o \as(rs)) ry \as(riy)
(Jalilian-Marian, Kovchegov, Prog.Part.Nucl.Phys. 56 (2006), 104-231)

B MV? model - evolution of the following initial condition via the rcBK equation:

(i) = exp {—(rf‘f‘))” n (o))

riNig
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Parton evolution at high energy

Indicators of gluon saturation from experiments

m Angular correlations of particle pairs -
peak broadening at A¢ = 7 for pA
compared to pp collisions

m Effect of multiple parton scatterings
(weaker back-to-back correlation of
final state particles with momenta ky |
and kp, ) in the regime
lki| = lkiL + koo | ~ Qs

Anton Perkov
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ep+p STAR-0.0047 p+p, TMD +rcBK
0015 G g+Au STAR-0.014  EEE d+Au, TMD +rcBK
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0.010)

CP(Ag)

0.005|

Dihadron angular correlations
(Albacete, Giacalone, Marquet, Matas, PRD

99 014002 (2019))
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Parton evolution at high energy

x107
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Refinements on Compton scattering

Description of pA scattering

m Dilute-dense approximation: the proton is a
simple projectile, the nucleus is a dense and
saturated target described by CGC

m Hybrid framework: parton from the proton has
initial k. = 0: description through standard
collinear PDFs

m Key consequence: intrinsic imbalance momentum of the process (|k | ~ Qs)
comes from the gluons in the nucleus
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Refinements on Compton scattering

qg — Yh™ cross section

da’é/c\;?'”’ Z / th Dq(zh, 1%)xp o (xp, 12 ) K2 Ny, (k1)
dzkﬂdnyd2PhLdnh 8t hy 1) XpTq(Xps 117 )KIN A v (KL )T
e Py 22 14 (1-2)? ki
5= ay ZT’ Py, = M7 z=—7 .
2N q - ky k3| z qt + ky

(Gelis, Jalilian-Marian, Phys.Rev.D 66 014021 (2002))
m Imbalance momentum: k; =k, +4q,, ¢ = Py/zn = ki ~ Q2 ~ AY/3

m CGC parameters fitted to HERA and CMS data in (Albacete, Armesto, Milhano,
Quiroga-Arias, Salgado, EPJC 71, 1705 (2011))
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Refinements on Compton scattering

General consideration of soft gluon radiation

m Processes with partons should include soft gluon radiation

m Sudakov double logarithm - result of
the incomplete cancellation of
divergences from real and virtual
contributions:

do

—— o 1— CasIn® (@/k?) + O(a2),
k2

m @ = hard scale of the process, k| =
final state transverse momentum
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Refinements on Compton scattering

Sudakov soft gluon resummation

m Breakdown of perturbative expansion avoided by Sudakov resummation:

do 1 Q*\" Q?
—— x F(k,) = § (= n?> ) = - In2 =
e x F(ky) 2 < Casln ki) exp{ Casln K2

m Cross section suppression for Q2 > ki

(Collins, Soper, Sterman, NPB 250 199-224 (1985))
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Refinements on Compton scattering

Implementation of the Sudakov resummation

m Effectively we are replacing the CGC, FF and PDF distributions with a b, integral
(k1 convolution) - joint resummation:

kI Nay, (kL)Dq (zn, 142) fq (xp. %) —>/b e* 2L 02 | Nav, (b1) D (20, 113) £y (xp, 1) @550 Q)
L

(Mueller, Xiao, Yuan, PRL 110 082301 (2013)), (Stasto, Wei, Xiao, Yuan, PLB 784 301-306 (2018))

m Sudakov factor (for gg — q7):

@ d—2 Q2
5Sud (bLa Q) - / |:A |0g < > + B:| + 5non pert(bla )7
2 I fi?

as(ﬂ2) (CF + CA/2), B— _3as(ﬂ2)

T 2

Cr

| Hb > 2e_/YE/bmaX, non— pen(bL, ) prescribed by (Sun, Isaacson, Yuan, Yuan, IJMPA 33 no. 11,
1841006 (2018))
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Self-normalized angular correlations

Results
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Comparison of CGC vs CGC+Sudakov angular correlations

zar CGC .
== CGC 4+ Sud 5 = 200 GeV
2.0 [n] < 0.35
5 <k, <TGeV
2 < Py < 5GeV
1.5F
g5
-
1.0}
0.5

Anton Perkov

m Generic CGC prediction: double
peak structure at A¢p ~

m Adding Sudakov effects broadens
the distribution and destroys that
structure

(Beni¢, Garcia-Montero, AP, Phys. Rev. D 105, 114052 (2022))
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Self-normalized angular correlations

o ; e
m PHENIX pp — vh™,

R /s =200 GeV at central
“;.m e P | rapidity
m5GeV < ky <15 GeV

X, m 0.5 GeV < PhL < 10 GeV
;3
pohasit’ (PHENIX, PRD 98, no. 7, 072004 (2018))

O i
0.0 iiid: ‘é} $
2 ‘{A” 1
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Self-normalized angular correlations

CGCwSud  8< k. <9GeV 8< k1 <9GeV 8< k1 <9GeV

e PHENIX  1<P, <2GeV 3< Py <dCeV [y 5< Py < 10GeV

. % V3 = 510GeV

F [n] < 0.35

== % % q

i 74\

e Bt b e TR +
Py 't LTS O PR AT it m PHENIX pp — vh™,

9 < kyy < 12GeV 9 <k < 12GeV 9 < kyy < 12GeV

* < <2y et <A <0Gy /s =510 GeV at central
0 rapidity
05 # }{{ {i f} ) Yo , m 3 GeV < ka,L < 12 GeV

do
A7
(-
e
[anr—
e

H
0.0 }ﬁ .'_-." g inn'---,—n‘ i3 §“§ ¥
N . 1) N U S Bl GeV <Py <10 GeV
2.0 12 < kyy < 15GeV 12 < kyy < 15GeV 12 < kyy < 15GeV
- 1< Py <2GeV 3 < Py < 4GeV 5< P < 10GeV
. (PHENIX, PRD 95, no. 7, 072002 (2017))
tE I G /
0s Ay K 3 {ii
1]
00 ;nifn Wasgail, e e, [t t s,
1 2 3 1 51 2 3 1 501 2 3 1 5
A¢ A¢ A¢
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Self-normalized angular correlations

Predictions of nuclear effects at PHENIX

m pp vs pA - calculation for lowest (5-7 GeV) and highest (12-15 GeV) ky bins

m Modest nuclear effect (10%) - broadening of angular distribution

m Self normalized distribution - good for comparison with experimental data, but
part of the physical information is lost

b V5 = 200GeV | f==Dp+D 1

T T T
150 == 5 <k, <7GeV

—12 < k< 15GeV Inl < 0.35 ceapt+ A
0.5 < Py < 1GeV 1< P, <2GeV 2< Py <5GeV 5 < Py < 10GeV

0.50

2.50 2.75 3.00 3.25 3.50 3.75 250 2.75 3.00 3.25 350 3.75 250 2.75 3.00 325 3.50 3.75 2.50 2.75 3.00 3.25 3.50 3.75
Ad Aé A6 Aé
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Self-normalized angular correlations

ALICE pp and pA angular correlations

12 < kyy < 40GeV 12 < by <40GeV
1.00F 0.7 < Py < 32GeV 1 17< Py <7.6GeV i
075 L /= 5.02TeV 1 m ALICE pp/A — vh*,
Il < 0.8, [y < 0.67
s =5.02 TeV
g 050} 1 \[
K m Barely visible nuclear
025 1 effect for this
0.00L | 1 kinematics - we need
= .
lower k. resolution!
—0.25} e ALICEp+p 1—4¢ i
s ALICEp + Pb

05 L0 15 20 25 30 05 10 15 20 25 30
Ao AG

(ALICE, PRC 102, 044908 (2020))
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Self-normalized angular correlations

Predictions of nuclear effects at ALICE

m pp vs pA - calculation for two more favorable k. bins (5-7 GeV and 9-12 GeV) as
well as the existing one (12-40 GeV)

m Again, moderate nuclear effect visible in A¢ distribution broadening

<TGV == p+p Vs =5.02TeV A
S caocey [P A ] <08

0.7 < P < 3.2GeV L7 < Py < 7.6GeV ny] < 0.67
0.9F L

11p

1.0f

0.8k -

1 _do
o dA¢
=)
=
T
t
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Results

Proxy for intrinsic k |
Out-of-plane momentum distributions: PHENIX

Pout = PhJ_ sin(AqS), XE =

m Close to A¢p ~ m we have poyt ~ zpk,, and xg ~ z;
== CGCw Sud 0.1 <axp<0.15 015 <xp <025 F p+p,v/5=200GeV  0.25 < zp < 0.5
CGC w/o Sud I < 0.35
1008 "0 PHSF‘j‘SIX L 1 L7 <k <12GeV J

University of Zagreb, Croatia

Pout (GeV)

L
-2 -1

Pout (GeV)

Anton Perkov

Isolated photon-hadron production in high energy pp and pA collisions at RHIC and LHC



Proxy for intrinsic k |

Pout distributions: Gaussian widths

Results

(o] o}

m We extract the widths of the previous curves by fitting to a Gaussian in the range
Pour < 1.1 +0.2 GeV
m Best description with CGC+Sudakov

Anton Perkov

Gaussian width (GeV)

o
»

o
>

o
=

0.2

‘CGC x‘\' Sud ‘

p+p
H Sud tInl <035 1
e PHENIX 0.l <zp<05
i | i '
i > |
| | | |
i | |
V5 = 200 GeV Vs =510GeV
5 7 9 T i3 15 5 7 9 11 i3
k1 (GeV) ky1 (GeV)
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Proxy for intrinsic k |

Pout distributions: pp vs. pA predictions

0.6 — /3 = 200 GeV R
= o5l VE= 50TV S
R 04f 1 m Difference between pA and pp
| | Gaussian widths squared - nuclear
L enhancement more pronounced at
= 02r | large xg
N O “$
= 0.1} E

5 <ky <9GeV
01 02 03 04 05 06 07 08
T
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Summary and outlook

Benchmark results for vh production in the CGC+Sudakov framework
Good description of RHIC and LHC data
Are the predicted nuclear effects within experimental resolution?
Further (and ongoing) inquiries:

Study of inclusive Drell-Yan production

Testing of systematic errors
Comparison with future data (e.g. LHCb at forward rapidity)
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