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Our goal

¢ What is the origin of this universe? [ esromvormeunmrse 1]
[ Extreme matter in the early universe | ‘
[J"Big-bang" at labs (LHC, RHIC)

% What is the origin of cosmic rays?

] High-energy cosmic neutrinos (messengers)
[J Air-shower (IceCube), Accelerators (LHCf, FASER)

* What are the building blocks of visible
matter?

] Strong interaction and confinement
[J Femtoscopes (EIC, JLab, COMPASS)

— Need to study high and low-energy (also hard and soft) QCD extensively.



Part I:
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Initial condition of Heavy-lon Collisions

https://u.osu.edu/vishnu/2015/07/22/photon-emission- jet in-medium
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Probing high-energy nuclel

* Proton-nucleus (pA) and electron-nucleus (eA) collisions are pivotal
playgrounds for studying the initial condition and cold nuclear effects.

“* Proton-proton is also a fundamental reference collision.



Target kinematic regions
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From FPF white paper, J. Phys. G50, no.3, 030501 (2023)
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Forward particle production and dense systems
Q? (GeV?)

Quarks and
Gluons

Resolution
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Atmospheric Neutrinos

J. Albrecht, et al., Astrophys. Space Sci. 367, no.3, 27 (2022)

Nucleon-nucleon collisions energy

syn /GeV modified from HD et al. PoS (ICRC 2017) 533
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Cosmic ray’s kinetic energy

Understanding forward hadron production at the LHC should
help us deepen our insights into the origin of cosmic rays.

Goncalves, Maciula and Szczurek,
Eur. Phys. J. C 82, no.3, 236 (2022)

Charmed meson




Our theory: QCD

Zocp = WDy, —m )y —

The Nobel Prize in Physics 2004

Politzer, Gross, Wilczek
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Quarks and Gluon carry color charges. At short distances
r < 1fm, they behave like quasi-free particles.
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< Hard probes (0 > Aqcp) enable us to look at quarks and gluons

inside hadrons using QCD perturbation theory as a (Q) < 1.

Hard scale : Q > Aqcp
Soft scale : 0 = O(Aqgcp)
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Standard pQCD cannot describe...

S. Acharya et al. [ALICE], PLB845, 137730 (2023)
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<+ How do we describe bulk particle production of low p+?

< We need an alternate framework! 11



Gluons at extremely small values of x

=

f : the number density of partons

with longitudinal momentum
fraction x.

What happens inside hadrons as x — 0 ?
Dense gluons require a paradigm shift.

H1 and ZEUS

1

0.6 -

u2 =10 GeV’

HERAPDF2.0 NLO
uncertainties:

B experimental

.

xXg (x 0.05) N,

model

parameterisation s

HERAPDF2.0AG NLO
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What this talk will recap:

“** QCD predicts that ANY hadrons and nuclei become a dense gluonic
state, the so-called Color-Glass Condensate (CGC), at extremely high
energy.

* In the CGC state, the gluon density inside nuclei saturates, resulting in
the gluon saturation phenomenon.

** CGC Effective Field Theory (weak coupling theory) systematically
describe gluon saturation.

** Clear experimental evidence of gluon saturation or CGC has not been
discovered yet, so we need new experiments: FoCal, FASER, EIC.

* Gluon saturation, an inevitable consequence of QCD, is a scientific truth
we must grapple with in our pursuit of knowledge.

13



Part Il:

Résumé of QCD at high energy

1. Bjorken limit: fixed x with
0% s = o

2. Regge-Gribov limit: fixed Q2

withs = 00, x = (

Y = In(1/x)

Non-perturbative region
»
Q)
-
>
e

0(Y)

> o

Dilute region T

T BFKL

© =
a, < 1

Saturation/CGC "
o~ Relatively dense region

>

In Agcp In Q*



Reference frame

< Hadron rest frame: P* = (M,0,0,0)
% Infinite momentum frame (IMF): P > M — P* = (P,0,0,P)

In IMF, partonic picture is manifest. PDFs are number densities.

% Light-cone coordinate: x™ = ( & Z)/\/E In IMF, P* — (P+,()—,()l)

& Light-cone momentum: p* = (E £ p)/4/2  [f P* = (P,0,0,— P), P* > (0%,P~,0))
1 T —

«, Rapidity: y = —In (p_) A ! X"

* 2 p—

< "Longitudinal" momentum fraction: x = k*/P™ 7

We will discuss scatterings in the light-cone coordinate.
15



Electromagnetic probe

Inclusive DIS (e + p — e’ + X) with a large %
momentum transfer Q > Aqcp:

“* dominated by the scattering of the
lepton off an active quark/gluon (parton)

“** not sensitive to the dynamics at a
hadronic scale ~ Agep ~ 1/tm

“ QCD factorization provides a probe to
“see” quarks, gluons and their dynamics
iIndirectly.




Two characteristic scales

Image resolution

—
P

N

small 0
~ I/Q large O
Localized probe Ar, « 1/Q : spatial resolution in transverse plane
Exposure time ifetime of a parton in IMF:

ki ki

At ~ Axt ~m k™= — = —
| 2k+  2xP+

| ) : ~ i hA - ) fast gluon: long lifetime

~1/Q TP

loffe time Afr « 1/x : fluctuation in longitudinal direction slow gluon: shot lifetime



Extracting PDFs

The lepton’s energy loss:

q-P
k-P

:y —

Center-of-mass energy:

s = (P +p)’

Momentum transfer:

Q°=-¢q’

P -

k

Bjorken-x: x =
P

p)
d“ops

dxdy

Structure functions F,- ~ Z C,-a ®fa <+— Global data fitting
a
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Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution

/ / /
a f‘Qi(Z’ //t) B aS(ﬂ) Jl dZ, Z Pqiﬁqj(Z/Z) quﬁg(z/z) f‘qj(z ,//l)
olnu? \ f,(z, 1) 2r ), 7 — P, (2/Z) P, (2/Z) | \ [,(zs )
S \
In the small-x limit, the gluon density is high 3 14| 0790 GeV?
so that we just consider the gluon distribution. = ‘
12 N Q*=3.5 GeV?
Fz(x,,uz) — Z €q2 [X q/p(x,,uz) + xfc—]/p(x,/tz)] 1 — HERAPDF 1.0
q |
08 /
x << 1 |
0.6 _
oF,(x,u?) 10 ol T
: ’uz ~ ——GQ2x, %), G(x,p”) = xf,,(x, 4°) Tl Huzeos AR
A o
01n U 2m 02 | 0 NMC (1.(()0) )
i O SLAC (1.00)
K. Prytz, Phys. Lett. B 311, 286-290 (1993) T E“SI(III'O?I) N N \
10~ 10~ 10~ 10 b
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Scale evolution of PDFs in Bjorken limit

CT14 NNLO CT14 NNLO

dilute

2 GeV

x f(x,Q) at Q

0.1 e NN 0.l !
0.001 0.003 0.01 0.03 0.1 0.3 | 0.001 0.003 0.01 0.03 0.1 0.3 |
*»» DGLAP equations resum a; In(Q?)-type enhanced <
corrections. (x is fixed) s
** The double logs approximation of DGLAP equations at 0 1.2
. \/ In(1/x)In(Q?) o — = o In(Q*/A?)
small-x can be solved analytically: xfg ~ e A2 k% 20



Validity of perturbative expansion

Let us think about LO splitting functions of DGLAP evolution:

P : P :
q—g > a—~q > 7 _
Important channels Important channels
INn the small-x limit 1 In the large-x limit 1
Pg_)g X — Pg_)g X
X 1 —x

< Even if a, < 1, perturbative calculations are unreliable at the edge of
phase space: x ~ Qorx ~ 1.

* In addition to higher-order corrections, one must consider resummations:
small-x resummation and threshold resummation (not considered now).

* Power corrections are also important (will be discussed later).



Regge-Grobov limit

[ Large-x Moderate-x Small-x

XL~ AL Yt Y A

** The number of partons increases due to the increased longitudinal phase
space as x — 0.

+* The radiated gluons are of the same transverse size (x, ~ 1/0).

¢ BFKL equation resums large o, In(1/x)-type corrections.

** Hadron/nucleus becomes dense. A quasi-free parton picture is not so useful.
22



Resummations

G
|_

Strong ordering IN transverse momenta:
2 2 2 2
Q%> ki, > ks, > k>, >k,

Strong ordering in longitudinal momenta;
IKIEI KL KX, 1 KX,

Leading log resummation:

. . a;, 1Y
Leading log resummation: Py In —
T

Logs of energy as x « 1/E

Logs of relative scale




Balitsky-Fadin-Kuraev-Lipatov evolution

P*,Y = In(s/k?) ® Unintegrated gluon distribution ¢(x, Qz) — 6)6]2,()6, QZ)/ 0Q2

obeys BFKL equation:

Rapidity gap

op(x, k) aSNC{ d*q, k7

1
oln(l/x) 72 ) (k, —q,)? P(x,q,) — 20 d(x, k)

ap—1
1 P
px, k) ~ el DY (—)

X

>
’\
G

A choice, different from the standard definition in the com frame.

da.N
& Intercept of the BFKL perturbative pomeron: ap — 1 = ; ~In2 ~0.79 (a,=0.3)

** QCD factorization + resum of In(x): CCFM evolution (Catani-Ciafaloni-Fiorani-Marchesini)

M. Ciafaloni, Nucl. Phys. B 296, 49 (1988). S. Catani, F. Fiorani, and G. Marchesini, Phys. Lett. B234, 339 (1990). 24
S. Catani, F. Fiorani, and G. Marchesini, Nucl. Phys.B 336, 18 (1990). G. Marchesini, Nucl. Phys. B 445, 49 (1995).



Importance of resummation at small-x

xFitter Developers' Team, EPJC78, no.8, 621 (2018)

. 0.6
S [ Q@*=3.0GeV 1 & .. F Q°=3.0GeV .
x 10 %% NNLO+NLLXx ~ 2 2:9 445 NNLO+NLLXx /" o5 L
S | =<NNLO ) [ NNNLO
x - [ 0.4}
% 0.3
flavor singlet S
1.5 u+d+s+c & o
“ 0a1f
1 0.0 | NNLO
L e NNLO+NLLx
B -0.1}
L ® Data
0.5_ — R SR B A 1 L0l M g5 5 55l
I 02 10% , 10 103
L Q< [GeV“]
0 1 Ll llllll 1 lllllI 1 llllll 1 L L Lllll 0__ 1 Ll llllll 1 llllll | llllll 1 L L L LlLlll For NLLX, See [BonVini, Marzani and
10~ 10-2 102 10" 1 107 103 102 10-" 1 Peraro,Eur. Phys. J. C76,no.11, 597 (2016)]
X X

& NLLx (next-to-leading-log accuracy in In(1/x)) : PNFO 4 pNLLX gng Cgll\smo + CgllgLX

+*»* Fixed order calculations are unstable and can lead to negative gluon density, cured by the
resummation at small-x.

** Near the charm mass threshold, the cham PDF impacts on the gluon PDF. o5



DIS in Dipole frame at high energy

amplitude complex conjugate

p,u — (E7 ﬁ) 6/ *
> : >

e /= (E - E, 5 1) Gluon exchange between

s dipole and remnant
g - =
, > > P
1 > >
P,U — ( .7 O) > >

’ X

» Both the proton and photon move along the z-
axis in opposite directions.
 The standard partonic picture is no longer valid.

" - S, . g \@ e i _ M Gndiiee 0 - - \@ e o= , e e M e~ o g —y \@ o D P —

Factorization 7 ) * 500 N | ~qgA
athighs | %o ;(x, 0%) = Jd ’lL dz | ¥ L2 09 04 (1 0)

QED part: calculable in light- QCD part: the dipole amplitude
cone perturbation theory 26



BFKL evolution in Dipole frame

Mueller’s dipole model: mueller (1994) Y = ln(Z1/ Z())
large-Nc

Two daughter dipoles (Real)
[N(xlz, Y) + N(xy, ¥Y) — N(xqp, Y)]

Absorption (Imaginary)

Parent dipole’s size Daughter dipole’s size
X10 = X1 — X | |

A1 = \552 — X

27



Problems of BFKL evolution

C _ : : :
** Problem 1: Total x-section in hadronic TR TR TR T
COIIISlonS _______ """"""""""""" """"""" Plab ((?eV/C)"“““""’? """ """" 3 -------------------

' ' ' ' - ; '
' ' ' ' ' ‘ '
g - g g g Uy - S . ) 0 S S AR ey
b ' ' L] o ' 1 '
---------------------------------------------------------------------------------------- =% - - - - wla e e
0 d ' i i '
____________________________________________________________________________________________________________________________________________

S I B L I oI e T e e e

= BFKL evolution gives o,,, ~ s ! (Hard 5 sob g
pomeron)

Cross section (m

= Data fit gives o,,, ~ sY! (soft pomeron)

A. Donnachie and P. V. Landshoff, PLB727, 500-505 (2013) [erratum: PLB750,
669-669 (2015)]

-0, ~ S can violate the unitarity

(Froissart-Martin bound) o,,,, o< In“ s at an

extreme high s, which may be higher than
the highest collider energies.
Rapidity gap
% Problem 2: Infrared gluons

Diffusion of the gluon ladder in the BFKL equation happens, 4|—’
so perturbative gluons could go to the Infrared regime. ~Aoen k| o8



Gluon recombination Gribov. Levin and Ryskin, Phys. Rept. 100, 1 (1985)

Mueller and Qiu, NPB268, 427 (1986), Qiu, NPB291, 746 (1987)

Q2
Modified DGLAP (GLV-MQ) equation at small-x: xfo(x, Q%) = J dki ¢(x, k)

0xf, aN. 1 a’N.x 2
= ) ~ags, (%)
dln(1/x)01n u T u=2CrS,

% Gluon recombination slows down the small-x
evolution.

* The nonlinear term is a higher twist correction,
suppressed by 1/ /42, but remains to be significant
even at high /12.

* All-twist contributions are equally important at
small-x (Wilson line).

large occupation number : strong field

0 2
ol (1/%@1 7 =0— 07~ p = ZZ )Sqfg N /I
Nn X nu ja ~ ~ =
° SJ_QS2 A

The gluon density can be “saturated”. 29



Geometric Scaling from HERA

2 10°
. £ . E
DIS total cross section (67 ) is the function of =
only one dimensionless variable 7: =]
A
Q2 X 102:

0,=1GeV, 1=0288, x,=3.04x10"% w|

< The scaling is seen at x < 0.01 even at high O*.

lTlTllI 1 UL LB | lllllll[

0.045 GeV? < 0? < 450 GeV?

LYY

ZEUS BPT 97

IITTI

ZEUS BPC 95
. _ . H1 low Q* 95 A
< 4 ~ 0.3: a slower x-dependence and consistent  , | ZRUSI1 high O $4.98 o }
with running coupling BK eq. (later) ‘ E665 Y
x<0.01
all Q°
Golec-Biernat and Wusthoff, PRD59, 014017 (1998), PRD60,
114023 (1999) 10 -l 1 Ll Llllll lllll l llll llll
Stasto, Golec-Biernat and Kwiecinski, PRL86, 596 (2001) 10~ 10 107" 1 10 10



Color Glass Condensate (CGC): Gluonic matter

Y = In(1/x)

Non—t)erturbative region

Color: Quarks and gluons carry color charges.
Glass: Small-x gluons evolve slowly. A loose analogy to “Spin Glass”.

Condensate: High gluon density. A loose analogy to “Bose Condensate”.

T BFKL

0 - ©

0;(¥)

Saturation/CGC " d

™ Relatively dense region

Dilute region T

2
In AQCD

>

In Q7

https://coldatomlab.jpl.nasa.gov/
. A'xf(‘g > s(c;:(i)enieobacakgjrgun?;a >
., Gluons per unit area: p
0‘0 ﬂRZ
A
aS
& Recombination: Opgyg X Q2

< Saturation starts when po ~ (O(1) leading to

2 1/3 A e
O xA > AQCD

% Weak-coupling theory (o, (Q?) < 1) describes

bulk soft particle production: new paradigm.
31



Part Ill:

Color-Glass-Condensate EFT




Wilson line In dipole amplitude

Interaction with background gauge field in Eikonal approximation: gauge (phase) rotation

* The quark’s trajectory inside
the shockwave can be frozen:
Eikonal approximation.

** The interaction of the quark
with the shockwave (gauge f ; \ \ N f y
rotation) will be described by ree propagation ree propagation
a gauge factor ordered along
this segment of a straight line ig At* ig ATt ig ATt* ig ATt
— Wilson line

instantaneous interaction

o0
Quark and gluon receive different : 44—y + a

gauge rotations (fundamental or adjoint U.= Pexp lgSJ dxTA, (x", )t

reps.) when traversing the shockwave. — 00 33



ShOC kwave appFOXimatiOn Background field becomes

a shockwave "wall"

T o NN N
Lorentz boost o) _

0
g:{gf@)nonm

. 0
{

% The shockwave is very thin: coherent interaction
** The quark has no time to deviate in the transverse direction.

1
S(r, = xy;) = V(Tr Ut (xp)U(x))|)

C

34



Dipole amplitude and saturation

1
S(ry = Xp1) = V<T1’ U (xp)U(x))| ) unitarity limit

C

r-.

: ] : 1

O an(r,X) = Z[dzb N(r,x) = o ll — e"’iQsz(x)] : 0, i Agc
dipole size I
% Bjorken frame (IMF): .Saturation s the limit of As r, — 0, the color charges of the
parton’s number density. quark and the antiquark cancel each
< Dipole frame: Patonic picture is no longer other | |
manifest. Saturation is the unitarity limit for = the disappearance of interactions

scatterings. with the target (Color Transparency)

35



Color Glass Condensate Effective Field Theory

A \ )
> > 7
\/ « Static and strong (1/g) color
Fast hadron > fast partons  (p) charge p
sources for A * Universal statistical
j distribution W|p| ( c.f. PDFs
_ - small-x gluons (A[p]) in Bjorken limit)
> < Color current J!! = STHp
Dipole > >/\/W
= Y *

slow modes (dynamical gauge fields) A"' fast modes (source)

Vg
NE

i A TS =2
qw
d

JIMWLK renormalization group equation describes the separation
between fast modes (k™ > A™) and slow modes (kT < A™). 36



Dynamical gauge field

“* Hadron wave function = collection of static color sources p
(classical random variable)

“* Hard and soft modes are coupled via Yang-Mills equations at
LO (classical equations of motion):

(D, F*]=J" with J"=6""p

The occupation numbers are large, so the

1

generated classical fields are strong: A ~ —
8

1/A



CGC expectation value

J E [p] v gauge invariant

<@> - v’ probability of a configuration p
A J[@p] [ | v in the saturation regime, p = O(1/g)
v hormalization: [[QZ,O]WN[P] = 1

n-point Wilson line correlators

The requirement that physical quantities (the expectation value of the operator) do not
depend on the choice of the cutoff A™, leading to the Jalilian—-Marian-lancu-McLerran-

Weigert-Leonidov-Kovner (JIMWLK) equation for W .[p]:

oWylpl o
oY - JIMWLK WY [p ] resums all powers of aSY Customary notation:

AT o x=AT/PT

0{0)y
oY

_ (o7 6 x < Y =In(1l/x)
—< JIMWLK >Y 38




B-JIMWLK evolution

Let us consider S-matrix O = S(x,,) = VTr[UT(xl)U(xO)] as an example:
C
] —e i L
M &N § ' Qg el
— 0 T - - 0 ¢ F
e s j ! & - h 1'
A

| |
| |
L P 1 .
! o | 5 1 o 1 - 1 s
T o T - | B
| | | |
| C | C
I | | | |
AR ! Dy
L < 1l <
T < T <
} < f— } =
| |
E F | |
J J

Balitsky hierarchy: an infinite set of evolution equations could be obtained; the evolution
of n-Wilson line correlators can be derived from (n + 2)-Wilson line correlators.

a <S( )> aSNC [d2 xlz() [<S( )S( )> <S( )> ]I Balitsky, NPB463, 99-160 (1996)
— X — X X X — X
Gy W0y = 5 2x220x221 12920/ 7y 107y
0 .
— (S S = ... Not a closed-equation.
oY (5012)5000) v No analytic solutions. 39



Large-/V,. limit and BK evolution

(S 0}y = (SIS )y + 0 S

% Naive estimation of the 1/N.. corrections to BK equation: 1/N* ~ 11 %
< However, the 1/, corrections are more suppressed due to the saturation effect.

< BK eq. can be a good approximation as long as IC. does not contain strong 1/N. corrections

K. Rummukainen and H. Weigert, NPA739, 183-226 (2004)
Y. V. Kovchegov, J. Kuokkanen, K. Rummukainen and H. Weigert,
NPAR&23, 47-82 (2009)
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Balitsky-Kovchegov equation

I. Balitsky, NPB463 (1996),99
Y. Kovchegov, PRD60(1999), 034008

In terms of the dipole scattering amplitude N = § — 1:

0 2 N o) XIZO
EN(XIO» r)= D2 d"x X2 x2 [N (%12, ¥) + N(xpg, ¥) = N(xy9, ¥) = Nxpp, ¥IN(xp, Y)]
2721 Bremsstrahlung (BFKL) Recombination

2 :const. N ’ BFKL:
—\ 5 Black disk limit Unitarity violation

BK: Saturation

W/

large-x (small-y/s) small-x (large-v/s) /\Nvi — &NW‘

Nonlinear gluon fusion (two dipoles merging)
slows down the quantum evolution speed and
results in the saturation of the gluon density.

dipole size r
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M C Le rran 'Ve Nu g O p al dil Mo d e I L.McLerran and R. Venugopalan, Phys. Rev. D49 (1994) 2233;

ibid. 49 (1994) 3352; ibid. 50 (1994) 2225

In a large nucleus, a probe of small-x does not resolve the longitudinal extent of the
nucleus when Q% < AéCDAm:

pi(x)pi(x))

WYQ[IO] = CXP _szxl 2/42()6 )
A\VL

ForA > 1, //tj ~ QS2A x AP > AéCD

Here we assume that (p) = 0 and higher point functions vanish.

< The main idea: the color charge per unit area, p(x, ), is the sum of the color charges of
the partons that sit at approximately the same impact parameter x .

< There are local correlations at x, as a consequence of confinement: color charges
separated by more than the nucleon size cannot be correlated! 49



Schematic view of the quantum evolution

Proton
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Part IV:
Phenomenology
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Rapidity evolution of the dipole amplitude

Parameters in the MV initial condition can be fitted
by HERA inclusive data for x < 0.01.

Fit with only light quarks

15 Q%=0.85 GeV?  mData - Q%2.0 GeV?
: ®Theory
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Fos@® ® g 3

0 "-....

Q%=8.5 GeV?

15— Q%=4.5 GeV? -
Ne,
g
a
o
L

1:'_ '.....
&p
a

9) -
I o5

15E Q%=10.0 GeV? | E Q%=120GeV®

C )

v ll' —
1 a =

— . —

- D

- o
r 0.5 =

O

15 Q°=15.0 GeV? c
- g
C n ]
1 9] O -
= a
g

O 3
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. — .
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Nk,
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The rapidity dependence of QSZ

s intrins: (12 2
Gluon’s intrinsic momentum: (k7)) ~ Q;
2.0

T L]
L 4
Geometric Scaling from HERA DIS rcBK seth
- rcBK sete
= 0 ' ‘ ; —+ GBW model
=5 .
o
S
10 > -
: g, JIMWLK/BK evolution
10 — 550 000th-0_0 O Y & M)
o0 o olﬁlmd x .o ":"‘5‘-‘.:'"“».,’ <7 A
R T T 00 000 d o bk a0 oan e O o s AV
| Q’ .’.""’OJ <O % ,10 ‘f."‘%":"‘ "':""/‘ h \
) O 0 ¢ O~ A d \
ZEUS BPT 97 0 % ] * “" 0 P 0 0 o /% = o N
ZEUS BPC 95 ¥ %%‘, ] . — . o - o ,'. "’ Q_Q :x: ! — A m.v v “>
Hllow Q*95 s g * 0 N Ve RS ER ET: ‘q‘
i | ZEUS+H1 high Q* 94-95 o % = ¢ 22908 S e s NNy == "0)
B E665 v %ﬁ@ g 99 O\ ) M
x<0.01 @ 3y | — S
®
all Q° ‘
|
10.1 1 1 ]llllll 1 1 lllllli 1 Ll L1 lll 1 L1l llll L 1 llllill

T 0. . . 75 100 125 150
Y = In(0.01/x)

« Solving BK equation for the dipole amplitude numerically: Ny(r; = 1/Q,) = 0.5

< Uncertainty about the shape of the dipole amplitude at Y = O.
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Forward experiments probe:
3.0

2.07

VYo 25 5.0 75 10.0 125  15.0
Y =1n(0.01/x)

NB: There is further uncertainty about the definition of QSZ.
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A strategy for saturation hunting at EIC

Measurements with A = 56 (Fe):

e eA/uADIS (E-139, E-665, EMC, NMC)
JLAB-12

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866)
DY (E906)

| llllllll lolllllllll | Illlllll

00000 O o;et eme

L

00000 O
oJfefe)(s) (e} fo)
.d‘ :

0000 O q’. °

7
I,/lIIIIIII ] | 1 I 1111

104 =
X <0.01 E =
. EIC Vs, = 90 GeV (eAu) -
5 10% =
perturbative regime > -
QC 102 =
OT 0.5 1 1.5 2 2.5 % ;
N2 Q2 GevVd) £
~LHC (p)  ~ LHC (A) 5 10l
Nuclear enhanced saturation scale 1 -
2 1/3,.—0.3 :
sA S ATX 0.1
107

107 103 102
X

** The gluon saturation scale depends on the gluon density per transverse plane.

1071 1

+* Even if x is not extremely small, QS2 can be a perturbative scale and affects various

observables.

& EIC provides an important opportunity to examine x = 107 — 1072
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Extended geometrical scaling
E. Iancu, K. Itakura and L. McLerran, Nucl. Phys. A 708, 327-352 (2002) |
2 2

0*<0>

T o)
= ¢ Saturation/CGC /" B e
: T ™o e e ' 3 g::tljos‘:gl:fgh Q’ 94-95 % E
E o Relatively dense region Q 2 Q 4/ AQCD e %ﬁ

Non—perturbative region

T BFKL

© - €

Dilute region T

The linear BFKL equation should be
applicable outside the deep saturation
regime. However, the solution of the BFKL

eqguation shows geometric scaling under the
influence of CGC.

. Particle production of pr 2 Q. could carry

2
In AQCD

InQ?  out information on CGC!
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Kinematics to be considered

Pr: transverse momentum
() Mid rapidity region:

SxX~x <1 Mid rapidity A D
(i) Forward rapidity region: y=In
(i) Backward rapidity region: ’
2 x, ~ O(1), x, < 1 P
Backward rapidity Forward rapidity
(m) y <0 (1) pr S O(m) (i) y > 0

primary collision

y: rapidity

X1 o1 the longitudinal momentum fractions of the partons from each beam.
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Inclusive particle production in hadronic collisions

A

Y

j
i

Weight functionals are universal.

J¥'=6"py+ 67" pg

PP vs. pA vs. AA |
' — different combinations

of Qj and QI%

(0) = J[QZPA]WYA[PA] (D] WYB[PB] Olpa, psl

< If AY, < AYp such as particle production in pp/pA at forward rapidity, SZA < QSZB

“* Hybrid factorization ansatz: collinear factorization with PDFs describes projecitile.

o1



Charged hadron multiplicity in pA collisions

A. Dumitru, D. E. Kharzeev, E. M. Levin
and Y. Nara, PRC85, 044920 (2012)

25 — T
QQQQQQQQDﬁ

= | ;
3 al,

15 k..
S w0}

sl | ALICE prelim. ~ ®

m(z) =0.24° (orig. prediction) [
L mie =024 00038 ) () <

KLN saturation model

25

J. L. Albacete, A. Dumitru, H. Fuji1 and Y. Nara,

NPAS897, 1-27 (2013)

ALICE arXiv:1210.3651

y=1.101 1i.c. (orig. prediction)

v=1 1.c. (orig. prediction)

y=ll.101 NG AIP(n) = 0.0é}n [(Npart ,Pl‘"Npart,T)/2l'l]

N N

-2 -1 0 1 2

4

rcBK equation

P. Tribedy and R. Venugopalan, PLB710, 125-133
(2012) [erratum: PLB718, 1154-1154 (2013)]

35

30

- 5.02 TeV 0.2 TeV
- IP-Sat — IP-Sat
- 0 ALICE I PHOBOS
- BRAHMS
- Oong,
: Sulalalal ula]=l=lz /00
:_ s
:I | | | I ] | | | | L 1 1 | -} | | I | ] | I | ] I |
3 -2 -1 0 1 2 3
TIIab
IP-Sat

Caution: Hadronization (Fragmentation) dynamics is blinded.
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Impact parameter dependence

* b-CGC model

* Linear gluon bremsstrahlung at small-x: BFKL solution. Ivgffﬁgfylgjg;\gggg(gg?@
 Nonlinear recombination in the dense regime: BK solution. Watt, Kowalski (2008)

» b-dependence introduced in the saturation scale Q..

Since the b-dependence models also confinement, it cannot be constrained by saturation physics alone.

* IP-Sat model

 Glauber-Mueller dipole picture: Multiple scattering.
 Each dipole scattering xsection follows DGLAP evolution.
 b-dependence in a gluon profile function in hadrons/nuclei.

Kowalski, Teaney (2003)

** BK model

 NLO running coupling evolution kernel available. (stable numerically) Balitsky (2006)
« MV model is an input distribution.
 Db-dependence iIs not taken into account.

* Input parameters in each model are well constrained by precise HERA data.
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Hadron production at mid-rapidity

Q% =20%GeV?

L \\
>
o

T~
~--
(o

Fragmentation Functions

QCD factorization for high-p hadron production

Perturbatively calculable coefficients

dG >h+X l
e zfi/p ®ﬁ/p ® DI? ® Cij—>k
apr £t

Universal functions: PDFs, FFs

Lee, Q1u, Sterman, KW, 2108.00305 [hep-ph]

10° 1<

B % —— NLO JAM19
| 131 STAR pp NSD =+ (PLB637,161)
/>\ 1072 - i STAR pp NSD =+ (PRL108,072302)
>
&
— 10*- V5 =200GeV, |y| <0.5
/'@S 2 2 2 2
g: 1076 - Qfac = Q,M = Qfmg = Pr
N
E 10-8
=
’B 10_10 T T T T T
0.0 25 50 7.5 10.0 12.5 15.0

DT [GGV]
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d*N/dpp 1 dyp,

Hadron production at forward-rapidity

Y. Shi, L. Wang, S.Y. Wei and B.W. Xiao,

_ KW, Xiao, Yuan and Zaslavsky, PRD92, no.3, 034026 (2015) PRL128, n0.20, 202302 (2022)
p g, ———1— collinear PDF CBW rcBK A3p, = 0.01 ——————
: % N . N - e BRAHMS dAu, y = 2.2 |
101 %"r =2 L0 i - 101 1O E
N 'Q\.i I +NLO | : Cl\ll_l = s One-loop :
— 10 : "Q\ CO+Lg+ Ly || E > 1072 . T Resummed E
11071k \ e ATLAS || | "o N 5
E 10_; % | O 107%F A? € [2,4] GeV? 3
- Kinematic constrair = 104k -
Zh 1072 | ES N& = =
oIS - iE - .
MR - S 105k :
A -5 | 4 2 T z
0y =175 y = 1.75 E 10-6 :

10_6 é 4 6 é i 6 'B 10_7 i\/m =200 GeV b
' . E 2 - ik 2 §
Multlple_scatterlng D1 [GGV] D1 [GGV] - I,U» « (ll"q.nm +p_L): o c [2, 4] o |
Nonlinear evolutions = [« BRAHMSdAu y—32]
1071 ’ L
Rl L Ll L Ll e e et e . 8 TS § s One-loop g
NLO v=1.65 . N 70 Resummed :
. d N Threshold resummation > 10%F ;
. gk, - LO y=165 3 e O, 104k A* € 3,7) GeV? ]
A ° ATLAS 1.5<y<1.8 é‘_ 1073 o st K = =
0.001 = & 1077 :
. s g . . "@ - a
Rapidity regularization ¥ S 1076 F .
T P \E W e, 00 o 3 : :
| i - -
5107 Ny TGS, T e, s 107k E
1072 e F \% N\%» T % 108 [ VE™ = 200 GeV €
o < : E p? = o (pmin +91), @ €(2,4] E
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Hadronization model revisited

FFs should be applicable in high-momentum regions, i.e., f-.-}’.'- :.' - :.
pr 2 1 GeV. Below that, we need a hadronization model, " nae b R -
which is crucial for phenomenology. . ' '

Local Parton Hadron Duality (LPHD) Hypothesis

Dokshitzer, Khoze and Troian, J.

Ph1 Phys. G 17, 1585-1587 (1991)
: _ _ _h Dokshitzer, Khoze, Mueller and
. Parton’s momentum does not change : pf(z) =p/. /" Troian, *Basics of perturbative
| QCD,” (1991)
- Bulk particles do not depend on (z) : dN_,,/dn ~ dN,/dn. Pg1 Khoze and Ochs, Int. J. Mod. Phys.
o o o A12,2949-3120 (1997)
- Good description of multiplicity dependence ine e .

Lund String Fragmentation model

- Hadron production from the breaking of a string between ¢gq.
- Implemented in PYTHIA.

Bierlich et al. SciPost Phys. Codebases 8 (2022)
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FF vs. LPHD vs. String

Deng, Fuji, Itakura and Nara, PRD91, no.1, 014006 (2015)

_______ e STAR 3.05<n<3.45
101 DHJ+LPHD 1 v STAR 3.4<n<4.0x1/10,
k. “ DHJ+DSS Q=(pT/2’ pT) = SIGRL3.7d<n<4.15X1 o)
) — +Lun
e T.Q,"‘,’ v BRAHMS n=2.2 x10 - R DHJ+DSS
A o Y N HIJING2D

% ey S ¢ BRAHMS n=3.2 % 1072| . PYTHIA8.186
Q) i ‘0. Q)
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ol [ .

= > 10* Kpp = 2.5

— R —

g . 8

o107 . Q10

| = . KFF — 2.5 = B

q q L

Z 8 KLPI_ — 2.5 Z B

T 10 © 1 0-8 n
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1 0'8 R T T N T T TR T AN T MO M S AN N M | | 1 0'1 O p1p1
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CGC vs. LHCf data on 7V

1 -
5 10
}—
Q.
©
Q_l—
e 107
Q‘
2
O [ = LHCfx®
10°F @) DHJ+LPHD CTEQS5L
- —— DHJ+Lund indep.
-4 1 1 1 | L N | 1 N 1 | 1
%% 0.2 0.4 0.6
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Deng, Fujii, Itakura and Nara, PRD91, no.1, 014006 (2015)
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CGC+FF vs. LHCb data on D,

Based on [Ma, Tribedy, Venugopalan, KW, PRD98, no.7, 074025 (2018)]

p+p, /s=13TeV p+p, /s =13 TeV

| | | | | | | | | | | | | |
Peterson’s FF is used. K =5 KKKSO08 D(c — Dg) is used. K =5

f(c = Do) = 0.560 is multiplied. < eTe~ data.

o LHCb, JHEP 05 (2017) 074
— — e
1 | > | 11 R = NP N
Q 10 - "“""!—0—;_._,_._’_._( C LHCb data - Q 10 LHCb data >—
. SN 2.0 <y <25 m=0 Q 2.0 <y <25, m=0
3' 25 <y<3.0,m=2 'E' 2 <y<3.0,m=2

30<y<35 m=4 le—
3.5 <y<40 m=6 | —

3.0<y<3.5, m=4 je— S
3.0 <y<4.0, m=26 ] |

4.0 <y <45 m=S8 — 4.0 <y < 4.5 m=S8
ol ——— aaay U o=
Q™3
| -
N
= |1
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More on theoretical results

LHCb 13 TeV: Dy + Dy

Bhattacharya, Kling, Sarcevic and Stasto, [arXi1v:2306.01578 [hep-ph]].

10, - LHCb 13 TeV: Do + Dy (iecas LHCD 13 TeV: Do + Do
| ——+ NLO [ e KS i
_ —— KkT-factorization f g e t:%gg -:_pﬂ""tii—l_ ------- Ccslg?i?mrea_r
o | ; g8 1 EF_-{_: —— KS saturation
10 i —— no k-factor 10%g=a e
_ | . T e S
2 . b = kt-fact. ? - b, st kt-fact.
9 101 .- S ST =
H o 1 e ~ o) _________ 1-_ T e
2 1 . £l E! e 1
> - : > — :- I_l e e
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3 109 I, . 2 q 101 ik
% 10 ? g b e —— % E ____________ - j—*-—‘"__
= | = == S 2 | 0 B T 2 2.5
is _ | e 2<y<Z2.a1 O . s e <y<
10-14 L._:_,. 10_“f —ttz ke == I
f + == | 1 s
: - - ‘ o - 4<y<4.5 (x107?) ey« 3.5 (%10 %)
10-2 '4<y<14.5(><1(‘) 2) ] ]3<y<$.5(><10' 1) 10-2 _ 4<y<4.5(x107) ' ’ 3<y<'3.5(x1' 10 20 2 yL']. 6 8 1'0 1'2 1‘4
10 12 14 0 2 4 6 8 10 12 14 b7 [GeV]
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............. o= . Pythia 8 with the QCD-inspired
------- Peterson FF .
—— Pythia8 color reconnection scheme
=
sy Mo, T Two large theoretical uncertainties:
3
~ ‘ . .
S %* Hadronization model and scheme dependence
o
‘ " " " "
¢ No NLO calculations in k-factorization
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From charm hadrons to neutrinos

-
o
o

Interacting Neutrinos [1/bin]

-
-
N

FLARE 13 TeV: ve + Ve

-
o
'S

| KA

-
o
W

| —— NLO
| — kT-factorization

]

b -

[—
—= e
'_.—i_.'_‘_\___.L
=

=

Interacting Neutrinos [1/bin]

BEC;

* High-energy electron neutrinos are mostly produced via charm-semileptonic decay.

 Caution: If global data fitting is to be done in the future, various factorization issues need to

7163
Neutrino Energy [GeV]

be considered.

 How accurately can information on gluon saturation be extracted? How much impact is there
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FLARE 13 TeV: v, + b,

Bhattacharya, Kling, Sarcevic and Stasto, [arX1v:2306.01578 [hep-ph]].

| ===+ NLO
—— kT-factorization

104-

FLARE 13 TeV: v+ v,

] —=- NLO
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o
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==

-
o
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-
o
o

107

1038 102
Neutrino Energy [GeV]

from the beam remnant? Parton shower effects....
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Appendix
Diffraction and UPC



Coherent diffractive production

Fig. from Toll and Ullrich, PRC87, no.2, 024913 (2013)

e The target stays intact. : ; :
" ' >:V=J/w,¢,p,v

A \ Rapidity 9ap * Armesto and Rezaeian, PRD90,
P - \ Y +p— JP+p no.5, 054003 (2014)
T I T I Y I T

3 0 HI:W,_=100 GeV, Q=005 GeV'
7 A VA 10" & O HI: 40<W,_<110 GeV,<Q’>=0.1GeV’
9 2
coherent .
At > | ) | 20 -
9
o &
* 1: the momentum transfer between a vector C) ok . ;
e = [P-Sat (Saturation)
meson V and the target, 2 e
. | | _8 — = h-CGC (Saturation) \:
< 9 the production amplitude of the meson V, 16— IP-Sat (1-Pomeron) L
proportional to the gluon distribution function. m =127 GeV I
< ( - ): the average due to the nuclear 10°F '1 L L 5

wavefunction 1 [GeV] 63



Incoherent diffractive production

€

p,A

\ édissociated target

The target breaks, but still, a rapidity gap presents.

dd}/*A—>VA*

incoherent
X

dt

Offers a direct measure of the lumpiness of gluons

(| - [ty |

do/dt [nb/GeV?]

Mantysaari and Schenke, PRL117, no.5, 052301 (2016)

-

3 2
10 ] IP-Glasma : A Coherent H1 ]
: — B = 4.0GeV ", By = 0.3GeV"* ¢ Coherent ZEUS |
' -- B =4CGaV"? &  Total H1 |
A ; ' ¢ Incoherent ZEUS |
9
10°¢
101}
, 12 e
1001 . geometrical
&5 ij e fluctuations
101} -
1 1 1 1 ~
0.0 0.5 1.0 1.5 2.0 2.0
2
t] [GeVY)

“* Theoretical uncertainty in the production of vector mesons arises from the description of
their light-cone wave function and the dipole amplitude.
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Exclusive diffraction on nuclel

do.(e +Au— e’ +Au’ + J/tp)/dt (nb/GeV2)

—
<

4 E {Ldt=10fb1/A
107 &g 1< Q%< 10 GeV?
E 0 X < 0.01
B .[:1 IN(€decay)| < 4
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=
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Toll and Ullrich, PRC87, no.2, 024913 (2013)

g { Ldt=10 fb'1/A 0 coherent - no saturation

= 1< Q<10 GeV? o incoherent - no saturation

= X < 0.01 = coherent - saturation (bSat)
= IN(Kdecay)| < 4 ¢ incoherent - saturation (bSat)

i P(Kdecay) > 1 GeV/c

=" 0 Sth=5%

£

5_00020000089950

o a =
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= ®

; n .-I.DDD '..* =5
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Light vector meson is more sensitive to saturation, and dips could be seen.
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Ultra-Peripheral Collisions

e g

NS

* Nuclei are strong sources of electromagnetic fields (Weizsacker-Williams photon distribution).
P

N
%

hoton virtuality is low: Q2 ~ (), so that exchanges photons are quasi-real. 66



(Pb+Pb - Pb+//WV+PDb) [mb]

do
dy

Coherent J/y production in UPC

Eskola, Flett, Guzey, Loytainen, Paukkunen, [arX1v:2203.11613 [hep-ph]]. LHCb collaboration, [arXi1v:2206.08221 [hep-ex]]. o data
55 cSLESER P I B I SN R U I N L R N N B N B B N B B B stat. unc.
: = ; B T =
-] NLO with EPPS16 . L T H =My 0.0 E \.\\\\ LHCD = syst. unc.
] Vswv =5.02 TeV — “i2'37 e 4.5 o Yy % PbPb /sy = 9.02 TeV 3 Guzey et al.
| == / U H=me ' .. > Coherent J/1 production 3 LTA W
69 M=HMHF=HR ALICE Cent | A N . - =
] r ent | QO 4 () .. \\Luminosity unc. : 4.4% 4 --=-LTAS
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" *;3 30 Eeeneses 9\\\\\ - Krelina et al.
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: 32 0 E BTN 4 —— KST+BT
2 Q "V E ' = GG-hs+BG
g 1.5 3 4 Mantysaari et al.
1 /T LlLargescaledep. 1.0 E - —— No fluct. +BG
o 0 s _:__ —f Chasaiiven o gl
-6 4 -2 0 2 4 6 N0 ) ST AN RV EPRUI B - bCGC+BG
y e mx @ @ s e wEmmam bCGC+GLC
0 [P-SAT+BG
[P-SAT+GLC

%* Large theoretical uncertainties about GPDs, LF wave function, and so forth.

** Any model calculations cannot be ruled out by data comparison.
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Energy dependence of quarkonium photo-production
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** Without the nonlinear recombination effect, the rapid growth of the gluon density in W

results in the worse description of data.

** NLO BFKL evolution can also describe data, but it involves very large perturbative

corrections.
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Appendix
TMD and CGC



Two distinct approaches

“* TMD approach % CGC approach
v TMD factorization is valid for all x. v Only valid at x << 1.
v Leading twist (+ subleading power) v Higher twist contributions are included.
v On-shell hard scattering parts with v Off-shellness of hard parts is taken into
transverse-momentum-dependent PDFs. account.

v Multi-point Wilson line correlators

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
(L) NAS report
S —
. - SORNO
o Boer-Mulders
L 9. .= @ o @ h, L=

o @ansve,s@
O Qd-6| "

" Nucleon Polari:




Process dependent gluon distributions

F. Dominguez, C. Marquet, B.-W. Xiao and F. Yuan, PRD8&3, 105005 (2011)

DIS and DY | SIDIS| hadron in pA| photon-jet in pA| Dijet in DIS| Dijet in pA
G (WW) X X X X o v/
G® (dipole)] v/ N, N, Y, 9 v

Weizsacker-Williams gluon distribution function (Number density of gluon)

(1) ng_dzgl iXPtE™—ik, £ +is g— [+]T +i |+]
G0k = | e . i<P Tr [FH(E, & )UTFH0) %) P>

Unintegrated dipole gluon distribution function (Not clear partonic picture)

ng_dzg ixPTE—ik, - +ig— —17 p+i +
xG(z)(x,kl) =J oa)P = @ PTET =ik ) <P Tr [F (& ,fl)%[ ITE+ 0y ]] P>

A

Process dependent gauge links: (€,¢1)

U 741+
IS interactions FS interactions

(0,01) 71




Universality at small-x

WW distribution can be evaluated using MV model at small-x and for a large nucleus
only when a Gaussian distribution of p is used.

2C:S, [ d*r, e
XG0 k) = — = J (zyz)l2 : ; l
1

1 —_ e_%rjz_Qszl

2o,

Dipole distribution can be naturally related to the color-dipole cross-section in CGC:

NSlkiJ d*r, e k]
‘ —{(Tr [lUOYU(r

xGP(x, k) ~
K 2mla,

Things get more complicated when considering processes involving more gluons. 72



Some remarks on TMD and CGC

> Process dependent gluon TMDs: different gauge link structures

détdeE . —evr_a.e 1 P 14 i
1 1To ik ) ) O
FO (2, k) = 2 f Tt PaLT —iked FC<A Tr [ (€) Ul 1P (0) )] T [O1t] | 4)

F2 (w2, k) =2 f AETLE piapzet—ikoe L (Al [F= () U™ T [F=0) U)™] | 4) |

(27)3p,4 N,
. (f_’&‘) Dominguez, Marquet, X1ao and Yuan, PRD83, 105005 (2011)
yay| e Marquet, Petreska and Roiesnel, JHEP10, 065 (2016)
< .(O ) ) > > 10_5 . ‘ .
) Gluon TMDs in small-x limit can be obtained from CGC 10 10° 10’

> From TMD framework to CGC framework

TMD + kinematic twist O(k,/Q) = Improved TMD
Improved TMD + higher-body genuine twist O(Q./Q) = CGC

k, : off-shellness in short distance parts

( : a hard scale.

Altinoluk, Boussarie and Kotko, JHEPOS, 156 (2019).

Mantysaari, Mueller, Salazar and Schenke, PRL124, no.11, 112301 (2020).
Fuju, Marquet and KW, JHEP12, 181 (2020).

Altinoluk, Marquet and Taels, JHEP06, 085 (2021).

Boussarie, Mantysaari, Salazar and Schenke, [arX1v:2106.11301 [hep-ph]]. 73




From TMD to CGC

Altinoluk, Boussarie and Kotko,
JHEPOS, 156 (2019).

Mantysaari, Mueller, Salazar and

Schenke, PRL124, no.11, 112301 (2020).

Fujui, Marquet and KW, JHEP12, 181
(2020).

Altinoluk, Marquet and Taels, JHEPO6,
085 (2021).

Boussarie, Mantysaari, Salazar and
Schenke, [arX1v:2106.11301 [hep-ph]].

« OBFKL + Power correction O

& OT\MD + Power correction O

& OTMp + Power correction O

- Improved TMD (ITMD)

= Improved TMD (ITMD)

= CGC

k, : off-shellness in short distance parts
() : a hard scale.
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Twist effects in forward dijet production (1/2)

H. Fujii, C. Marquet and KW, JHEP12, 181 (2020)

LHC RHIC

2 2 9 9

(a) v/s =5.02TeV, |p;| =40GeV, y =3 (b) v/s =5.02TeV, |p;| =20GeV, y =3 ——CGC ——CGC
- - - ITMD - - - ITMD
1.5 =10 1.6 . i}
- -- ITMD --- ITMD Lo 1.5

< S N O
< 1 q T N e e — % 1F 4 = 1F -
3 | o= e (2) \/5 = 200 GeV =3 (b) /5 = 200 GeV
! ’ Ipt| =5GeV, y =2 pe| =3GeV, y =2
0.5 | 0.5 . 0.5 0.5
Qs(¢ =2.5) = 1.15GeV Qs(é=25) =1.27GeV Qs(é=2.5) = 0.88GeV 5 Qs(é =2.5) = 0.93GeV
%5 06 07 08 09 1 % 06 o7 08 09 1 et — Y By ]
o/ ¢/ o/m ¢/m
2 2
(c) v/s =5.02TeV, |p;| =10GeV, y =3 (d) v/s=5.02TeV, |p;| =5GeV,y=3
= M b8 M Dijet correlation is a good playground for
s S studying the twist effects.
< <
3 =3

« Near-side: large intrinsic k,

Qy(6=2.5) = 1.41GeV %(E=25=185GV | “** Away-side: large genuine-twist

%5 06 07 08 09 1 05 06 07 08 09 1
¢/m ¢/m
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Twist effects in forward dijet production (2/2)

R. Boussarie, H. Mantysaari, F. Salazar and B. Schenke, JHEP 09, 178 (2021)

I[(TMD)

0 0.5 1 1.5 2 2.9 3 3.5 0 0.5 1 1.5 2
kJ_ (GGV)

25 8 85
momentum imbalance of dijet: kK, =k, + k5,

Genuine twist is sizeable for heavier targets.
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Appendix:
Other Cold Nuclear Effects




Ratios: pA vs. pp

g . 1 deA
Nuclear modification factor: Rp 4= —
A dﬁpp LHCb collaboration, [arX1v:2205.03936 [nucl-ex]].

4 LHCb s, =8.16 TeV EPPS16 + D'
[MnCTEQ15 + D’

WII M/ L

2.25 < y*<2.50 250 < y*<2.75 275 < y*<3.00

MWW“”””“““ M TIIIIIIIIIIIIIIIIIIII WIH

3.25< y* <3501 3.50 < y* <3.75 375 < y* <4.00

0 5 100 5 10 O D 100 D 10
P, [GeV/c] P [GeV/c] P [GeV/c] P [GeV/c]

Both CGC EFT and non-CGC calculations describe data.
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Nuclear PDFs

flp/A(x’ QZ)
fr(x, 0%)

Ri(x,0%) =

« R4 > 1 for x > 0.8: Fermi motion
e R4 < 1for0.250r0.3 < x < 0.8: EMC effect

e RA> 1for0.1 <x<0.250r0.3:
antishadowing

« R4 < 1 for x < 0.1: shadowing

Low scattering energies: incoherent sum

o = Ao”

1.4 RS —

La Le

 EPPS16

small-x shadowing

|

(—
O.
L L L

antishadowing maximum \

I I I I IIIIAII I I IIAII

Ye

Y0
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High scattering eneraies: coherent multiple scatterings play a role



The impact of forward D-meson on nPDFs

1.4

1.2

1.4

1.2

0.6

Lead ?®*Pb
nNNPDF3.0 (no LHCb D)
nNNPDF3.0

@ =10.0 GeV
—— median
- 68% CL

11 x 3ssaal 11 33331l : 3 1l 1 3 311 anl 313l 11 1 s
= ] e e @ T
10~ 10> 1067* 10~ 107> 10+

xr

1
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xZr

11 333331l 3 2 31 a3l 2 3 1l 1 3 13l L3 1
== T s L, A
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1.4+ 9
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xr
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R. Abdul Khalek, et al. [NNPDF], Eur. Phys. J. C 82, no.6, 507 (2022)
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Parton energy loss in medium

J. D. Bjorken, FERMILAB-PUB-82-059-THY (1982)
M. Gyulassy and X. N. Wang, NPB420, 583-614 (1994)

E-loss happens via scattering with medium or induced gluon radiation:

S
SOC
.}s"' E— AE
L lg‘."' = O
= = =
(D (O (>
* S . A e
(D [ (O (D

E-loss is characterized by transport (diffusion) coefficient g = ,uz//l:

v A: parton’s mean-free path in the medium.
v u: typical momentum transferred from 1 soft scattering.

v (k*) ~ g trwith 7, ~ k*/k? : transverse momentum broadening in the medium.
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E-loss In three distinct regimes

Depending on the gluon formation time ly:

= Bethe-Heitler regime ( tf < A ): each scattering center acts as an indep. source.

= Landau-Pomeranchuk-Migdal regime (1 < S L): a group of tf//l scattering
centers acts as a single radiator.

= Fully coherent (Long formation time or factorization) regime ( L < tf): all scattering
centers in the medium act coherently as a source of radiation.

The gluon radiation spectrum:

2 f :
_ Ao, _ 2 Mgl dk*dk; BH : LPM FCEL
dog Y |M,|* 2k*(2m)’ :

dl




Parametric dependence of LPM and FCEL

Baier, Dokshitzer, Mueller, Peigne, Schiff, NPB484, 265 (1997)

< LPM E-loss (initial state or final state): B o, NP0, 795559 2001)

Gyulassy, Leval and Vitev, NPB 571, 197 (2000)

H

AEPSMPS = (e) ~ a gL?

v Important for hadron production in nuclear DIS, and jet in QGP.
v The fractional E-loss: AE/E — Qas E — 0.

* Fully Coherent E-loss (initial state & final state):

\/ gL
AEgcgr, ~ L
Qhard

v Important for hadron production in pA collisions.
v AE/E cannot vanish as E — oo: important at all energies.
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Phenomenology in LLA

do,,_, €max do, .
E—h+X = A de P(e) E Y dniand

e D . 3 D Energy (rapidity) shift

Probability distribution (quenching weight) in

double—log dPpProx. (DLA) Baier, Dokshitzer, Mueller,
Schiff, JHEP09, 033 (2001)

Arleo and Peigne, PRL109, 122301 (2012), JHEPO3, 122 (2013)

j-8'|"'l"'l"'l"'l'
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Suppression of atmospheric neutrino fluxes

initial CR flux: @ (E) o« E77 R (E) = szzygé(z), z=1/(1 +x)
F. Arleo, G. Jackson and S. Peigne, Phys. Lett. B 835, 137541 (2022) sz
10~ 107 1079 10~
1.2 | | | | | 1.0 | | | |
i — p, =2 GeV - ]
T P, = 3 GeV 09 ~
1.0 |—\ ] 0.8 |
ORENE e £  Spectral index y _*
o, L Tre— e N
Ny t ~~~~~~~~ ~ 07 L = 7€ 2.7, 3.6] 3
0.8 - light |,  mem broken-power _
1
hadrons V5 =99 TeV 0.6 |- —— Hda . B
- ' i global spline fit _
06 I I I I I | 05 L1 nnl L 1l r 1l L1 L1
| 4 —2 0 42 a4 10 10° 10° 107 10°
Y E/GeV

< Background atmospheric v flux is suppressed by ~ 10 — 25 % in IceCube energy ranges.



Appendix:
CGC calculations at NLO




Hybrid factorization for a dilute-dense system

dgp FA >h FX o h (O)
= | ) ® F k) @ D) © 7
ya=pr
A. Dumitru, A. Havyashigaki and J. Jalilian-Marian, NPA765, 464-482 (2006)
10—
- dAu BRAHMS min. bias data (h") at y=3.2 —&—
i H‘Hﬂ x- and DGLAP-evolution i
L MYV model ----eer
: "l No DGLAP-evolution E
& 001 QN | -
S 0.001
& i
. L . .
%* Dilute projectile: collinear PDFs 3 = Semihard (), gives
= 1le-05 3 ,
** Dense target: Wilson line o | hadron's pr
e-06 ¢
correlators & (not standard parton s ;
s 1le-07 Minimum bias, K=1.6 :
densities) ; ;
. le_08|||||| .......
* Room for NLO corrections o o5 1 15 2 25 3 35 4
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NLO corrections

do FA—h+X
ﬁydsz ) J 5 fap(p) @ Fo(k) ® Dii(2) @
= 7 h (1)
+—= | o) ® F (k) ® Dyi(z) ® H
27T P

Virtual

>|< >
' Relevant channels:
s B et




A set of master equations at NLO

G. A. Chirilli, B.W. Xiao and F. Yuan, PRD86, 054005 (2012)

do p+A—>h+X qu)) | %qu Dh/q(z’ /’t)
dzphldy Z J; J <xqf (X /’t) xG (X, ﬂ)) [ S(O) + &S Dh/g(z’ //t)
88 2r 88
(qf<x m> g 0\ 1w r dé [ CrP O TrPge8) (qf@c/é)
G(x, u) GO(x) € 2x ), ¢ ZfCF‘@ (EINF4(S) G(x/&)
D@\ | Pig@| 1 ayw) r de [ CrPoOCrP O [ Dyyyale)
Dh/g(Z i) D}(lg;(z) € 2 ), ¢ ZfTRgJ (S)N S gg(f) Dh/g(Z/ c)
1 2 2 2 2 ] _
o _ (0 aSNC J df Jd xJ_d yJ_d bJ_ —ik -(x;=y)) - yJ-) Q)xLy) @ xLbLy))
S T I R e s
g 5000 S5O0 A
% Colliner divergences — S
PDFs and FFs.
¢ Rapidity divergence —» _ o
\_Wilson line correlators. /89




First numerical computations: LO + NLO
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d*N/dpp 1 dyp,

Toward the precision era

Y. Shi, L. Wang, S.Y. Wei and B.W. Xiao,

KW, Xiao, Yuan and Zaslavsky, PRD92, no.3, 034026 (2015) PRL 128, n0.20, 202302 (2022)
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Dijet production in DIS at NLO: cutting-edge

" 9
0
-‘@ {:Q P. Caucal, F. Salazar, B. Schenke, T. Stebel

and R. Venugopalan, JHEPOS, 062 (2023)

W W 30 ] ] ] [
— LO impact factor
—LO + NLO impact factor (Sudakov only)

o5 | —LO + full NLO impact factor

N
T

> =~ MV model, Q?, = 1.0 GeV?
= ,

g EZO’)\:L,Q:?)GeV

< = P, =5GeV, 2=10.5
B
T
~
~

anti —kt, R =04
,LL;QL = PJQ_ + Q2, Rf = R1%2

To define jets, k, algorithm, anti-k, algorithm,
and the Cambridge/Aachen algorithm are = 5t
applicable. = NLO hard factors.

0 0.5 1 1.5 2 2.5
momentum imbalance 4L [GQV]



Pushing business towards the NLO frontier

> Phenomenology of quarkonium production in pp/
PA collisions in the CGC framework have been
performed at LO level with leading logarithmic small-
X evolution.

> Efforts are being made to push the precision to
NLO level.

* Inclusive hadron production in pA
* inclusive dijet (+ photon) in eA
e exclusive dijet in eA

> NLO calculations for exclusive J/y production
have been performed recently.

> Extensive NLO calculations for inclusive
quarkonium production in pA/eA collisions are
exciting tasks to complete in the next decade.

Chirilli, X1a0 and Yuan, PRD86, 054005 (2012)
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(2015)
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Boussarie, Grabovsky, Ivanov, Szymanowski and Wallon, PRL119,

no.7, 072002 (2017)
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Appendix:
Introduction to EIC physics




U.S. Electron-lon Collider @ BNL

a The world’s first collider for polarized electron and
T, e //// polarized proton and electron-nucleus collision.
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Machine properties :

** 80% polarized electron beam : 5 -18 GeV
i i % 70% polarized proton beam : 40 - 275 GeV
Lo ¢ lon available for target: 40 - 110 GeV
% CMenergy : | /5, = 20 — 140 GeV
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Kinematic distributions
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Key Science Question I: Properties of Proton

How do the nucleonic properties such as mass and spin emerge from partons
and their underlying interactions?

* The origin of the proton’s spin (1/2):

| |
5 — EAZ + AC; T Lquark T Lgluon

/ \

Quark spin (~30%)  Gluon helicity =~ Orbital angular momenta (less known)

— A polarized proton beam is needed.

** The origin of the proton’s mass:

Proton

v Quarks (Higgs mechanism) contribute to only 1%.

v Gluon is massless but dynamically provides 99% contribution. —

Quarks

o7



Key Science Question ll: Color Confinement

How are partons inside the nucleon distributed in both momentum and position space?

Wigner Distributions

5D 2 o
@@ Wk, r, ) & %,

dx

1D v .

Parton Distribution Functions Form Factors

3D partonic structure of a proton is related to the proton’s spin: classically L, = (k; X by), 98



Key Science Question lll: New Form of Matter

How does a dense nuclear environment affect the gluon density in nuclei? Does it
saturate at high energy, giving rise to gluonic matter (Color Glass Condensate) or a
gluonic phase with universal properties in all nuclei and even in nucleons?

Proton "~ 170

~

l

Nucleus

Heavy nuclei could become CGC rapidly.

— Nuclear beams are needed. 9



Key Science Question IV: Neutralization of Color

How do color-charged quarks and gluons, and jets, interact with a nuclear medium?
How do the confined hadronic states emerge from these quarks and gluons?
How do the quark-gluon interactions create nuclear binding?

Hadronization has been actively studied The nuclear target is a femto-scope to
in eTe™ and pp collisions. explore hadronization in the medium.

filter to diagnose hadronization dynamics

— An electromagnetic probe is needed to control the initial condition for

hadronization precisely.
100



Hard processes and hadron structure

" Lepton-Lepton collisions et +e” > h+X - No hadron in the initial state. h
< » Hadrons emerge from energetic
~ particles in vacuum.
A * Not ideal to explore hadron structure.
_/
p+p—-h+X - Hadron structure in the initial state can be\

5 studied, but hadrons can be produced.

* Nuclear targets and polarized proton are
available.

 There are collision-induced effects.

_/
)
e+p—oe+h+X - Beam hadron can be broken or stay intact.
» Hadron tomography with high precision.

* Nuclear and polarized targets are
available.

« Cleaner than hadron-hadron. J

Add new o
1al
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Luminosity: EIC vs. Other experiments
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Different categories of processes at EIC

Neutral-curren e+p/A — ¢+ X;
for this process, it is essential to detect the scattered
electron, ¢/, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

Charged-curren{Inclusive DISj)e + p/A — v + X;

at high enough momentum transfer Q?, the electron-
quark interaction is mediated by the exchange of a W=
gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

Semi-inclusive DIS:} + p/A — ¢’ + h*? + X, which

requires measurement of at least one identified hadron
in coincidence with the scattered electron.

Exclusive DIS:p+p/A — ¢ +p'/ A"+ fy/hi'0

which require the measurement of all particles in the
event with high precision.

Jy,

(4
€ )
Modern Rutherford’s scattering
Y’ | | |
(Q? = 16950 GeV?, y = 0.44, M = 196 GeV ‘;-!Yﬁ\
p > - -yl ' 2
1D momentum
distribution
A% .
e i -
v
\\ AT Fig. from hep-ex/9702012 peliy %,
W Hity o

Parton’s confined
motion

Parton’s spatial
distribution
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