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* What is the fate of gluons at - \\
extreme densities (small x)? — ] N
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o | saturation
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* QCD unttarity: Growth of gluon
density cannot continue indefinitely!

* Gluons start to overlap and
eventually recombine

No conclusive
evidence yet!
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Using Photon As The Probe

* Photoproduced VM cross section at
small x can test on the gluon density
scaling behavior

Yj(/ector gléeson
— (I, w(2S), ...

| et

2
* VM Photoproduction < (xg (x, Qz))
at the LO in pQCD

Pb Two gluons (pomeron) Pb
exchanged at the leading order




* Nucle1 “miss” each other (b > R, + Rjp)

* Boosted EM field of nuclei1 are source of photons

* Interactions via photon-photon or photon-nucleus
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What we study
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Excellent probe of
gluon PDFs

Photon-Photon
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2 ¢  ALICE (PRL113 (2014) 232504)
. . 5 Power-law fit to ALICE data ¢= ¢ o st
* Gluons inside a proton: 7 T D i
. . . 5 o O  LHCb pp (W+ solutions) QQ; qé’ %
* Investigated via yp interactions by  [& O LHCb pp (W- solutions) : o LHCb
HERA and LHC - I ]
 Consistent results between HERA : A :
. STARLIGHT param.
and LHC: power law STARLIGHT P
° CGC (IP-Sat, b-CGC)
* No clear signs of gluon
saturation inside proton § 1 | E
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Eur. Phys. J. C (2021) 81:712

Yy + Pb - J/Y + Pb

e Measurements from ALICE

* The data trend challenge all existing
theoretical models
* Shadowing models
e Saturation models

* Natural questions:
 Data in the gap region?
 [f data are correct, what’s the
underlying physics?
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ALICE Pb+Pb — Pb+Pb+J/y \s,, = 5.02 TeV

[ ALICE coherent J/y
- - = - Impulse approximation
SEEREY STARLIGHT
—— EPSO09 LO (GKZ)
- LTA (GKZ)
- [IM BG (GM) R
— — IPsat (LM) .
— . BGK-I (LS) r
- - == GG-HS (CCK)
— — b-BK (BCCM)
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-
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. Eur. Phys. J. C (2021) 81:712
 Symmetric: both can serve as the photon source ur. Phys. J. C (2021) 81:7

and the target

* Each data point: low energy photon + high
energy photon contribution
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ALICE Pb+Pb — Pb+Pb+J/y |[s\, =5.02 TeV

[ ALICE coherent Jiy
- - = - Impulse approximation
------ STARLIGHT

do/dy (mb)
=

—— EPS09 LO (GKZ)
10— ------ LTA (GKZ) gt S -
—=-- [IM BG (GM)
— — |Psat (LM)
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\/ L - --- GG-HS (CCK) L
o - — - b-BK(BCCM) -~
% 61— ’__ -------
High energy Y H v i e 0 —
phOton L Detector B . - ‘—.l = RN g T o
41— .."‘// L aa -
i - g 00 =
= : ‘IB _.—’/T\?//
/\ Low energy o<’
Pb Pb WP e
- - S < 10°3
oL . | . | . | . | |
4 |—3 -2 -1 0 1
y
dOpssan'jrp N x ~107° or 1072
dy B y/A(Y) 1 UyA—>]/1pA’(3’) + y/A(_J’) . O-yA—>]/1[JA’(_y) ~
(~95% high x) M —
_ VM \ ¥y
= e

No easy access to x ~ 10> in Pb * \/SNN




UPC

CMS Expefis
’ N

J /¥ Photoproduction Event

|

oA
N

Muon
Chambers

 UPCs produce few parﬁcles:

i * Require low energy measured in the forward calorimeters to suppress
fﬁ hadronic collisions.

* Select events with exactly two reconstructed tracks identified as muons.
6/20/23 Initial Stages 2023 10



Guzey et al., EPIC 74 (2014) 2942

Control the impact parameter of UPCs via forward emitted neutrons

Neutrons emission

Pb . Pb* o—
Photoproductio o—
Y

Additional photon exchange
Soft photons (energy ~10 MeV)

Independent of interested physical process
Large cross section ~200 b (single EMD)

Ps, (b)

P,(b) x 1/b*

STARLIGHT a
LHC beam energy -
—— 0n0n
—— Xn0n
—— XnXn

103

10 102
b (fm)
Spencer Klein & PAS, Ann Rev Nucl Part Sci Vol. 70:323-354

*Analogous to centrality:
bXan < bOan < bOnOn
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What 1s measured What we want
0no
LOMSAAILD. _ NOrn () 0 ) + NI (=) - By (=)
Dominant b ranges of dy v razliva v vazlva
different neutron classes: 4o OmAn
. . AA—AA’ I _
OnOn: b > 40 fm d )9/12(71()’) UyA—>]/1/)A’(}’) + )9/12(11(—3’) ' UyAq]/sz’(_Y)
e OnXn:b~20fm y
e XnXn:b<15fm dgXnxm, |
AASA'A Y
dy ]i(/rﬁxn(Y) Oya—j/pa’ (y) + ;5(/7}21“(—3’) ' UyAa]/sz’(—J’)

M _
9 SOIVG fOI’ O-]/A—>]/IIJA’(y) and O-yA_)]/lpAl(—y), andx —_ (\/%) e+y

Entering a new regime of small x ~10~* — 107> in nuclei!
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x10° CMS Pbe 1 52 nb (5. 02 TeV) CMS Pbe 1 52 nb (5 02 TeV)
91'4- ' s m 9 AT
> | 16<|y |<19 0<p <02 GeV > -4_|1.6<|y 1<1.9 295<m <325c3ev
CC\DI 1.2 N A A B (D 3 [ ¢ Data
< [ nAan ¢ Data - g 10 'A‘nAn —— Fit: x?/ndf = 1.2 E
g 1 — Fit: y2/ndf = 1.0 - o —— Coherent JIy ]
~ Y J /\I.f (6028 + 9'0) i = k[ I — Incoherent J/y w/o N dissociation
L o8k o 2S) (660_ + 58) ] n 1 Incoherent J/y w. N dissociation
c “°f v - : = 2L — Coherent y(2S) - Jiy+X |
S S A R YY > U1 ] o 10°E — (QED continuum) yy — pp
I 0.6 Ry = 0.109 + 0.0095 S AT : A
- R= 0.232+0.0194 - L LT ¢ ¢ i
04k f, =0.040 + 0.0033 ] el TG ++ .
: o LT Y :
0.2 i + 5
28 3 32 34 36 38 4 22 l
0 0.5 1 1.5 2 2.5 3
My, (GeV) pT (Gev)

Signal yields are extracted by fitting the mass and transverse momentum spectra

AnAn: All possible neutron emissions



arXi1v:2303.16984 ALICE, EPIC 81 (2021) 712
LHCb, arXiv:2206.08221 dajly NU/P)
dy — (1+fi+fp) €J/¥)-AccU/¥) - BRU/P > p) - Lin; - Ay
CMS PbPb 1.52 nb™ (5.02 TeV)
Pb + Pb — Pb + Pb + Jh AnA_'_'_! ---------------------- * LHC experiments complement
6F e ] .
—e— CMS each others over a wide range of
—s— ALICE 2019 rapidity region

—oe— ALICE 2021
4 —a— LHCb 2022

 CMS data covers a unique
] S lTASS D BGK rapidity region and follows
| ) ) ALICE forward rapidity trend

do,,, / dy (mb)

-~ LTAWS  -- CD_GBW
------- STARLight - CD_IIM
0 ' ' ' '
_4 -3 —2 -1 0

AnAn: All possible neutron emissions
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CMS PbPb 1.52 nb™ (5.02 TeV)
' Pb+Pb—Pb+Pb+Jy 0 n0n * First separation in different
Dy - neutron classes
o) = ;"";‘;‘:;Tl:: ..............................................................
1 gt JRUTINEL g S OHXH ________ =
E b e e s e SR { * LTA models cannot well
% F T JPte —Mnr“__'____._.__-,,-,.-..-.:..'..'..'.T.T.?.T.T.T.T.T.T.T.T.T.T.T. .......... : describe data in different
g - i | neutron classes
2_ i P /‘:f" """"""" Zi— -.+ X_!l__X__n_ _____________ =
- . "z * P i
_8 » Pt PR OnOn OnXn XnXn
107 F o o5 e [¢] [©] [®] Data 4 —>Adeeper look at J/¥ production from
e el e oot s LTASS 1 4+Pb at a given W without the “two-way
C e TooTT T LTAWS ambiguity” may tell more
ST e e e STARLight A )
MDA ! | | |
4 -3 2 1 0 |
y High x Low x
do 444411y

dy Ny/a)  0yajipar @) + Nyya(=Y) - 04y ipar (=)
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CMS PbPb 1.52 nb™ (5.02 TeV)
L L L B I"I‘l‘J-_I__L_I_.l_1—|=r T 7 ° ALICE,LHCbVSIA
ot e ] * Impulse Approx. (IA): neglects all nuclear
N Q‘o‘&‘ T A o od data point effects
re) - 5 A ad PproXimateet catd poinis 1 e Data is close to IA at low W.
= i R\ e from published data before - R
= R 2023 | « Data is significantly lower than IA at
= » W~125 GeV.
o I /', ,’—-\‘ | . 5
= | e ) | ¢ Larger suppression towards higher W.
S .~/
0 Ea
o102 E \ 0O ALICE* (-4.0<y<-3.5) _|
o Ll 1 . j
18 I O ALICE* (lyl <0.15) i
- i 1 --= Impulse approx.
T  ia J A LHCb* (45<y<-35) j
—‘\L ,' Syst. exp. i
C Syst. y flux T
I:I [ I L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1

0 50 100 150 200 250 300 350 400
Pb
W (GeV)
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CMS PbPb 1.52 nb™ (5.02 TeV)
« ALICE, LHCD vs. IA:
* Impulse Approx. (IA): neglects all nuclear
effects
o * Data 1s close to IA at low W.
E * Data 1s significantly lower than IA at
= W~125 GeV.
né_ . » Larger suppression towards higher W.
> i
| 4 —LTASS — bBK_GG
o102 H & | .
o {5 | O ALICE* (-40<y<-35) "o LTAWS - bBKA ]
= F " O ALICE* (lyl <0.15) ——CD_BGK - - CGC IPsat i
O !\ ,I A LHCb* (-4.5 <y <-3.5) -~ CD_GBW ~-'- GG-hs 7
K Syst.exp. CD_IIM -~ Impulse approx. |
i [ ]Syst.y flux .
11l I [ | L1 1 1 | I | | L1 1 1 | I | | I | L1 1 1 | L1

0 50 100 150 200 250 300 350 400
Pb
W,y (GeV)
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- 0 ALICE* (40<y<-35) -~ LTAWS -- bBKA ]
I O ALICE* (lyl <0.15) —— CD_BGK CGCIPsat |
- A LHCb* (-4.5 <y <-3.5) -~ CD_GBW -'- GG-hs .
Syst.exp. CD_IIM -~ Impulse approx. |

1

[ ]Syst.y flux

0 50 100 150 200 250 300 350 400
Pb
W,y (GeV)

« ALICE, LHCD vs. IA:

* Impulse Approx. (IA): neglects all nuclear
effects

e Data is close to IA at low W.

* Data is significantly lower than IA at
W~125 GeV.

» Larger suppression towards higher W.

e First measurement with CMS

* W <40 GeV: rapidly increasing
* 40 <W <400 GeV: slowly raising --
Physics process changed

—>Models considering shadowing effects
or gluon saturation effects all fail to
describe data trend
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CMS PbPb 1.52 nb* (5.02 TeV)
- | T T T T | | I T T TT1 | | T T T TTl | | | V I 14
1= Pb + Pb — Pb + Pb + JAy g = 9a(%,0?) S 1/2
B ] . ) -
. - ® CMS & E691y + Pb — Jy + Pb Alq e R“;=A ( 2)= ),/A
c“> 0.9F 0O ALICE* (-40<y<-3.5) HH 3 Ip X0 OyA-]/pA
) [ O ALICE* (lyl <0.15) ,I'E * represents nuclear gluon suppression
O s — A LHCb*(-45<y<-3.5) ] factor at LO.
§ B Syst.exp. T "
| 0.7 [ ] Syst.y flux o _
Al B g
3= f | ;
3 0OE = .. E — LTA.SS —bBK GG -
& CadTm T gt - - LTA_WS - - bBK_A ]
0.5} ——CD_BGK -~ GG-hs
- - CD_GBW .
A - CD_IIM B
L 1 1111 | | L 1 1 1111 | | L 1 1 1111 | | L1 1 I:
10°° 107 107 107

Bjorken x
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CMS PbPb 1.52 nb* (5.02 TeV)
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. - e CMS = E691y + Pb — Jiy + Pb
c"> 0.9F 0O ALICE* (-40<y<-3.5)

O [ O ALICE* (lyl <0.15)

O s - A LHCb* (-45<y <-3.5)

§ [ Syst.exp. = .

| 07F [ Jsystyfux ~  _— .- A

2
.
S

o (X, p2

o
&)

| |IIIIII|

|PL|1|1||
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— LTA_SS

- - LTA_WS
—— CD_BGK
- - CD_GBW

— bBK_GG
- - bBK_A
-= GG-hs

|Il|||l|l|||ll

Ll

II[IIII| | IIIIlII| ] IIIIlIll

107° 1074 ~ 10
Bjorken x

1/2
exp
. DA _ 9a(xQ%) (% asipa
— i
9 A-gp(x,Qz) OyA-] /YA
* represents nuclear gluon suppression

factor at LO.

e x ~107% — 1073: Flat trend

* Quickly decrease towards lower x

region

- Beyond model's expectation
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CMS PbPb 1.52 nb™ (5.02 TeV)

9 ‘, 9
L | | | [ | | | | J-.I—II__I_.I—1—I=I' 11 | [ ZZ::ESE g ; g ggzzzz
o * o stops rapid rising trend — splitting
E and recombination of gluons become
o equal
< * Direct evidence for gluon
0 e CMS — LTA.SS — bBK_GG saturation!!?
-2 L ]
f 10 i O ALICE* (-4.0 <y <-3.5) -~ LTAWS  -- bBK_A ]
= [ O ALICE* (lyl <0.15) —— CD_BGK CGCIPsat ]
o - A LHCb* (-4.5 <y <-3.5) -~ CD_GBW -- GG-hs .
Syst.exp. CD_IIM -~ Impulse approx. |
i [ ]Syst. y flux T
Ll 1] | L1 11 | L1 1 1 | L1 1 1 | L1 11 | L1 11 | L1 1 1 | L1 11 | [

0 50 100 150 200 250 300 350 400
Pb
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CMS PbPb 1.52 nb™ (5.02 TeV)

9 " g9
L | L L L | L | L J-II—_I__I_.I—~|—I=I' L | [ :ZE:;EE 9 ; g ggz::
107 |- ] ! !
3 [ * o stops rapid rising trend — splitting
E I and recombination of gluons become
T equal
_E: [ * Direct evidence for gluon
0 _" e CMS — LTA.SS — bBK_GG saturation!!?
-2 |- = —
f 10 i O ALICE* (-4.0 <y <-3.5) -~ LTAWS  -- bBK_A ]
= [ O ALICE* (lyl <0.15) —— CD_BGK CGCIPsat ]
o - A LHCb* (-4.5 <y <-3.5) -~ CD_GBW -- GG-hs .
Systexp. . com - mpuseapprox. | ® INUcleus target becomes totally
| |E Sy X | | | | | absorptive to incoming photons
L1 | [ L1 1 1 I | L1 1 1 I | I L1 1 1 L1
0 50 100 150 200 250 300 350 400 .

Black Disk Limit, internal

Pb
Win (GeV) structure invisible!!?




Physics Letters B 537 (2002) 51-61
Phys. Rev. Lett. 87 192301, 2001

In the strong absorption scenario, the interaction
probability may reach the unitarity limit. The nucleus
target becomes totally absorptive to incoming photons.

* Total cross section of dipole-
nucleus interaction = 2mRj

energy increase

~inel N 2
JpQCD < Oblack = 7"-'Rta.rget

The BDL represents a novel regime at small x when
“Black Disk Limit (BDL)" the Lp QCD and the nption Qf the parton N
distributions becomes inapplicable for describing
hard processes.

- opposite to the “color transparency”

- New theoretical tools are needed in this regime!




CMS PbPb 1.52 nb™ (5.02 TeV)
L | L L L I L | L J-II__I__I_.I—~|—I=I' L | I . . .
* Rapid grows reflect increased in
gluon density
g * Amplitude of interaction is
= proportional to gluon density
o
o
>
S * Slow growth may suggest the
! ozl o CMS —uass  —wekaa | periphery of the nucleus has not
T | O ALICE* (-40<y<-35)  ~7 LTAWS == bBKA 1 become fully “black”
= [ O ALICE* (lyl <0.15) —— CD_BGK CGCIPsat ]
o - A LHCb* (-4.5 <y <-3.5) -~ CD_GBW -- GG-hs .
| Syst.exp. CD_IIM - - Impulse approx. | @ Q
i [ ] Syst. y flux 1
11 | | | I | L1 1 1 | | . | I .| | I | L1 11 | [ “

0 50 100 150 200 250 300 350 400 '
Pb energy increase




* For the first time, directly disentangled coh. 0., ,_,; 4’ (W) n UPC AA

* CMS measured coh. g, ,_,; 4’ (W) to a new unprecedentedly low-x gluon
regime (1074 - 1075).
* Flattening of coh. 0, 4_,; /4 4 (W) not predicted by state-of-the-art models
* Gluon saturation? black disk limit? or other physic effects?
Submitted to PRL: arXiv:2303.16984

1 B
CMS PbPb 1.52 nb™ (5.02 TeV) CMS PbPb 1.52 nb™ (5.02 TeV)
CMS Pbe 152 nb—1 (502 TeV) LI | I T | T T 11T | I"I‘_I_l‘l.-l—'l"l—'l_1—' T 1 | 1 F T T T T 11 ||| T T T T 11 ||| T T T 111 ||| T LS
' ' ' ' T e | 1= Pb+Pb — Pb+ Pb + JAy 7]
sl Pb + Pb — Pb + Pb + JAp AnAn --------------------- e ] [ e CMS & E691y +Pb — Jiy + Pb ]
—e— CMS - a [~ O ALICE* (-4.0<y<-3.5) HH /_L‘
= —&— ALICE 2019 E [ o ALICE* (lyl <0.15) ]
= —o— ALICE 2021 o) — A LHCb* (-45<y <-3.5) P -
T 4} —a— LHCb 2022 o _ Syst.exp. e UETEITLLTN
> > = o .
ko) < 7E [ ] Syst.y flux
~ - -
g _‘1; oz] i e cws —LUTASS  —bBKGG | o o ]
3 o O ALICE* (40<y<-35) -~ LTAWS -- bBKA 1 X Tk e —LTASS — bBK GG
----LTA_SS — CD_BGK = o O ALICE* (lyl <0.15) —— CD_BGK CGC IPsat 1 8 Dol ,,—": P -- LTAWS =-- bBKA 1
- LTAWS  -- CD_GBW © A LHCb* (-45<y <-3.5) -~ CD_GBW -~ GG-hs { & o5} . ~—OD BGK. % BGhss o
------- STARLight - CD_IIM i - Syst. exp. - CD_IIM -+~ Impulse approx. | E’ e __ gg_ﬁsw
] ] ] ] B Syst. Y flux T 04F . - -
0 B
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y 0 50 100 150 200 250 300 350 400 10°° 1074 1 03 1072
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2021

FIMAM\|J|J|AIS|ON[D|]|FIM

2026 2027 2028 2029
AM|J

OIN|D[J |FIMAIM|J ] |A|S|ON|D{] [FIM|AM|]|] |A|S|OIN|D|J |FIMIAM[] | J|A|S|OIN|D|J | F[M

Exciting opportunities ahead
Long Shutdown 3 (LS3) . . .«
T * Higher luminosities.
* A variety of 10n species.

2033 2034 2037 2038

J|FIMAM|J|J|AIS|OIN|D[J [FIMAM]|]|] |A[S|O|N|D| OIN|D|J FMiMJJASONDJFMAMJJASOND [ Upgrades enabled by new
e technologies!
E * Various VM species in YPb with neutron
tagging
_____ Pt; ’Xe)/ Kr Ar/lO  « System size scan with different ion species
_____ Y e

When approaching the BDL

Vs -
. the BDL
(—--‘ ----- « Coh. cross section scales with 42/3
* Incoh. cross section strongly suppressed; internal
substructure becomes invisible
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CMS PbPb 1.52 nb™ (5.02 TeV)
L | T L | I I ‘I__I, -I—1'| L | Tl | T I 1
107 |- P . ]
o) T meee i
g/ B ,—“———_:- ________________ ——-=
3 R oty - T Ll A -
o Y A0 AT |
>
S~ = .
=
1 7 —LTA.SS —DbBK GG
Q 402 1y o ALICE --LTA_WS -- bBK_A _
a ]
> A LHCb* (-4.5 <y <-3.5) —CD_BGK - - CGCIPsat ]
© Syst. exp. -~-CD_GBW =-:- GG-hs ]
Syst.yflux e CD_IIM --= Impulse approx.]
L1 1 1 | L1 11 | I I | L1 1 1 | I I | | I I | | L1 11 | I I | L1
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* Higher density, easer to reach the
saturation E

* Gluons 1s enhanced by a factor of A*1/3 in

nucleus compared to what in free nucleon. Pl

* Nucle1 as target, more nucleons, can
lead to nuclear shadowing effects

* Photon flux « Z?2

—>

/vvv-><_NW
/vvv-><_NW
—

Pb

* Possibility of multiphoton exchange:
Neutron tagging




Pb Pb Pb Pb

A two-way ambiguity! 2

High energy photon 1
Detector Y Detector Measured J / Y aty

Pb Pb Pb

Low energy photon Pb

Two unknows
but one equation!

A0 p-a4'
dy v/ O) - Oyanyppar ) + Nyya(=y) - Oy asy pypa (=3)

/ =

What we want: VM cross
[ What we measured ] Photon flux from theory section of one single
y+Pb at each y




* A given y = Fixes w, x, W Pb, Xe] [Pb, Xe]

_ Mym 1y We study J /¢

e =
R Y E' P°,@, v'(y, p?)

* y: Rapidity of the VM

* w: Photon energy
* My Mass of the VM

M - 2 :
SNN '
* W? = Myy/syy - e+

* W: Centre-of-mass energy of the photon—
target system

X

000000

——————

[p, Pb, Xe] t [p, Pb, Xe]




Coherent ] /Y yields

* Raw yields within the
mass window

L do7hy N /)
dy  (L+f1+p)€U/P)-Acc( /) BRU/Y—pt) Lint-Ay

Calculated from mass fit within
pt <0.2 GeV

Feed down ratio

f _ N(feed—down ] /y)
D™ N(primary j /)

Incoherent fraction

. f= N(InCoh ] /)
I'™ N(con j/v)

Calculated from pt fit



* Pileup in EM dissociation (EMD): Multiple EMD
within the same bunch crossing

e Leads to a decrease 1n OnOn Events increase in OnXn
and XnXn events

We are having
a pileup!!!

'@\
A

ZDC ) \ . ZDC




* The correction can be obtained by inverting migration matrix

N0 o P2 0 o0 O Koy Y
Sk P(‘%’?X PX 0 0 Nox
NXO PX0 0 PX 0 Nyo
N*X Po* Pox Pxo Pxx/ \Nxx

 The matrix element can be obtained from ZB fraction

o ng:foo
o Py = fox: Pox = foo + fox
o P’ = fxo. Pxg = foo + fxo

o Pii* = fxx:Pox = fxo+ fxx: Pxo = fox + fxx PXx = foo + fox + fxo+ fxx =1



arXiv:2111.11383
* The flux of a point-like source with

additional cut-off at RAis widely < 2 Pb-Pb, {5_ =502 TeV| & 10° Pb-Pb, {5__=5.02 TeV
used in phenomenological = | NN < | NN
calculations for UPC processes, < | k=100 MeV < | k=100 GeV
such as STARIight. X | \§ | —Point-like
 This approach is well motivated in z 107 | 3 107 | —Realistic
photon-nucleus interactions since | —Point-like |
the flux at impact parameters 107 : _Realistic 107 :
smaller than the nuclear radius is L R
effectively suppressed by the 5710 15 20 25 75710 15 20 25
requirement of no strong b, [fm] b, [fm]
interactions between nuclei. () (b)

(Color online) Photon fluxes coming from a nucleus in the point-like source approximation
and the realistic description as functions of impact parameter b calculated at different photon
energies: 100 MeV (a), 100 GeV (b)



* Both relate to the same concept: density of gluons in nPDF at small-x 1s
reduced wrt the simple addition of the gluon PDF

 Saturation: Dynamical description via gluon self-interactions that tame the
growth of gluon =2 CGC

* Nuclear shadowing: Gribov-Glauber model of multiple scatterings = LTA

A
ol

og « 1
pQCD :
& evolution ;
< equation
R A ON
< > '
saturation *

non-perturbative region g ~ 1

B

In x L. Frankfrut,, V. Guzey, M. Strikman (Physics Reports 512 (2012) 255-393)
Gluon saturation Nuclear shadowing




* Impulse approximation (IA): Photoproduction data from protons, does not include nuclear
effects except coherence

* STARIlight: Photoproduction data from protons + Vector Meson Dominance model, includes
multiple scattering but no gluon shadowing

* EPS09 LO: parametrization of nuclear shadowing data
* LTA: Leading Twist Approximation of nuclear shadowing

* [IM BG, IPsat, BGK-I: Color dipole approach coupled to the Color Glass Condensate
formalism with different assumptions on the dipole-proton scattering amplitude

* GG-HS: Color dipole model with hot spots nucleon structure

* b-BK: Color dipole approach coupled with impact-parameter dependent Balitsky-Kovchegov
equation

 JMRT NLO: DGLAP formalism with main NLO contributions included
* CCT: Saturation in an energy dependent hot spot model

* CGC: Color dipole model

 NLO BFKL: BFKL evolution of HERA values



