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[lnaH ceMunHapa

 YnbTpanepugepunyeckme cTofIKHOBEHNA MOHOB
« ABNeHne agepHon akpaHNpoBkU, moaens [puboBa-Inaybepa

* Ynpyrue (Inaybep) n Heynpyrue (I'pnboB) saepHbIie 3KpaHUPOBKA B
KorepeHTHOM dpoTopoxaeHnn p me3oHoB B YI1C aaep ceBuHua Ha BAK

« KorepeHTHOe poTopoxaenue J/y B YIIC aaep ceBnHuya Ha BAK v sgepHblie
[MIOOHHbIE AKPAHMPOBKU



YnbeTpanepudepmnyeckue CToNnKHOBEHUSA

 YnbTpanepudepunyeckme ctonkHoseHus (YI1C)
NOHOB: B3anmMogemncTame rnpu 6onbLmnx npuLEerbHbIX \W
napameTtpax b >> Ra+Rg — agpoHHoe z
B3auMMOOeNCTBME NodaBeHO — B3anMoOOencTBme O o W
3a cyeT obMmeHa kBasn-pearnbHbIMM OTOHAMMU, T.H. s \\ /
NPUBNKEHNE 3KBMBANEHTHbIX (POTOHOB //\\WW

Ba|7|u3e|<|<epa-B|/|nbs=|M0a, Budnev, Ginzburg, Meledin, Serbo, NG O
Z

Phys. Rept. 15 (1975) 181

* YT1C no3BonsgoT n3yyatb POTOH- // \\
dpOTOHHbLIE U POTOH-AOEPHbIE

B3aMMOeNcTBUs Nnpu g . .
becnpeueneHTHO BbICOKUX SHEPIUaX
(energy frontier) — gocrturaroTcs
NHBapPWaHTHbLIE SHEPIrUM BNSOTb A0 X X

W ,=5 TaB, W,A=700 s, W,,=4.2 Tag y »

B B

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 480 (2008) 1;
Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012



Ynbrpanepudepunyeckme CTonkHoBeHus (2)

* lLnpoknn kpyr nsyyvaembix npoueccoB B pamkax CtaHgapTtHon mogenu (CM)
N HOBON (DU3UKW.

* yp N yA paccesaHne — OTKpbITble BOMPOChI CTPYKTYpPbl aapoHoB B KX/:

[TTFOOHHbIE MNSIOTHOCTU NPU MarbliX X B NPOTOHe A0 Xp ~ 106 n aapax oo xa ~
6x10-4 N3 9KCKNO3NBHOIO OOTOPOXKOAEHNSA YAaPMOHMEB

NOUCK NPU3HAKOB HaCbILWEHWUS MMOHHOW NIOTHOCTU NPU ManbIX X B 3TUX
npoueccax

OOblYHbIE N ANdPaKLUNOHHbLIE FMIOOHHBIE U KBApPKOBbIE pacnpenesieHnst B aapax
npu 0.005 < xa < 0.5 U3 poTopoxKaeHUs 2xX CTpPyn

nouncku ogaepoHa B pA YT1C

yTOYHEHNEe Moaernen agpoHHON CTPYKTYPbl OTOHA N MexaHu3Ma aaepHoun
9KpPaHMPOBKU U3 POTOPOXOEHNS P ME3OHOB Ha Aapax

* ¥y paccesHne — NOUCKU HOBOU QOUINKMU:
- B cedeHue gatot Bknag Kak 4actuubl CM Tak n BeKTopHble PEPMUOHDI,

akcuoHonoaoOHble Yactmubl (ALP), MarHnTHble MoHOMoNu

aHoMaribHOe YeTBEpPHOE B3auMMOOENCTBUE KanMbpoBOYHbIX OO30HOB U3 yy —
W+\W-

OVNONbHbIN MOMEHT 7, CYNEPCUMMETPUA U3 yy — T+1-



doTopoxaeHue BeKTOpHbIX me3oHoB B YIIC

* B akcnepumeHTe YTIC xapakrepusyroTcs OTCYTCTBMEM aKTUBHOCTU B
OEeTeKTope KpoMe 2X NENTOHHbIX (MMOHHBLIX) TpekoB OT pacnaga J/y (p)

, Jhy(p)

« [lonosnHuTenbHoe ycnoBue: OTCYTCTBME NN Maroe Yncno goopBagHbIX
HENTPOHOB B KanopumeTtpax Hyrnesoro yrna (ZDC).

« KorepeHTHOe (0e3 pa3Bana sapa) paccesHne onpenensieTca u3
3aBUCUMOCTWN CEYEHMs OT MOMNEPEYHOro MMNyrbca NeNTOHHOW (MMOHHOW) Napbl

PT.
* Yncno cobbitum npowenwmnx otbop B ALICE npu y~0:

- p: ~7000 (Run 1), ~6x104 (Run 2), 5.5x10° (Run 3-4)
- Jly: ~500 (Run 1), ~4000 (Run 2), 1.1x106 (Run 3-4)



PoTopoxaeHne BEKTOpPHbIX Me30HOB B YIIC (2)

* B YTIC kaxgbin MOH CIY>XUT KaKk UICTOYHMKOM DOTOHOB, Tak N MULLEHbLIO —
ceveHne JaeTcd CyMMOW 2X YSIEHOB:

B

Jy (p) do4aa—pan
dy

= Noyya(y)oyaspar(y) + Nyja(=y)oyaspa (=y)

T

ceyeHne hoTopoxaeHus y = ObICTPOTa Me30Ha

* QOTOHHBLIN NOTOK K3 KO + nogaBneHne CUIbHOro B3aMMoaeNCTBUS Npun
Manbix b. YacTto ncnonbaytot npnbnmxeHHoOe BblpaXXeHue:

2 2
27° Qg . ]
< 100

Nyjaly) = === [CKo(QK1(Q) = 5 (K(Q) = KG(©)
¢ = whmin/vL; w = (My /2)eY zii 10
bmin ~ 2RA 't

0.1 F

- BUpTYyanbHOCTb oTOHOB Q2 ~ 1/(Ra)? | _
- NUHTEHCUBHOCTb NOTOKA ~ Z2 001 Runt,2.76 TeV 7

- MaKkcumManbHas aHeprns PoToHOB ~ yi Runz,802TeV ---- \'

0.001 &
10° 10° 10" 10°
w, GeV 6



ApepHasa aKkpaHUpPOBKa

* AnepHaqa akpaHMpOBKa = nodaBneHne cedeHns Ha agpax no cpaBHEHUE C
CYMMOW cevyeHU Ha HyKrnoHax oa< A ON.

e Habrtogaetcs npu paccesaHnn pasnnyHbliX HaneTawwmx Yacrtuy, (p, z, v, y*,V)
npu BbiCOX aHeprusax (> 1 'aB).

e ObbsCHAETCA OECTPYKTUBHOW NHTEPepeHUmen amnnutya ans
B3anmogenctenda c 1, 2, 3, ...A HykKnoHamu agpa — HYKMNOHbI Ha 3aHEN
NOBEPXHOCTU A4pa UCMbITbIBAKOT NOTOK, OCrabrneHHbIN (3KpaHMPOBaHHbIN)
nepeaHUMM HYKNoHamMn — oa~A2/3

» Knaccu4decknu npumep: NonHoe nMoH-4enTpoHHOE cevyeHne

impulse approximation shadowing correction

O_nD

N 2 2 diff elastic intermediate state, Glauber (1955)
D _ 26N _ ) / di? o (4k )

= 20 a
/ l dk? inelastic intermediate state, Gribov (1969)

ApepHbin popm-akTop [TMOH-HYKNOHHOE ANdp. CeYeHme C y4eTOM Ynpyroro



Mopoenb akpaHupoBok lpnboBa-I'naybepa

e CBSI3b AAEPHON 3KPAHUPOBKM C ANDPAKLMNOHHBIM CEYEHNEM MOXKHO
0006LWNTL Ha cny4an paccedaHnss POTOHOB Ha TSXKENMbIX sApax.

° I'IonpaBKa C NOJIHOMY )/A Ce4YeHWMIO, Karmanov, Kondratyuk, JETP Lett. 18 (1973) 266; Kaidalov
et al, EPJ C 5 (1998) 111; Piller, Weise, Phys. Rept. 330 (2000) 1

+ o0 + o0
00 ip = — SRszbf dZ1f dz; pa(b,z1) pa(b,z;)

exp[ - G%J dz pa(b, Z):|
t~0 Z1

1

1

w? dZGdlff
2 —
X J4m£ dMxcos[(z; zl)//l]dMX p

» CeyeHue nepepaccesiHuA:

0.9

w?2 d2 diff =
Ocff = 167 / dMA%( 2*N Q;C
oyn (L +12) S dM % dt t L s B

~ S L TS N

I e
* YyeT andpakunm ooTtoHOB B Manble = o1p \*\“**im " .

¥ 2
n bonbLwne maccol y+p—X(Mx)+p § S

0.6 =

BEAET K YCNeLHOMY ONMMCaHUIo _
JaHHbIX HA PUKCUPOBAHHbIX AAEPHbIX Y N S S
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MULLIEHSX, Adeluyi, Fai, PRC 74 (2006) 054904
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ynpyrue aKkpaHUpoBKU B (pOTOPOXKAEHUU P

e KomOUHUpYysa ¢ mogenbto BekTopHom goMmnHaHTHocTu (VMD) ana nepexoaa

Y-P MOXHO BbIMUCITUTb CEHEHNE KOTEPEHTHOIO CbOTOpO)K,EI,eHI/IFI P Ha Aa4pax,
Bauer, Spital, Yennie, Pipkin, Rev. Mod. Phys. 50 (1978) 261

e TpaONULUMOHHO YYUTBLIBAETCA TOMbKO YNPYroe NnpoMeXyTo4HOE COCTOSIHUE
(ynpyroe nepepaccesiHme p) — mogenb [naybepa

2
OyApA = (?) /d% 1- e—%apNTAw)‘z
p

I e L I IR B
/ - ——= 74+Pb—p+Pb in VMD-GM-DL94

onTnyeckKkad daepHas

OpN=TOHOE CeYeHune 13 S oTHeeTe ol I
VMD » mogenu NOTHOCTL. - P
KOHCTUTYEHTHbIX KBapKOB Ta(b) = [ dzpa(b, ) g 0 H i
L
L
< [ ————————
* Mogenb MMayGepa NpaBuibHO yuuTbiIBAET £ | -mmmmm-
OCHOBHOW OCHOBHOW BKNaj B 3KPAHUPOBKY, &

[Ne]
————
o
——e—
(-
-

nogaenarOLWnmM cevyeHne B ~6 pas.

® STAR v+Au—p+Au |
A ALICE ~++Pb—p+Pb |
L L I L L L I L L L

* Ho nepeoueHunBaeTt gaHHble PUK n BAK :
Ha 50%, Frankfurt, Guzey, Strikman, Zhalov, PLB 752 (2016) 51 T w w
W.,, GeV




MoaouduumpoBaHHaa moaesrib BEKTOPHOU
AOMUHaAHTHOCTU (MVMD)

* D PEKT aaepHON 3KPaAHMPOBKM MOXXHO YCUITUTL YY4ETOM HEYNPYTrnX
NPOMEXYTOUYHbIX COCTOAHMUN 3a cHeT agndppakumoHHon amccounaunm (O0)
dooTOHa B 6onbLUME MACChI.

e 11 ynobHo obcyxaaTb Ha si3blke CODCTBEHHbBIX COCTOSIHUUW onepaTtopa
paccedaHus T: Npu BbICOKMX SHEPIUSIX OTOH = KOrepeHTHasi Cynepno3nums

ponroxmsywnx (lc ~ E,) donykryaumin |Wx> ¢ cedeHnem ok=tk, Good, Walker, Phys. Rev.
120 (1960) 1857

U) =) ol W) S el =1

k k
» [IndopakuMoHHOE paccesiHue = HadaribHoe cocTosiHue |W> nepexoLu/lT B
noboe [Ve> s
— (Ui [ ImT| W) 212 = — (o?
(dt)to 167TZ| M) Z‘C’“ b= 16507

« 11 = nonHasa gndpakunga MMHYC ynpyroe cedeHue

do‘ el

E)t:0 = —\(\If|ImT\\If (Z |Cre| tk:) = ?< >2 |:l,> (Cji_jxj - (le_j)ji_

(@)= (@ = 07)
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MoaunduumnpoBaHHaa moaenb BEKTOPHOM
AoOMUHaHTHocTu (MVMD) (2)

* B BbluMcneHusx ygobHo ncnonb3oBaTbh HENPEPLIBHYIO (OPMY 3TOrO

cdbopmManmsma v BBecTu pacnpeneneHue P(o) no agpoHHbIM NyKTyaLuusam B
OaHHOW HaneTatoLwen Yyactuue (p, ., y), Blaettel et al, Phys. Rev. D 47 (1993) 2761

* ®opma P(0) Kak B NMMOHE + yCUIieHMe BKIlada MarblX O Kak TOro TpebytoT
OaHHble N ToOYeYHOo-NogobHoe B3anmoaencTene POTOHOB C KBapKamu

1 9 2
P — N —(0—00)*/(Q00)
p(g) (0/00)2 n 16

* [1paBuna cymm ans P(o):

fdaP(a):l,

— W3 OaHHbIX MO

do P = ,
fa (@) =1 do(yp — pp)/dt

/dO'P(O')O'z = (0)2(1 + Wy )

— U3 gaHHbIX no A1 y B
OonbLUMEe MacChbl, Chapin 1985

do(t=0)/dt , 1b/GeV”

160
\

120

- —— mVMD
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o0
je]
T T T T

40
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R
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MoaouduumpoBaHHaa moaesrib BEKTOPHOU
AOMUHaAHTHocTU (MVMD) (3)

* P(0) Anst p ME30HOB, Frankfurt, Guzey, Strikman, Zhalov, PLB 752 (2016) 51

1

i (@/oof 1 1

p(“):N

0.015 F

0.005

0

ToHkne nnHum = P(0) Ang nMoHoB

o~ (0=00)%/(Q00)*

|
Vs=46 GeV




ynpyrue u Heynpyrue 3KpaHUpPOBKU B
cdoTopoxgeHuUu p

e C ydyeTOoM hrniykTyauummn:

o

2
mVMD-GGM __ [ € 4%h
yA—pA - f
0

e 3apabatbiBaeM 2 AONONMHUTENBbHbLIX 3PdeKTa No CpaBHEHUIO CO
CTaHAAPTHLIMU METOAAMMU: YTOYHSAEM ONUCAHUE CEYEHUA yP—PP U YUUTbIBAEM

Heynpyrmue MpMBOOBCKME 3KPAHNPOBKU B G,A—pA

/daP(a) (

1_6—%“(19))

e — XOpoOLUee onMcaHne HOPMUPOBKM U 3aBUCUMOCTU OT SHEPTUM T,ApA

Frankfurt, Guzey, Strikman,
Zhalov, PLB 752 (2016) 51

e CpaBHeHune ¢ aaHHbiMu PUK

(STAR) Adler, et al, Phys. Rev. Lett. 89

(2002) 272302, Abelev et al., Phys. Rev. C 77
(2008) 034910; Agakishiey, et al., Phys. Rev.

C 85 (2012) 014910 n BAK (ALICE),
Adam et al (ALICE), JHEP 1509 (2015) 095;

Acharya et al, JHEP 06 (2020) 035.

4.0

D o
= =

Oyt A—p+A (Ww) , mb
=

| —— mVMD-GGM ~+Pb— p+Pb

: =+ =

N ® STAR v+Au—p+Au

A ALICE v+Pb—p+Pb 1
RN R TR S S N T N

20 40 60
Ww’ GeV

80

2
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doTtopoxaeHue p B Pb-Pb YIC Ha BAK

e XOpolle onncaHne o,a—pa 0O3Ha4YaeT xopoluee onmcaHme gaHHbix PUIK n BAK
(Run 1 and 2) no korepeHTHOMY dooTopoxaeHuto p, do(AA—pAA)/dy at y=0.

* JleBbIN pUC.: 3aBUCMMOCTb OT ObLICTPOTLI B pamMKkax noaxonos [naybepa (GM)

n ['pnbosa-Inaybepa Glauber (GGM(.

* MpaBbilt pUc.: 3aBUCUMOCTL OT aHeprum Win=Vsnn , cpaBHeHne co STARIight

Frankfurt, Guzey, Strikman, Zhalov, PLB 752 (2016) 51

1000
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| Pb+Pb->Pb+p+Pb /syn=2.76 TeV

=== mVMD-GM

—— mVMD-GGM |

4 2 0 2 4

do(y=0)/dy (mb)

600

500

400

300

Guzey, Kryshen, Zhalov, PRC 102 (2020) 1, 015208

—
— PbPb->PbP
- = ALICE

¢ STAR

bp

—— (GGM coherent -
----- - STARIight coherent
] ] ! ] ! ] ! ] !
1000 2000 3000 4000 5000
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doTopoxaeHue p B Pb-Pb YINC Ha BAK (2)

* [lpeacrtaBneHnmne Hawmnx pesynsraTtoB B ctaTbsx ALICE, cpaBHeHune ¢

MMMy nogxogamMm.
APy Axon Acharya et al [ALICE}, JHEP 06 (2020) 035

—~ 800
ve’ C
£ - ALICE Pb-Pb UPC |5, =5.02 TeV
> ™ Po-Pb—>Pb+Pb+¢°
S~ e o o o m m m m e e o R R M M M M M o e e e o R M M R M M M M M E OE oo om
S Eemme e
O 00— ———— s
S e S - s S
00—
400
3002_ — data — — - STARIight
- o reflected GKZ (upper limit)
o0l @~ @@ . mrmmmes GKZ (lower limit)
- uncorr syst. oKt
100 corrsyst. ... CCKT (nuclear)
= | | | T GMMNS
O~ 08 06 04 02 0 02z 04 06 08
GKZ = Guzey, Kryshen, Zhalov y

CCKT = dipole model with hot spots, Glauber model
GMMNS = dipole model with saturation
STARIight = standard MC for UPCs, Glauber model
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doTtopoxaeHue p B Xe-Xe YINC Ha BAK

e Toxxe camoe ansa YIC agep KCEHOHA, Acharya et al [ALICE], arXiv:2101.02581 [hep-ex]

- 300
= i ALICE Xe-Xe UPC |\s,, =5.44 TeV
2 sk I ALCEdata  —— SMNS ] -
S - 1] ] o Y[
< | -~ CCKT —— STARIight 1 E ¢ ® ALICE y-Xe
Tl = I m ALICE y-Pb
X 200f 4 o 2 m Hiyp
(" o L § e it o, A
X T e F ' = CCKT
. 1 v o15F -
¢ 1901 S ¢ W GKZ
X < L
}} =3 - e T coherent: o, A"
E 1001 7 b<£ 1 :_ """ incoherent: o, A
: N black disk: o, A*°
50 - | 0.5 :_ lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
0 [ 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 \ : 0 ! “I‘“““I ““““ _ I. l . . . . l : : : . l . . . l . . .
s "6 2 5 o 5 7 5 3 0 50 100 150 200

GKZ = Guzey, Kryshen, Zhalov

CCKT = dipole model with hot spots, Glauber model
GMMNS = dipole model with saturation

STARIight = standard MC for UPCs, Glauber model
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Nuclear parton distributions at small x

* Nuclear parton distributions (nPDFs) = densities/distributions of quarks and
gluons in nuclei as function of momentum fraction x at resolution scale p.

* Defined as matrix elements of quark and gluon fields between nuclear states
in the framework of QCD collinear factorization.

» Universal quantities, can be accessed in different processes.

c
¢ — :
ZY* (@) P T
1 galz,Q?)
E—x

-l Ry(z, Q%) =

/ S X p Agp(z, Q?)
P Drell-Yan process Paukkunen, NPA 926 (2014) 24
Inclusive DIS L3 T

19 Q =10 Ge V
] N%\ 1.1 f
* nPDFs are determined from global S 10|
QCD fits to data on fixed-target DIS, STy
hard processes in dA (RHIC) and pA Los
(LHC) — fa(x,p2) with significant Sor | -
c * a =— EPS09
uncertainties 06 | 30 48 it 11 DSSZ
o5 - L e HKNO7
., .Shadowing == [0
10 10° 07 . 107 1 17



Nuclear shadowing and nPDFs at small x (2)

* One of the goals of the LHC heavy ion program is to better constrain nPDFs:

while Run 1 pA@LHC data does not really help, EPpPs16, Eskola, et al., EPJ C77 (2017) 163, Run 2
data on dijets and HF production may/should give additional constraints on nPDFs

* The impact of these new data, which are not included in the fit, is usually
assessed using Bayesian re-weighting:

Run 2 CMS jets, Eskola, Paakkinen,

Paukkunen, EPJC 79 (2019) 6, 511

1.5 0*=1.69GeV?

1 .........
52:%
0.5
= EPPS16
0

B reweighted

104 103 102 10!
X

|

Run 2 LHCb DO,

Eskola, Helenius,

Paakkinen, Paukkunen,

JHEP 05 (2020) 037

1.6 T T TTTI T T TTTI T T TTTT T TTTm

. Q% =1.69 GeV?

0
104 1073 102 10!
Xz

1

Runs 1 & 2 J/y, Kusina,

Lansberg, Schienbein, Shao,
arXiv:2012.11462 [hep-ph]

1.6

1.4F ---- EPPS16rwjpsi U

fCT14
=
[N)

ngb /

Pb —
g
o
®

R

0.6

0.2

g
-
=)

Q=2 GeV
| —— EPPS16

[ —— EPPS16rw]psi 2.0 * g
[ e EPPS16rw)psi 0.5 * g

ol ol vl vl vl
107> 1074 1073 1072 107!

* It is also important to use the potential of heavy-ion UPCs to better constrain
nuclear PDFs at small x.
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Model of leading-twist nuclear shadowing: heavy nuclei
- Alternative to extrapolation of nPDFs into x < 0.05 region : model of leading
twist nuclear shadowing, Frankiurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255

- Combination of Gribov-Glauber shadowing model with QCD factorization
theorems for inclusive and diffractive DIS, rrankiurt, Strikman, EPJ A5 (1999) 293

> Vq
Y* q)\ E X <
e ' X g
. —_
. (diffractive
N exchange
A A

N2 0.1
a(x, 03) = Axn(x, 03) — BTAA — 1) e = ban [ B .02

f @b f dz, f 02,08 (B, 20)pa(B, 22)'C17
m%ﬁve PDFs

from HERA effective cross section

xpmy =4 (1=imoln (.Q3) [72 2/ pa(5.2)

nuclear density 9



Model of leading-twist nuclear shadowing (2)

- Predicts nuclear PDFs at y2=3-4 GeV2 — input for DGLAP evolution.

- Magnitude of shadowing is determined by proton diffractive PDFs, ZEUS,
H1 2006 — naturally predicts large shadowing for ga(x,u2).

doP.(c)o?
- One free parameter: o (x) = fdap”gai(ﬂ —~ 60 F T Tor () mm— 1
y o) lllllllll,,' o ft(L) 'SSRL0
E 50 F l,"" SO -
~ 'l',“"cz C AL O] ]
40 AT ITRELY

- Estimated using two models of the photon

hadronic fluctuations using the Good- 30 T
Walker approach to diffractive dissociation, 20 |
Good, Walker, PR 120 (1960) 1857 10 L
- P(0) like in the pion, Blattel et al, 1993 o
- P(0) using the dipole model, McDermott, Frankfurt, 1078 1074 1073 1072 10”"

Guzey, Strikman, 2000

- The model also predicts impact-parameter-dependent nuclear PDFs ga(x,b,Q2)
- shift of t-dependence of yA — J/yA cross section in UPCs

- oscillations of beam-spin nuclear DVCS asymmetry at EIC.
20



IaX)/[AgN(X)]

Predictions of leading twist model for heavy nuclei

Results of DGLAP evolution: from Q2=4

Leading twist (LTA) vs. EPPS16 GeV2 to Q2=10 and 10,000 GeV/2

! L | v LI | T LI LI | T T 1'4 d d Ll | d d bl | d d Ll | d d Ll |
18 A Pb-208, Q.2=4 GeVZ |
16 | EPPS16 — - - U9, Wy =4 e 1% 1.2} pb-208 -
1.4 | 1§ L \.
1.2 ~
1 X 0.8 -
0.8 U"F
0.6 0.6 T
0.4 0%=4 Gev?
0.4 0%=10 Gev? .
0.2 F - 2 2
- 0%=10,000 GeV
0 S —— S —— S —— — 0.2 . M B N M M B
10 1073 102 10" 107> 1074 1073 1072 1071
X X

EIC is an ideal machine to test predictions of this model and distinguish it
from other approaches due to:

- wide x-Q2 coverage
- measurements of the longitudinal structure function FA(x,Q2)
- measurements of diffraction in eA DIS
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Impact parameter dependence of nPDFs

- The model of leading twist nuclear shadowing allows one to predict the
dependence of nPDFs on the impact parameter b:

(1 —in)?
1+ n?

0.1
xfi/a(x, Q2 b) = ATa(b)xfin(x, Q) — 8TA(A — 1)Byise e f dxe B (B. Q3. xp)

o0 oo N - . A . o'] N, >
X / dz; / dzy pa(b, z1) pa(b, z3) e!(Z1=22)xpmN e_f(]_m) soft %:Q) [z dZ'pa(b,2)
—00 Z1

- — correlations between b and x, in RO(xb.Q")
particular, shadowing is stronger in nucleus ;|

center — shift of t-dependence of yA — J/ywA os ¢
cross section — confirmed by LHC data on |
coherent J/y photoproduction in Pb-Pb 02 |
UPCs. °

e

Z =

/7
(777 ==
L7 77 7 ==

L 77
LT L 77
....'.""”’ 7
LZ AL 77>
LZ75FH5L 7~ L7 Z 77 7777
.....'.""I,/

- It is a challenge for global fits to extract the b-dependence of nPDFs, epsogs,
Helenius, Honkanen, Salgado, JHEP 1207 (2012) 073.
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Exclusive J/iy photoproduction in UPCs

« Ultraperipheral collisions (UPCs) of ions at large impact parameters — yA
scattering at high energies, Balitz et al., Phys. Rept. 480 (2008) 1.

B B
doaa—sangy(y)
Q%j _>dy 2 = /A Y)OyasaT/p(Y) + Nyja(=y)oyasag/9(—Y)
‘ R
/
= In[W?/(2 M
- ~ Photon flux from QED: _ y = W=/ 2yemy My )]
- high intensity ~ Z2 Photoproduction = Jly rapidity

- high photon energy ~ cross section

* In leading logarithmic approximation (LLA) of pQCD and ~
non-relativistic approximation for charmonium wave function

(Jly, w(2S)), Ryskin, Z. Phys. C57 (1993) 89

doyr s gp7(W,t =0)

= = O(u?) [2Gr(z, %))’

J 2
/@b’ PP =My /4 =24 GeV? C(u) = M3/¢F667r3a8(,uz)/(48046m,u8)
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Coherent J/y photoproduction on nuclei

» Application to nuclear targets:

_ 2\ 12
Tonsgron (W) = 2 davp%J/wp(Wwvt = 0) Ga(z, 1) D 4 (tmin)
YA—=J /v P A/N dt AG N (z, p2) min
Small correction kan = 0.90-95 due to From HERA and LHCb Nucleus/proton From nuclear
different skewnesses of nuclear and gluon ratio Ry form factor
nucleon GPDs tmin
. : : , Y — 2
» Well-defined impulse approximation (IA): 4 (tmin) —/_OO dilFat)]

do J /1 (W ,t = O)
U’Iyi%J/ibA(Ww) — sl pdt - (I)A(tmin)

* Nuclear suppression factor S (like Rpa or Raa) — direct access to Rq

1/2
SOW.,,) = Oy Pb—sJ /4 Pb / _ . Ga(x,p?) R
e O-fIyl?Db—>J/¢Pb AN AG N (z, u?) AT

g \

Model-independently from data on From - :
global QCD fits of nPDFs or leading
UPC@LHC (ALICE, CMS) and HERA, twist nuclear shadowing model

LHCDb Abelev et al. [ALICE], PLB718 (2013) 1273; .
Abbas et al. [ALICE], EPJ C 73 (2013) 2617; [CMS] Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290,

PLB 772 (2017) 489 Guzey, Zhalov, JHEP 1310 (2013) 207 24



Spp from ALICE and CMS UPC data vs. theory

- J/y photoproduction in Pb-Pb UPCs at LHC, Abelev et al. [ALICE], PLB718 (2013) 1273;
Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., PLB 772 (2017) 489 — suppression factor Spp
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* _ HKNQ7 =====-

2=3 GeV?2

0.1 F nDS =— - = ]
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107* 1073 1072 1

X
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LTA: Guzey, Zhalov JHEP 1310 (2013) 207
EPS09: Eskola, Paukkunen, Salgado, JHEP

0904 (2009) 065

HKNO7: Hirai, Kumano, Nagai, PRC 76 (2007)
065207
NDS: de Florian, Sassot, PRD 69 (2004) 074028

» Good agreement with ALICE data on coherent J/y photoproduction in Pb-Pb
UPCs@2.76 TeV — direct evidence of large gluon NS, Rq(x=6x10-4-0.001) = 0.6.

e Also good description using central value of EPS09, EPPS16, large uncertainty.

e Color dipole models generally underestimate the suppression, Goncalves, Machado (2011);
Lappi, Mantysaari, 2013, but proton shape fluctuations help, Mantysaari, Schenke, PLB 772 (2017) 681 25



Run 2 ALICE and LHCDb results on exclusive J/y
photoproduction in Pb-Pb UPCs

Acharya et al. [ALICE] arXiv:2101.04577 [nucl-ex]
Burshe at al. [LHCb], NPA 982 (2019) 247

14
o ALICE Pb+Pb — Pb+Pb+Jhp |5y = 5.02 TeV
£ ALICE coh / = !
> 10— O] coherent Jhp 0 LHCb Prelimi Guzey et al.
®) | - --- Impulse approximation 8 4 5 = reliminary
B | --- STARLIGHT — T E ., — LA
© - —— EPSO09 LO (GKZ) > 4 = "“ —e— Pb-Pb |5 =5 TeV —LTA_S
10}— ------ LTA (GK2) pemmmTTTTe S = )
- - IMBG (GM) - B 35F = EPS09
. — — IPsat (LM) o) 3 - Goncalves et al.
gl— — -« BGK-I(LS) :—\\
L ---- GG-HS (CCK) ) 75 = = [P-SAT+GLC
- — — b-BK(BCCM) - DE
- A 0 0 = === [IM+BG
6— T —_ T —
- e - - // _____ — 1 5 - Cepila et al.
B o e =
- = ~E — GG-hs+BG
4— BPE il 1
B = S GS-hs+BG
- == O 5 3 Mintysaari et al.
2r= 0 - N
‘‘‘‘ === [S fluct. +GLC
et 0 1 2 3 4 5
= | | | | | === 0 fluct. +GLC
O | | | | | y
-4 -3 -2 -1 0 1
y

e Comparison to Impulse approximation and STARIight — indication of “moderate”
nuclear gluon shadowing:
* Model of leading-twist shadowing and EPS09 are in good agreement for y =0
e “_..none of the models is able to fully describe the rapidity dependence”
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Imaging of nuclear gluons at small x

- In case of non-negligible nuclear shadowing, yA — J/wA cross section should
be modified:

doyasijpa _ 40p—g/ep(t = 0) (Rg,A)2 ( ga(z, p*) )2 F2 (1)
Rgp Agp(, 1?) 4

dt dt
doyasgipa Aoy g/gp(t =0) (Rg,A)Q <9A(Jf,t,u2)>2

dt B dt R, , Ag,(x, p?)

- Answer in terms of nuclear GPD in the x1=x2 limit, i.e. in terms of impact-
parameter-dependent nPDF fja(x,Qo2,b), Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

- Correlations between b and x — shift of t-dependence of yA — J/yA cross
section:
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t-dependence of coherent J/yy photonuclear
cross section

Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

0 T T T T
YA — J/yA

W=124 GeV

(do/dt) / [d6/dt (tys,) ]

LTA e— b

|F,(t) /B|% — == ]

Vsyy=5.02 TeV, y=0

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

|t] [Gev®]

do p/ditl (mb c2 GeV?)

Model / Data

Acharya et al. [ALICE] arXiv:2101.04623 [nucl-ex]

10 ALICE Pb+Pb — Pb+Pb+J/p |5y, = 5.02 TeV —
—— _
s ALICE coherent J/y, lyl<0.8 N
L N>, ]
5 \I\_\ + Experimental uncorrelated syst. + stat. |
B \.Q;\}T. Experimental correlated syst. |

\‘\\\ UPC to yPb model uncertainty
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— \ \'\ —
NN
AN
~ i\.
N \\.
N \\,\

= N .

L NN _

L NN i
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e Resulting shift = 5-11% broadening in impact parameter space of gluon nPDF

- Similar effect is predicted to be caused by saturation, Cisek, Schafer, Szczurek, PRC86 (2012)
014905; Lappi, Mantysaari, PRC 87 (2013) 032201; Toll, Ullrich, PRC87 (2013) 024913; Goncalves, Navarra, Spiering,

arXiv:1701.04340

28



HoBble orpaHM4YeHuUs Ha AAepPHYIO MOOHHYHO
NSIOTHOCTb U3 hoTopoxaeHusa J/y

e CTporo roBops, aHanus3 gaHHbIX Mo KorepeHTHoMmy potopoxaeHuto J/y B Pb-

Pb YTIC TpebyeT yyeta MHOrmx adppektoB (CBsI3b 0006LLEHHBIX U OObIYHbIX
NapTOHHbLIX MNOTHOCTEW, paanaLUUOHHbIE N PENATUBUCTCKUE MOMNPaBKN).

 BMEeCTO NOSIHOLIEHHOINO COBMECTHOrO aHarnuns3a BCeX AaHHbIX, MOXXHO OLEHUTb
BITUAHNE cbaKTopa AO0EepPHOro nogasJjieHn4, KOTOprVI Mbl U3BJ1EKITN N3 OaAHHbIX,
Ha TeKywune HeoripeaesieHHoCTu [MIFOOHHOW MNITOTHOCTMN, NCMNOoJib3yA METO
Strikman, Zhalov, PLB 816 (2021) 136202

CTaTUCTNHECKOIo B3BELWLNBAHUA, Guzey, Kryshen,

H
—e
1

Fit to Run 1 and 2 data

ALICE,Run1,y=0 e 7]

ALICE,Run2,y=0 A .
Ferlmilab o

1 L
Spp () = 0ya—a/pA(Wap) 05
- IA 7 ol
O jpa( W) X o8}
Z o)
Spy(z = 0.00112) = 0.62 & 0.057, 06 F
Spy(z = 6.17 x 107*) = 0.63 & 0.025 0.5 -
04
03
a+ by In(zy/x0) + beIn(x/x1), for x > a; 02 |
Spp(x) = ¢ a+byIn(z/z), for z1 > x > xg o
a+ cln(z/z), for <z, i
0
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HoBble orpaHM4YeHuUs Ha AAepPHYIO MOOHHYHO
NSIOTHOCTb U3 hoTopoxaeHusa J/y (2)

e icnonbaysa gaHHbIn Habop AP (ueHTpanbHOe 3Ha4YeHue + oWnobKK),
co3gaeM MHOro KrnoHoB N
1 | |
k 2 0 2 /) 2 1— 2
gaw,1%) = (@, 1) + 5 3 (94 (w.16%) = 95 (2, 1)) R

1=1
e [1Nna KaXxgoro KnoHa cYMTaeM, Kak XOpoLUo OH ONUCbIBAET AaHHbIe Mo
doakTopam aaepHoro nogaeBneHnsa Spp(X), U HAXo0AmM CTaT. BEC Wk

Naata (\/(da/dy) T(do™ gy — Rg;k)a :(>
pu (5\/(dff/dy)/(dUIA/dy)(j))2 1.2

Xi =

e HoBoe LeHTpanbHoe 3HaueHue 1

- O
[MIOOHHOW NMOTHOCTU U ee owmnbkn: 5 °°f -
06 F I |

Y
1 rep
<gA(m7:UJ2)> = N Zwkgi(xmlf)a 04 .
TeP f—1
1 Neeo 1/2 0.2 .
2 .
5<gA(£E,,LL2)> _ [N Zwk’ (gff;(l“,ff) - (gA(x,,u2)>) ] 0F Fit to Run 1 anggpcéitg - i
rep p_q 02 e EP.PS16.(reV.V.I) e . . .
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3aKknro4vyeHue

* YT1C noHoB aBnarTCcs BaXXHbIM KOMMOHEHTOM busnyeckon nporpammel BAK
N NO3BONSAKT MU3y4aTb OTKPbITble BOMNPOCHI CTPYKTYpbl NPOTOHOB U saep B KXLI.

* 3yueHune YT1C npmnobpeTtaeT Bce DOMbLUYIO BaXXHOCTb U pacCMaTpuUBaETCS
KaK NpoToTuUn namepeHnn Ha nnaHmpyembix yckoputenax (EIC, LHeC/FCC).

» KorepeHTHOEe (poTopoxaeHne p me3oHoB B Pb-Pb YT1C nossongeT yTouHUTL
MoOenn agpoHHOU CTPYKTYPbl POTOHA U MexaHn3Ma 94epPHOU SKPaHUPOBKU U
YKasblBaeT Ha BaXXHOCTb Heyrnpyron (pnboBcKon) aKpaHMPOBKM.

» KorepeHTHOe (poTopoxaeHune J/y B Pb-Pb YI1C ykasbiBaeT Ha borblune

AfepHble 3KPaHUPOBKN SSAEPHOM ITIIOOHHOW MNOTHOCTU NMPU ManbIX X,
Rg(x=6%104-10-3, y2 = 3 GeV?2) = 0.6, JaeT HOBble OrpaHN4YeHnd Ha 3Ty
dbyHOaMeHTanbHy BENUYMHY U MO3BOSISET NOMAYYUTb 3X MEPHYIO KAPTUHY
[MIOOHHOW NIOTHOCTU B SApax.
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