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UPC/DIS and Heavy-ion Collisions

Credit: MADAI collaboration; Hannah Elfner and Jonah Ber_nh'a_ljd

- UPC/DIS: * Heavy-ion Collisions: High center-of-mass

. . . energlies avallable.
* Pin down kinematics, clean probes of J

QCD dynamics * Multi-Stage process:
* Collision energy is limited. Initial state => QGP => Hadronic Scatter

* It is the same nucleus at small x: probe the initial state in UPC/DIS, then apply to
heavy ion simulations.



Imaging nuclel with photon-nucleus reactions

High energy factorization:
J/

@ " — qqg splitting,
wave function W7 (r, Q2, 2)

© qqg dipole scatters elastically N(r, x, b)
@ qgg — J/V, wave function vV(r,Q%z) p

Diffractive scattering amplitude
AV PV / d?2bdzd?rv WY (r, z, Q%*)e A N(r, x, b)
Impact parameter, b, is the Fourier conjugate of the momentum transfer, A = v/ —t

N(r, x, b) dipole-target scattering amplitude.

Miettinen, Pumplin, PRD 18, 1978; Caldwell, Kowalski, 0909.1254; Mantysaari, Schenke, 1603.04349;
Mantysaari, 2001.10705 3



Imaging nuclel with photon-nucleus reactions

High energy factorization:
J/

@ " — qqg splitting,
wave function W7 (r, Q2, 2)

© qqg dipole scatters elastically N(r, x, b)
@ qgg — J/V, wave function vV(r,Q%z) p

Diffractive scattering amplitude
AV PV / d?2bdzd?rv WY (r, z, Q%*)e A N(r, x, b)

Impact parameter, b, is the Fourier conjugate of the momentum transfer, A = v/ —t
N(r, x, b) dipole-target scattering amplitude.

A ~Fourier transform of the spatial structure function of target (T, /4).

Miettinen, Pumplin, PRD 18, 1978; Caldwell, Kowalski, 0909.1254; Méantysaari, Schenke, 1603.04349;
Mantysaari, 2001.10705 4



Coherent and incoherent processes

* Coherent O coherent ~ |<.A>Q|2 L J/v

Target stays intact, ( linitial state> = Ilfinal state>)
Probes the average shape of the target.

Miettinen, Pumplin, PRD 18, 1978; Caldwell, Kowalski, 0909.1254; Mantysaari, Schenke, 1603.04349;
Méntysaari, 2001.10705 5



Coherent and incoherent processes

* Coherent O coherent ™ |<A)Q|2 v 7/

Target stays intact, ( linitial state> = Ifinal state>)
Probes the average shape of the target.

* Incoherent Oincoherent ™~ <|-A|2>Q — |<A>Q|2 Y

J/v
Target breaks apart, (|initial state> # |final state>)

Probes the variance of event-by-event initial state
fluctuations in target structure.

Miettinen, Pumplin, PRD 18, 1978; Caldwell, Kowalski, 0909.1254; Méantysaari, Schenke, 1603.04349;
Mantysaari, 2001.10705



Proton geometry fluctuations

Y+p—=J/Yv+pP  —— CGC + shape fluct
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* Probe the event-by-event sub-nucleon fluctuations.

H. Méantysaari, Schenke , PhysRevLett.108.252301 , PhysRevC.86.034908 ,
H. Méantysaari, F. Salazar and B. Schenke, Phys. Rev. D 106, 074019 (2022).

H. Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.
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Proton geometry fluctuations
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Probe the event-by-event sub-nucleon fluctuations.
Bayesian inference of the fluctuating proton shape.

The extracted 2D RMS proton radius Ryns = /2(Byc + By) ~ 0.6 fm.

H. Mantysaari, Schenke , PhysRevlLett.108.252301 , PhysRevC.86.034908 ,
H. Mantysaari, F. Salazar and B. Schenke, Phys. Rev. D 106, 074019 (2022).
H. Mantysaari, B.Schenke, C. Shen and W. Zhao, Phys. Lett. B 833 (2022), 137348.
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Multi-scale imaging of Nuclear shape
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H. Méantysaari, B.Schenke, C. Shen and W.

* It provides the “X-ray vision” for atoms.

Zhao, PhysRevlLett.131.062301.



Probing light nuclei structures
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H. Mantysaari, B.Schenke, C. Shen and W. Zhao, PRL.131.062301.
H. Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao PRC.109.024908.
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Probing light nuclei structures
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H. Mantysaari, B.Schenke, C. Shen and W. Zhao, PRL.131.062301.
H. Mantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao PRC.109.024908.

casel case?2 case3 case4 Zr

* Probe light nuclear structures by diffractive V.M. productions, complementary to heavy-ion
observables. (See also J. P. Blaizot and G. Giacalone, [arXiv:2504.15421].)
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Energy Evolution of Initial Conditions



Energy evolution of initial state

observation scale separation scale

} }1={ » momentum scale

- 7
H,-/ -~
Integrate out
too!

Integrate out

A. Morreale and F. Salazar, Universe 7, no.8, 312 (2021).

gluon density

Low energy mmp  High energy
(UPC/DIS) (LHC)

* Energy evolution of the initial state.

H. Mantysaari and B. Schenke, PRD 98 (2018) 034013.
H. Mantysaari, B. Schenke, C, Shen and W. Zhao, PRL. 135, 022302 (2025)
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Energy evolution of initial state

observation scale separation scale

w - =

\ / N~ 7
Integrate out
too!

A. Morreale and F. Salazar, Universe 7, no.8, 312 (2021).

momentum scale

-
Integrate out

gluon density

Low energy e
(UPC/DIS)

* Energy evolution of the initial state.

H. Mantysaari and B. Schenke, PRD 98 (2018) 034013.
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H. Mantysaari, B. Schenke, C, Shen and W. Zhao, PRL. 135, 022302 (2025)
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Effects of energy evolution on heavy-ion observables
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+ JIMWLK: CGC + energy evolution + Hydrodynamics
Qs(x): CGC (change the Q4(x) only for different energies) + Hydrodynamics

H. Méntysaari, B. Schenke, C, Shen and W. Zhao, PRL. 135, 022302 (2025)

* The energy evolution of the initial state is important in Bayesian analysis when comparing
data across different collision energies.
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Effects of energy evolution on heavy-ion observables
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Qs(x): CGC (change the Q4(x) only for different energies) + Hydrodynamics

H. Méntysaari, B. Schenke, C, Shen and W. Zhao, PRL. 135, 022302 (2025)
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JETSCAPE, PRC.103.054904
Bayesian fitting to the RHIC and LHC data.

* The energy evolution of the initial state is important in Bayesian analysis when comparing
data across different collision energies.
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Flow ratio NeNe/OO

v, (Ne-Ne / OO)

v,{2} (Ne-Ne / OO)
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ALICE: [arXiv:2509.06428].
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ATLAS: [arXiv:2509.05171].

Trajectum: Fit Pb-Pb LHC flow data, [PRL,135, 012302]
IPGlasma + JIMWLK: Fit /] /¥ data + energy evolution [PRL, 135,022302]
3DGlauber: Fit dAu, AuAu at RHIC, then extrapolate to LHC. [JETSCAPE, in preparation]
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17



Playing Relativistic Bowling Ball
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Playing Relativistic Bowling Ball
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* Mixing 9% of 22Ne has a
sizable effect on the v, ratio.
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Probing gluon saturations in UPC
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Wealth of vector meson productions in UPCs
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Model calculations

- v+ p v+ Pb i CMS Preliminary PbPb 1.66 nb™ (5.02 TeV)
. ..’. —_ :llilllIllllllllTI-allllllllllll[l-:lllIIllllllllllll:
Fit v+ pand 5 + Pb H1 " Fit 7 + p and 7 + Pb g2 ¢ 18510 38 x10 14510
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H. Mantysaari, etc, al., arXiv:2507.14087. W™, (GeV)

« CGC model has tension to fit the yp and yPb data simultaneously. (See also: J. Penttala and C.
Royon, PLB. 864, 139394 (2025).)

* Preliminary CMS data shows more suppression for Y(1s) than CGC predictions.
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Dihadron Angular Correlations in Forward pp
and pA collisions



Forward di-hadrons productions (dilute-dense)

« large-x projectile (proton) on small-x target (proton or nucleus)
P

p C p2
P, X .
] R .
{\: (k1t) ~ Agep (kat) ~ Qs(x2)
K, X,
p \/ P1
A
Qs(z2) > Agep
_ , _ so-called “dilute-dense” kinematics
Incoming partons’ energy fractions:
1
x1 = —=(|pi|€ + |p2t|€??) Y1,y2>3>0 x1 ~ 1
X2 = % (Ip1ele™ + [pac[e™2) x < 1

CM (2007)
Gluon's transverse momentum (py;, p2: imbalance):

|ke|? = |p1e + p2¢e|* = |prel® + | p2¢|® + 2| pae|| poe| cos Agp

prediction: modification of the k; distribution in p+Pb vs p+p collisions
Borrow from Cyrille Marquet’s (2020) slide
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STAR measurements
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STAR data: PhysRevLett.129.092501.

Sy = 200 GeV STAR
[ NN — n%q°X
(4]
o
© 1
()
2
5 + +
s |
o *
0.5
1 N | 1 L (a)
[ MinBias data, p.° = 2.5-3 GeV/c
1.5 % pAl/pp % pAu/pp
S
; -
()
>
= i + +
° 1 , * +
(b)
1 L 1 1 L
1 1.5 2
p:‘°’5° [GeV/c]

CGC model: J. L. Albacete, G. Giacalone, C. Marquet and M. Matas, PhysRevD.99.014002
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Color Glass Condensate Calculations

* We use the (massless) improved TMD factorization (ITMD), which resums the (gs) and (
T
da.pA—)dijets—l—X (3) 1
N 42 CHY L F9 (39, k ,
dyldy2d2p1td2p2t (x1x28 Z xlfa/l? L P Z ag—cd :E2 t) 1+ 5cd

a,c,d

fa/p- Collinear pdf for the large-x projectile (dilute part)
Fcfg (x, k¢): Several gluon TMDs for small-x target (dense part)

Hflg_)cd The associated hard matrix elements.

Cyrille Marquet’s slide (2020);
P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta and A. van Hameren, JHEP09(2015)106
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Soft gluon resummation and TMDs
A. H. Mueller, B. W. Xiao and F. Yuan, PhysRevlLett.110.082301.

e Sudakov factors for soft gluon resummation :

= deJ‘ —igr-b. ! ,'_‘Ss d-k
dsz1d2pT2 X (27-‘-)26 f(x].) ® F(xZ, b_L) ® H ® e udakov
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Soft gluon resummation and TMDs
A. H. Mueller, B. W. Xiao and F. Yuan, PhysRevlLett.110.082301.

e Sudakov factors for soft gluon resummation :

- ———— 3 = me—— ——

d d?b s 2 |
g X / L e_ZqT'bJ_f(wl) ® F(xz, b_L) ® H ® e_SSudakov

2 2 2
d*pr1d°pr2 (2m)
d TMDS: 100 y 100 J -
— Fgg x=107% Au — F),x=10"2,Au
— Fadjrx = 10_2,AU Fadjrx = 10_2,AU
-2 | 1 v—10-2
10 I ' Fqg,X 10 AU 10—2_ ”’ —_— Fég'x=10—2'Au
. F3) y=10-2 NS
I \\l\ Fgg,X 1074,p I \\\EQ . F(g})g)'x=10—2'p
N FARN L Fyx=102,p T
2 -4 | AL ad ' N [ I Fagj x=1072,p
C 107" LY L FlLx=10"2,p u‘”\‘ 1041 11 1/ ,
e I I I I - = -
N S ' B Tag X =107%P
1l I |
-6 [ 1 X
107°- 171 6 b A
1 1 10771 | |
11 11
x=0.01 ;| | 1o
8 Lo x=0.0037;
10 - . . | |
107! 10° 101 102 1078 D
kr [GeV] 10 10 10 10
kr [GeV]
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Dihadron Correlations in Forward pp and pA collisions

0 {xg) in p-Au 200 GeV, 2.6 < nn1, Nn2 <4.0

5. 5.00e-03
4.5 4.21e-03
3.55e-03
4.0
- 2.99e-03
; 3.5 - 2.52e-03
]
S 3.0 - 2.12e-03
lo% 2.5- - 1.79e-03
1.51e-03
1.27e-03
1.07e-03
1 . O T T T T T 1 9.00e-04
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
pir2 [GeV] W. Zhao, etc. al. in progress.
« < x4 > probed by di-hadron at STAR is small. STAR data: PhysRevLett.129.092501
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Dihadron Correlations in Forward pp and pA collisions

0 {(Xg) in p-Au 20 GeV, 2.6 <nNnp1, N2 < 4.0 c 00003 %1 0—3
X - — T T T ]
45 4.21e-03 : O pp <I>
3.55e-03 0.6F
4.0 - 2.99e-03 — :
%' 3.5 L 2.52¢-03 \%04:
o 3.0 L 2.12e-03 al -
52.5_ - 1.79e-03 O 02_ iq. =2-2. 5 Gev
1.51e-03 [ A passo. - 1 5 2 GeV
2.0° 1.27e-03 0 -_. o _CGC|’ X 1 5 -
1'5‘ 0.8 n 1.2m
1070 15 20 25 30 35 40 45 50 AD
pnr2 [GeV] W. Zhao, etc. al. in progress.
* < x4 > probed by di-hadron at STAR is small. STAR data: PhysRevLett.129.092501

* CGC model reasonably describe the STAR data; Suppression: pp > pAu.
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Dihadron Correlations in Forward collisions

x10°

><1,o-|3 _

ST
4/ A

2% =2.25GeV
[ 4 trig

pass'o. =1.5-2 GeV
_ Modelx 1.5

()

4/'\
\Qo
/{p =253GeV
as'_115GeV ]

Model><15 o

©

x10°

A A
¥ T

p_ — 1.
"9 =1-1.5 GeV

e Overall, it’s good; Most asymmetric bins not so good. STAR data: PhysRevLett.129.092501

10.6

10.4

0.2

7 0.2F
10.15¢
1 0.1

10.05}

x10°

[ 4

pass'o. =1.5-2 GeV
Modelx1,5

S
?
/r”d\;

[ A
A =25.3GeV
trig

@

ptrig. __ -
p"Y =2-2.5 GeV

* Need an additional normalization factor. (There are uncertainties from FF).

passo. [ asso. ]
!\/Iodel X 1.'5 I(f) N Model X 1 5 I(g) {1 Oof II\/IodeI X 1|.5 I(h) .
0.8x T 1.2n 0. 8n 7T 1.2n 0.8x e 1.2n
AD AD _ AD
W. Zhao, etc. al. in progress.



Area ratio and width ratio between pAu and pp

1.4

PAuU/pp

0.6

1.2
:
0.8}

- — CGC, 200 GeV, 2.6 <n < 4.0

o DATA, 200 GeV, 2.6 <n<4.0

Hop
—

1.6 Ratio of ared, 2.5<p,__<3.0Gev -

p [GeV]

T, asso.

1 -6;‘ — CGC, 200 GeV, 2.6 <n< 4.0 B
141 B

1 o - 0 DATA, 200 GeV, 2.6 <n<4.0
7 £ 1.2F E
i <3E - T
SR S T -
0.8 Ratio of width,| 25<p  <3.0 GeV -
. trig. i
0.6_ L R R RN -

1 1.5 2
p [GeV]

T, asso.

* CGC predicts very week pr dependence at RHIC energy.
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Predictions for LHCDb at the LHC
p-p and p—Pb at/s,,, =8.16TeV,2 <n <5
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< x4, > probed by STAR and LHCb

5 0_(xg) in p-Au 200 GeV, 2.6 <nNp1, Nh2 <4.0

4.5 1
4.0
3.5+
3.0+

nr1 [GeV]

Q 2.51

STAR, 200 GeV
2.6<1n<4.0

pn2 [GeV]

10 I T T T T T 1
1.0 1.5 20 25 3.0 35 40 45 5.0

5.00e-03

4.21e-03

3.55e-03

- 2.99e-03

- 2.52e-03

- 2.12e-03

- 1.79e-03

1.51e-03

1.27e-03

1.07e-03

9.00e-04

prr1 [GeV]
H N WA U1 O N OO

=
o

{(xg) in p-Pb 8160 GeV, 2 <np1,Nn2 <5

LHCb, 8.16 TeV
<n<5>5

1 2 3 4 5 6 7 8 9
pnr2 [GeV]

* < x4 > probed by di-hadron at LHCb is much smaller than that at STAR.

1.00e-03

7.94e-04

6.31e-04

- 5.01e-04

- 3.98e-04

- 3.16e-04

- 2.51e-04

2.00e-04

1.58e-04

1.26e-04

1.00e-04
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Dihadron Correlations in LHCDb

"""" 5 T
3PP ¢ 2 .
—  [—pAu
2 P2 SR .
= [ / ]
S I3 GZSS%OV ]
X S e ]
© g M5 Gev AN
[ Py =1-1:5GeV STAR, 200 GeV
Ob_. , Modelx15 () 1 of ., ) ] [, Modelx15 (© ] 2.6<n<4.0
0.8n 7T 1.2n O 8J'c 7T 1 2T 0.8xn 7T 1.2n
AD AD AD
X10_3 — T X1O_:?’ — T T T X1O_i3 — 1 T
- P 1 40F ]
100} 30t ]
% 7 2<n<5 | ]
= | ' [ <n< ' g N
o / - {1 20} / 2<n<5 ]
O S0p m= 8160 GeV \_ 20_/ p. =2.5-3GeV \_ . p. =2.5-3GeV N
ptrig. =2.5-3 GeV ] i trig. —152GeV | 10k trig. : ] LHCb, 8.16 TeV
! P, =1-1.5GeV ] I Pogso = 10« GEV ; P, = 2-2.5 GeV 2< <5
ol | Modelx15  (a) ] ok, Modelx15 () ] I, Modeix15 (o) n
O.87|: 7T 1.2n 0.8 7T 1.2n 0.8n T 1.2n
AD AD AD

* Surprisingly, LHCb has the smaller suppression than STAR, even LHCb has smaller x, -



Dihadron Correlations in LHCDb

1 25_ Ratio of area, |2.5 < btrig'<é.O'Ge'V E
““E — CGC, 8160 GeV, 2<n<5 ]

Q 1.1 — CGC, 200 GeV, 2.6 <n<4.0 -
o = o DATA, 200 GeV, 2.6 <n<4.0 | :
g T E
N— 0.9;_ ) _;
I = E
= O'8§ %L §
0.7F ?L 1 =
0.6E T R —

1 1.5 2
o [GeV]
T, asso.

* Surprisingly, LHCb has the smaller suppression than STAR, even LHCb has smaller x, .
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< k;/Q, > probed by STAR and LHCb

(k1/Qs) in p-Au 200 GeV, 2.6 <nNp1, N2 <4.0

5.07

4.5 -
4.0 -
N 3.51

(O]
O 3.0

254

2.0
1.5

1.0 . . . .
1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

< ki /Qg > probed by di-hadron at LHCb is much larger than that at STAR,

4

~ STAR, 200 GeV
2.6 <1 <40

5.00
4.50
4.00

-3.50
-3.00
-2.50
-2.00

1.50
1.00
0.50
0.00

[
o

L N W b~ U1 O N 00O L

(k7/Qs) in p-Pb 8160 GeV, 2 <np1, Nh2 <5.0

LHCb, 8.16 TeV
2<n<5

-

2

3

4

5 6 7 8 9
Pr; [GeV]

which partially explains the smaller saturation effects in LHCb than STAR.

10

20.00
18.00
16.00

-14.00
-12.00
-10.00
-8.00

6.00
4.00
2.00
0.00
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Fragmentation fraction probed by STAR and LHCDb

éléz_l + 1/z5) in p-Au 200 GeV, 2.6 <np1, N2 <4.0

5.00
4.5 4.70
4.40

4.0
-4.10
O 3.0 -3.50
& 2.5 320
2.90

2.0
2.60

2.6<1n<40
1.0 ; ; ; ; ; ; . ! 2.00
1.0 1.5 2.0 25 3.0 35 4.0 45 5.0
Pr2 [GeV]

* STAR has much smaller (1/z; + 1/z,), orlarger < z >, than that at LHCb.

71 LSCvVv ]

1&)1/21 + 1/z5) in p-Pb 8160 GeV, 2<np1, N2 <5

L N W b U1 O N 00 O

LHCb, 8.16 TeV
2<n<5
1 2 3 4 5 6 7 8 9

Pr> [GeV]

10

12.00
11.00
10.00

-9.00
-8.00
-7.00
-6.00

5.00
4.00
3.00
2.00
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NPDF and CGC results

Per-trigger yield

D. V. Perepehtsa lPRC 111. O§4901 x107° W. Zhao, etc, al., in progress.
- T T T I T T T I T T
Z Pyth|a6428 Perug|a2012 i Pythlanomlnal 7 R
0006: p+p 200 GeV :Ezlclig\tstal only __ O 6 -_ © pp @
- 26<n<4 o EPPS21 weighted | O[
0.005 p;°=25-3.0 GeV — Full fit . .
: P = 1-1.5 GeV o0 - Pedestal only e i
0.004} 30.4 I
C al -
0.003f @) 0.2L% ~ e
: 7 [ A passo_ = 1 5 2 GeV
A Mt e Lot = of  ZCac,x15
B S B 0 : e
AG (') . .
AD

« NPDF and CGC approaches have the similar results.

See also:

J. L. Albacete and C. Marquet, Phys. Rev. Lett. 105, 162301 (2010)
T. Lappi and H. Mantysaari, Nucl. Phys. 908, 51-72 (2013).

van Hameren, etc, al. JHEP 12, 034 (2016).

A. Stasto, etc. al, Phys. Lett. B 784, 301-306 (2018).

J. L. Albacete, etc, al. Phys. Rev. D 99, 014002 (2019). 39




NPDF and CGC results

, DY Perepelitsa PRC 1L DA x10° W, Zhao, etc, al., in progress
2 © Pythia 6.428 Perugia 2012 O Pythianominal i 1
5 000 pzmoer e, [ ©pp ?
3 L 26<n<4 o EPPS21 weighted | 06__
7 0.005] Pi®=25-3.0GeV — Full fit ] Py
S_J : P = 1-1.5 GeV o0 - Pedestal only e O 4 i
0.004[ V.4t
- a -
0.003: O 02 // tri
E A o = 1 5-2 GeV
0.002 =~ i assQ.
5 ok =8GC, x 1.5 ;
1 1 ] 1 1 1 ] 1 1 1 ] 1
0.8n it 1.21

AD
NPDF and CGC approaches have the similar results.

EIC/UPC provide the clean environment for dihadron correlations

O eAu sat

] @22,2*q?

See also:

« J. L. Albacete and C. Marquet, Phys. Rev. Lett. 105, 162301 (2010)
« T. Lappi and H. Mantysaari, Nucl. Phys. 908, 51-72 (2013).

« van Hameren, etc, al. JHEP 12, 034 (2016).

« A. Stasto, etc. al, Phys. Lett. B 784, 301-306 (2018).

Ab[rad] | « J. L. Albacete, etc, al. Phys. Rev. D 99, 014002 (2019). 40
L. Zheng et al., PRD 89 (2014) 074037




Summary

* A comprehensive analysis of UPC/DIS and heavy-ion collision data across
various energies will provide a precise understanding of gluon saturation,
the initial conditions of heavy-ion collisions, and the QGP properties.

* CGC model can reasonably reproduce the STAR dihadron data.
* LHCb has the less suppressions of dihadron than that at STAR.
* Heavy flavour, EEC could help.

Thanks for Your Attention!
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Soft gluon resummation

A. H. Mueller, B. W. Xiao and F. Yuan, PhysRevLett.110.082301.
do deJ_ P )
d2pT1d2pT2 X / (27-(-)26 T J_f<xl) X F(SUQ, bL) X H R e Ssudakov

e Sudakov factors : ngcf_)c+d(b ) = Z Sz(bl) T C X Z bL)
i=a,b,c,d 1=a,c,d
. Q* d/,L2 i Q2 3 s
Sg-l-g Q'*‘Q(Q,bL) = /Mlz) F - (CF +CA)%IH (/1,2) - (§CF +CA,3()) ?:| ;
. Q? du? | Q2
Sg+g 9t9(Q,b,) = /ug 5 4CAﬂln (H ) — 3CA,BO_]

C4 Ca\g2, @, by
q+9—q+g — (24 =Z£ 2
s Qubn) = (24 G2 ) 2ed + (24 G2 ) Z i,
3Ca g1 3Cag2, Q
g+g9g—g+g — A dlg2 In

1bl

*

Using the b*-prescription: By = (11 — 2n;/3)/12, u, = 2¢77% /by, and by = by //1+ b7 /b2,
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Area ratio and width ratio between pAu and pp

1 4-_ Ratio of area 25<ptrl <3.0 GéV
[ sy =200 GeV, 26<Inl<40

o 1.2 o STAR data i
L - — CGC :
> | ) -
< - Q i
Q. 0.8 I -
0.6F . N
1 1 5 2 2.

[GeV]
T asso.

* CGC predicts very week pr dependence.

Q.

pAu/p

1 4'_Rat|o of width, 25<ptrl <3.0 GeV
1'25 ['syn = 200 GeV, 26<Inl<40
1- --------- <I>—<}> ----------------------- ]L --------- —
0.8F . STARdata E
0 63_ — CGC E
1 '1l5""|""2.
[GeV]
Tasso

* The red band calculated by changing the C,;, from 0.5 to 1.5; The gray band, changed
Z S;)(b_l_) + Cnp)( Z S;izp(bl)a

scale from 0.5 * Py to 1.5 * Pr getboetd(p
Sud

t=a,b,c,d t=a,c,d a4



CP(AQ)

CP(A®P) for different C

0.0035 A
0.0030 A
0.0025 ~
0.0020 ~
0.0015 A
0.0010 A
0.0005 A

0.0000 A

np

Sty 7ot by Si(bi)+ Cpyx D Snp(dL);
Sud J_ X
F IR |
200 GeV, 2.5 < pr1 < 3. GeV, 1.<pr2 < 1.5 GeV, 2.6 <n <4.0 200 GeV, 2.5 < pr1 <3.GeV,1.<pr < 1.5GeV,2.6<n<4.0 200 GeV, 2.5 < pr1 < 3. GeV, 1.<pr < 1.5 GeV, 2.6 <n <4.0
0.0035 -
— = 0.005 -
¢ ¢ 0.0030 -
0.0025 0.004 7
0.0020 -
= 0.003 -
5 .
a
O 0.0015 |
0.002 -
® DATA pp . 0.0010 ® DATA, gp Py ® DATA, pp
— pp, X6.6 ¢ * — pp, x6.6 ¢ — pp, X 6.6
t © DATA, pAl + ® DATA, pAl + 0.001 - ® DATA, pAl
—— pAIX 6.6 0.0005 A — pAl x 6.6 —— pAIX 6.6
® DATA, pAu ® DATA, pAu ® DATA, pAu ¢
—— PAuX6.6 0.0000 - — PAuX6.6 0.000 - —— PAUX6.6
2.0 25 30 35 4.0 2.0 2.5 3.0 3.5 4.0 2.0 30 35 20
A A¢ A
< 3.0 GeV] Ratlo of width, 25<p '<3.0 GeV -

1 4f Ratio of area, 25<p

ISy = 200 GeV, 26<Inl<40
o STAR data

— CGC

0.8
0.6

Allllllllllllllllll
—

\/ =200 GeV, 26<Inl<40

!
O!
~

o STAR data
L — CGC

—
N L

[GeV]

T asso.
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Why asymmetric bins not so good?

pp, 2.5 <prnp <3GeV,26<n<4

— 1.0<pr<1.5GeV
4.5 A — 15<pp<2.0GeV
— 2.0<pr<2.5GeV

2.0 2.5 3.0 3.5

A¢

4.0

4.5

PAU, 2.5 <prn <3GeV,26<n<4

4.5
4.0
A 35
1]
Q
~
Q.
V 3.0 1
2.5 1 — 1.0<pprp <15 GeV
— 1.5<pp<2.0GeV
— 2.0<pp<2.5GeV
2.0

2.0 2.5 3.0 35 4.0 4.5

A¢
P, = (1 — 2)p1t — 2pat

* Partially because < Py/Q¢ > is not so large in pAu at asymmetric bins.

* How to estimate this model uncertainty when P /Q is not so large. 46



Energy evolution to smaller x

observation scale separation scale

>
| »

4

S
Integrate out
too!

—_—
Integrate out

momentum scale

—
o
(¢

do/dt [nb/GeV?]

-
o
>

I
4

| I IIIIIII
e

Coherent

e y+U > W+ U, $<p =1.0x 10°
Incoherent
— $,=0.5
— B,=0.28
— B,=0.0

S &

* Energy evolution doesn't wash out this effects.

H.Mantysaari, B.Schenke, C. Shen and W. Zhao PhysRevLett.131.062301.

H.Mantysaari, B.Schenke PRD, 98, 034013.
T. Lappi and H. Mantysaari, EP]JC 73, 2307 (2013).

Yuri V. Kovchegov, QUANTUM CHROMODYNAMICS A T HIGH ENERGY

E_. ] ‘7:. A B B ..“::1\, | _E
0 0.01 0.02 0.03 0.04
It [GeV?]
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TMD gluon distributions
NCS_]_/’T'_Ld'I“_L

Ozsf'é;) (k_l_, .’E) = Jo(k_l_’l”_L)Vi [1 — S(’f‘_l_, CII)]

272 21
CrS d
0 F@ (k1,7) = oot / "L ok iri)K (@) [L— (S(ra, @)V 9%] S(ry, )
7 2m
N.S r dr
0 F{Y (k1,0) = 2t / L Jo(kLr1)S(r1, )V [1 = S(r1,2)]

asFSD(k1,z) = a,Fi) (kL z) — asFagi(kl,z)
CrS d
ro [ P dalkr )KL ) (1= (S, )™ O] (S(r1, )

3 —

as]?adj(k_l_aw) — ‘]O(k_l_'r_l_)vi [1 o (S('rlax))NC/CF]

272 2

CFS_]_/T_LdT_L

* Here we use the Gaussian approximation: S(z.,y,,z) = Ni (Tr [V(zL)Vi(y))]),

. . . 1
Assume translational invariance: S(lz. -y, |,z) = & (Tr V(e )Vi(yL)]),

Mean-field approximation:  (Tr[0:] Tr [0s])s = (Tt [01])2(Tr [Oa])s
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Initial conditions for rcBK

* The dipole-nucleus amplitude is obtained by solving the rcBK evolution equation.

* The initial conditions at x, = 0.01 is model by parametrization, based on McLerran-
Venugopalan model

2M2 \v 1
N(r+) =1—ex [—(rT s0) ln< —|—ec.e)]
( T) p A |I‘T|AQCD

« The BK equation with strong coupling constant «a; as a function of tlhAe transverse
separation r = |ry] 19

ity = (33 — 2N;) log (_40_) ’

2A2
r AQCD

* Weuse Q550 = 0.168GeV?, y = 1.119,C = 1.1715, Agcp = 0.24GeV , e, = 1.
« For nucleus, we set Q%50 = 1.2 Q5505 Qiuso = 2.75 Q5505 Qppso = 2.84 Q5

J. L. Albacete, N. Armesto, J. G. Milhano, P. Quiroga-Arias and C. A. Salgado, Eur. Phys. J. C71 (2011)
1705. (AAMQS collaboration)

F. Deganutti, C. Royon and S. Schlichting, JHEP 01(2024)159.
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Some TMDs

* The dipole-nucleus amplitude is then obtained by solving the rcBK evolution equation.

5 — FB3) y=10-2 ]
] Fgg,x=107% Au : — F3),x=107% Au
10—1 3 E— Fadj,X= 10_2’AU 10_1 _ —_ Fadjlx= 10_4,AU
| : --- F),x=10"2,Au
10_2 S I _T_ Fad] X = 10 2 Au
T 27N
N .6-3 - oW
o 1077 5 R4 Y
[V, ] /7 I L)
S ] Y LN
P | I
1044 /s NN
§ 7 [ 4
S !
1072y~ !
|
_ 1076 —
106 T AL T T L | T AL T oo _2 _1 O 1
10-2 10~ 100 101 102 10 10 10 10
kr [GeV]

kT [GeV]
 Saturation scale moves to higher number from proton to nucleus.

* Saturation scale moves to higher number at smaller x. 50



Re-construct 3D profile of polarized light ion

10°R y*+d'— I + d* 2.3
a 102 X[|J>=17X10_ 225
> 10? Trans. Pol., j =1 5 1
% 12=Coheren ,g 2K
S 401k 3 Zait0 = 1.9
© - o

© 10_2;’—$=3n/10 1.8
103F _ o -2 1.7

10—4:(.a.)...1...... A 16 _

0 01 02 03 040 01 02 03 04( 15 . e

w2 w4 0 /4 /2

t] [GeV?] it| [GeV?]
do/dt ~ e~ Boltl R = +2Bp.

* Re-construct the 3D nucleon density profile of the polarized light nuclei.

H. Méantysaari, F. Salazar, B.Schenke, C. Shen and W. Zhao, PLB.2024.139053.
P. Bozek and W. Broniowski, PRL.121.202301.
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Energy evolution to smaller x

— 102}

o [nb

101}

H. Mantysaari, F. Salazar and B. Schenke, Phys. Rev. D 106, no.7, 074019 (2022)

Yy+p—J/Y+p

CGC + shape fluct ® ZEUS

--- CGC A ALICE

------- IPsat t LHCb
¢ H1
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Effects of energy evolution on small systems
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Q.(x): CGC(change the Q4 (x) only for different energies) + Hydrodynamics
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3 « Sizeable differences observed for

p productions between Ng=3 and
Ng=9 MAPs.
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Determine the Reaction Plane
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* Photoproduction in HICs is linearly polarized.

* Probe the reaction plane via the feature of linear polarization of the coherent
photoproduction process in HICs. -> Connections to the collective flow studying.

* Connections to the collective flow studying. 55



B-dependence at 0-1% and 0-0.1%
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