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Gluon Saturation

Explosive growth of gluon density would violate unitarity

_ xG HERA
100 Q2 =10 GeV? S |
- — BUT: Recombination will balance
_ X ] ]
| gluon splittings
1E
| Pr g, \ Need non-linear evolution equations at
o L P ) | low x and low to moderate Q~
—— HERAPDF1.0
1072 B experimental uncertainty

model uncertainty

| parametrization uncertainty

Ll |
1072
X

I

107" 1

108 —— il
1074 1073



Going to high energy

Two high energy limits: s = oo (center of mass energy goes to infinity, s & Q*/x)

Regge-Gribov limit: fixed 0%, x = 0 Bjorken limit T

A
OC<<1

In the Regge-Gribov limit gluons 5 o
overlap, leading to a maximal Regge-Gribov limit '

)

Q. (x) is the “saturation scale” non-perturbative region T

In X

Bjorken limit: fixed x, 0% = oo

AN
. e,
occupation number of 1/a; =

This bound is saturated for gluons @<

with transverse momenta k;, < Q. saturation




The boosted proton
(1) (2) (3) (4)

momentum

Artwork: T. Ullrich



The boosted proton

momentum



Light cone

X

T = const

Light cone coordinates v* = (¥ + v3)/\/§

| i ine x* = ——e* and x~ = —
n the future light cone define x™ = e’ ', and X

V2 V2

1 X"
or inverted 7 = \/2x+x_ ,and n = > In | —
X /J 8

]
QN
E




Light cone

Probe hadron (or nucleus) moving with large P~ at scale x,P~ with x; < 1

Separate partonic content based on longitudinal momentum k= = xP~

Large x > X,;: Static and localized color sources p



Color sources

1 1
How localized are these sources? Ax" ~ — =
k= xP—
: : 1 1
What is the resolution scale of the probe? > forx > X,
XoP_ XP_

— Look fully localized in x™ to the probe y



Color sources

e
1 2k— 2xP~ - - L o
How fast do they evolve? Ax™ ~ — = — (because a b* =a b~ +a b —a;- by)
k+ k+ k+ :
2xoP~  2xP~

What is the time scale of the probe? 7 X <
kz kz

— Sources look static to the probe in light cone time x™
11



Dynamic color fields

The moving color sources generate a current, independent of light cone time 7 :

Jﬂ,d(z) — 5ﬂ—pa(z+, ZT) a is the color index of the gluon

the name “color” comes from this

This current generates dynamical fields A*“(z) described by the Yang-Mills equations
[D,, F*] = J*

. 1 .
withD, =0, +igA and F, = E[DW D,J=0A,-0A,+iglA,,A] the field strength tensor

These fields are the small x < x, degrees of freedom

They can be treated classically, because their occupation number is large (AA) ~ 1/a,
the name “condensate” comes from this scaling

12



Color Glass Condensate: Sources and fields

small-x partons X0 P~ large-x partons

-

gauge field A sources P
D, F*""| = J" Wazolp| €= Weight functional

Two steps to compute expectation value of an observable O:
1) Compute quantum expectation value O[p] = (O) , for sources drawn from a given Wxa[p]

2) Average over all possible configurations given the appropriate gauge invariant weight

functional WXO[,O] this situation is similar to spin glasses - the name “glass” comes from this

When x S X, the path integral (@)p Is dominated by classical solution and we are done

For smaller x we need to do auantum evolution

13



Wei g h t fu n Cti 0 n a l https://arxiv.org/pdf/hep-ph/0406169.pdf

small-x partons X0 P~ large-x partons

-

gauge field A sources P
D, F*""| = J" Wazolp| €= Weight functional

What is the weight functional?

Usually we need to model. E.g. the McLerran-Venugopalan model:
Assume a large nucleus, invoke central limit theorem. All correlations of p“ are Gaussian
pa(x-l_a xT)pa(x-l_a xT)

W [pl=N 1d+f
xo[p] — CXP _5 A A

where /IXO(xJ“) IS related to the transverse color charge density distribution of the nucleus

14


https://arxiv.org/pdf/hep-ph/0406169.pdf

Wei g h t fu n Cti 0 n a l https://arxiv.org/pdf/hep-ph/0406169.pdf

small-x partons X0 P~ large-x partons

-

gauge field A sources P
Dy, F*] = J” W, p]

...where /IXO(er) IS related to the transverse color charge density distribution of the nucleus

(g’Cp)AN) 1 g°A
R? Nz—1 2zR3

\normalized per color

We used that color charge squared of a quark is gzt“t“ = ngF degree of freedom

> = de+le(x+) =

That color charge density is related to (), the saturation scale.

15


https://arxiv.org/pdf/hep-ph/0406169.pdf

Wilson lines
k7

Interaction of high energy color-charged particle with large k™ momentum (and small k= = )

2kt

with classical field of a nucleus can be described in the eitkonal approximation:

The scattering rotates the color, but keeps k™, transverse position 55T, and any other quantum
numbers the same.

The color rotation is encoded in a light-like Wilson line, which for a quark reads

Vi(Xr) = Pexp (—igJ A (" Xp) £ dz+>

MULTIPLE
INTERACTIONS
NEEDED TO BE

RESUMMED,

BECAUSE

A- ~1/g




Wilson lines

k2
Interaction of high energy color-charged particle with large k™ momentum (and small k= = . )

2kt

with classical field of a nucleus can be described in the eitkonal approximation:

The scattering rotates the color, but keeps k™, transverse position )?T, and any other quantum
numbers the same.

The color rotation is encoded in a light-like Wilson line, which for a quark reads

Vij()_éT) = P exp (—i8J A (@7, Xr) L dz+>

/ /

. SU(3) generator (fundamental rep.)
path ordering

17



Wilson lines and correlators

Uab()_éT) = P CXP <—igJ AC_(Z_I_,)_C)T) Tgb dz+> gluon scattering

Vij()_éT) = P exXp <—igj AC_(Z+,)_C)T) tg dz+> quark scattering

These Wilson lines are the building blocks of the CGC. At the EIC for example, cross

sections will be calculated as convolutions of Wilson line correlators with perturbatively
calculable and process dependent impact factors

In heavy ion collisions, one can compute particle production by determining Wilson lines
after the collision from the Wilson lines of the colliding nuclei.

18



GOMPUTING PHYSIGAL PROGESSES

Interactions depend on operators consisting of the Wilson lines

For example: e + A — e + A + vector meson (exclusive vector meson production)

“dipole operator” VV71
quark r
k ‘ /vector meson
\\) - - J /l//

1 ,
anti-quark A

- Ay :

PAl /
transverse momentum exchange

nucleus

electron

virtual photon ’

L'A
V‘V

19



GOMPUTING PHYSIGAL PROGESSES

Can compute many other processes, for example:

pA—>h+ X %}X eA—>e+ X 1
> . h a
_ — i )
_ < . _
Hadron production in proton + nucleus collisions Inclusive e+A scattering

Can even use the gluon fields of nuclei computed in the CGC
as initial state for heavy-ion collisions

20



DIPOLE AMPLITUDE

transverse plane view

Is this one event we measure? No! We measure in momentum space.
Cross section in momentum space involves an average over all such

configurations in coordinate space N



DIPUI-E AMPIIITUDE/ trace is over color (Wilson lines are color matrices)
_®_

Dipole correlator = § = (Tr[V()_(’)VT(E’/)])/NC appears in many scattering processes
_®_

1/3 tr (VO)Vi(r)) 173 {1 (VOVi(rp) )

£

=0 10
_|
>

0.5
3 ' 1
3 0 3
X, (fm)
One color charge configuration Averaged over 70 color charge configurations

22



y, (fm)

DIPOLE AMPLITUDE

1/3 <tr (V(O)V‘f(rl))>

0
X (fm)

N

like a probability
S amplitude for

no scattering

0.5

-0.5

defines Q. (two examples)

0.8

0.6 -

0.4

0.2

——
———
=

- - Qg,a — 1.0 GeV?

3 4 5
r. (GeV™!) dipole size r

Strong
scattering

Weak
scattering

23



0.8

0.6 -

0.4

0.2

=
=
ﬂ—

- - @2, =1.0 GeV’ —

2 3 4
r. (GeV™) dipole size r

5

Strong
scattering

Weak
scattering

THE SATURATION SGALE

0.12f
Fourier 0.10
transform |
0.08[

g L

: O 0.06
Y :

0.04}

0.02}

0.00}

typical momentum k = Q,

24



EVOLUTION TOWARDS SMALL x - MORE ON THAT LATER

Small-x evolution can be solved numerically. Balitsky-Kovchegov (BK) equation or

JIMWLK solved in Langevin form:

anole evolutlon

The typical correlation length in transverse
space decreases ~ 1/Q,

Proton grows, gluon number increases

x<< 1072
Z 08
B
-
= 06"
=
<
~ 0.01 ~ 0001 o
=1
~ 02! X = 10_2
Evolution leads to growth of typical = - -
transverse momentum scale Q (x) 10° 100

dipole size r [fm]




SATURATIONEFFEGTS ON OBSERVABLES ™25

Tassoc JU
C. Marquet, B. -W. Xiao and F. Yuan, Phys. Lett. B 682 (2009) 207
L. Zheng, E.C. Aschenauer, J.H. Lee, Bo-Wen Xiao, Phys. Rev. D 89, 074037 (2014)

Double inclusive DIS:

. 0.18 |
Back-to-back peak suppressed more In : o A1 Q2=1 GeV?
larger nuclei as momentum imbalance ~ (. 0.16 - suppression
o 0.14 |- . increasing with A
e _ 0.12 -
- & 01
Q? 1. 2
O 0.08 |-
q 0.06 |-
6 & B BT i
&l & & 0.04 -
0.02 |-

\\ O | I | | | I . | | | R | I | I | | | I | | | I I | | )
@/, 2 25 3 35 4 45
A
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SATURATIONEFFEGTS ON OBSERVABLES =25

p-l-aSSOC JU

C. Marquet, B. -W. Xiao and F. Yuan, Phys. Lett. B 682 (2009) 207
L. Zheng, E.C. Aschenauer, J.H. Lee, Bo-Wen Xiao, Phys. Rev. D 89, 074037 (2014)

 EIC stagerl N Pro>2GeVl | Claar key measurement
02 rLgt=10fb1/A 1 < passoC < plrigger y
i Inl<4 S |
015 » Significant difference between sat
S [ eAu-nosat From and non-sat case
N I uncertainty
2 0.1 B N Qs .
O ‘, * Has equivalent to pA (e.g. RHIC
i forward measurements)
0.05_—
L ~._ | ¢ Parton showers (Sudakov logs)
ol e e 1 I cgn modify predictions

27



SATURMTIONEFFEGTS ONOBSERVABLES

T. Toll, T. Ullrich, Phys.Rev.C 87 (2013) 2, 024913
A. Accardi et al., EIC White Paper, Eur.Phys.J.A 52 (2016) 9, 268

1.2 e+ p(Au) — €’ + p’(AU’) + JAp 5 5 . e+p(Au) — e +p(AU) + ¢
I Lee s L KK
s0oeese 20,
s Maasssatsstettts | 25
: 1.8 - e, e no saturation
’§_ I § 16E Ce, o = saturation (bSat)
S orf s S
<~ I I = 14fF %000,
) : S TF 0000000000044
<q(, - e NO saturation <q'§ 12K
% 0.6 . saturation (bSat) v - Coherent events only
= - ~ 4 JLdt=101b"/A
< %: - x<0.01
f\f 04l Coherent events only S 0.8}
- fLdt = 10 fb-1/A ~ - |
x < 0.01 0.6 :_ “.“".l“ll"llllll“"......
0.2 B Experimental Cuts: 0.4 '_!'“. Experimental Cuts:
I'Y](edecay)l <4 - IT](Kdecay)I <4
P(€decay) > 1 GeV/c 0.2 P(Kdecay) > 1 GeV/c
llllllllIllllllllllllll|lllllllll|lllllllll O_IIIIIIIIIIIIIIIllllllllllllllIllllIllllIllll
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Q? (GeV?) Q? (GeV?)

» Diffractive VM production: Sartre event generator (bSat & bNonSat = linearized bSat)
* Big difference for ¢; less so for J/Y (larger mass cuts off large dipoles)
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https://arxiv.org/pdf/1712.02508.pdf

Diffractive vector meson production

do? "=V ] ol L
= J— Ay*p—>p<x, ,A))
dt 167 < pC

sensitive to the average size of the target

Coherent diffraction:

. . do? P~ 1 N 2 XN ’ *p—V, 2 A
Incoherent diffraction: " 1en AT PP (xp,Q ,A> — <AW P (xP,Q ,A>>

sensitive to fluctuations (including geometric ones)

H. Kowalski, L. Motyka, G. Watt, Phys.Rev. D 74 (2006) 074016

A. Caldwell, H. Kowlaski, EDS 09, 190-192, e-Print: 0909.1254 [hep-ph]
M. L. Good and W. D. Walker, Phys. Rev. 120 (1960) 1857

H. I. Miettinen and J. Pumplin, Phys. Rev. D18 (1978) 1696

Y. V. Kovchegov and L. D. McLerran, Phys. Rev. D60 (1999) 054025

A. Kovner and U. A. Wiedemann, Phys. Rev. D64 (2001) 11%[5002



Dipole picture: Scattering amplitude
H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

High energy factorization:

o y* = qq:yw(r,0%,2)

- gq dipole scatters with amplitude N
* g7 = V:y'(r,0%,2)

A~ szb dz d*rv*w" (7, z, Qz)e_ﬂ;'A)N(?, x, b)

- Impact parameter b is the Fourier conjugate of transverse
momentum transfer A — Access to spatial structure (f = — Az)

30



Color glass condensate formalism
H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

Compute the Wilson lines using color charges whose
correlator depends on b |

<Pa(bl)/0b(xl)> — gzﬂz(xa bl)éabé(z)(bl - X))

N(#,x,b) = NG = ¥,x, &+ ¥)/2) = 1 = Te(V(X)V'(¥))/N,

The trace appears at the level of the amplitude, because we project on a color singlet

A ~ | d?b dz d%r iy (7. 2, 02)e P AN(F. x. b)

31



Modeling the dipole amplitude

H. Kowalski, D. Teaney, Phys.Rev.D 68 (2003) 114005

Building N = l—NL (Tr V(X)V'(¥)) from Wilson lines needs the full CGC average over color

charges. In practice one often models /N directly --- e.g. the IPSat model:

71.2

N(r, x, I;) =1 — exp(— r*a(u?) xg(x, u*) T(Z)), U = /43 4 —

2N,

Exponential = eikonalized single-gluon exchange = unitarity, N < 1 (saturation)
r: small dipoles scatter weakly (color transparency)

xg(x, /42): gluon density carries the energy (x) and scale (/42, DGLAP) dependence

All transverse geometry enters through the profile T(l;)

32



Model impact parameter dependence (proton, nucleon)
H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301; Phys.Rev. D94 (2016) 034042

1) Assume Gaussian proton shape:

2
»—b*I(2B,)

T(b) = T,(b) = —
P

2) Assume Gaussian distributed and Gaussian shaped hot spots:

—b?
P(b) = e ~Vi20) (angles unitormly distributed)

278,

2
o —b*1(2B,)

N
- 1 X > S

sz—ET b—b. ith N hot spots: ) —

p( ) Nq - G( z) Wi q o TG(b) 271'Bq

33



Diffractive J/y production in e+p at HERA

Nucleon parameters 5, B,

xclusive diftractive J/W production in e+p:
ncoherent x-sec sensitive to fluctuations

H. Mantysaari, B. Schenke, Phys. Rev. Lett. 117 (2016) 052301
Phys.Rev. D94 (2016) 034042

also see:

S. Schlichting, B. Schenke, Phys.Lett. B739 (2014) 313-319
H. Mantysaari, Rep. Prog. Phys. 83 082201 (2020)

B. Schenke, Rep. Prog. Phys. 84 082301 (2021)

2_'“'"|""|",','|""_ 2 L o e e e e e I B
- “round proton : ‘with substructure |
L 5 - :
i Or i é O— P -
) I > i
—1r - 1k -
_2 | | | _2:1 | | |
=2 -1 0 1 2 £2 -1 0 1 2

can be constrained by e+p scattering data from HERA

1045' T L B
- Coherent w fluctuating geometry
Incoherent w fluctuating geometry
103;‘ ——=— Coherent w/o fluctuating geometry =
> 00— ncoherent w/o fluctuating geometry -
102 i ¢ HI1 coherent
- 11 incoherent

—2_||||||||||||||||||| |
107975 0.5 1.0 5 5.0 2.5

] [GeV?]

H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466



Information in the diffractive cross sections

104_ | | | | | | | | | | | | | | | | | | | | | | |
- Coherent w fluctuating geometry
- Incoherent w fluctuating geometry
1035— —=—=Coherent w/o fluctuating geometry =
5 @ ——— ncoherent w/o fluctuating geometry -
102 \ ¢ H1 coherent
S 3 - E
= : H1 incoherent
@ -
O I
= 1
ﬁ 10°
2
~ S
S 0
< 10YF
1071
10765

35 H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466



Information in the diffractive cross sections

104_ | | | | | | | | I | | | | I | | | | I | | | |
- Coherent w fluctuating geometry
- Incoherent w fluctuating geometry
10° ——— Coherent w/o fluctuating geometry

————— ncoherent w/o fluctuating geometry -

¢ H1 coherent
$  H1 incoherent

larger scale >
fluctuations (>0.2 fm)%
-

\ ; ()

= 101 AN 0 =
+ - \ ) -
S SN \
E i \\\\ \\
R 100 E_ ST~ \\ B
- T SN
l N VS
u NNl T ———
\\ -
10_1 = \\ —
- N
I DA
10—2 ' R SR A KN N T T T KN SO TN TN SR NN SO TR SR SN MR RRNT AL \ L
0.0 0.5 1.0 1.5 2.0 2.0
t] [GeV?]

36 H1 Collaboration, Eur. Phys. J. C73 (2013) no. 6 2466



Center-of-mass energy dependence: y + p

H. Mantysaari, F. Salazar, B. Schenke, Phys.Rev.D 106 (2022) 7, 074019

Y+p—J/Y+p

e Coherent cross section
measured up to large W

e Compatible with CGC

CGC + shape fluct &  ZEUS calculations using BK or
- 6 £ ALCE JIMWLK evolution, but no
------- IPsat t LHCb
¢ HIl clear signal of saturation
T 10° with proton targets

W |GeV]
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Saturation effects in vector meson production on nuclei

do/dy [mb]

[—
N

[—
(\®)

10

ALICE Pb+Pb — Pb+Pb+J/4 |5\ = 502 TeV

[(1] ALICE coherent J/y
= = = » Impulse approximation
nimin STARLIGHT
e EPS09 LO (GKZ)
m mimi LTA weak shadowing (GKZ)

LTA strong shadowing (GKZ)

mimin JIM BG (GM) *
mmm m= [Psat (LM) P g
mmm 1 BGK-I (LS) g
= = = = GG-HS (CCK) o
mmm = b-BK (BCCM) ¢
il CGC (MSS) o’

PY LA L R AT Y
gt mlIEI IRy,

|_I~

I

38

<+— no nuclear suppression

<+—— gluon saturation effect

Phys.Proc.UPC 1 (2024) 2



End Lecture 1
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Extras
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UPCs: y+Pb measurement - Role of saturation effects

H. Mantysaari, F. Salazar, B. Schenke, Phys.Rev.D 106 (2022) 7, 074019

Here, ALICE removed interference and photon k; effects to get the y+Pb cross section

. | : 2.0 . . | l .
y+Pb—J/¢p+Pb | ALICE ~+Pb
W=125GeV : 1.8} .. Form factor

| ~+-4- |Psat

- 4+~ CGC (no evolution)

101

=
o

QI Form factor

Ratio to data
=
N

do/dyd|t| [mb/GeV?]
2

— — - |Psat x0.68 5
| —— CGC (no evolution) x1.38 l
— CGC x0.66 )
101} : 1.0}
4 ALICE N
0.000 0.002 0.004 0.006 0.008 0.010 0.012 002.3000 0.002 0.004 0.006 0.008 0.010 0.012
t| [GeV?] t| [GeV?]

ALICE Collaboration, Phys.Lett.B 817 (2021) 136280

Saturation effects improve agreement with experimental data significantly



Saturation effects on nuclear geometry

H. Mantysaari, F. Salazar, B. Schenke, Phys.Rev.D 106 (2022) 7, 074019

Fourier transform to coordinate space

I | | | |

0.08}.
0.07 F
— 0.06

o™

> 0.05
O,
=~ 0.04

-

5 0.03
0.02
0.01

0.00

b [fm]
JIMWLK evolution leads to growth of the nucleus towards small x

and depletion near the center (hormalized so szbTA(b) = 208)



Effects of deformation on diffractive cross sections
H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866

Implement deformation in the Woods-Saxon distribution:

1 i o
1+ oxp ([7“ — R(@, CP)] /a) . B9 ®) = R _1 —I—&(cos vY50(0) + 81nlY22(@, <I>)> +&Y3O(@)

p(r, 0, P)

15 15
-15 -10 -5 0 5 10 15 > 15 —10 -5

15
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Effects of deformation on diffractive cross sections: Uranium
H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866

w3
&

!

10’ L yU > W+ U x = 1.7x10° = Deformation of the nucleus
< 065_ woneren! 'E’hirfg_g affects incoherent cross
o | . §i§j§8 i section at small | ¢ (large
21 5L | : ] length scales)
+= - “, ;’5':':':-:-: ~~~~~
§104 / | This observable provides
E v 1 direct information on the
0%k ¥y v gmall x structure
0 0.01 0.02 0.03 0.04

t| [GeV?]
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Effects of deformation on diffractive cross sections: Uranium
H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866

w3
&

!

107 F, y+U > J¥ + US x = 1.7x10° -
_F Coherent Incoherent : Deformation changes the
%106 ' - §§:§;§8 . shape of the average 2D
ORI — B.=0.0 1 projection of the nucleus
<10 ] P gzitiics E e
3 . O RN 1 Modification of the coherent
o107 A 2 cross section

103 _ L z' T T |\‘—-.

0 0.01 0.02 0.03 0.04

t| [GeV?]
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Effects of deformation on diffractive cross sections: Uranium

H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866

— — —
o o -
6)) (o)) ~

do/dt [nb/GeV 7]

—
(-
~

TN
/11 L\ NN\
|’ | | "\ \ VAN
| | | ‘. Vl;q ‘.;,.‘
} Il \. | \ “'\‘
| (IR
TTTT1
. ‘ [ |
:Z - -

1y

= U W UT x = 1.7x10°
E %, Coherent Incoherent

- — B =05

- — B=0.28

— B =0.0
2

e US> JW 4+ UN X =1.7x10°

Coherent Incoherent

- — B _=0.50
- — p.=0.30
— B.=0.0

3

é | Yl"'llJ -I> IJ/I‘PI+'U’I", ;(p —17%x10%

Coherent Incoherent
---- 3 =0.50

32:0.30
50,093

: e = = :

/; & - 1, T; -

= "“\ i ~ == \ i == =

e S w4 S -

=l T ‘Y' T R T R TR R N , ‘I‘:\ — T l;l." P B R R T T | = T “.'l R T I T R SR T ! \\I\\\\“r—

0 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04
t] [GeV?] It [GeV?] t| [GeV?]

-/, , f; and f, modify fluctuations at different length scales:
Change incoherent cross section in different |t| regions
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Towards smaller x
H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866

 JIMWLK evolution to smaller x

_III 1 1 1 1 I 1 III 1 1 1 1 I 11 II _
- v+U > J/W + U* - - -
e ®
%0_1 8F B = 0.50 - Both cross sections increase
o NEEEEE |3 = O 28 ) .
20.16F *Ratio incoherent/coherent decreases
8 - - because fluctuations are reduced
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Neon and Oxygen targets
H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866
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* 20Ne has a bowling pin shape that
leads to an increased incoherent
cross section relative to an
assumed spherical (on average) neon
or a spherical oxygen

PGCM: Projected Generator Coordinate Method: B. Bally et al.,
“Deciphering small system collectivity with bowling-pin-shaped 20Ne
isotopes,” in preparation (2023); Mikael Frosini, Thomas Duguet, Jean-Paul
Ebran, Benjamin Bally, Tobias Mongelli, Toma’s R. Rodriguez, Robert Roth,
and Vittorio Soma, Eur. Phys. J. A 58, 63 (2022)
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Multi-scale sensitivity

Nuclear deformations

238

\“‘

H. Mantysaari, B. Schenke, C. Shen, W. Zhao, arXiv:2303.04866
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Photoproduction of J/y in d+Au collisions at STAR

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)
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STAR Collaboration at Hard Probes 2020
PoS HardProbes2020 (2021) 100; arXiv:2009.04860
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Substructure: large
effect on incoherent

at|¢] > 0.25GeV?
(as in Pb)

STAR data favors
substructure



Photoproduction of J/y in d+Au collisions at STAR

H. Mantysaari, B. Schenke, Phys. Rev. C101, 015203 (2020)
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STAR Collaboration, Phys. Rev. Lett. 128, 122303, (2022) e-Print: 2109.07625
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