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The main goals of this talk




The main goals of this talk

Constrain the transverse spatial
structure of the proton via
elastic scattering data from ISR
(23.4 <+/s < 62.5 GeV) and

LHC (ys = 7 TeV)




The main goals of this talk

Constrain the transverse spatial
structure of the proton via
elastic scattering data from ISR
(23.4 <+/s < 62.5 GeV) and
LHC (/s = 7 TeV)

Gauge the impact of a fine-
detailed description of the
proton geometry on
observables relevant to quark
gluon plasma (QGP) studies




HADRON STRUCTURE



What do we need?

Goal: fully characterize a parton in a hadron

e 7 :longitudinal momentum

fr_qction (1D)

e k| : transverse momentum .
(2D) &«

e 17 :position (2 or 3D)

e Spin

Theoretically, information encoded in Wigner distribution




The big picture

“TMD: Transverse momentum distribution
GPD Generalized parton distribution
“ PDF: Parton distribution function
“ FT. Fourier transform

TMDs

SIDIS,DY

s




The big picture

“TMD: Transverse momentum distribution
" GPD: Generalized parton distribution

" PDF: Parton distribution function

" FT. Fourier transform

TMDs

SIDIS,DY

Physics deliverables of

the EIC [Accardi et al. Eur. Phys. J. A52 (9) (2016) 268]




The focus of this talk




ELASTIC SCATTERING



dgel
dt

1
— Tei(s,t
= —Tu(s, )

with ¢t = —2p*(1 — cos ()

Tw1(s,1) is the main building block of scattering theory

>A detailed map of the interaction region in b-space

FT. ~
Tei(s,t)C=) T.i(s,b) |Scan of the proton at b~1/+/]¢]

ReTel(s, t)
ImTel(S, If)

O-tot(s) — 2IHltrel(Sa O) 10(37 t) —

@



Elastic scattering data

—t —h
o O
N W

t  LHC: (s=7 TeV

do/dt{GeV™]
-~ o

—h
<

t ISR: (5=62.5 GeV

1072
107°
107
107
10°°
107/
10°°
107°

tI[GeV?]

®



Extracting the inelasticity density

The unitarity condition (Ftot = Tin T Tel) Ccan be written as

- dQUin

0< Gin(S, b) — =
d?b

— 2ImTL (s, b) — |Tui(s, b)[?| <1
where Gi.(s,b) is the inelasticity density. NOT measurable!

Extract Gi.(s,b) from do. /dt data

But...describing do.; /dt Is not enough, the phase Is needed




—

Extracting G, (s,b)

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

methodology

1 Generic (no physical meaning) parametrization of Zci(s, t)

ImT.i(s,t) = a1e”t + age’?’ + age’s

ReT.i(s,t) = cie®?

+ phenomenological constraints

-0.34 mb |SR

3
43.32 -
Otot — 2 a;, —
o ; {98.3*3? mb LHC

3
p:clzl/ai = {
i=1

#d.0.f =6
0.095 + 0.018 ISR

+0.01
O~ 14_0.08 LHC [COMPETE Phys. Reuv. Lett. 89 (2002) 201801]

®
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Extracting G;,(s,b) methodology

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

2 Fit the elastic scattering data

o/dt{GeV™]
.33

S 107!

E I
>
= ()
E ¢ ISR: Vs=62.5GeV| | O,
O
3 w2d.o.f=1.1 | | — Fit B
= ©
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=
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:? | | | | | | | | | | | | |
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tI[GeV?]
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t LHC: Vs=7 TeV

— Fit
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Extracting G;,(s,b) methodology

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

3 Fourier transform to obtain G, (s, 5) — Zlmfel(s, 5) — |Tel(57 5)\2
ISR

Q1
%
c

0.8

G (s,b)/G

0.6

0.4

— Data-driven fit

0.2
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Extracting G;,(s,b) methodology

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

3 Fourier transform to obtain G, (s, 5) — Zlmfel(s, 5) — |j:’el(57 5)\2

1
9
=
o 0.8
n
< 07
O
0.6
0.5
0.4
0.3

0.2

S
L
(D_ O

LHC

— Data-driven fit
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Extracting G;,(s,b) methodology

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

3 Fourier transform to obtain G, (s, 5) — Zlmfel(s, 5) — |j:’el(57 5)\2

1
9
=
o 0.8
n
< 07
O
0.6
0.5
0.4
0.3

0.2

S
L
(D_ O

LHC

— Data-driven fit




Inelasticity density @LHC

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

LHC: Vs=7 TeV

005 01 015 0.2 025 03 035 0.4
b[fm]

- STRIKING growing behavior

at low impact parameter

- Not observed at ISR energy

Perlpheral/7
collisions

contribute more
to oin than
central ones

=




Inelasticity density @LHC

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

- Independent confirmation by

a 1.008;— [Arriola, Broniowski Phys. Rev. D95 (2017) 07430]

(‘D’E 1.007F LHC: (s=7 TeV [Alkin et al., Phys. Rev. D89 (9) (2014) 091501]

~ r I -

= 1.006 [Dremin Phys. Ints. 44 (2017) 94-98]

2 -

~—< 1.005

°© 1 004E
HOLLOWNESS EFFECT
1.002F

* Found at 13 TeV including
"""""""" eatuec o | @Fror propagation

0 005 01 015 0.2 025 03 035 0.4
b[fm] [Alkin et al., arXiv:1807.06471]




The hollowness effect

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

4> ClGin(S, b) |
db b=0

> 0 @LHC highly non-trivial dynamical feature

— Challenges the standard geometric interpretation

Folding/

Gin o p(b') @ p(b' — b)

| geometrical
Maximum always at b=0

models precluded

\V

Quantum interference/coherence effects needed
to describe the onset of the hollowness effect

&,



MODEL DESCRIPTION



Setup

Gluonic hot-spots as effective d.o.f
characterized by Rns and Nhs

S

"o
Spatial correlations

In transverse space ‘ >

Glauber multiple
scattering expansion




G Iau be r m Odel [Glauber, Lectures in Theoretical Physics, 1955]

Quantum mechanical scattering theory for composite systems at
high energies. Conceived for A+A collisions

| -1 -TIIT - )

b » To facilitate analytical calculations

» O(s;;) = exp (—s;;/2R5,) (1 — ipps)



G Iau be r m Odel [Glauber, Lectures in Theoretical Physics, 1955]

Quantum mechanical scattering theory for composite systems at
high energies. Conceived for A+A collisions

Tu(b) =1 —ﬁH [1 —O(b+ 54 —55)}

b » To facilitate analytical calculations

S
|
p—t
S,
I
p—t

51
» O(s;;) = exp (—s;;/2R5,) (1 — ipps)

—

= | Tulb)= [ [T DA D Do DT (B

e D(57, 55, 53) : probability distribution for the transverse
positions of the hot spots @



Spatial distribution of hot spots

D51, 8, 8) = Q[ [ e /@ 51+ 52+ 55)
1=1

uncorrelated fixes the C.0.M of  short range repulsive
probability distribution the hot spots correlatlons controlled
characterized by R system by 72 = R/

(not the proton radius) ﬁ

Main novelty

*C: normalization constant



Spatial distribution of hot spots

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]

*>[fm?]

Ié >

1.8

1.6

1.4

1.2

(X) = / d51d55d55 X D(51, 5o, 53)

—— Quark-diquark

—— Our model
Baryon-junction

— Uncorrelated

Interpolates
between realistic
models of proton
substructure

Quark-
diquark

O,



RESULTS

[Albacete, ASO Phys. Lett. B770 (2017) 149-153]



Parameter space: { s, Rp, ¢, Phs |

— 1.2
E N
. d’G. (0)/d°b >0
1.1
I
& B
~ 0.9
% :
0.8 Hollowness
i region
0.7, | | A R B R
0.15 0.2 0.25 0.3 0.35 0.4
R, [fm]

Wide region of the parameter space
compatible with the hollowness effect



Parameter space: { s, Rp, ¢, Phs |

> Reproduce experimental values® of Otot, P

1.2

R,[fm]

1.1

0.9

d’G. (0)/d°b >0
LHC: Vs=13 TeV
I LHC: Vs=7 TeV
B ISR: Vs=62.5 GeV

c—nk—l'lllI|IIII|IIII|IIII|IIII

0.35

0.4

R, <[fm]

*At 13 TeV no measurement available as of 2016, prediction from COMPETE



Parameter space: { s, Rp, ¢, Phs |

— 1.1
£
=

1.05

R

0.95
0.9
0.85
0.8
0.75

0.7

Transverse diffusion of the hot spots with increasing Vs

d’G. (0)/d°b >0

I LHC: Vs=7 TeV

B ISR: Vs=62.5 GeV

LHC: Vs=13 TeV

_—

0.2 0.25

IO.3I | |

T 04

R, [fm]



R, [fm]

Parameter space: { s, Rp, ¢, Phs |

R, [fm

—|-IIII|IIII|IIII|IIII|IIII

0.8— 0.8
07'_|_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | ! ! ! 1 | O 7 | | | | | | | | | | | | | | | | | | | | . . |
0.15 0.2 0.25 0.3 0.35 0.4 '0.15 0.2 095 03 035 0.4
Ry [fm] R, [fm]

No hollowness effect for rc=0| [No hollowness effect for Nhs=2



Proton transverse structure as a byproduct

Form factors ® Nhs > 2
® fec> 0

Elastic scattering * Rps grows with '\/S




QCD phenomenological applications




QCD phenomenological applications

GEOMETRY OF THE PROTON




THE SMALL SYSTEM PUZZLE




Flow in all collision systems@LHC

0.10

>
0.05

[CMS Phys. Lett. B765 (2017) 193-220]

CMS
| I 1 1 1 | 1 1 1 I | I I I I | I I I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
- pp\s=13TeV o ysto(2, |An>2}4 PPb |sy,=5TeV 1 PbPb |s,, =276 TeV .® o
o0 ®
m v {4} o °
+ v,{6} o ®
O V.{8} 1 s
O V,{LYZ} .o o 0000s, |
_ o . . * . 1 -
LS L Slagount * T |
® N | m + ®
03<p_<3.0 GeV/c | 03<p_<3.0 GeV/c | 03<p_<30 GeV/c |
-| | Inl < 2 4 | "I nl < 2|.4 I "I I ml < 2|.4 I 1
50 1 oo 150 0 100 200 300 O 100 200 300
Noffhne Noffline Noffline

trk

trk

trk

p+Pb Pb+Pb




Flow correlations in all collision systems@LHC

. 2 2
SC(n,m) = (viv:,
x10_GCMS
L L L L L
i ° pp 13 TeV () 1
L e SC(2,3) |
5 u m SC(2,4)
[] syst. uncert. 1
Sl e v b
g N 1
O
D ° . y
of b
| 0.3<p_<3GeVlc
o} -
- R B T R L L
50 100 150
Noffllne

trk

) — (vn

) (Vi)

~Pearson’s correlation coefficient

[Bilandzic et al. Phys. Rev. C89 (6) (2014) 064904]

x10_ 6CMS

pr 8.16 TeV 5.02 TeV
o 0 SC(2,3)

- 0 0 SC(2,4)

1

* Punmmmumpp o

4

)]

K/
O_ %Qﬁmgw..

2}

1 1 1 I 1 1 1 1
200 300
Noffllne

trk

- 1 1 1 1 I 1 1 1
0 100

p+Pb

x10_6CMS
LA LA B L L
i PbPb 5.02 TeV  (C) ]
al e SC(2,3) |
. m SC(2,4)
= g wEEEE
= 2 " -....--
A" L
N @
0
I m.'.
.0.'
®o¢
-2 o .".. -
0 100500300400
Noffllne

trk

Pb+PDb

¢ SC(2,3): initial state fluctuations ¢SC(2,4): medium properties

Breaking news from the LHC Il: Anti-correlation around
the same #tracks ~100 @

[CMS Phys.Rev.Lett. 120 (2018) no.9, 092301]



Theory status

CGC Hydrodynamics

Initial state dynamics; no QGP  Panta Rhei; QGP as in A+A

v2{4} V2
0.12 T T T Y
025 —+ Q7=1GeV? superSONIC _
—4— (Q2=2GeV? o1k ATLAS —@— |
0.20
= 0.08 } -
3
ISH i
=015 S 006 ®e o © ©.0.0.0,078 0 ,.
© 0.101 0.04 | )
0.051 0.02 F -
O OO T T . . I 0 L 1 | A 1
0.0 0.5 1.0 1.5 2.0 0 5 10 15 20 25
p1 [GeV] ch/lAnl
[Dusling et al. Phys.Rev.Lett. 120 (2018) no.4, 042002] [Weller, Romatschke, Phys.Lett. B774 (2017) 351-356]

Common input: geometrlc structure of the proton ‘



Voi2}

Role of proton geometry in p+A

Initial state dynamics + QGP effects

0.12

0.1
0.08
0.06
0.04
0.02

[Mantysaari et al. Phys.Lett. B772 (2017) 681-686 ]

01 1 1 1 1 | | | |
e Vo{2} T9=0.2 fm B V5{2)} 15=0.4 fm o
IP-Glasma + round proton + MUSIC - -- 2
- oMS periph“; b Suth’r o 1 0.08 L va{2} 16=0.2 fm O Vvo{2} CMS per. sub. - _|
) V2{2} To=0.4 fm Q V3{2} CMS per. sub. —a-
L " 0 .
B I
N e S ] I_'—l ' ® o
o © o *
| o © | 004 | o i
@ o
I B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113, 102301 (2014) _| > & .
------------------- 0.02 B-g g B8 &
I 1 1 | 1 | 1 I A
0 20 40 60 80 100 120 140 160 180 | Y N
Noffine 0O 20 40 60 80 100 120 140 160 180
® ~ Q|
T T

Fluctuating internal d.o.T

Highly precise LHC/RHIC data calls for a fine detailed
description of the proton structure. Impact of spatial

correlations?




MC-GLAUBER

[Albacete, Petersen, ASO Phys. Rev. C95 (6) (2017) 064909]




Setup

Analytical

— >Monte Carlo: event-by-event fluctuations

[GLISSANDO, Broniowski et al. Comput. Phys. Commun. 180 (2009)]

Slmllar COdeS fOr A+A CO||ISIODS [TGIauberMC,,AIver et al. arXiv; 0805.41.1]

1 Sample impact parameter and hot spots positions

dNey /db o< b
3
D(51,52,5) = O‘Hesf/ PP (51+52+53)
1=1
E ]
= Target
£
.
° @
15F Projectile

||||||||||||||| ||||||||||||||||||||
2 s 05 0 0s 1 15 2
X[fm]



Setup

1 Sample impact parameter and hot spots positions

2 Collision criterion: wounded hot spots

_d2/R2 | ¢ NW
Pin(dv Rhs) X € e :> *Ncor

° (styW)

3 Entropy deposition

S(.CE, y) — S50

L ( (= 2w)” + (y — yw)2>

R, R},
So: fluctuates independently for each wounded hotspot

7)(8()) 0.¢ P(Nch)



Setup

5 Centrality classes (the X-axis)

(D —
et |
gﬁ 10*
> I
LLI Lo
10° i
= o N
- o _E ( ?
10° & S_ 80
FHIE =2
10 i
1=
o |
0 10

20 30 40 50 60 70

More central == more effective producing entropy



Parameters

E 1.2_
=T d’G, (0)/d* >0
— Correlated (rc=0.4) o | Emie e |
- I LHC: Vs=7 TeV e
Representative values of the 15— Bl SR: (5=62.5 GeV

hollowness-study phase space o9
reproducing ot , P " , /
0. 5—. MR [ R A B

7
0.15 0.2 0.25 0.3 0.35 0.4
R, [fm]

— > Uncorrelated
Problem: Not enough to set u — oo, swelling effects

Solution: R, as in the correlated case and choose R to have
identical proton size in both cases

<81> - /SldS_idS_édS_éD(gl,gz,gg)



SPATIAL ECCENTRICITY MOMENTS

[Albacete, Petersen, ASO Phys. Rev. C95 (6) (2017) 064909]
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Eccentricity & triangularity

0.5

0.4

0.3

0.2

0.1

Eccentricity

LHC @7 TeV

= Correlated

°* Uncorrelated

0~7% 7~5% 5. 700, 70?0%20,3 0%30, » 0%40~5 0%50*6‘ 0%6‘0~ > 0%7()\ S 0%80~9 0%90~ 10

Centrality

<€;>

Triangularity

0.3

0.25

0.15

0.1

0.05

0.2—"%..

= Correlated

°* Uncorrelated

~ o~
~
S
~

)
s
-

_____

LHC @7 TeV

S
~
N

9

o Tae 57 30 9030 605 08
% 18% 5109, 70-20550-30570-40070-50570-60520-705, 080570905, C- 7000,

Centrality

Repulsive correlations make €23 increase in
ultra-central collisions

(2



SYMMETRIC CUMULANTS

[Albacete, Petersen, ASO Phys. Lett. B778 (6) (2018) 128-136]




Definition

2 2
(€50 )
CMS
B L
1.0 '+' = pp 13 TeV ]
i ® pPb8.16 TeV
<o 0.5] " FoFpso2TeV 1 Note: data in terms of flow, our
=, [ ® O.3<pT<3GeV/c ] o
2t -+- | results at the eccentricity level.
= OO | . 1 Not an apples-to-apples
o7 YT R LLLL B :
o [ L-FF 1 comparison
—1.0-—....|...|....|....|..—
0 100 200 300 400
Noffline

trk

As of today, no theoretical description in the
literature of the SC(n,m) negative sign. Not even at

the eccentricity level



Symmetric cumulants

0.8

0.6

0.4

0.2

-0.2

NSC(2,3)

= Correlated

®* Uncorrelated

LHC@13 TeV

90 80a 702603 50m 903 T0m 577 Tae 07,0
0-10057"909; *805, %705, 60, 505 0-40550-305)0-205>"109, 8% ©-7-1920.75,

Centrality

NSC(2,4)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

NSC(2,4)

" Correlated

®* Uncorrelated

LHC@13 TeV

| | |
90. 1. 80.0,, 70-95 60-5, 50.a 0.2, 30-4 20-2, 10.5, 5-
7000/0 900/0 800/0 700/0 600/0 500/0 400/0 300/0 200/0 70

Repulsive correlations make NSC(n,m) increase in

% 7~5c,/o 0. 7~7%0~0.7%

Centrality

peripheral and decrease in ultra-central collisions



NSC(2,3)

Negative sign of NSC(2,3)

1.2

0.8

0.6

0.4

0.2

-0.2

NSC(2,3)

= Correlated

®* Uncorrelated

-

90 80a 702603 50m 903 T0m 577 Tae 07,0
0-10057"909; *805, %705, 60, 505 0-40550-305)0-205>"109, 8% ©-7-1920.75,

Centrality

Why do the repulsive
correlations push
NSC(2,3) to negative
values?

Is the negative sign
a unique feature of
the correlated
scenario?




<|\lcoll>

Interpretation of NSC(2,3)<0

We define interaction topologies characterized by (Nw, Ncon)

B AN B A

IS =(3,2) . I =(53)

B N A N
where, for Nns=3, Nwe[2,6] and Ncoie[1,9]
52: " Correlate Correlations enhance the
st L Uncorrelated || probability of having a small
. . Ncoll
o ' A N 28
25F : ¢! 7 ¢ (=<t
e correlated uncorrelated




Interpretation of NSC(2,3)<0

Configurations with large

oo Nw and small Ncon
o 0,005 ﬂ’;!& + responsible for making
2 | + P NSC(2,3)<0
O ==-mmmo- ¢ T T R B .
0005 ! ? ? ?
N |
_0'015_ ! l = Correlated - & =
~0.015- j ® Uncorrelated _ _
oosF + Correlations modify/
b | |enhance the weight of

N | these interaction
topologies in the MC

*NSCw(n,m)==weighted by the probability of occurrence in the Monte Carlo @



NSC(2,3)

Negative sign of NSC(2,3)

1.2

0.8

0.6

0.4

0.2

-0.2

NSC(2,3)

= Correlated

®* Uncorrelated

-

9 S 2 6 5y 4 3 7 5. 1- [0) O-
0700529050805, 0-705, %605 05054055 0305, 205, 1095 5% 11,7 0.15,

Centrality

Is the negative sign
a unique feature of

the correlated
scenario?




Scan parameter space: correlated scenario

Sensitivity to Rns/rc

0.15

0.1

0.05

-0.05

r.=0.25
= r.=0.4

-0.1 0.4 0.6 0.8 1
*» <_ _>
»

R /r

1.2 1.4 1.6
hs 'C

Our study favors values of

0.6 < Rhs/rc <1.3

1.2

NSC(2,3)

0.8
0.6
0.4

0.2

Sensitivity to Nns

N,s=2; r.=0.35
= N,=3;r =0.4
s N, .=4;r.=0.32

| | | | | | | | | | | | 1

2010090905, 0-8055 0706206053 0-5055 0405 305, 02057105 5% 1-1520.15,
Centrality
C . .
Proton’s size fixed in all cases

Onset of anti-correlation
when Nys > 2




NSC(2,3)

Scan parameter space: corr vs unc

Nhs=4 Sensitivity to Nw/Ncon
5 %) - N,..=2:Correlated
= o of N, -=2:Uncorrelated
- = Correlated ') ] hs—&;Jncorrelate
1 : D - 0-1% = N, =3;Correlated
e AT * Uncorrelated Z 1.5 = N, =3;Uncorrelated
0.8 ' - N, .=4;Correlated
- 1= + N, .=4;Uncorrelated
0.6— -
- 0.5
F SR I
: ML O T O SR
0.2F- - I [ 1 L g
i|= —0.5;— {
_0.2__| | | | | | | | | | | | _1:_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
9010950905, %805, 20-705,0-605,0:50570-4050-505, 0200105, 5% O1-10,%0.75, 08 1 12 14 16 1.8 2
Centrality N /N

NSC(2,3) compatible with Indications of universality
being negative in the in NSC(2,3) as a function of

uncorrelated case Nw/Ncol




CONCLUSIONS



R[fm]

Highlights

Characterization of the transverse distribution of
proton constituents in coordinate space and their
fluctuations

Main focus on the impact of spatial correlations in
QCD phenomenology
Hollowness effect Symmetric cumulants

121

A s F
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Outlook

[Albacete, Niemi, Petersen, ASO in preparation]

Perform hydrodynamic evolution of our initial state profiles
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Repulsive correlations in the initial geometry

seem to affect the elliptic flow. No fine tuning.

More statistics (and work) needed!!



EXTRA SLIDES



Hydrodynamical setup

Initialized event by event with:
s(x,y, 7 = 0.2 fm)

UT:O

" = ()

Equation of state: s95p-PCE-v1

[Huovinen, Petreczky Nucl.Phys. A 837 (2010) 26]

Tdec = 100 MeV
T chem = 175 MeV

Resonance decays after freeze-
out iIncluded

%

2+1D viscous hydro

Transport coefficients: neglect bulk
viscosity and heat conductivity. Shear ..

viscosity a la EKRT.

[Niemi et Al., Phys.Rev. C93 (2016) no.2, 024907]
[Eskola et Al., Phys.Rev. C93 (2016) no.1, 014912 ]
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