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Vo IN p+p, p+Pb, Pb+Pb COLLISIONS

cmMms =
pPb \s,\ =5 TeV

CJ PbPb \s,, =2.76 TeV

|An| > 2

SEE ALSO:
0.10— ALICE COLLABORATION

PHYS. LETT. B719 (2013) 29-41: PHYS.
REV. C 90, 054901

® pp Vs = 13 TeV ATLAS COLLABORATION
INNSTET T XVARNNE PHYS. REV. LETT. 110, 182302 (2013);
o pp V5= 5 TeV PHYS. REV. C 90.044906 (2014)

CMS COLLABORATION
PHYS.REV.LETT. 115, 012301 (2015)

LOOKS LIKE

0.3< p, < 3 GeV/c

Jared Wood vikingalligatordeviantart.com

CMS COLLABORATION, ARXIV:1606.06198
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http://prl.aps.org/abstract/PRL/v110/i18/e182302

STRONG FINAL STATE EFFECTS IN SMALL
SYSTEMS? EVEN HYDRODYNAMICS?

MC-Glauber initial state Calculation | showed before
+ hydro works does not work in p+Pb

p-Pb 5.02TeV ATLAS CMS p+Pbv, e
® v,{2} p+Pb v, -+ |P-Glasma

o« g, O, *vid
%\f\%//%

O v.{2} hydro Glauber+NB
v.,{4} hydro Glauber+NB

60 80 100 120

(ZE,) GeV 80 100 120 140

offline
Ntrk

BOZEK, BRONIOWSKI SCHENKE, VENUGOPALAN
PRC88 (2013) 014903 PRL113 (2014) 102301

OTHER CALCULATIONS: KOZLOV, LUZUM, DENICOL, JEON, GALE; WERNER, GUIOT,

KARPENKO, PIEROG; ROMATSCHKE; SHEN, PAQUET, DENICOL, JEON, GALE ...
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STRONG FINAL STATE EFFECTS IN SMALL
SYSTEMS? EVEN HYDRODYNAMICS?

B. SCHENKE, R. VENUGOPALAN, PRL113 (2014) 102301

SAME MODEL THAT WORKS WELL IN Pb+Pb FAILS IN p+Pb

CMS p+Pb v,
p+Pb v,

80 100 120 140
N offline
trk

A3
DAN COLEN WILE E COYOTE, 2010

SHAPE OF THE SYSTEM FOLLOWS SHAPE OF THE PROTON
PROTON: WILE E COYOTE
LEAD: WALL



STRONG FINAL STATE EFFECTS IN SMALL
SYSTEMS? EVEN HYDRODYNAMICS?

B. SCHENKE, R. VENUGOPALAN, PRL113 (2014) 102301

SAME MODEL THAT WORKS WELL IN Pb+Pb FAILS IN p+Pb

WE ASSUMED
A ROUND PROTON

z

DAN COLEN WILE E COYOTE, 2010

40 60 80 100 120 140
N offline
trk

SHAPE OF THE SYSTEM FOLLOWS SHAPE OF THE PROTON
PROTON: WILE E COYOTE
LEAD: WALL



WITH FLUCTUATING PROTON

IP-GLASMA RESULT CHANGES DRAMATICALLY

- T Tt Tt Tttt Initial energy density
_ pPb s, =5.02TeV _ (IP-glasma)

0.2~ ® CMSv,data, 185 <N/ <220 — T
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MORE EVIDENCE FOR
PROTON SHAPE FLUCTUATIONS

H. MANTYSAARI, B. SCHENKE, PHYS. REV. LETT. 117, 052301 (2016)

Exclusive diffractive J/Y production

— By =3.0GeV 2 B, =0.3GeV? A Coherent H1
«+ Bp,=4GeV? ¢ Coherent ZEUS
Total H1
Incoherent ZEUS

| a—
o™
—
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N’
>
\
™
—
p—
—
—
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———
N
\
S
N

p— . -, P’

IP-Glasma
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STRATEGY: CONSTRAIN PROTON FLUCTUATIONS WITH J/VY
PRODUCTION AND PREDICT FLOW IN p+Pb COLLISIONS

H. MANTYSAARI, P. TRIBEDY, B. SCHENKE, IN PREPARATION

— Bae. = 3.0 GeV 2 B, =0.3GeV 2 Coherent H1
«ier B,=4GeV? *  Coherent ZEUS
3

e ZEUsS Use constrained proton
to predict v in p+Pb collisions

do /dt [nb/GeV?]

: IP-Glasma-fluc. proton+MUSIC v{2}
IP-Glasma IP-Glasma-+fluc. proton+MUSIC v4{2}
CMS v,{2}
CMS v,{2} per. sub.
CMS v3{2}
CMS v,4{2} per. sub.

Temperature dependent n/s

constrained in A+A collisions o

G. DENICOL, A. MONNAI, B. SCHENKE N?rﬁline
PHYS.REV.LETT. 116 (2016) NO.21, 212301

9 Bjorn Schenke, BNL



BUT: RESULTS ARE VERY SENSITIVE TO
ALL THE DETAILS!

which is the subject of this talk

IP-Glasma-+fluc. proton+MUSIC v,{2}
IP-Glasma-+fluc. proton+MUSIC v,{2}
CMS v,{2}

{
{
{

CMS v,

offline
Ntrk

used To=1 fm here, no initial 1V

10 Bjorn Schenke, BNL



SIGNIFICANCE OF INITIAL STATE IN
SMALL SYSTEMS

Litetime in small systems is shorter than in typical A+A event

Details of the initial state matter more:
e |nitial/switching time
e |nitial flow

e |nitial viscous stress tensor
e Possibly the details of matching

Will analyze various effects in one typical p+A event using the
IP-Glasma initial state model and MUSIC hydrodynamics

11 Bjorn Schenke, BNL



VISCOUS STRESS IN THE INITIAL STATE

We have always neglected the initial " from the IP-Glasma
But of course it is there - In p+A it is likely very big

Further there is a u", flow in the rapidity direction, that also
needs to be included

Finally one can define bulk stress as T = S _p using P from

the EoS in hydrodynamics to match to all components of the
CYM T

This last part has a small effect.

12 Bjorn Schenke, BNL



n*Y FROM THE IP-GLASMA

Determine € and u* from

eu” = u, T

then, using P=¢/3
(it would be, had we reached isotropy in the CYM system):

y 4 3
i’ = TléYM — geu“uy + §9UV

This is potentially quite large

Will analyze this in a p+A event. Going to the extreme...

13 Bjorn Schenke, BNL



SHEAR AND BULK VISCOSITIES

In the examples we will use
n/s =0.1 and a T dependent T/s

‘ S. Ryu, J. -F. Paqguet, C. Shen, G.S. Denicol,
this work B. Schenke, S. Jeon, C. Gale

= = mQGP Phys.Rev.Lett. 115 (2015) 13, 132301
® o o Hadron Gas
G. S. Denicol, U. W. Heinz, M. Martinez,

J. Noronha and M. Strickland,
Phys. Rev. D 90, 125026 (2014);
Phys. Rev. Lett. 113, 202301 (2014)

QGP: F. Karsch, D. Kharzeev and K. Tuchin,
Phys. Lett. B 663, 217 (2008)

Hadron Gas:

J. Noronha-Hostler, J. Noronha and C. Greiner,
Phys. Rev. Lett. 103, 172302 (2009)

14 Bjorn Schenke, BNL



INITIAL DISTRIBUTIONS

Energy densities [GeV/fm?]

40
30

20

10
0 ) ] 0
2-15-1-050 051 15 2 2151050051 15 2 215105005 1 15 2
X [fm] X [fm] X [fm]

CYM evolution ———

( ~free streaming)

15 Bjorn Schenke, BNL



EVOLUTION OF m#VY
n/s =0.1 and T dependent T/s

100

80 XX w initial tHY
60 XY w initial HY
T2 "M w initial TtHY

XX w/o initial TtH#Y

*Y w/o initial tHY

2 ™M w/o initial TtHY

3.5

with initial TV without initial T*v

16 Bjorn Schenke, BNL



Z Z

. IP-G

_ NAV

ER-STOKES VALUE

HY — vy —

for n/s = 0.1

ASMA 1" COMPARED TO

1
§ AWV(X u“

Similar magnitude

Bjorn Schenke, BNL



EFFECT OF INITIAL mt#Y

N
=
o)
O,
l_
Q
©
l—
Q
>
°
=
Z
©
=3
o
Z

ntt w/o initial mHY
tt w initial tHY
p w/o initial tH#Y
p w initial tHY

Vo W/0 initial TtHY

Vo W initial mHY  =—
va W/o initial t#Y = -
va W initial TtHY

18

Testing In just one event:

* more entropy production
- different viscous effects

« Initial TV reduces v-

T = 3— T0=0.6 fm

Bjorn Schenke, BNL



EFFECT OF INITIAL mt#Y

" wio initial TtV Testing in just one event:
" winitial m#Y  —
p w/o initial m#Y = -
p winitial m#Y ~ —

* more entropy production
- different viscous effects

N
=
O
O,
l_
Q
©
|_
Q
>
°
=
Z
©
=3
A
Z

Vo W/0 initial TtHY

Vo W initial mHY  =—
va W/o initial t#Y = -
va winitial mH#Y ~ —

« Initial TV reduces v-

7
Tn—3€+P T0=0.4 fm

19 Bjorn Schenke, BNL



EFFECT OF SWITCHING TIME
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20
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EVOLUTION OF mHY

. agn V . g
£+3P w initial HZV c+3P w initial tHY
8+3PX\;(v/O initial Tt g e+3P w/o initial t#VY
X w initial tH XX\ initial Tt 4V
X LS v ™ winitial 1t
®Y w initial t# XY w initial t#Y
2 = NN w initi uv el
< 1t winitial Tt 2 1N | THV
X o v T’ winttial
** w/o initial rt# : XX w/o initial TrHY
X S y ™ w/o Initial 1t
Y w/o initial t# XY w/o initial Tt 4V
2 nn L v ™y w/o Initial 1t
> "M w/o initial Tt 2 "M w/o initial TtHY

’ o st e srreTI——s ettt —
Tp=0. | Tp=0.4 fm

y=0 fm
|

1.5

e+3P w initial mH#VY
e+3P w/o initial t#Y
X w initial THY

Y w initial TV

2 "M w initial TH#Y
¥ w/o initial tHY
XY w/o initial tHY

12 "M w/o initial T#Y

without initial TV PP—
ygz)f.mm

T dependent n/s and /s | -
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EFFECT OF SWITCHING TIME

Vo TO=O.2 fm
Vo Tg=0.4 fm
Vo Tp=0.6 fm
V3 TO=O.2 fm
v3 Tp=0.4 fm

pt [GeV]

more hydro — larger v,

22 Bjorn Schenke, BNL



EFFECT OF BULK VISCOSITY

Bjorn Schenke, BNL



EFFECT OF BULK VISCOSITY

™" w/o bulk

mwbuk —
pw/obulk = .

p w bulk

N
>
O
O,
l_
Q
©
l—
Q
>
©
S~
=
Z
©
=3
C\I
S~
Z

Vo W/0 bulk

Vo Wbulk =
vz w/o bulkk - .
V3

24

Spectra become
significantly steeper
(decreased radial tlow)

Vn are increased
ikely mainly due to
the steeper spectra

Bjorn Schenke, BNL



EFFECTIVE PRESSURE 1-11/P




EFFECT OF INITIAL u*

I

N

4 4
3 3
2 2
1 1
Eol E o
— >
1 1
2 2
3 3
4 4

w/o initial flow w initial flow
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EFFECT OF INITIAL u® (withinitial )

€ Harder spectra
% 10
5,
f‘* 0.1 | Th=5n/(e+P) To=0.6 - (2 = 0.47
’-IC:'i TO=O.6 fm
g (w?) = 0.53
O 02 04 06 08 1 12 14
Pr (GeV] Vi{run?z) =0.14
T =5n/(e+P) To=0.2 fm: /(w?) =0.38

Tp = 0.6 fm

| (w?) = 0.41
0 V{(run?) = 0.53
0 .2 04 06 08 1 12 14
pr [GeV] Less v)
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EFFECT OF INITIAL

Vo W/o U
V2WUn —

_ vgw/ou"l = :
V3WUn —

small effect: with u" a little more suppression

of v, as one would expect
28 Bjorn Schenke, BNL




EFFECT OF RELAXATION TIME

< Weak effect when
(.2, . ° ° ° )
5 not including initial
: i
< O 02 04 06 08 1 12 14
pt [GeV]
0.2
0.1
0
0 02 04 06 08 1 12 1.4 . y
pr [GeV] w/o initial

29 Bjorn Schenke, BNL



EFFECT OF RELAXATION TIME

With initial i+
surprisingly large

—_k
o

1

o effect on v,

0.01
O 02 04 06 08 1 12 14

o7 [GeV] orobably a of effect

o
>
®
S,
l_
Q
©
l_
Q
>
©
S~
=
Z
©
=
o
S~
I

.2 04 06 08 1 1.2 14 ] R y
o1 [GeV] with initial Tt
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SUMMARY

Correlations observed in the low momentum region

(p1<1.5 GeV) of small systems could be dominated by
strong final state effects

Fluctuating protons and IP-Glasma initial state result in
anisotropic flows in the right ballpark

But the details of the initial state and the hydrodynamic
medium do matter

Next will be larger scale simulations in the most realistic
scenario (with initial ™Y and flow, for different switching

times and hydro parameters)
31 Bjorn Schenke, BNL




BACKUP

32



EFFECT OF INITIAL u® (withinitial )

% Harder spectra

S 10

5

g 0.1 [ T,=5n/(e+P) TO=O.6 fm:

S =06f

& T (v12) = 0.52

O 02 04 06 08 1 12 14

pr[GoV V{(rvn?) = 0.17
To=O.2 fm:

T =5 Nn/(e+P)
Tp = 0.6 fm

(vi2) = 0.46

lo /_-4 y(rvi)?) = 0.46

0O 02 04 0b 08 1 1.2 14
pt [GeV]

Less vy
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EFFECT OF INITIAL TI

" w/o initial M
™ w initial M

(1/2 1) dNy/dy pt dpT [GeV 2]

O 0.2 04 06 08 1 1.2 14
pt [GeV]

Vo W/0 initial 1
Vo W initial I1

To = 0.6 fm

0.2 04 0.6 0.8
pt [GeV]
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HOW TO CONSTRAIN PROTON SHAPE
-LUCTUATIONS?

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT

ADDITIONAL DEGREE OF FREEDOM:
PROTON SHAPE FLUCTUATIONS

NEED ADDITIONAL PIECE OF DATA AS CONSTRAINT
IN THE SPIRIT OF THE ORIGINAL IP-GLASMA MODEL

THIS DATA IS INCOHERENT EXCLUSIVE DIFFRACTIVE VECTOR
MESON PRODUCTION AT E.G. HERA

35 Bjorn Schenke, BNL



DIFFRACTIVE J/¥Y PRODUCTION

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.01711
No exchange of color charge
_arge rapidity gap

/
Coherent diffraction: ’
Proton remains intact
Sensitive to average gluon
distribution in the proton ,

ncoherent diffraction:

Proton breaks up
Sensitive to shape fluctuations

Bjorn Schenke, BNL



CGC FRAMEWORK J/Y PRODUCTION

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.01711

Diffractive eigenstates are color dipoles
at fixed rr and br

SEE
M. L. GOOD AND W. D. WALKER Tdi b
PHYS. REV. 120 (1960) 1857. PoT
p /&p P
. . Y,
Scattering amplitude

A ~ / d?bdzd?r¥* WV (r, z, Q*)e "> AN(r, x, b)

odin(x, r, A) =2 [ d2be® B N(r, x, b)

37 Bjorn Schenke, BNL



AVERAGING OVER THE TARGET

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.01711

COHERENT DIFFRACTION: | SEE

l H. |. MIETTINEN
TARGET STAYS INTACT ' AND J. PUMPLIN
' PHYS. REV. D18 (1978) 1696
Y p—Vp . 2
do — L <A7 pﬁvp(xﬂb’QQ,A»‘ Y. V. KOVCHEGOV
dt 167 AND L. D. MCLERRAN
- PHYS. REV. D60 (1999) 054025 |
INCOHERENT DIFFRACTION: A, KOVNER AND
TARGET BREAKS UP | U. AL WIEDEMANN |
| PHYS. REV. D64 (2001) 114002
] o
do.q'*p—>Vp* 1 . 2
= — A'}' p—Vp T 2,A |
dt 167 <<‘ (zp, @, &)

_ |(A7*p_’vp(flzp,Q2,A))|2>

SENSITIVE TO FLUCTUATIONS!

38 Bjorn Schenke, BNL



GEOMETRIC FLUCTUATIONS

H. MANTYSAARI, B. SCHENKE
ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.01711

3 . 2
10 —— By =33GeV2 B, = 0.7GeV2 Coherent H1
- = By =33GeV* B, =05GeV* Coherent ZEUS

. xpe2 2 (-2 L Total H1

- ( 0 . . N “ L & !
B, =1 ){ el ) B, = 3.0GeV Incoherent ZEUS
1; -1.”(-('\

® V
1 0 l
z(fm]

(a) Bge = 3.3 GeV~ %, B, = 0.7 GeV~*

dd/dt [nb/GelV?]

1.0 .:
It| [GeV?]

[ 0 —0.00 H1 COLLABORATION, EUR. PHYS. J. C46 (2006) 585,
. o PHYS. LETT. B568 (2003) 205

ZEUS COLLABORATION, EUR. PHYS. J. C24 (2002) 345
EFEUR. PHYS. J. C26 (2003) 389

(b) Bye = 1.0 GeV~2, B, = 3.0 GeV 2

39 Bjorn Schenke, BNL



ADDING COLOR CHARGE FLUCTUATIONS

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.

IPSat = IP-Glasma

. ¢ X y=2 o X y=
— 3o = .3.()(,.('\.; “ By =03GeV™* Coherent H1
«+ B,=4GeV~* ® Coherent ZEUS
4 Total H1
Incoherent ZEUS

)
X
i)
Y
S
\
o~
——
-
—_—
[Sn——
-~
eyt
N
\
s
N

1.0 L5 2.0 2.
] [GeV?]

H1T COLLABORATION, EUR. PHYS. J. C46 (2006) 585, PHYS. LETT. B568 (2003) 205
ZEUS COLLABORATION, EUR. PHYS. J. C24 (2002) 345, EUR. PHYS. J. C26 (2003) 389




ADDING Qs FLUCTUATIONS

H. MANTYSAARI, B. SCHENKE, ARXIV:1603.04349, PRL IN PRINT; ARXIV:1607.01711

IPSat = IP-Glasma and add Qg fluctuations

- - qu 3.0 (_;(‘\"_2_ I}q 0.3 (};(,‘\,'—2 H
— l’qr' = 3.0 (;(‘\"V 2. I;f] - 0.3 (;(,\,v' 2 4 (2‘ flucl Coherent

. Incoherent

EXPERIMENTAL DATA: H1 COLLABORATION, JHEP 1005 (2010) 032
41 Bjorn Schenke, BNL



STRATEGY: CONSTRAIN PROTON FLUCTUATIONS WITH J/VY
PRODUCTION AND PREDICT FLOW IN p+Pb COLLISIONS

H. MANTYSAARI, P. TRIBEDY, B. SCHENKE, IN PREPARATION

— Bae. = 3.0 GeV 2 B, =0.3GeV 2 Coherent H1
«ier B,=4GeV? ® Coherent ZEUS
L Total H1

o ZEUS Use constrained proton
to predict v in p+Pb collisions

do /dt [nb/GeV?]

Vo{2} 3.75-4.625 ( N, ) —
CMS v,{2} p+Pb 150-185 per. subtr. o~

&

—

IP-Glasma

—
—

®

—
—

-
&

< ° preliminary

Temperature dependent n/s

constrained in A+A collisions

G. DENICOL, A. MONNAI, B. SCHENKE
PHYS.REV.LETT. 116 (2016) NO.21, 212301

p+Pb 5020 GeV

42 Bjorn Schenke, BNL



TEMPERATURE DEPENDENT
SHEAR VISCOSITY FROM
RAPIDITY DEPENDENT FLOW




LONGITUDINAL STRUCTURE

A. MONNAI, B. SCHENKE, PHYS. LETT. B752, 317-321 (2015)

e INCLUDE 3D FLUCTUATING INITIAL STATE

e STUDY v, AS FUNCTION OF RAPIDITY

e CAN CONSTRAIN RAPIDITY DEPENDENCE OF n/s
e WILL NEED THIS FOR SIMULATIONS OF BES@RHIC

LONGITUDINAL DISTRIBUTION:
IMPLEMENT AN MC VERSION
OF THE LEXUS MODEL

RAPIDITY DISTRIBUTIONS IN
HEAVY [ON COLLISIONS
FOLLOW VIA LINEAR
EXTRAPOLATION FROM

P+P COLLISIONS

S. JEON AND J. KAPUSTA, PRC56, 468 (1997)

ENERGY DENSITY (UPPER)
BARYON DENSITY (LOWER)

44 Bjorn Schenke, BNL



CONSTRAINING n/s vs. TEMPERATURE

G. DENICOL, A. MONNAI, B. SCHENKE, PHYS. REV. LETT. 116, 212301 (2016)

Bjorn Schenke, BNL



CONSTRAINING n/s vs. TEMPERATURE

G. DENICOL, A. MONNAI, B. SCHENKE, PHYS. REV. LETT. 116, 212301 (2016)

jorn Schenke, BNL



CONSTRAINING n/s vs. TEMPERATUR

G. DENICOL, A. MONNAI, B. SCHENKE, PHYS. REV. LETT. 116, 212301 (2016)

PHOBOS 0-40% o
(NT/(e+P))min=0.04 a=0 b=10 - -

MT/(e+P))min=0.12 a=0 b=0
)mi
)

MT/(e+P) _o 04 a=10b=0 —
(NT/(e+P) m,n_o 04 a=10 b=2

EXP DATA: PHOBOS COLL., B.B. ' ' ® Au+Au 200GeV 0-40%
BACK,ET AL., PHYS.REV. LETT. 94 : | pt>0.15 GeV

(2005) 122303

CONCLUSIONS:
n/s 1S NOT CONSTANT QGP n/s CANNOT RISE QUICKLY

47 Bjorn Schenke, BNL



3D GLASMA INITIAL STATE

B. SCHENKE, S. SCHLICHTING, ARXIV:1605.07158, SUBMITTED TO PRC

EXISTING 3D INITIAL STATE MODELS ARE VERY SIMPLISTIC
NOW DO A FIRST PRINCIPLES 3D CALCULATION USING
CLASSICAL YANG-MILLS + QCD JIMWLK EVOLUTION

GLUON FIELDS IN A NUCLEUS AT DIFFERENT x:

Y=-24(x~2x103)  Y=0@x=2x10"% Y =24(x=1.6x107

48


http://arxiv.org/abs/arXiv:1605.07158

3D GLASMA INITIAL STATE

B. SCHENKE, S. SCHLICHTING, ARXIV:1605.07158, SUBMITTED TO PRC

e COLLIDE TWO JIMWLK EVOLVED NUCLEI

ag=0.3
' ag=0.15
Gaussian fit to ALICE data

2 -15 -1 056 0 05 1 15 2

Y RAPIDITY

ENERGY DENSITY GLUON MULTIPLICITY

49
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