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High multiplicity events in pp
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Ridge in pp
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Piotr Bożek Mini-Flow



Fireball shape in pp
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p-Pb reference system - No FSI expected
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Abstract
Proton-nucleus (p+A) colli sionshave long been recognized asa crucial
component of the physics programme with nuclear beams at high en-
ergies, in particular for their reference role to interpret and understand
nucleus-nucleus data as well as for their potential to elucidate the par-
tonic structure of matter at low parton fractional momenta (small -x).
Here, we summarize the main motivations that make aproton-nucleus
run a decisive ingredient for a successful heavy-ion programme at the
LargeHadronColli der (LHC) andwepresent uniquescientific opportu-
nitiesarisingfrom these colli sions. We also review thestatusof ongoing
discussionsabout operation plans for thep+A mode at theLHC.

∗Current address: ABB SwitzerlandLtd., CorporateResearch, Baden-Dättwil , Switzerland
†On leaveof absence, Massachusetts Instituteof Technology, Cambridge, MA 02139, USA

Contents

1. EXECUTIVE SUMM ARY 3

2. INTRODUCTION 5

3. THE LHC ASA PROTON-NUCLEUSCOLL IDER 6

3.1 RHIC Experience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2 Injector chain for proton-ion or deuteron ion operation of theLHC . . . . . . . 7

3.21 Injector chain for proton-ion operation . . . . . . . . . . . . . . . . . . 7

3.22 Injector Chain for Deuteron-Ion Operation of theLHC . . . . . . . . . 8

3.3 LHC Main Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4. p+A AS A BENCHMARK FOR A+A 11

4.1 Nuclear parton distribution functions . . . . . . . . . . . . . . . . . . . . . . . 11

4.2 Processes of interest for benchmarking . . . . . . . . . . . . . . . . . . . . . . 13

4.21 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.22 Processes involvingelectroweak bosons . . . . . . . . . . . . . . . . . 14

4.23 Photons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.24 Heavy flavor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.25 Quarkonium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

5. NEW PHYSICSOPPORTUNITIES: TESTING PERTURBATIVE SATURATION 19

6. OTHER OPPORTUNITIES 22

6.1 Ultra-peripheral Colli sions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

6.11 Physicspotential of photon-proton/nucleusphysics . . . . . . . . . . . 23

6.12 Physicspotential of two-photonand electroweak processes . . . . . . . 23

6.2 Measurementsof Interest to AstroparticlePhysics . . . . . . . . . . . . . . . . 24

7. EXPERIMENTAL CONSIDERATIONS 25
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Fireball in p-Pb

b  [fm]
0 1 2 3 4 5 6 7 8 9 10

pa
rt

N

0

5

10

15

20
25

30

35

40 p-Pb  Glauber Monte-Carlo

partN
5 10 15 20 25 30

)
pa

rt
P

(N

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16 p-Pb  Glauber Monte-Carlo

Part N≤18 
(0-4%)

 17≤ Part N≤11 
(4-32%)

 10≤ Part N≤8 
(32-49%)

partN
5 10 15 20 25 30 35

-110

1 p-Pb  Glauber Monte-Carlo

ε
2ε
3ε

PB, arXiv:1112.0912
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Collective elliptic flow in p-Pb? in p-p?

◮ Large enough density? yes yes (high mult.)

◮ Large enough eccentricity yes? (?)

◮ Large enough size? (?) (???)
but should and can be tested

◮ Small enough gradients? no no!
- beyond viscous hydro
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d-Pb
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. . . it seems very interesting to look for collective effects in

d-Au collisions at
√

sN = 200GeV in RHIC experiments . . .
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prediction 12.2011

0 20 40 60 80 100 120 140

0.02

0.04

0.06

0.08

0.1

0.12

hydro d-Pb
hydro p-Pb
ALICE Pb-Pb

2v

PS
ηdN/d

◮ collective flow effects ≃ peripheral Pb-Pb
◮ can be observed
◮ p-Pb (d-Pb) is not p-p superposition
◮ only p-p as baseline

PB, arXiv:1112.0912
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Gunther Roland RBRC Workshop, Apr 15-17, 2013 

v2 in pPb and PbPb 

v2 shows similar shape in pPb and PbPb, but is smaller in pPb 

v2{4} is only 20% smaller than v2{2} below 2 GeV/c  

“Peripheral subtraction” has small effect at high multiplicity 

Dash-dot line: peripheral subtracted 

PbPb 

pPb 

multiplicity 
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Gunther Roland RBRC Workshop, Apr 15-17, 2013 

v3 in pPb and PbPb 

v3 has similar shape in pPb and PbPb; magnitude comparable  

“Peripheral subtraction” makes essentially no difference 

Hydro prediction: Bozek, v3{PP}, not including fluctuations 

Dash-dot line: peripheral subtracted 

PbPb 

pPb 

multiplicity 
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Ridge in p-Pb
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Elliptic and triangular flow
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Higher cumulants

v2{2}2 ≃ v2
2 + δ

2 v2{4} = v2{6} = v2{8} ≃ v2 v2{4} ≃ v2{6} ≃ v2{8} < v2{2}
Bzdak,PB, McLerran
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v2 from late stage
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v3 - small mass splitting

0 0.5 1 1.5 2
0

0.05

0.1
p-Pb 5.02TeV    0-20%

π
K
p

3+1D Hydro3v

 [GeV/c]
T

p

limited mass splitting

0 0.5 1 1.5 2

0

0.05

0.1 p-Pb 5.02TeV    0-20%

π
p

Hydro+CF
+ Decays

Hydro+CF
3v

 [GeV/c]
T

p

resonance decays spoil mass ordering
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d-Au at 200GeV
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3He-Au 12C-Pb
PHENIX proposal → v3

α clusters in 12C Broniowski, Arriola 1312.0289
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Glauber+NB
fluctuations from subnuclear dynamics
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very different source sizes
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HBT systematics
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Spectra - < p⊥ >
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Spectra - < p⊥ >
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< p⊥ > rapidity dependence

different prediction of CGC and hydro

PB, Bzdak, Skokov, 1309.7358
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Directed flow- tilted source
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∂τux = −
∂xp⊥

p + ǫ

∂τY = −
∂ηp‖

τ(p + ǫ)

tilted source → transverse pressure + longitudinal pressure
Glauber model

Piotr Bożek Mini-Flow



Asymmetric distributions
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pressure anisotropy
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FSI scenarios

fields+thermalization

color fields

local thermalization → hadronization
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Flow without jet quenchinq?
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Summary

◮ Collectivity in pPb@LHC explains v2, v3, ridge, < p⊥ >

◮ Observations consistent with collective flow
many exp. results; several calculations

◮ Limits of hydro!

Final State Interactions in p-Pb !

◮ Why hydrodynamics would work?

◮ Effective theory for transverse expansion

◮ We need observables for longitudinal pressure
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energy-momentum tensor

Tµν =









ǫ 0 0 0
0 p + Π 0 0
0 0 p + Π 0
0 0 0 p + Π









+ πµν

◮ shear viscosity

∆µα∆νβuγ∂γπαβ =
2ησµν

− πµν

τπ
−

1

2
πµν ηT

τπ
∂α

(

τπu
α
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◮ bulk viscosity

uγ∂γΠ =
−ζ∂γu

γ
− Π
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−

1

2
Π
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◮ viscosity corrections from velocity gradients

◮ initial stress tensor - pressure anisotropy

◮ equation of state
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fireball asymmetry - flow asymmetry
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- Ev-by-Ev hydro response to geometry valid
- response strength depends on details
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Extracting the flow correlations
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Charge balancing

local charge conservation
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charge balance function
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PB, W.Broniowski, arXiv: 1204.3580

STAR data
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dependence on model details
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- response strength depends on details, initial eccentricity
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K. Tywoniuk (UB)

No final-state effects

• Excellent situation to extract initial-state effects
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ωc = 70 GeV, ωBH = 0.5 GeV
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CMS data (preliminary)
ALICE data (preliminary)

ωc = 2 GeV, ωBH = 0.5 GeV
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also see H. Paukkunen’s and J. Qiu’s talks yesterday
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