Interplay of QCD and Electromagnetism

in Heavy-lon Collisions
(Ho-Ung Yee, UIC/RBRC)

There are two closely related aspects in electrodynamics in
heavy-ion collisions

1) Electromagnetism as a probe to QGP

: Photon and di-leptons, or current spectral densities as one of
the fundamental properties of QGP. PHENIX/STAR photon and
dilepton flow/rate measurements and lots of theory and

numerical works -> A significant size of works and community

2) Dynamical interplay of QCD strong dynamics and EM dynamcs

: Heavy-ions carry EM chargi 7 ~ 107, so the interaction

strengthis Z-qa,, ~ 10°-—— ~0O(1) :Not Negligible
137



we’

The strength of EM fields are of
order 5-10m; ~ (0.5GeV )’

q both electric and magnetic fields
> QUARK-GLUON PLASMA
/ There are interesting fluctuations of
them

NON-CENTRAL COLLISIONS

There are many interesting and fundamental physics 2375 m o
that can arise as interplay of QCD with EM > ® it 0
3.7

1) Chiral anomaly/chiral symmetry breaking, such as o .
Sphaleron physics (EW baryon genesis) 2651 5

2) Chiral Magnetic Effect/Chiral Magnetic Wave i #

3) Flows affected by EM charge transports and EM S ¢
fluctuations 3'6:_ o ' ¢

4) Some low x fermionic partons may be highly . ,S,TA,R,PTel,me,ar.y. R
affected by a large EM charge 01 00 O ohe ed A2'1

5) The physics is not fully explored yet !!!



Summary

1) Flavor symmetry of QCD is an important ingredient of
QCD itself. Electrodynamics is a part of it

2) Heavy-ion collision creates an interesting environment
where, not only QCD, but also QED and its interplay with
QCD can be relevant

3) This will probably result in a synergistic advancement in
our understanding of the physics of QGP

4) Full fledged study on this can be one of promising
directions in future research, both experimentally and
theoretically

Implications on RHIC/LHC
1) Precision photon/di-lepton measurements, such as polarization
measurements will be valuable
2) Charge conjugation odd (C=-1) observables :
SensitivetoZ>0 --> Must be related to EM
3) pA versus pA difference can isolate EM interplay with QCD clearly

















































































Future Prospects
sl Unified treatment of “vacuum” and “in-medium” parton

showers and a common vernacular for HEP, NP

Understand the soft-Glauber interactions 0T T
and power corrections Q=40GeV
. . - Gluon fragmentation

Apply the unified parton shower picture to T
jet observables, including jet cross sections, 3;%’::‘::::5 N
jet shapes and fragmentation functions S 10%E o pop @
Significant improvement expected for more E " _276Tev \\
exclusive observables, di-jets and photon- e

. 01 02 03 04 05 06 0.7 08 09
tagged jets. Heavy flavor observables 7 = p, " PT"
Achieve higher resummed accuracy for jet observables in heavy ion
collisions, next-to-leading logarithmic accuracy (NLL) and combine with
higher order calculations (NLO)
When combined with improved theory of CNM effects, fully characterize
the in-medium parton shower and the properties of the QGP

Q) /D"*(z,Q)

med
D

Advances in precision pQCD calculations of jet observables,
including resummation and higher perturbative orders must be a
top priority for theory and the field



Calculating Jet Transport
Coefficients in Lattice QCD

Abhijit Majumder
Wayne State University

QCD town hall meeting, Temple University, Sep 15th 2014




Why should we do this?

1) A first principles calculation of Jet modification would
calculate the g and € in each unit cell given temperature.

2) Will allow a test of transverse momentum dependence
of the exchange interaction via k; moments of §.

3) Will allow for a study of T dependence of § and &.

4) Will allow an independent arena to test jet quenching in
a thermal bath. Search for other transport coeffs

5) Once suitably interfaced with a jet MC can continue
this study past the lifetime of RHIC and LHC



How it can be done?

I :%df Qg*) —
21 (q+ + Qo) =

o Ao diyd'k ., 2(00) (M|F*+(0)F (y)|M)
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hysical
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For Qo = -Q, can Taylor expand Q in terms of local operators
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What can be done?

()V_\éith non-perturbative renormalization C a I C u la'l'e d i N n,=6, ng=24, g =20GeV
quark less SU(2) ookl dE

O -0 <F+i d0 F+i>/q_ /,9’/

gauge theory.
scale answer up by
Nc and NF

e
o~

<
H
~
q\
~
VAN
= 0.6
=
=
=
|
=
=
=

2 <F
1:1,2 o
)
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s A.M. Phys. Rev. C87 (2013) 034905, |
[ Nucl.Phys. A904-905 (2013) 965c, e
200 400 600 800 Nucl.Phys. A910-911 (2013) 367. 200 400 600 800

X. Ji, Phys. Rev. Lett. 110 (2013) 262002 T (MeV
1 (MeV) M. Panero et al., Phys.Rev.Lett. 112 (2014) 162001 ( )

G(T = 400MeV) = 1GeV?/fm — 2GeV? /fm

Need extension to full QCD.
Attempt a calculation of €
Carry out E-by-E simulations with a MC shower
with § taken from lattice calculation
Can also study e-by-e fluctuations of g



Future Low-x Opportunities at the LHC: ALICE FoCal

Study the low-x gluon structure (nuclear PDFs, CGC) in a new
kinematic regime (small x and low Q2) at the LHC (>LS2/3 2020+)

108%—I III|||I| T I|I||I|| T |IIII||| T III|III| T |||I|II| T I||||||| T Illlffg
= p+Pb @ LHC (7 TeV+2.75 TeV) 3
&_I IIIIIlI‘ 1 IIIIIII. L L 1 IIIIIII| 1 IIIIIIl| 1 IIIl@ : ;
107 10° 10° 10* 10°® 102 10" 1 8m
Xp

Strategy: Utilize direct photons (ydi*-jet) at forward rapidity y~3.3-5 (x~10-5)

FoCal-E: High-granularity EMCal* (decay photon rejection > 95%))
FoCal-H: HCal (improved isolation and added full-jet capabilities)

*Compact silicon-tungsten (Si/W) sampling electro- magnetic calorimeter with longitudinal segmentation.

Joern Putschke, Future Low-x Opportunities at the LHC: ALICE FoCal, Town Meeting 2014



Physics Performance* (p+Pb and Pb+Pb)

*Simulations with “final” design (EMCal and HCal) and proposed beam-pipe/structure modifications are ongoing!

o [ —}— JETPHOX with EPS09 at NLO,R =0.4
I
B : }
B —— .
0.8} —
0.6
- Direct Photons n=4
oaf P*Pb 5=8.8 TeV
02
CGC (Jalilian-Marian and Rezaeian,
B arXiv 1204.1319)
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0.8 [ systematic (JETPHOX)
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0.6F Ydlr p+Pb
05F
0.4fF

E am

E ] pEENE
0.3F - LR
0.2_— [ | .

o | |
0.1F
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P, (GeV/c)

System | /s [TeV] | Coincidence PR [GeV]

Type Yair -Jet | Jet-Jet

p+p 4 | P-M 20 > 100
F-F 30 70

p+Pb 8.8 F-M 20 > 100
F-F 30 70

Pb+Pb 5.5 F-M 50 > 100
(0-10%) FF 50 80

Table 2: Kinematic reach pJ'**[GeV] defined by a minimum integrated yield
of 1k for v4-jet and jet-jet at forward-forward rapidities (F-F) (integrated
over n = 3 — 5) and forward—mid-rapidity (F-M) coincidences.

Expect excellent ydir (Rppn) capabilities
at y~4-5 at low Q2

Combing ydrr-jet and jet+jet measurements
allows to study the evolution in x and Q2, map

out the onset, and explore the properties of

QCD matter in the saturation regime.

Pb+Pb: ydr-jet and jet+jet at forward and mid-
forward rapidity allows to study partonic
energy loss over a wide kinematic range

Joern Putschke, Future Low-x Opportunities at the LHC: ALICE FoCal, Town Meeting 2014



Future Low-x Opportunities at the LHC: ALICE FoCal

ALICE has “real estate” at forward rapidity!

Comprehensive ydir-jet and jet+jet | -

2| ety ‘gg e S
measurement program at forward T . . o i
rapidities in p+p and p+Pb at the (T R g S
LHC allows to study the evolution N~ o .
in x and Q2, map out the onset, ORI A £ T~ o)
and explore the properties of QCD . et N o
matter in the saturation regime. —

Future forward detector upgrade (ALICE FoCal) would
provide timely (>LS2/3 2020+) and complementary low-x
physics opportunities for the US Physics Community!

Joern Putschke, Future Low-x Opportunities at the LHC: ALICE FoCal, Town Meeting 2014



The Importance of a New Forward p+A(A+A) Program
at RHIC and Its Impacts on Future e+A Physics

Cesar da Silva and Ming Liu
(Los Alamos)

* Key Physics Questions
— Parton propagation, energy loss and hadronization in CNM
— CNM and QGP effects in Forward rapidity in p+A and A+A
— Modification of parton distributions inside the nucleus

DIS p+A A+A
~ 1/ap R \\/
Coherent effect ' |/ W I Coherent effect
probe > [m('dium
YA
= p | !
A a
(a) G (b) " cronin effect
CNM: final state CNM: initial (and final) CNM more complicated

9/9/14 Ming Liu, QCD Townhall 2014 1



Rich Forward CNM Physics in p+A: p+A # e+A

Significant competing CNM effects in the
forward rapidity particle productions:

1) Cronin; 2)High-Twist shadowing; 3)E-Loss; 4) Saturation

l. Vitev PRC 75, 064906 (2007)

U.UL
R.B. Neufeld et al. / Physics Letters B 704 (2011) 590-595 - " )
[ Initial state E-loss Quark jets
T l 1 I T I T I T D I I Y . +A ]
15 « == Cronineffectonly == Cronin + HT shadowing + E-loss | relli-ran: p +Q QO =my= 0.94 GeV
“I" | = = HT shadowing only ® STARTR,, -min. bias Initial-State —
— = Cronin + HT shadowing . 1 N 0.1 3 - Pl lR HIC
125} . < - /9—"’"-\\\:\\& — e o
. - . ' - — g -
L d+Au @ s =200 GeV PPN ’ N -
1 _____..---"'"" - R *"-0----0_.-0-._
e e * 00].: ||||||||l ||||||.|,|I |||||||.|l |||||||,|I ||||||.u] 1111
0.75F . Final state E-loss 6—o Mq =0 GeV
:._--------:_“'__—;:.—_..—...—----—"-"""‘='-7"'-."--‘-'""_'J DIS: e+A - 0.l G- 4 Mq=1'3GeV
0Sp=——=" m Final-State ~ F =0 Mq =45 GeV
3:_-_ } +; ‘Q_ K
oY ¢ Y v ! . < 0,01k
Forward rapidity <y >=4 1 -
O 1 I 1 I 1 I 1 I 1
1 1.25 1.5 1.75 2 225 0.001%5 L .

p; [GeV]
Critical to have p+A, better kinematics and precision.

With e+A, fully explore the initial and final state dE/dx

and other CNM contributions to QGP effects in A+A
9/9/14 Ming Liu, QCD Townhall 2014
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Why Explore QGP in Forward Rapidity?

* Longitudinal expansion of QGP, least explored

— Expect different mix of CNM and QGP A proDOSEd new EIC detector at RHIC

—  Hadrons, Drell-Yan, Jets etc. in eta up to ~ 4. with forward physics capability
Raa VN, Correlations in large rapidity . n=1 0,
— Many interesting puzzles in forward rapidity pA & AA R (cm) R (cm)
e Scaling of “v,” in the forward rapidity, why? s ===
N AN al— S8 8
— Little energy dependence, from 20GeV to 2.8 TeV w0 1‘\_, . %, eMc:&l
— Is Hydro flow the only source of V,? Other physics? a L e Ko || rsasm
wo— | DIRC '\ :_5;: S 100
= . Outgoing
*  Strong energy dependence of R e 1)) e
H H H Cp Dl /A “300 A ‘-;n‘n . %oo 0 100 250 ﬂa. . _cT// ______ //_ =5
— Believed due to different mix of CNM and QGP 2 (em) GEMs  GEMs GEM GEM GEM ;(cm) % \;(omﬂanum
effects, same at large rapidity? =2m  >10m
— Important for QCD Critical point search
> 0.09F = ALICEv,{2) Po-Pb276TeV  PHOBOS v,{EP} s Central (0-5)% o 7.7GeV
0.08 : 0'402/)": event average PARL 3\4’215;2)3\/ i Peripheral (60-80)% = 11.5GeV
a3 P> ¢ Au-Au e 19.6GeV
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0.07 F precrunany ¢+ Au-Au62.4 GeV ) C 27GeV
o A ®@ - ¥ 39GeV
r O Au-Au 19.6 GeV o L
0'06: R I , S K = 62.4GeV
E ki ) forward 9, o STAR(2003) 200GeV
0'055 1 | ! 4 -hr T 9&'-’ r . " PRLO1, 172302 (2003)
E ¢ gt [
004 SELARR b T O e S, =
0.03F ™ | + f 4 o} _ EW o, - —x —*—
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0.02f LERIL + a1t Mo 25 RS !
E ¢ ¢ [ ] + 0 ) + B o _T__"_
E L YT L i
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0 |11|1|xl11 llllI . lll 10-1IIII|lIIIIIIIIlIIlI[IIII|IIIIllllllllllllllllllll
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ny pT(GeVIc)
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9/9/14 Ming E|u, QCD Townhall 2014 3



Backup slides
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Forward Transverse Spin Physics Proposal at RHIC
-1<eta<4

Clearly isolate and measure
Sivers-like and Collins-like effects in p+p

MulD

BaBar Solenoid

miniMulD

BaBar Solenoid

Key capabilities:
- Jet with Cal.
- Tracking

9/9/14 Ming Liu, QCD Townhall 2014 5



re of the =

1al state

target

A common denominator in heavy-ion physics analyses is the need
to distinguish between f nal state effects expected from the QGP
from those inherent to the nuclei themselves. Thus, the nature of
the Initial state is one of the most important questions In
relativistic heavy-ion physics. This would naturally provide
Insights into the crucial role played by gluons in the nuclei.

UPCs are cleaner probes of nPDFs

My group seeks to tackle these questions by using a novel
approach that consists in studying ultra-peripheral heavy-ion
collisions (UPC) to probe the nucleus. This will be carried out
by studying quarkonia and jet production with CMS at LHC

J/p

Daniel Tapia Takaki ~ Long Range Plan meeting September 2014



ults by my group

From p?CD at L0 (R}fskln 1993) No change on the proton gluon

do a.T, . M, ., density between HERA and LHC
=0 = 5 L6°[xg(x, —)] . energies
a e A
. - ] - o i
Direct evidence of nuclear ? Power law it to ALICE data i
gluon shadowing 1 “"
é 8 ;— Pb+Pb — Pb+Pb+J/y \s,, =2.76 TeV % 102 .
= SF 1D B NSTWeS o ALICE Coherent. | BB
5 F ; = S JMRT LO
§ foilmm 2 Retechd e
C SRSE GM ‘. : — — b-Sat (eikonalized)
e LM-fiPSat b-Sat (1-Pomeron)
SETT ezt & e < % —— STARLIGHT parametenzatl-:-n
42_- ------- AB-EPSOB'." ',"/.-—--\\s 10 ' '102 ' ' — 103
3:_ . o (GeV)
- Three recent publications:
21—
1E- Phys. Lett. B718 (2013) 1273-1283
ol Eur. Phys. J. C73 (2013) 2617

http://arxiv.org/abs/arXiv:1406.7819

2

Daniel Tapia Takaki ~ Long Range Plan meeting September 2014



B Future plans at CMS

* Initial state shadowing can be effectively separated in UPCs
* Hadronic background 1s highly suppressed
* Excellent triggers and detector capabilities

Future analyses in UPC Pb-Pb:

CMS Experiment at LHC, CERN
Data recorded: Fri Nov 18 03:24:41 2011 CEST

Litirl sattion: 530 g * Upsilon production in UPC Pb-Pb

* Dijets and heavy-flavor jets in UPC
Pb-Pb

* In addition, UPC p-Pb allow us to study
vp collisions — gluon saturation

UPC studies at LHC: insights that will

be important as the US electron-ion
collider facility is developed.

3

Daniel Tapia Takaki ~ Long Range Plan meeting September 2014



URHI Paradigm (Modus Operandi)

® large & dense systems = our physics
® small & dilute systems = comparison data

pp:
God Given = (n)pQCD —— »
ool W raons 4

" /

Energy

Charged /‘ // :

hadrons D‘%'

proton .—@_‘ proton nucleon

Hadronic
rescattering

proton
nucleon nucleon

Parton Distribution Function Nuclear PDF Nuclear PDF
Hard-scattering cross-section Hard-scattering cross-section Hard-scattering cross-section
Fragmentation function Hadronic rescattering
Fragmentation function Fragmentation function
5 Eric Appelt 2 Quark Matter 2014, Darmstadt

87 NSAC LRP 1014 J. Schukraft



URHI Paradigm (Modus Operandi)

® large & dense systems = our physics
® small & dilute systems = comparison data

AA:
pp: ‘Hot Matter’

God Given = (n)pQCD modifications (“Rp,”) charged )
Charged 7 hadrons //
hadrons /‘/ [[

I V-

Charged /‘ //

hadrons D‘%'

proton .—@_‘ proton nucleon

Hadronic
rescattering

proton
nucleon nucleon

Parton Distribution Function Nuclear PDF Nuclear PDF
Hard-scattering cross-section Hard-scattering cross-section Hard-scattering cross-section
Fragmentation function Hadronic rescattering
Fragmentation function Fragmentation function
| Eric Appelt 2 Quark Matter 2014, Darmstadt pase

87 NSAC LRP 1014 J. Schukraft



URHI Paradigm (Modus Operandi)

® large & dense systems = our physics
® small & dilute systems = comparison data

pp:
God Given = (n)pQCD

Charged /‘ //

hadrons U%’

proton ._@_. proton

Parton Distribution Function
Hard-scattering cross-section

Fragmentation function

£l Eric Appelt

AA:

‘Hot Matter’
modifications (“Raa”)

pA:
CNM modifications

Charged

Nuclear PDF
Hard-scattering cross-section

Fragmentation function

nucleon

hadrons [

;/
[/

/

Hadronic
rescattering

Reoton nucleon

Nuclear PDF
Hard-scattering cross-section

Fragmentation function

s

Quark Matter 2014, Darmstadt gk

p~ 2, NSAC LRP 1014 J. Schukraft



\ .. and then came the '‘Ridges’
® with ALL the bells and whistles of elliptic flow (pp, pPb, dAu)

= collective (vy{4}=v,{6}=v,{n}), vy, v3, right amplitude, f(b, m, pr), 4w \

- o [ |
® other nontrivial similarities in e*e-, pp, pA, AA :@ ) !
= (quasi)thermal particle ratios, flow-like pt spectra, growing HBT radii: j‘i i :
- |
: 4 41
I |
A 2 '

1. e

1.25)

,4};: ) e A
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s
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dAu 200 GeV
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the old paradigm is no
longer tenable !

.. and then came the 'Ridges’

® with ALL the bells and whistles of elliptic flow (pp, pPb, dAu)

= collective (v{4}=v,{6}=v,{n}), v,, V3, right amplitude, f(b, m, pr), 4wz \

® other nontrivial similarities in e*e, pp, pA, AA
= (quasi)thermal particle ratios, flow-like pt spectra, growing HBT radii

Small systems are no longer 'for comparison' only

Completely new frontier for hot/dense matter QCD

s A4 g Au 200 GeV

[ == 1+XZC COS({NAD)

preliminary
PP PTETE PR BT T

-1 0 1 2 3 4
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heoldparadigmisno | g then came the '‘Ridges’

longer tenable !

® with ALL the bells and whistles of elliptic flow (pp, pPb, dAu)

= collective (v{4}=v,{6}=v,{n}), v,, v5, right amplitude, f(b, m, pr), 4. \

® other nontrivial similarities in e*e, pp, pA, AA :@ | !
= (quasi)thermal particle ratios, flow-like pt spectra, growing HBT radii: j‘i i :

| & : |

Small systems are no longer 'for comparison' only ! 4:
Completely new frontier for hot/dense matter QCD \ !

® Challenge: measure (expt) & understand (theory) '~° - “n
. % ‘ ()
“"\'

= emergence of dense collective matter properties in small systems 1.20; 5

. . . . 1.15
® Opportunity: way adds new dimension (size)
= study not only density f(dN/dy, T, \'s), but also size f(r) 2

G
) »@‘Z ,,.".""" i
"“" A" X X

sk @ dAu 200 GeV
[ == 1+XZC COS({NAD)
w#C

N ], g
+ ....(:2 -.64




heoldparadigmisno | g then came the '‘Ridges’

longer tenable !

® with ALL the bells and whistles of elliptic flow (pp, pPb, dAu)

= collective (vo{4}=vo{B}=vo{n}), v,, v, right amplitude, f(b, m, pr), 4 sz \
® other nontrivial similarities in e*e", pp, pA, AA > .\
= (quasi)thermal particle ratios, flow-like pt spectra, growing HBT radii ‘““"‘.,ﬂ g

Small systems are no longer 'for comparison' only
Completely new frontier for hot/dense matter QCD

® Challenge: measure (expt) & understand (theory) 1% “ .
= emergence of dense collective matter properties in small systems 1.20 ..w:',","' -
115 flitm\ SN

® Opportunity: sy adds new dimension (size) ,,,,;,,."‘.‘.“;\?‘_"
= study not only density f(dN/dy, T, \'s), but also size f(r)

00
! 0"'“
G

= both ideal liquid flow & energy loss consequence of dense sQGP ok [ s 200 Gav |-
@ pA: large flow (v,), no jet quenching (R ,=1)??? 1+ 7S]

1.010F

=> not only density, also size matters ! ook e
















(#) ceterum censeo:

We should presumably also change the name of to W ar d S a n eW P a_r a_d I g m ? ?

our field from 'Heavy lon' collisions to ...

® How to respond to these latest revelations ?
= Coherent new set of measurements & theoretical interpretation
& vary not only density (dN/dy, Vs), but also geometry (r, different AB collisions, incl. pp !)
& small systems (incl. pp) are an integral part of the dense matter (QGP) physics
= LHC, but possibilities to vary ion species unfortunately very limited (BSM machine)
< 4 weeks/year heavy ions, 2-in-one magnets, injector chain

RHIC vital & absolutely unique (QCD machine)

to explore this new science opportunities
dAu, 3HeAu, pA (A=12C, ... 7Au ??), pp (high dN/dy)

® looking at small systems with the eyes (& tools) of the QGP physicist
= may not only learn something about QGP, but (hopefully) get a step closer to a m

(D Common and coherent experimental & theoretical approach to

soft QCD
from MB pp/e*e- to central AA, with pA the bridge in between

maybe solve a few longstanding mysteries along the way..
definitely adds plenty of productive & exciting exp + theo work to our field # y
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