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Outline

Topics are widely chosen
* Heavy Quark
* Quarkonium

Topics are highly selected
* Photon & Dilepton
* Jet (| planned at first but gave up)
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| have too many slides. | will stop 40 minutes later.
Please ask questions during my talk.
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Heavy Quark

* Talk slides from
Kweon (plenary)
Beraudo (plenary)
Kaczmarek (parallel)
* Topics
Do we really understand pp and p(d)A collisions?
Which is which? Phenomenology at AA collisions
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Is charm quark heavy enough?
Transport coefficient on the lattice




Do we really understand pp
and p(d)A collisions?
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BFERICEITEIEY & — U &/
pr-differential cross sections in pp collisions

T g mmEmemw
1 T
'N,.E.w,'...,...,...,...:FINAL:
—e— ALICEc,b—e~===73'
------ FONLLc,b — e
------ GM-VFNS ¢, b — e

------ k4-factorizationc, b — e

* Heavy flavour cross section
measurements: extended kinetic
reaches, beam energy dependences

arXiv:1405.4117

')‘2) 'y) [mb(GeV/c)?]

Data/Theory Data/Theory Data/Theory 1 /(Zg'cp_l_) d?o/(d pTdy) (mb/(GeV/c

ALICE pp, \s =2.76 TeV |

b(—=c)—e

* pQCD-based calculations (FONLL,
GM-VFENS, kr factorization)
compatible with data

® D%, D** (mid rapidity, down to pt~0.4
GeV/c at 200 GeV) at 200 & 500 GeV

® D0, D*, D™* mesons (mid rapidity) at
2.76 & 7 TeV

® c,b—e (mid rapidity, down to -
pT~0.5 GeV/c) at 2.76 & 7 TeV

® c,b—p (forward rapidity) at 2.76 &
7 TeV

® b—e (mid rapidity, down to
pt~1 GeV/c) at 2.76 & 7 TeV -

e data

-- FONLL 3
kT factorization ]
- GM-VFNS

2 NN\ A -

FONLL: JHEP 1210 (2012) 137, GM-VFNS: Eur. Phys. J. C 72 (2012) 2082,
kr factorisation: arXiv:1301.3033
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赤松 幸尚

赤松 幸尚
陽子衝突における重クォーク生成

赤松 幸尚
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More on production mechanism:

Multiplicity dependences of charm production

R — N )
& High multiplicity D572 Tl ¢ BERES T
f y - © B G\ ]
.,;,é;. %’\7 ./)\77|' 7%)5\2%)57 L) = 12: ALTCE - -
,. \‘ s ~— _— PRELIMINARY 4 —_
...7 @ 22 C D*pp Vs = 7|TTV0 5 1 ]
%, Ny ) . i o 10— " meson, lyl<0. —
o, Par’_“(fle production in pp hg O: = 2<p_<4GeVlc H ]
% collisions at LHC shows = gF —4<p, <8GeVic t -
*f;;;,_\' p better agreement with %§ ] :?;f E,<<1 EOGSZ\/;C -
#‘;M" #~—~,  models including MPIs o 6 — .
1"»-“;} :i /;‘T'& - : 3 :
g Eur. Phys.J.C73(2013) 2674 & 4 i PP -
e of % due to MPIs? ]
: !l +7%/-3% normalization unc. not shown :
For heavy flavours: R S I S O BRI B
§ 0.4 — Biraction hypothesis: x 1/2 (2) at low (high) multiplicity E
* LHCb: double charm production S °'§;‘t_“u_=wuw%mmw E
. . . o E TR e -':";'-‘-"_-""’;. FETRENTAS TR F TR AR R I BT AT
agrees better with models including 5 02 =
i D -04F . =
double parton scattering 5 : . 4 4 2
J. High Energy Phys., 06 (2012) 141 dN,,/dn / (dN_ /cn)
MPIs involving only light quarks and gluons?

* D-meson yields increase with charged-particle multiplicity

— presence of MPI and contribution on the a harder scale?
Mindung Kweon, Inha University Quark Matter 2014 10


赤松 幸尚
High multiplicityの陽子衝突ではチャームクォーク生成も多い

赤松 幸尚


赤松 幸尚


赤松 幸尚


赤松 幸尚

赤松 幸尚


More differential information:

Heavy flavour correlations

8
Heavy flavour jet properties Py
Near Side )
©
<
in Pb-Pb rigger  { |e
hadron Z|°
1—20

Away side
Path length dependence
G ERZHRATE 5 I &Y

QGPZBEBUIEY A — U7X
DAEMREZRHANDEICEE

= N @
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D meson - charged particle correlation §
Average D°,D*,D™* S
5< p? <8 GeV/c, p2°°°>0.5 GeV/e, IAnl < 1.0

ALICE Preliminary

—e— pp Vs=7 TeV Data

Simulations, pp Vs=7 TeV
—#— Pythia8

—&é— Pythia6, Perugia2010
—&— Pythia6, Perugia2011

| baseline uncertainty

+13% .
109 Scale uncertainty

AR
-----

=0
‘:ag-;—,-" _______________________________________

}

-1 1 2 3

« D-hadron correlations in pp show good agreement with expectations from

Pythia (different tunes)

Mindung Kweon, Inha University Quark Matter 2014



赤松 幸尚
陽子衝突を説明できることが、QGPを通過した重クォーク対の角度相関を調べる時に重要

赤松 幸尚

赤松 幸尚


(_ifi)F%?-)ﬁ?’f%Ef%’% e NP
LHC B A—TJ%RK RHIC

Au

L -y +y d O
y in CM frame O > <
e N

Q@%:?:@ xd< <xAu xd> >xAu

Backward  X3~Xj,, Forward

p-A collisions at /s = 0.2 and 5.02 TeV

d-Au, p-Pb
Cold nuclear matter effect

D ~c
AN pory, ~PDF (x,)PDF (x,)& do ® D, ,(2)
de de

Mindung Kweon, Inha University Quark Matter 2014
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赤松 幸尚
(重)陽子-原子核衝突における重クォーク生成

赤松 幸尚



Heavy flavour in p-Pb at LHC (at 5.02 TeV)

...... arXiv:1405.3452

o . . o L | FINALi I L I L B L B
Ropo measured in various channels u:% D ALICE e ' pPb, (85 =5.02 TeV -

160 Average D°, D', D™ ]

. ) . o B -0.96<y__<0.04 ]

« Rppb consistent with unity within 1.4 .
uncertainties 1o ]
IABICE © D°, D*, D™ mesons (mid rapidity): can £l K

be described by CGC calculations, pQCD

calculations with EPS09 nuclear PDF and a 0 8:— _:
model including energy loss in cold nuclear o .
matter, nuclear shadowing and kr-broadening 065 a B
0.4 =
~ ----CGC (Fujii-Watanabe) i
0.2|= == PQCD NLO (MNR) with CTEQ6M+EPS09 PDF ]
I Vitev: power corr. + k_broad + CNM Eloss |
0_ I I | | | I I | | | I I | | | I | | I | 1| | ]

(L IEERS 0 5 10 15 20 25
Mid-rapidity TIZIBiHETED b (Gevic)

Ao TWS

Mindung Kweon, Inha University Quark Matter 2014 13


赤松 幸尚
Mid-rapidityでは理論計算が実験と合っている

赤松 幸尚
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Heavy flavour in pA at LHC and RHIC

.~ Fwd - Mid - Bwd ——

T
mQ.
2.5
2
1.5
1 Fme
0.5

o

oIIIIIIIIIIIIIIIIIIIIIIIIIII

[HC"®£pQCD+EPS09 TSR T = % (Bl R

) LA LN ELNLELEY BN B N NLRLELE B I S
p-Pb |5\, =5.02 TeV, u*< c,b decays - o
—4- 25<y <354 1 25

ALICE Preliminary —— -4<y < -2.96

cms

Minimum bias

.......

- B PYTHIA + EPS09s LO, D>y e HFy,-20<y<-12" "
- PYTHIA + EPS09s LO, D>y ® HF, 1.4<y<2.0

Hﬂﬁﬁ Hank 17
------ b
- o5
] BRI l. Vitev (shadowing, P, broadenlng CNM E-loss)
AR EPEPET BRI AR BRI R BN - (forward TDEE) | Cl L
2 4 6 8 10 12 14 16 00 1 2 3 4 5 6 7
p. (GeVic) p_ (GeV/c)

71 K)o RHICTI&. forward, backward
EEHDFREFDANRY NV ZFBATE R

L Forward CCNMZERAHVE

Mi

=52 7

Quark Matter 2014

indung Kweon, Inha University

At RHIC, fail to reproduce
the data at both rapidity
simultaneously

arXiv:1310.1005
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赤松 幸尚
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赤松 幸尚

赤松 幸尚
LHCではpQCD+EPS09で説明できる(別スライド)。RHICでは、forward, backwardともD中間子のスペクトルを説明できない。ForwardでCNM効果が重要？
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赤松 幸尚
(forwardでの計算)
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Enhancement in central d+Au

< U Large enharicement (x2)
:\5 107_ AN — Blast Wave -
fo.'"m —; < 3r
*lr 3 n:""’ - B PYTHIA + EPS09s LO,D—>u ® HF u,-20<y<-1.4
L) E 25/ ---PYTHIA + EPS09s LO, D~ ® HFyu, 1.4<y<20
10 3: T I P R broadening <k:>=2.25 GeV?/c?
3 ] ol -...-. broadening <k$>=2.25 GeVZ/c?
e " 1.5/ il H.E:---_.*’Tﬁackward
2_\ T T 1T T T T TT ‘ T TT ‘ TTTT ‘ TTTT T 1T T TT \_ 1: ? b m I
< B i | LR Tl
1.8 - - . M
- arXiv:1309.6924 - - m
1.6~ — 0.5 Forward
el D Mid rapidity ; - 0-20% centrality
: : B 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
12 H il — 00 1 2 3 4 5 6 7
- . p. (GeV/c)
0.8 — ; ) .
Lol electrons, 0-20% PRL 109 242301 (2012) g ° <— Radial flow qualitatively reproduces
: ] the data! _ -
04L" —— Blast Wave calculation 1RHICDdADmid- & backward Tk ? ?
02f = Enhancement at mid- and backward
00_‘H“‘I‘“‘;““3““‘4‘_””5‘””6‘””‘H““H‘_g rapidity pOSSiny dueto hydrOdynamiCS?

@) THARHICI T ? F ¥ —LRFENS ?

Mindung Kweon, Inha University Quark Matter 2014 21


赤松 幸尚
でも何故RHICだけ？チャームだけだから？

赤松 幸尚
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赤松 幸尚
RHICのdAのmid-とbackwardで流体？？

赤松 幸尚


赤松 幸尚



Which is which?
Phenomenology at AA collisions
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Results vs experimental data

77— D58, #fksA& UTR_AAL
v2D T A %z ﬁﬁﬂ@“%@ FEEL LN,

Y T | | | | | | C | |0 | | | | | ]

S R ALICE D°, D", D™* average, IyI<05 . 04" AUCED D', D" average  Pb-Pb, |/s, =2.76 TeV ]

1E ........ :\'_ ......................................................................................................................... ] _|:| Syst. from data Centrality 30-50% n

A s Pb-Pb, |sy = 2.76 TeV i -1 Syst. from B feed-down .

R i, y 0.3F =

o ;,:\ - \ B Centrality 0-20% . = -

0.8 1t \ WHDG rad+coll . - ]

i 3& 2% — .. POWLANG i 0.0 giir) -

IR I I R RS Cao, Qin, Bass ] Ly ~ “~. ]

0.6 \h PURNETETPIrY MC@sHQ+EPOS, Coll+Rad(LPM)  _| R i i AT -

St © mimis BAMPS i - o W VRSN .

R % e TAMU elastic ] 0.1 7 4 = L RN G — s -

_', '~'I ,‘(_ . UrQMD _{ | " ’fﬁ:(“ _ﬁ_:—.x‘:“:r—,!v_ ..... : H B

0.4~ < 857 N 5

B R T PR i 0 - WHDG rad+coll .

- B R v | N - — . POWLANG ]

0.2_ \l‘\:::b-'a‘,\_.._.:;;:::_.-—---- """":::"-"l"""'_' _O 1__— ..... - CaO, Qin, Bass ]

B ~Q:+_L\";___;__ PN I a 7] IR MC@sHQ+EPOS, Coll+Rad(LPM) - - - - TAMU elastic

B = — T — i L omimim BAMPS — — UrQMD -

0 1 11 I 11 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 _I 11 I 11 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

P, (GeV/c) P, (GeVlc)

ALICE data so far cover a higher-pr region

@ Models are challenged to reproduce both Raa and v

Dynamics of heavy flavor quarks in high energy nuclear collisions
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赤松 幸尚
7グループの計算。依然としてR_AAとv2の両方を説明するのは難しい。

赤松 幸尚



Results vs experimental data

} 1 '6 B LI | LI | LI} | LI | LI | LI | LU | LI L] I I __I LI | LI | LI | LI | LI | LI | LI | LI I I i
iy - o PromptD’, 5’ ® I(r; TIS?% Q T ALICE .
1ap O IY1<0.5 ¢ DutOiPlane EE Pb-Pb,VsNN =2.76 TeV WHDG,radscoll
N AD" g - T — .
I VRIS — Qysl uncertainties ] Centrality 30-50% -.:=. Cao,Qin,Bass
121~ ! —*I ° ] Uncorrelated . '«‘ mme I\B/IEI\/I@PSS|-IQ+EPOS .
R . . Anticorrelated 4 \ = = = TAMU elastic i
1 y e (1 Global normalization ——‘A‘:;’ ¢ . — - UrQMD .
¢ $ STttt TTTTTTTTTTTmmmmTTm T T L N ]
08E7,T L “ _ ]
:.‘, A3 ", rI1 ] i
-4 0, - -
085 ,l:J% - AR S o o5l
oy =4 < -»
A B B s eyt (P
04~ - N/ SIS I A AN PFPEES L
C / S e D U
O 2 —_I' ' | —— 1 — . wim gy m -
. — [ R R — ]
B | e e
O _I L1 | 11 1 | L1 1 | L1 1 | - | L1 1 | 11 1 | L1 1 I 1 I L1 1 | 11 1 | 11 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 I | ]
0 2 4 6 8 10 12 14 16 O 2 4 6 8 10 12 14 16
P, (GeV/c)

ALICE data so far cover a higher-pt region
@ Models are challenged to reproduce both Raa and v,

@ Raa vs EP allows the study of path-length dependence of
energy-loss

Dynamics of heavy flavor quarks in high energy nuclear collisions
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Observables constraining models

77\\”/_7)@;\[%\/\0

Vs

D meson Baa

D meson v,

B

&

~ ‘lIlIlll“lIlllllll’l‘ll‘llllvly- §1'2k“/:“!¥.’“ ““ ‘ “““““““‘A <2\\\‘\\\‘\\\‘\\\‘\\\\\\\\\\\\\\\
0 4: - gLICE Do’?;’ D”average  Pb-Pb, |5, =2.76 TeV 1 T L x : % ALICE D, D*, D™* average, lyl<0.5 1 U:<1 QE ALICE Preliminary j
TTH t. from dat
T sz:t_ f,ﬁm Baf:ed,down Cantrg HQ production Medium Modeling Heavy quarks interactions Hadronization
0.3 3 FONLL, no shadowing Glauber model collision radiative + fragmentation
0.2:_ | —$— (AIP Conf Proc. 1441 geometry, qo hydro collisional energy loss
- ol Eﬁ v,, 3  (2012)889 evolution
E o Sl Ty U N
1-9'1_ & i i 1% ; _\_ o POWLANG POWEG (NLO) + EPSOS 2+1d expanding medium HQ transport (Langevin) + fragmentation
T o s a3 k95— | (). Phys. G 38 (2011) shadowing with viscos hydro evolution collisional energy loss
< 0-7.5% (ALICE) —=—
il 124144)
T Pb+Pb, \'s = 2.76 TeV
08 | | b=3.61m, ] <05 Cao, Quin, Bass LO pQCD + EPS09 2+1d expanding medium HQ transport (Langevin) + recombination +
06 | (Phys Rev C 88 (2013) shadowing with viscous hydro evolution quasi.el.astic scattering + fragmentation
04l 044907) radiative energy loss
021 —F MC@sHQ+EPOS2 FONLL, no shadowing 3+1d fluid dynamical HQ transport (Boltzmann) + recombination +
®c 5 10 15 20 25 30 s (PhysRevC89(2014) expansion (EPOS) radiative + fragmentation
pr [GeV] 014905) collisional energy loss.
os anning o Lfigfg_gégﬁiykgggz X02 — MC@NLO, no shadowing = 3+1d fully dynamic parton = HQtransport (Boltzmann) + fragmentation
04y ; 30-50% (ALICE) —=— (Phys Lett B 717 transport model collisional energy_loss
(2012) 430) (w/ & w/o radiative)
FONLL + EPS09 transport + 3+1d ideal hydro | HQ transport (Langevin) + recombination +
shadowing evolution collisional energy loss + fragmentation
0 (arXiv:1401.3817) diffusion in hadronic phase
Pb+Pb b=97fm
s =276 TeV | ) ) ) )
0 2 4 6 8 10 12 14 16
pr(GeV] UrQMD PYTHIA, no shadowing 3+1d ideal hydro evolution HQ transport (Langevin) + recombination +
0.2 T = .l (arXiv:1211.6912) collisional energy loss fragmentation
d
0 | Ll |||||||||||||||||||||+||||||||||||||||||||||||||||||||||-I - - -
TS e e e e e o e Ty ey e e W vt Summarized by Davide Caffarri
T R :

:arXiv:1401.3817
§&Djordjevic: arXiv:1307.4098
§Cao, Qin, Bass: PRC 88 (2013) 044907

Mindung Kweon, Inha

University

Quark Matter 2014

®MC@sHQ+EPOS: PRC 89 (2014) 014905
& Vitev, rad+dissoc: PRC 80 (2009) 054902
TPOWLANG: JPG 38 (2011) 124144
- Nucl. Phys. A 872 (2011) 265 & BAMPS: PLB 717 (2012) 430

Various observables provide
constraints for the models
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7グループの違い。
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[s charm quark heavy enough?
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Transport theory: the Boltzmann equation

Time evolution of HQ phase-space distribution fo(t,x, p)>:

d

an(ta X, p) — C[fQ]

@ Total derivative along particle trajectory

Neglecting x-dependence and mean fields: 0:fg(t,p) = C[fg]

® Collision integral:

Cltal = [ aklw(p + k. K)ia(p + k) - w(p. K)7a(p)

gain term loss term

w(p, k): HQ transition rate p — p — k BEIEZ21 << HQDEE =
3Approach implemented in codes like BAMPS (J. Uphoff-talk at this-conf3)

Dynamics of heavy flavor quarks in high energy nuclear collisions
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赤松 幸尚
運動量変化 << HQの運動量


From Boltzmann to Fokker-Planck

Expanding the collision integral for small momentum exchange* (Landau)

Clfo] z/d [k’ 0?3 + lk kjapaa,y] [w(p, k)fo(t, p)]

The Boltzmann equation reduces to the Fokker-Planck equation (approx.
to be quantitatively tested!)

9 9 (. o
Sefolt.p) = 5 A )a(t.p) + 55 (B )iale.p)] |
where EZEIEMNS., ABOB1A
Ap) = [dkKw(pk) — Alp)=Alp)p  IRIZIIESNE

friction

B/(p) = 5 [ dkKiw(p.k) — BU(p) = pPEu(p) + (5"~ DB)Ei(p)

momentum broadening

Problem reduced to the evaluation of

*B. Svetitsky, PRD 37, 2484 (1988)

Dynamics of heavy flavor quarks in high energy nuclear collisions
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赤松 幸尚
衝突項から、A,B0,B1が
独立に得られる


The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark: the Langevin equation

Ap' — —np(p)p + £(1) , A(p)IE—HRIC IZEinstein

At N—— ——
determ. stochastic E@{%ﬂ%‘: /% TC é fdt \l\b\\
with the properties of the noise encoded in Z ZTlEA(p)ZAWS,

RSP =b(p) 2L bI(p)=r (DD + 1 (p)(3T )

Transport coefficients (to derive from theory):

1 (Ap? Ap;
< P_]_> and /<L||E< H>,
2 At At

@ Friction term (dependent on the discretization scheme!)

ri(p) 1 (1 Vz)f?/in(l?) Ld-1 r(p) — k1(p)
2TE, E? Ov? 2 v2

@ Momentum diffusion k| =

77DItO(P) —

fixed in order to assure approach to equilibrium (Einstein relation):

Dynamics of heavy flavor quarks in high energy nuclear collisions


赤松 幸尚
A(p)は一般にはEinstein関係式を満たさないが、ここではA(p)を用いる。

赤松 幸尚



The Langevin/FP approach: a critical perspective

Although the Langevin approach is a very convenient numerical tool and
allows one to establish a link between observables and transport
coefficients derived from QCD... it is nevertheless based on a
soft-scattering expansion of the collision integral C[f] truncated at second
order (friction and diffusion terms), which may be not always justified, in
particular for charm, possibly affecting the final Raa (V. Greco et al.,
arXiv:1312.6857 [nucl-th] and F. Scardina poster)

2 I | I | I | I | I | I | I | 2 I | I | I | I

—— — t=2fm (BM)
151 - —— t=4fm (BM)

. ~ —— t=6 fm (BM)
— t=2fm (LV)
— t=4fm (LV)
—— t=6fm (LV)

1,5

LV/BM
[

R,.(pp)
==Y

05 N\ —

~~
-
-~
—_——

—————

p (GeV) p (GeV)

F v —LlETICELSETWN?
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赤松 幸尚
チャームは十分に重くない？

赤松 幸尚
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The Langevin/FP approach: a critical perspective

Although the Langevin approach is a very convenient numerical tool and
allows one to establish a link between observables and transport
coefficients derived from QCD... it is nevertheless based on a
soft-scattering expansion of the collision integral C[f] truncated at second
order (friction and diffusion terms), which may be not always justified, in
particular for charm, possibly affecting the final Raa (V. Greco et al.,
arXiv:1312.6857 [nucl-th] and F. Scardina poster)
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on the other hand !

Dynamics of heavy flavor quarks in high energy nuclear collisions
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ボトムは十分に重そう。
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Transport coetficient on the
lattice
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Lattice-QCD transport coefficients: setup

Non perturbative information on HF transport coefficients can be
obtained from lattice-QCD simulations, so far treating the HQ's as static
(M =00) color sources placed in a thermal bath.
One consider the non-relativistic limit of the Langevin equation:
o BRREEIEEBIICEEL LS |
i —npp' +&'(t), with (&'(t)&(t \)lzag(t ;t )m% o
Hence, in the p—0 limit: B BILRRIUS, “T17D

1 +o0 1 +oo H%FE?¢HE’§—C‘§§§*L%O
=3[ de@fOma~3 [ dt(FOF g
=D~ (t)

In the static limit the force is due to the color-electric field:
F(t) = g/deT(t, x)t? Q(t, x)E“(t, x)

r is then given by the w—0 limit of the spectral density o(w) of the
above E-field correlator

. D7(w) . 1 o) 1T
K = ul)ano 3 = uI)|Ln0§1 —h o gza(w)

Dynamics of heavy flavor quarks in high energy nuclear collisions



赤松 幸尚
運動量拡散係数は、“力”の時間相関で表される。
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赤松 幸尚
輸送係数を非摂動的に定義しよう！


Lattice-QCD transport coefficients: results

The spectral function o(w) has to be reconstructed starting from the
euclidean electric-field correlator

(Re Tr[U(B, 7)gE'(7,0)U(7,0)gE(0,0)])
ReTUL.ON  peppg @ o Bigiaes

DE(T) = —

A

-

according to

oo o h(r — 3/2
De(7) = /0 2: CZ?n}(]zﬁw%) o(w)  Y.A., Hatsuda, Hirano ('09)

0 (D. Baner] I, PRD 85 (2012) KITAS ~ 2.4(6)lF HRFmN 5 RIR
ne gets ) aner_jee et a . - B " .
014510: A. Francis et al.. PoS LATTICE2011  © ?*Lf:1lE(~4) [ EEEIRUIE LY,

202 and arXiv:1311.3759 [hep-lat]) Gimp/Gnorm
3.5 | continuum m—
NLO ——
k) T> ~ 2.4(6) (quenched QCD, cont.lim.) g | WTERAG) EEE
~3-5 times larger then the perturbative result *
(W.M. Alberico et al, EPJC 73 (2013) 2481). “|
Challenge: approaching the continuum limit in 15 1

full QCD (see Kaczmarek talk)! . L ‘ | | o
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Dynamics of heavy flavor quarks in high energy nuclear collisions
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赤松 幸尚
κ/T^3 ~ 2.4(6)は現象論から見積もられた値(~4)に比較的近い。


赤松 幸尚
Y.A., Hatsuda, Hirano (’09)

赤松 幸尚
虚時間方向の電場相関

赤松 幸尚



Heavy Quark Momentum Diffusion Constant — Tree-Level Improvement

norm

G,/G

[A.Francis,OK,M.Laine,J.Langelage, arXiv:1109.3941 and arXiv:1311.3759]
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lattice cut-off effects visible at small separations (left figure)

- tree-level improvement (right figure) to reduce discretization effects

GLO

cont

(7T) = G (7T)
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leads to an effective reduction of cut-off effect for all 7T
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連続極限への補正を横軸方向で考える。


Heavy Quark Momentum Diffusion Constant — Model Spectral Function

4 .
Gimp/Gnorm
3.5 confinuum Fm— result of the fit to p,, .., ()
5 | KIT7=2.4(6) mm— with three parameters: x,A,B
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Model spectral function: transport contribution + NLO + correction

WK > dw cosh (5 —77) &
model (W) = MaX A W +Bw37 _} mode E/ — Pmode 2 A
Pmodel (W) { pNLO (W) 5T Gmodel (T) i 1(w) sinh 2

used to fit the continuum extrapolated data

- 2T pg(w
> first continuum estimate of « : k/T3 = lim pe(w) ~ 2.4(6)

(still preliminary) w—0 w


赤松 幸尚
連続極限の虚時間相関関数からκを読み取る。スペクトル関数の形を仮定。





Heavy Quark Momentum Diffusion Constant — Model Spectral Function

4 .
Gim;!Gnorm .

35 result of the fit to p,, ;. (w)
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. NLO perturbation theory
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05 L K 02T —— Wk small but relevant contribution
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Model spectral function: transport contribution + NLO + correction

WK > dw cosh (5 —77) &
mode w = maX A w + Bw37 _} mode = / —_— mode 2 T
Prmodel (W) { pNLO (W) oT Grmodel (T) - Pmodel (W) o

used to fit the continuum extrapolated data

- 2T pg(w
> first continuum estimate of « : k/T3 = lim pe(w) ~ 2.4(6)

(still preliminary) w—0 w
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(Quarkonium

* Talk slides from
* Andronic (plenary)
* Zhuang (parallel)
* Song (parallel)
* Kopeliovich (parallel)
* Topics
* Phenomenology at AA collisions
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* Transport model
* QCD sum rule and heavy quark potential
* Quarkonium at high pT




Phenomenology at AA
collisions
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Jp

Model comparisons for the LHC

10 Statistical Hadronization Model & A-Andronic@GS| de
_~. forward rapidity

idrapidit
P ansport Model D35 R

s 14 - m ALICE (lyl<0.8, £13% syst. uncert.) ]| S 3 141 m ALICE (2.5<y<4.0, +15% syst. uncert.) _|
[ e Statistical Hadronization Model ] o [ e Statistical Hadronization Model ]
15 C Transport Model (Zhou et al./Tsinghua) - 1o Tl Transport Model (Zhou et al./Tsinghua)
T e Transport Model (Zhao et al./TAMU) - ' E| ------- Transport Model (Zhao et al./TAMU) -
e - 1* -
o8f- i T - 0.8 — R -
06 AT o6rs, ........... ?-:-7"- --------- o :.'..:.'..'..'..'.:.:.'..'_,,',_jj,',j_jj_',j,‘_j,',_',,‘,,',,',,'_',_',_'_,'f
0.2 = 021 =
- Pb-Pb \s,=2.76 TeV § - Pb-Pb \s,=2.76 TeV .
_I L1 | L 111 | L 111 | L1l | L1l | L1l | L1l | L1 I_ _I L1 | L1l | L 111 | L1l | L1l | L1l | L 11 | L1 I_

0O 50 100 150 200 250 300 350 400 0O 50 100 150 200 250 300 350 400
Npart Npart

Both model categories reproduce the data ...do.z/dy values rather different:
midrapidity: Stat. Hadr.: 0.3-0.4 mb
Transport: 0.5-0.75 mb (TAMU), 0.65-0.8 mb (Tsinghua)


赤松 幸尚
Statistical Hadronization ModelとTransport Modelの現象論
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J /v vs. pp - data and models

13 A.Andronic@GSl.de

midrapidity forward rapidity

< 14
Inclusive JAp — u*w, Pb-Pb ys, =2.76 TeV
s [ ALICE Preliminary, inclusive Jiy—ete mq: usive Jip = W N
m 1 4 [ H Pb-Pb, \sy=2.76 TeV, lyl<0.8, centrality 0-40% 1.2 W ALICE (arXiv:1311.0214), centrality 0%—20%, 2.5<y<4 global syst.= + 8%

1.2 | [Z7 Transport model (Zhao et al., Nucl.Phys.A859(2011)114)
=r Transport model (Zhou et al., arXiv:1401.5845)

=== Primordial J/y (w/ shadowing)
----- Regeneration JAp (w/ shadowing)
=== Primordial J/y (w/ shadowing)
----- Regenerated J/p (w/ shadowing)

= = Primordial JAp (w/ shadowing)

0.8

------ Regeneration J/y (w/ shadowing)
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(re)generation models describe the LHC data well ...with a healthy fraction of

J/% newly produced LHC T Dlow pTDJ/W .
regeneration N EGRER X 71 = X L,

ALICE, arXiv:1311.0214 (& prelim., Book, HF 4)
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赤松 幸尚
LHCでのlow pTのJ/Ψは、regenerationが主な生成メカニズム。




Bottomonium at the LHC

20 A.Andronic@GSl.de
< T T | ' T 11 | ' T 11 | T T | T T | T T | ' T 11 | ' T 11 interpreted as effeCt Of (m:) fUII
< = = .

0 1.4F CMS PbPb \/s, = 2.76 TeV 4 dissoc. of T(25), T(39), xp

B Y (1S), stat. unc. L. =150 Mb1 ]
1.2F Y(1S), syst.une. oo = Transport models:
B Y(23), stat. unc. ' i Emerick et al./TAMU, EPJA 48 (2012) 72
- Y(2S), syst. unc. pi >4 GeVic . / (2012)
1_ ] Zhuang, HF 6
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| - < 0
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赤松 幸尚
基底状態より励起状態の方が、媒質効果を受けやすい。



Bottomonium at RHIC

A.Andronic@GSl.de

21

PHENIX, arXiv:1404.2246

STAR, arXiv:1312.3675

(da Silva, HF 6)

(Zha, HF 4)
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赤松 幸尚
複素ポテンシャルをそのまま使った計算もある。


More bottomonium at the LHC

22 A.Andronic@GSI.de

ALICE arXiv:1405.4493 (Castillo, talk HF 6)

<14 , , <14 . ,
E Pb-Pb \s, =2.76 TeV, inclusive Y(1S), p.> 0 G:< E Pb-Pb \s, =2.76 TeV, inclusive Y (1S), p.> 0
120 e ALICE:L =69 ub",0%-90% (open: reflected) 10 e ALICE:L =69 ub",0%-90% (open: reflected)

m CMS: L, =150 ub", 0%-100% m CMS: L =150 ub", 0%-100%
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Y e — . T
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) el ol RPN IR (PRI PPN Rt ool ) P S T A S A
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Emerick et al./ TAMU, EPJA 48 (2012) 72 Strickland, Bazow, NPA 879 (2012) .
ZETA T4 =701 i 'EneFIL
no model does very well -
BHEAATE TWLRL,

..recall the shocking R 44 vs. y of J/¢? (PHENIX, 2006)


赤松 幸尚
ラピディティー分布は、どのモデルも説明できていない。



Transport model
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A Dynamic Transport Approach for Quarkonia in HIC

Quarkonium® Transport D= EY
® QGP evolution

0,I"" =0, 0,n"=0 *+equation of state

@® quarkonium motion (¥ =J/ '
9 ( v, v 2 gluon dissociation cross section by OPE
and quarkonium size by potential model

o(T)=c(0)(r* }(T)/(r*)(0)
detailed balance

3f~;;fﬂ? + Vi - T"f@r = — iy fx]_:: + Gy,

1 d*py,
2Es | (27)°2E,

1 ﬁ”IJ ﬁiﬂp:- d-ﬂpﬁ _—
2Ey 2 ;Eq (27 2E,. 27 2E, W& (s} fe(pe. x4, 7|b) fo(pz, x4, 7|b)

X \r {pl". xl‘-. Tlh} = I.I.r;:;'{‘?}.{qr {py-. xl‘-. T}H {.T{xl". Tlh} - T-r} 3

Il'?l.].r {]fll,l._ X:. ‘Tlh} =

x(27)* 8" p+p, — pe — p)O(T (x4, 7|b) — T))

@ cold medium effects (for instance, EKS98) modify not only the initial
quarkonium distribution but also the regeneration!

@ assumption: thermalized gluon and heavy quark distributions
HQOD MO E bl (£) Bottomb#FEIHZIRES %
regenerationDHEEHZ 1 B, DNENSSWIELWDM?



赤松 幸尚
QuarkoniumのTransportの模型

赤松 幸尚
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赤松 幸尚
HQの数が変われば、regenerationの頻度も変わる。


赤松 幸尚
（注）Bottomも熱平衡分布を仮定するのがどれくらい正しいのか？



Upsilon(1s) at mid rapidity

<1-2_""\""I""I""I""""""""_ 1.2_""I""I""I""I""""""""

< | | Pb-Pb s, =2.76TeV - ft - | Pb-Pb\/s,,=2.76TeV i

C 1.0 — Total Y(1S) 41 o 1.0§ — Total Y(1S) -

. 8: ....... Primordial Y (1S) _: 0 8: ...... Primordial Y(1S) __

. i T Regenerated Y (15) ] ] [ i _ — — Regenerated Y(1S) |

- . - T N

0.6 _ - 0.6} ! ? é .

A ol Tt 3

- ® CMS:Y(1S) V=U - - ® CMS:Y(1S) V=F i

0'2:_ lyl<2.4 - 0'2:_ lyl<2.4 B

0. T T T T 0 T S e et e el e el B e i A AT BRI
50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 350 400

Npart Npart
de(1s)/dy=40 nb (PYTHIA, CDF(1.8TeV) and CMS(7 TeV))

ds(bb)/dy=20 ub (FONLL) N )
CMS data: NPA910, 91(2013) ~ ILDFZETH I H7cdhlc, MTr vl

. N (UorF) &EREIRREODEEFREMILNE,
in central collisions:

1) T(2s)<T<T(1s) for both V=U and V=F, excited states are eaten up but
ground state is not affected, R_AA=0.5;

2) small regeneration.
ground state is not sensitive to the hot medium ! 6


赤松 幸尚
反応率を計算するために、ポテンシャル（U or F）と束縛状態の波動関数が必要。
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Upsilon(2s) at mid rapidity

< 'OF  Pb-Pb s, =2.76TeV g 1-0?‘ Pb-Pb\ s, =2.76TeV ‘
@ 0.8[\e cMs:v(25) —— Total Y(25) 1 o08[l ccmsiv@s)  — Tolves ]
i ly|<2.4 oo Primordial Y (2S) 1 1 lyl<c4 e Primordial Y (2S) i

0.6/ —— Regenerated Y(2S) | 0.6f — — Regenerated Y(25) |
0.4f | 3 v=U 4 04 v=F .

0.2- 1 0.2

0.05““ 56100 150 200 250 300 350 400 °% 50 100 150 200 250 300 350 400
N N

part part

in central collisions: /_I—{)j_-_ \/ \\/ —\7}1/ ((j:\ U d) Lgﬁ 5 75\\F4: D 3;-'%\/\ 0) \\O
1) initial production is eaten up by the hot medium, the small
regeneration becomes dominant!

2) for V=F, T(2s)~Tc, regenerated Upsilon(2s) is again eaten up by the
medium !

3) the data favor V=U.
excited states are sensitive to the hot medium !
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赤松 幸尚
ポテンシャルは、UのほうがFより深いので。



P, Ratio (Upsilon)
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the excited Upsilon states are sensitive to the hot medium !



QCD sum rule and heavy quark
potential
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Dispersion relation
30 % 75 BRIR EE 0D Gluon £&iifa ¢ 5.
HBBIEARY NLEEE : QuarkoniumDEEFR DY A+ X

Re n(q2) . %J‘Il‘: 1_:1(8) ds

* QCD parameters » Physical parameters

Gl ) ™y L

S S 12m

_GZ)’<_GCI Gaa) 2

( = - Juaty fo= = ¥ (0)]
R EN B D R =

~Q & Qbarh X HIR I D HESL,



赤松 幸尚
左辺を有限温度のGluon凝縮で評価、
右辺はスペクトル関数：Quarkoniumの媒質中のダイナミクス

赤松 幸尚
波動関数の原点
~QとQbarが対消滅する確率。



A
J /¥ wavefunction |¥(0)|

RENEAHDIRRTD(EZ

f 12m -
0= A |¥(0)]* = exp

I/

NT

172 r
0.24 (12 Sp =3. 43GeV r=0 ——
9,2-3 .45GeV, T=10MeV =
< 0.22 so 2=3.49GeV, I'=50MeV ——
>
[«}]
g 02 T/T,=1.0
5
=0.18
0.16
1 15 2 25 3 35
N M? [GeV?]

Borel window CD{&

IW(0)1~0.16-0.17@T=Tc

/—P}L:ETJI/—(EI-l_

1/1.0( ‘) OPE (712 contng2.
X [MT77F(M#) — O™ (M*; s9)]

02 32 )
0.18 ¢
® e 0 0000 4 ¢ A,
— 0.16 M"u-.,': -
C__\! \.:AJ 3.1|—|
L B
S 0.14 | S 8 >
Q Oo-0-0-9--6 4o% A .\‘A (0]
0 TA e
— 012} “E_a E
8 r:o * g \.\A E
= 01y 10MeV = S aa S
50MeV - + Y
v [=0 o e
10“e\6 —- Q
50MeV -~ ‘
M M " 2.9
0.95 1 1.05
\_ T, )

1. Both [W(0)| and J/Y mass decrease with T

2. Width effect is small

1


赤松 幸尚
波動関数の原点での値をポテンシャルモデルで計算。

赤松 幸尚
Borel windowでの値：
|Ψ(0)|~0.16-0.17@T=Tc

赤松 幸尚


5. Comparison of the results from
QCD sum rule & Schrodinger equation

0.35 )
0.3 3.7 V=F = o % '
0.25 | 36| V=U -o- A%
g> 35 | QCDSR, =0 -o % .
ﬁ 0.2 f = 3.4 .
=015} l O, 3.3 v )
S =32 - )
2 0.1} - €31 - //,J |
: - G020
0.05 } 1 3t 1
o LQCDSR, r=0 -o _ 29 | )
0.8 0.9 1 1.1 2.80 o 0'9 1 1'1
T/T, y .
- TT, y,

|Y(0)| as well as J/¥Y mass from Q\CD sum rule closely follow those/

from free energy potential. qepfngIm 5K fIW(O)liE. V=F& U1z

MV ILETILEERBLED,
T


赤松 幸尚
QCD和則から求めた|Ψ(0)|は、V=Fとしたポテンシャルモデルと良く合う。




赤松 幸尚
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e
J /¥ wavefunction
from the complex Schrodinger equation

wavefunction (GeV3’2)

T=1.0 Tc PRz

CDEtE TR, R vILESRICHTLES) R
TWVT WS, 10ZFLTHIWO)IEIFE
WERZE, LML ? ?

normal Im V
real

- — -imaginary
ImV X2
real
2 TN B - — -imaginary
1079 ~ o' ImV X 4
F o & real
b s —_ Rothkopf, Hatsuda,
'l'// L e M real Sasaki (2012)
10'3-.:”//-‘\\ & \\ A - = -imaginary
ity N\ e
10 NN N N=
f N ) BRREDOER
N 0 —° — ~ = A
! . —_ = i\/1u5‘/‘/’\7)|/75‘:|E?§fE =
[ DT
r(GeV’1) —a—%ﬁ:j‘b:@)zﬁéo

Imaginary potential does not affect |[W(0)]| !


赤松 幸尚
この計算では、ポテンシャル虚部にHTL摂動論の結果を用いている。10倍しても|Ψ(0)|はほとんど不変。しかし何故？？


赤松 幸尚
（注）有限温度中の複素ポテンシャルを直接計算する研究もある。



赤松 幸尚
Rothkopf, Hatsuda, 
Sasaki (2012)



Quarkonium at high pT
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UNIVERSIDAD TECNICA

High pT®Quarkonium

Charmonium propagation through a hot medium

C

Path integral technique O a
dz E\p/z

B.G.Zakharov & B.K. PRD44(1991)3466

.d m?2- A,
[ -z _VQQ(Zer_) GEIQ(Zler_l;Z,I'_L) —()

; q The Green function Ggq(z1,r1;12,r2) describes
‘Eﬂﬂm | | M _. WM Uy, (r) propagation of the dipole between longitudinal
7 q z, coordinates z1.2 with initial and final transverse

G a0 ) (2D) separations ri 2

The imaginary part of the light-cone potential describes absorption,
Transport coefficient 4, the rate of broadening,
q(z)r] is related to the medium temperature, §~ 3.6 T3
(T > T.) and is to be adjusted to data.

ImVgq(z,r) = —

> <

ReVgq(2,T) corresponding to the binding potential, is known only in the rest
frame of the dipole, and it also depends on longitudinal dipole separation I'L.

It cannot be properly described with this 2-dimensional Schrédinger equation.
Debye screening corrections make it even more challenging.

E i 4

B.Z. Kopeliovich, Quark Matter, 2014


赤松 幸尚
High pTのQuarkonium


Solving the equation

M
ReUgq(r,,¢) = p—f A% <\/ri + Cz> - rest frame potential
¥

This is the main result, a simple replacement: Iy, = ¢

In the rest frame the usual Schrdodinger equation is recovered.
1

ImUgq(r.,¢) = = drs controls absorption and is independent of
LightconeEEIEZETDRT > v )L ?
Seiecnecpotential CDEDICERINITRWVS UL,

(1 1 e—u(T)r> & GG

Voze <I'— \/rJ_+C2) 0
2472
S — 331n (19T /Apzs)

F. Karsch, M. T. Mehr and H. Satz, Z. Phys. C 37, 617 (1988)

~

4 1 e e e oAl ¢
The equation is solved numerically with 4 = qo part (7, ) 2. qo=1fm
npart (0,0) t

B.Z. Kopeliovich, Quark Matter, 2014
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赤松 幸尚
Lightcone座標でのポテンシャル？
このように定義すれば良いらしい。


Fﬂlﬁigﬁi cj:ﬁ E \J\o
CNIFKEBEHTIERWVNE. Results TAFHLER T VY S Quarkonium
AEHE>TWVWBDIC « + -, DFBRM SEHTNICE DB 7?

— go = 0.5 GeV?/fm

Survial probability amplitude 2} — ! L2 [ o~ 10 Gov?/im
5 === go = 2.0 GeV?/fm
L0 L0 |22 230 Govem
2 2 ¥ qo = 4. e m
S(z2,21) :/ (2d(1d rad®r1 Wy, (r2, C2) y
0.8 L7
,/7
A 0 T TP P T e "';L‘;.%f//
§o Lol 20 Phn (e, Go) - M e o
0.4 -___._——"‘——"’— g0 = 0.5 GeV?/fm
I _-_ G0 = 1.0 GeVz/fm_
Calculations are done for central Pb-Pb ™ B i Gove/om
e 2 % < e : mma=A0 GeV?/fm 0.0 . .
collisions with realistic nuclear density. "\~ i 10 i to-! ! 10 10°
GeV
No ISI effects are added. e
2 2.
1. Net melting: ReU # 0;ImU = 0. 10 f— s
Sy OSTAS
N T 4/,
) 08 T \"‘\\\ . .‘.: 1”.'7
2. Net absorption: ReU = 0;ImU #0. 5 | o o /7
06 F N\ £

3.Total suppression: ReU # 0;ImU #0. | N

)
N ——— g = 0.5 GeV2?/fm

S e TR R G e LT e = 1.0 GeV?/fm
4 qo=2GeV“/fm 02 <ot iy = 20 GV
Bty — 2:GeVaines Sor ot G aE e Y e go = 3.0 GeV?/fm
0.0 . —= qo,= 4.0 GeV?/fm 0.0 ' .
'1071 : - =L , " 1 10 102
pr, GeV pr, GeV

UNIVERSIDAD TECNICA 8 B.Z. Kopeliovich, Quark Matter, 2014
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赤松 幸尚
これは波動関数ではないと、
何回も言っているのに・・・。

赤松 幸尚

赤松 幸尚
問題設定は面白い。
流体静止系にいるQuarkonium
の描像から連続的にどう移るか？


Photon and Dilepton

* Talk slides from
* Bratkovskaya (plenary)
* Ghiglieri (plenary)

* Topics
* Direct photon flow
* Rate in NLO perturbation
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Direct photon flow
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& EventD =& AT E N 5T

1. Hydro: Influence of e-b-e fluctuating initial conditions

= From smooth Glauber initial conditions JEFDv2@RHIC, LHC

to event-by-event h%dro with fluctuating initial conditions

WER|

10 ‘Hﬂl‘”,l”,,l””“,‘,l”,,l‘”,‘”,‘H,,,,ﬂlg “‘2“""{""{}"' UL L AN U UL RN RS R RRR R RA R

D Jyvas kyla ] . 200A GeV Au+Au@RHIC 3 :\ of thernial photons ' (2004 GeV Au+Au@RHIC ]
10 Direct Photons, 20-40% centrality E o R _—
H ™ : 3 | e PHENIX (BBC) _|
Ideal hYd ro w2 e S 4 0.20 L E — smooth (MC) |
« 10 B @ PHENIX E !
L] - — NLO pQCD + Thermal (FIC) 3 - -—- ‘rz (RP) .
- -3 Y -—- Thermal (FIC, g=0.4 fm) . - E —a ¥, (PP -
5 10 N --- Thermal (SIC) E - 15 E h I
- = Ny —— NLOpQCD = ol - —
= Ideal QGP and HG fluid = 10 SRR 4 £ I + )
iy 5 (a) . 1 = r .
. £ = : - _
= Initial: ,bumpy* ebe o e 1 Toewp # .
= l ~ E [ 20-40% Centrality bin i
MC Glauber Z 10" ) - L =04 fim, ,= 0.17 fnde ]
Compton+annihilation  \ N 3 LS+ . —
n EOS: IQCD 10'7 Fragmentation ; — B n = T ~ T
10-ﬂ|\|\|\|\|\|||\|||\|\\||\|||\|||\|\|\|\|\|\|||\|||\||: 0.0 ,,,,|,,,,|,,,,|,,,,|,,,,|,,,,|,,,,,, .___
1.0 1.5 2.0 25 3.0 35 40 45 50 55 6.0 llll‘. 1.0 1.5 20 25 30 35 4.0 45 50 55 6.0
Talk by R. Chatterjee@QM*14, Py (GeVie) P, (GeVic)
PRC 88, 034901 (2013)
SRR RN N LN LR AR ALY RN LARRN ERRRN AR ”H"J”HJI'”” """'f_\l""""‘l""""|""|""_
\[12.76A TeV Pb+Pb@LHC 020 eV Pb+Pb@LH b
640 10 § Direct Photons, 0-40%% C 0-40%, T, =0.14 fm/¢, 6=0.4 fm ]
-'-: 10' E n [®] ALICE Preliminary 015 ® ALICE Preliminary ]
560 e E - un —- NLO pQCD B o—e V,(PP. FIC) 7]
- - 0 --- Thermal (SIC) [ . V,(RP, FIC) ]
480 S 10 E -~ '_ ! -=- Thermal (FIC, g=0.4 fm) = 010 ;_:“z(s‘u‘) —
= al . — Thermal (FIC) + NLO pQCD s N 7 Yl ]
_ 400 Z10E N - .
£ 320% HQ_ " F 0.05 [ -]
> = T 0E (a) " 1 ]
240 Z W Bss 0.00 “I‘*‘—- .
160 ? f:):;:::::“:n':hmmn iy - E Direct photon v, E
107 el 005 =
80 :|||||||||||||||||||||||||||||||||||||||||||||||||||||1||| oo oo e boocdbonad bond e
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0 6.5 0.5 1.0 1.5 2.0 2.5 30 35 4.0 45 50 55 6.0
x [fm] Py (GeV/c) p, (GeVie)

= Fluctuating initial conditions: slight increase at high pt for yield and v,
small effect, right direction!

Elena Bratkovskaya (Uni. Frankfurt) Quark Matter-2014 9


赤松 幸尚
光子のv2@RHIC, LHC

赤松 幸尚


赤松 幸尚
各Eventの完全流体発展から光子放射

赤松 幸尚
テキスト


The thermal photon emission rates with viscous corrections:

*IJ_'_III‘I_:E = CJ: 5§]\¥EB§§& q%(g.’f‘) = To(q,T) + qfll_'w (¢, 1),

. N 2(e+P)
0) KD 73\ Jj 0) @j_‘, % equilibrium contribution first order viscous correction
d (3+1)D MUSIC (McGill): Q (2+1)D VISH2+1 (Ohio State) :

M. Dion et al., PRC84 (2011) 064901 . .
C. Shen et al., arXiv:1308.2111, arXiv:1403.7558; Talk by C. Shen @ QM2014

* viscous QGP and HG fluid = viscous QGP and HG fluid
" Initial: ,bumpy’ ebe from IP-Glasma = |nitial: ,bumpy‘ ebe from MC Glauber /KLN
= EoS: IQCD = EoS: IQCD
1o’ I ‘ 'ideal hydro — .
0 viscous hydro with corrections ==---- 0.1 ; T T 0.35 - T . _
v ’ —ideal hydro arXiv: 1403.7558 ishviewoe s /5 = 0.08
Lo ] ===vis ydro+eq. rates 0.31 == Full viscous |
o “ RHIC energy 0.08| ~==full viscous
.F,E 10 . . 0.25¢ \ j 1
= 107 . 1 It
E 10 - Thermal photons: . R Lo I J’
o5 . QGP +HG o004l | oas ,;."-"'_:‘:': g
T 4 o ol
G -\ /" Thermal Photons |
0.035 Pr (V) o02r 3 e QGP 0.05t ya thermal m
053 + HG
oo | 00 1 (% v 3 4 Do 1 2(3 A 3 4
oos S W q (GeV) pL (GeV)
S = Effect of shear viscosity: rta“t"
0.015 .
* small enhancement of the photon yield  |mnpP°
0.01 . .
S viscous hydro withlcii?'lel]t};g;z s & suppre58|on Of phOton v2
0.005 : : : ‘ : : .
s 2 * effect on v, for photons is stronger than for hadrons
T (5]

Elena Bratkovskaya (Uni. Frankfurt) Quark Matter-2014 10
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赤松 幸尚
粘性による分布関数のゆがみの効果



3. Influence of Glasma initial conditions with initial flow

="
D (3+1 )D M U S I C - 20 1 4: © — W 02 ALICE prefiminary with stat, corr syst and uncofr syst uncert k== |
J-F. Paquet et al. (2014) IP 7 AN I%]J HH %'ﬁ: A
0.15

ALICE (preliminary)
= viscous QGP and HG fluid (n/s=0.22) Au+Au, 2760 GeV

= Initial: ,bumpy‘ ebe from IP-Glasma = oo
generate initial flow due to fluctuations of IC

0.05+
IP-Glasma:

Schenke et al., PRL108 2012) 252301

6 0 d.S 1 1‘.5 I2 2|.5 3
a pT (GeVic)
8 6 -2
4 2 % 0
0 2 4 y[fm] va(LuhnstL‘ICEprel ||||| w)l—H
] EOS: IQCD x[fm] 4 . 6 0.14F Ry va™(SPRvz={SP]/(Ry-1) ===
= QGP photon rate: AMY 8 ® 012}
= HG photon rate: TGR for meson gas with viscous orl 1[
corrections + Rapp spectral function for p-mesons ol
to account for the baryonic contributions S 1[ ][ ]l
0.06 .I. ~I—
® MUSIC with IC-Glasma describes v, of nosp f
hadrons at RHIC & LHC, ey
however, missing v, v; of photons! i 55 ; ‘ ; 35 ;

1.5
pt (GeV/c)

= ,Bumpy‘ ebe from IP-Glasma - small effect

Elena Bratkovskaya (Uni. Frankfurt) Quark Matter-2014 11


赤松 幸尚
IPグラズマ初期条件

赤松 幸尚



4. Hydro with pre-equilibrium flow ZJHEZ(AH (T H (TS
BR7O—D%E

Q .Initial‘ flow: rapid increase of bulk v, in fireball model

van Hees, Gale, Rapp, PRC84 (2011) 054906 10 - - —————
ALICE (preliminary)
— ] ~ 10%} Au+Au, 2760 GeV

O pre-equilibrium flow in (2+1)D VISH2+1 - 2014: i

C. Shen et al., arXiv:1308.2111, arXiv:1403.7558; Talk by C. Shen @ QM‘2014 8 10° ¥ .
— |

- viscous QGP and HG fluid (n/s=0.18) 5107

= Initial: ,bumpy* ebe from MC Glauber /KLN %10_2

. EOS: IQCD % ----- thermal + pQCD

* QGP photon rate: AMY O T el paGD + shart llved decaya -+ nkial o
= HG photon rate: TGR for meson gas with viscous corrections | ® % AucE

1000 05 10 15 20 25 30 35
. crep s py (GeV)

* Generation of pre-equilibrium flow: 020 T

using free-streaming model to evolve the partons [ tnermal + pQCD + short ived decays

right after the collisions to 0.6 fm/c 015l & & Auce oo TEher feddecays wintalow

+ Landau matching to switch to viscous hydro

] % 0.10
= quick development of momentum anisotropy \‘“
with saturation near T D 000
= Pre-equilibrium flow: 0-080 05 10 15 20 25 3.0 35

¥ small effect on photon spectra

Warning: results can be considered as

-
slight increase of v, upper limit for the pre-equilibrium flow effect!

Elena Bratkovskaya (Uni. Frankfurt) Quark Matter-2014 12
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赤松 幸尚
初期条件における有限フローの効果



PHSD: photon spectra at RHIC: QGP vs. HG ?

o

= Direct photon spectrum (min. bias)

AutAu, s “=200 GeV, MB, Iyl<0.35|
@ PHENIX, PRL 104, 132301

o
=—l

IIIII' mrrr
—

= Parton-Hadron-String Dynamics D51 &

Linnyk et al., PRC88 (2013) 034904;
PRC 89 (2014) 034908

PHSD:

= QGP gives up to ~50% of direct photon
yield below 2 GeV/c

| sizeable contribution from
hadronic sources
- meson-meson (mm) and
meson-Baryon (mB) bremsstrahlung

m+m=> m+m+y,

m+B2>m+B+y,

.y

T

—_ PHSD:
:U 0 —— Sum

s 10 == QGP

3 -=-=- pQCD

= 10 — = = >y

-~ == = mB—-mBy

- = U —>pY, TP —>TY

= 107

-c'—t

3

a 107

—

Z
- 4

< 10

The slope parameter T.5¢ (in MeV)
PHSD PHENIX
QGP hadrons Total [38]
260 £20 [ 200£20 | 220420 233+ 14+£19

Elena Bratkovskaya (Uni. Frankfurt)

11! mm and mB bremsstrahlung channels
can not be subtracted experimentally !

Quark Matter-2014 16
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Parton-Hadron-String Dynamicsの計算
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Are the direct photons a barometer of the QGP? @

O Do we see the QGP pressure in v,(y) if the photon productions is dominated ol I(_zirc;?g;(:;:gﬁ .

by hadronic sources? PRC 89 (2014) 034908

- 1 " h t r H H H i
Inclugive photou v, 1) v,(y'"¢') = v,(z?) - inclusive photons mainly come from r°
0.2 | AutAu, s =200 GeV, MB, |y|<0.35 decays

e ' PHSD @ PHENIX
o ™ PHSD
}H - -Yincl HSD

= HSD (without QGP) underestimates v, of hadrons and
inclusive photons by a factor of 2, wheras the PHSD model

0.1 1 with QGP is consistent with exp. data

= The QGP causes the strong elliptic flow of photons
e e S S A indirectly, by enhancing the v, of final hadrons due to

0.0 0.5 1.0 1.5 2.0 2.5 e -
p, [GeVic] the partonic interactions

direct photon v, in PHSD
AutAu, s *=200 GeV, MB, |y|<0.35 ||

03 L

® . O PHENIX Direct photons (inclusive(=total) — decay):

v,"=Z,v, NN, @) 2) v,(y9r) of direct photons in PHSD underestimates the

o ! } sl PHENIX data :
- ? V,(Y96P) is very small, but QGP contribution is up to 50% of

total yield = lowering flow

0.1 | .
.\

=>PHSD: v,(y9r) comes from mm and mB bremsstrahlung !

0.0

0.0 0:5 ' 1:0 ' 1:5 ' 2:0 ' 2:5
P, [GeV/c]

Elena Bratkovskaya (Uni. Frankfurt) Quark Matter-2014 20
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Rate in NLO perturbation
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22 processes

e Cut two-loop diagrams (aem g2)

2<>2 processes (with crossings and interferences):

P/, K/ TR
t t
P _VV\ANWK

/ W) SH)IMPS P+ P - K - K)

AAVAVAVAVAVAV.

e Equivalence with kinetic theory: distributions x

matrix elements
HTLT/RALERIME
* IR divergence (Compton) when ¢ goes to zero
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赤松 幸尚
HTLで赤外正則化


Collinear processes

These diagrams contribute to LO if small (¢) angle radiation/
annihilation Aurenche Gelis Kobes Petitgirard Zaraket 1998-2000

Photon formation times is then of the same order of the soft
scattering rate = interference: LPM effect

Requires resummation of infinite number of ladder diagrams

EEEEE IR EEEL

AMY (Arnold Moore Yaffe) JHEP 0111, 0112, 0226 (2001-02)

WVCELEryo
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[TTaaily

3

Beyond leading order

B(p) ~T/p~1/g

* The soft scale ¢T introduces O(g) corrections " é@maa%

HOFES

(correction from soft scale / collinear / semi-collinear) g g

* Inthe collinear sector: account for 1-loop rungsu (related to
NLO ghat). Euclidean (EQCD) evaluation
Caron-Huot PRD79, talks by Panero, Meyer Vv

* New semi-collinear processes: larger angle radiation, NLO

in collinear radiation approx. Requires a “modified ghat”,
relevance for jets too

(\'\'\‘\N\'\/g (\‘\’\'\‘\'N\:‘\/g

soft plasmon, soft Coulomb,
timelike

spacelike

S
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赤松 幸尚
3種類の寄与
(correction from soft scale / collinear / semi-collinear)


* Add soft gluons to soft quarks: nasty all-HTL region
A

-
r"
X
.

. .
s .
4 .

L

-
-
-

--------------- Amnen +
§ A
. : : ~.

~
. ~~
~
4

>

* Analyticity allows us to take a detour in the complex plane

away from the nasty region = compact expression

* Summing all contributions: 2

good convergence,

but with large
cancellations

between contributions:

error estimate of LO
JG Hong Kurkela Lu
Moore Teaney JHEP0503

(LO+NLO) / LO
-~ o

O
o

_________
......

(LO + soft+sc)/LO

2 4 o6 8 10 12 14
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