BP0 WP NPT NPT SPGB PN BP0 NP NPT NSNS

Quark Loops and
Photons with CGC in pA

SR OT  NPgT NP SR SR N NP NPT SR SRy NPT NP

Kenj1 Fukushima
The Umiversity of Tokyo

ongoing work with Sanjin Benic

August 25, 2015 @ INT in Seattle 1



Four Steps in HIC

. Color Glass Condensate (CGC)

TS1/Qs ~ 0.1fm/c

Color Glass + Plasma = Glasma
T < 19~ 1fm/c

(s) Quark-Gluon Plasma
T S 7p ~ 10fm/c

Hadronization (quarks — hadrons)
Lattice EoS ~ HRG
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Three Keywords in Early Dynamics

BT, SR , BOPOGT BIP G, SR B BP0 SR BRSSP, S

ISOtl‘Opizati()n Gelis, Epelbaum, Berges, Venugopalan, Schlichting

Complete 1sotropization is not necessary.
Stability of a certain 1sotropization (< 50%?7?) is required.

Hydl‘()nizati()n Chesler, Yaffe, Janik, Strickland, Heinz

Hydrodynamics would be a better description with more
and more dissipative terms.
Anisotropic viscous hydro may work better?

Therm alizati()n Blaizot, McLerran, Liao, Gelis, Berges, Kurkela, Moore

What is seen in experiment 1s a thermal p; distribution of

hadrons — thermal gluons? Turbulence? BEC? Photons?
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Issues on Isotropization

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Q: Is the CSA good to give fast isotropization if
the system is NOT expanding?

Fukushima (2013)

Maybe the full quantum fluct. cures?
YCS: Gelis, Epelbaum, Moore, Wu
Free streaming fixed point?

Pressure Ratio
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Issues on Thermalization

4 4 AuAu Min. Blas x10*

o *  AuAu0-20% x10°
O =  AuAu20-30% x10

o v pep

Turbide et al. PRC69

P, (GeVic)

RHIC / PHENIX

* photon puzzle
- baryons-antibaryons
- pion Bremsstrahlung
(Ralf Rapp)

* photon elliptic flow
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Four Steps in HIC

. Color Glass Condensate (CGCO)
TS1/Qs ~ 0.1fm/c
. B Color Glass + Plasma = Glasma

Anomaly? T < 19~ 1fm/c
- (s) Quark-Gluon Plasma
T S 7p ~ 10fm/c

Hadronization (quarks — hadrons)
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Classical Picture for B

Point-particle approximation:

1 fm 2
eBy = (47.6 MeV)2(Tm) ZsinhY  to

b

B 2sinh Y

“strongest magnetic field in the Universe”
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What I want to do...

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Initial State in High-Energy AA Collisions

[Magnetic Fieldsj
Photon Production Quark Pair Production

Anomalous Transport
(more direct relevance than hydro/phase diagram)
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Expanding CGC
Longitudinal Fields (Local Parity Violation)

Characterized v 5 (213 1 )
by Qs U

Simulation starts with “negative” pressure: Pr <0
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Remark on CGC

NPT NPT NPT NPT NPT NP NP0 BP0 NPT NPT NP0 e

“Saturation” is not needed, but just “Scaling”
] Scaling variable:
=@

: Saturation momentum:
Q3(w) = Q3(w/w0)

Golec-Biernat, Kwiecinski, Stasto, Wuesthoff

10

ZEUS BPT 97
ZEUS BPC 95

H1 low Q> 95

ZEUS+H1 high Q” 94-95

E665
x<0.01

<« OD> % O

“Geometric Scaling”

all Q*
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T
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Schematically
Y
5} A J°
T
j z
Real-time Chiral Magnetic Effect (CME) > -

- T
. . ——]
Fukushima-Kharzeev-Warringa (2009) J B*
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B-CGC

WO NPT NSO WO P0G WD NP0 NP0 NS0T NP0 NP0y Sy

Analytical calculation for uniform fields
Current = CP-breaking Schwinger Mechanism

1

0.8 .
0.6 .
i 8t]y
|q| O 0.4 ]
, What is new with fields
0.2 i/ =01 1 inhomogeneous in space/time?

U

U

’
0 E

8 10
|91By /9]
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B-induced Photons

WP TP NPT PO NPT NP0 NPT NP NP0 NPT NP ey

Inhomogeneous B / (5 carries energy/momentum

A\B Lo ~ 77 A Fy 000
Y .
LPV Z (%)y (%)y (q)
Reversed Primakoff Effect qz + qm
Fukushima-Mameda (2012) — q2

cf. Basar-Kharzeev-Skokov (2012)
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B-induced Photons

L T S T R S R

Inhomogeneous B / (5 carries energy/momentum

A\B Lott ~ &7 A, 0,0
Y .
i % d3 ~ Z v (q)e®¥ (g
Quark “one-loop” fluct. :[qz + qu
q2
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Non-perturbative Formulation

WO NPT NSO WO P0G WD NP0 NP0 NS0T NP0 NP0y Sy

Gelis-Kajantie-Lappi (2005)

1ad? Amplitude from

Tdzd*xT 0 - . .

M, (p,q) = oL (1, %)y g (7, x)  anti-particles to
VT 22 particles

dN dy,d*pr dyqdqu 2

— = 5 M. (p,q

a0 2@n)? 2 (2m) (v = yp) IM7(p, 9)|

Pyt — —00,%x) = el Tv(q)

dp(x) = e P u(p)

dN/ dy

1 200 390
| \\
L | L | |

00
|
4

\
I
5
<

canzaomy | Very early (7<0.1fm/c)
. |&am=300MeV*
0 0.05 0.1 r[frr(l)]ls 0.2 0.25
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Simple Example

NPT NPT NPT NPT NPT NP NP0 BP0 NPT NPT NP0 e

Schwinger mechanism in scalar QED

03 T
ek = Icml2
025 4
0l Non-perturbative (uniform)
& 015 F 4
0.1 w=3m, .
\
005 | ‘. Perturbative (pulse)
Yooo=10m;
N
0 il
2 4

Fukushima-Gelis-Lappi (2009)
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Consistency Check

NPT NPT NPT NPT NPT NP NP0 BP0 NPT NPT NP0 e

Q; Is it possible to reproduce the real-time CME for

uniform fields using the GKL formalism? Bﬂ p

Jj* > 37
‘A : of course yes! e -
But, unclear whether it is technically feasible?

Numerical test with uniform fields without expansion
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Consistency Check

WO, NS O NSO WS W NS0T NS0 NS0T RS0 NS0T, S

T ilq 4r |z’ +iq-x
Up (q 4/ )e"9a
Bq,p:/dgf'3 R4 g_p(:co,:v)

\/2|QA"

?Jf{(l?_fx)“ii“o““|330_ip':c

Initial Cond. 9p(%) ’
\V 2 ‘P_A \

Particle

Anti-particle ---------

Asymmetric dist.
in the R-sector

Particle Distribution

Fukushima (2015)
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Consistency Check

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

1.5 /'l T
Slopes look good
| For different |
or aiiieren
latti Offset??
09 | attice volumes
06 | | UV contamin???
03 |
ol Semi-qualitatively
Okay
03 L ' ' '
0 027 04T 0.6T 0.8T T
. . Duration .
lattice artifact? Fukushima (2015)
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Toward B-CGC Simulations

WP NPT NPT NPT NPT NP WO NP0 NP0 NP0 NP ey

CGC Background Fields v
(Glasma instability is not needed for the moment)

Bogoliubov Coefficients (GKL formalism)

Initial Conditions at 7=0t ?
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Toward B-CGC Simulations

WP NPT NPT NPT NPT NP WO NP0 NP0 NP0 NP ey

CGC Background Fields v
(Glasma instability is not needed for the moment)

Bogoliubov Coefficients (GKL formalism)

Initial Conditions at 7=0" ¢ Gelis-Tanji (2015)
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What I want to do...

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Initial State in High-Energy AA Collisions

[Magnetic Fieldsj
Photon Production Quark Pair Production

Anomalous Transport
(more direct relevance than hydro/phase diagram)
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What I can do... so far...

SR, SR, BRGSO, SR, B0 SR, SR, IR, SR, B, B0
Initial State in High-EnergyMCollisions
PA
Magnetre-Ljelds

Photon Production Quark Pair Production

/S

Photons from quark loops (for technical simplicity)
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Conventional Photons

WO, NS O NSO WS W NS0T NS0 NS0T RS0 NS0T, S

Compton Scattering Annihilation
j + LPM
X Qetsng(l —ng)n, X QesNgng(l+ny)

(a9 — q7) (¢@ — g7)
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Conventional Photons

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Compton Scattering Annihilation
IR singular IR singular
+ LPM
X KelXg nC_Z(l _nq ng X OeOlg nqnq 1 _|_ng

(a9 — q7) (¢@ — g7)
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Diagrams involving CGC

NPT NPT NPT NPT NPT NP0 NPT NPT NPT NS0T RPN ey

Compton Scattering Annihilation

3

X ey nq(l Ng )0, X Qs NgNGQL
o) e
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Multiple Scattering

BNODET NS0T NG NS RSO NN NONGT RS RO R NS0T e
In a certain gauge: A ~ pp ~ 5(x+)

Y
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Leading-order Processes

DT NPT NS0T RS NSO R NSO ST NS0T RS PN N

REA

~ aengp)n((f‘) (UUT)

>
>

Pa

~ a.nPn (p)<UUTUUT>

q

Py

>

Pa

Multiple Scattering with CGC

August 25, 2015 @ INT in Seattle
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Leading-order Processes

NSO OFT, NE G OO NSO NE G SN RSN NS RO NS0T RS0 N
Gelis-Jalilian-Marian (2002)

Y

\ V‘iﬁ
~ aenép)n((f‘) (UUT)

>
>

q

Pa

~ a.nPn (p)<UUTUUT>

q

>

Pa

ooty

Multiple Scattering with CGC
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GJ Formula

WP TP NPT PO NPT NP0 NPT NP NP0 NPT NP ey

1 dod7 20re S R R B A I>C(l,)
a1, :
0

AL Pk, (2n)iK2 I, — Kk, /2)

C(l,) = /dsze“L'“e_BQ(“) = /deLeill'“ <U(0)UT(:B¢)>,)

Ba(ws —y1) = @ / Pz, [Golws —21) — Golyy — z.)

Per one massless quark withp=0 "

0.25

k 02 r

0.15 F|

2
D
C(k)

0.1

gtk

0.05

~ + crossed diagram
0 (photon emitted first)
A

0

kK/Aqcp
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Higher-order Processes

WO NPT NSO WO P0G WD NP0 NP0 NS0T NP0 NP0y Sy

Y

P O‘6<(9/0p)2><UUTUUT>
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Higher-order Processes

BT, SR , BOPOGT BIP G, SR B BP0 SR BRSSP, S

Should be more and more important as approaching AA

~ ac(gpp) WUUTUUT)

August 25, 2015 @ INT in Seattle 32



Interested Regime

OGNS0 NE O NSO NS0T NN RSN NS0T NS0T NS0T RPN N
(90)° < gpp ~
9pp)” < gpp ~ Ny

[y

Pa

/Benic-Fukushima (2015)
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Interested Regime

S0, RO, SR, BROG, SR, B SR, BRGSO, RO, SR, 56

(9pp)? < gpp ~ niP
Lowest-order / Y

vanishes due to
Furry’s theorem

Anomaly sensitive?

Odderon needed?

Pa

/Benic-Fukushima (2015)
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Amplitude (preliminary)

WP TP NPT PO NPT NP0 NPT NP NP0 NPT NP ey

ptl

l ’ Same approximation as GJ
k ~ massless with p =0

[ -k

2p  d*( —l k 1, =1 20, + 1 1 k, —1U
DT (27) 0 (zky, —1U))2+17 17

Color matrix “Calculable” pal't I'equiring
some gauge inv. regularization

T(kr,py b = V) =t[U(-pL — 1o+ )pp(p )UT (L + 1) — k1)
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Color Average (MV Model)

BT, SR , BOPOGT BIP G, SR B BP0 SR BRSSP, S

(T(ky,p,AL)T (ky,p,A)))
= (p2(p )pb (P ) (tr[U(—p, — A UN(—AL — k1)|tr[U(—p', — A" )PUT(-A', — kL))

Average on p : trivial
(P (p )P (P'L)) = 6°° g2 (2m)%6® (p, — p'))

Average on A : MV model (singlet extracted)

(tr[U(ml)taUT (mg)]tr[U(mg)thT(w4)]> Fukushima-Hidaka (2007)

_ 5a,b . Bg(ml — $4) + Bg(mg — :1:3) — Bg(ml — :1:3) — Bg(mg — $4)
2Nc BQ(CBl — iB4) + BQ((EQ — CI33> — BQ(CBl — iBQ) — Bg(wg — CI34>

X (6—Bg(w1—az4)—B2(w2—w3) _ —Bg(wl—wg)—Bg(wg—w4)) )

€

Numerical calculations to be performed...

August 25, 2015 @ INT in Seattle 36



Technical Remark

WP WP NP NPT NP0 P NPT NP NP NPT NP0 NP

(U(x11)810. U (21 ) gaas - - U(®n 1) gran )

—+00
U(x,)=Pexp —ig2/ de=d?z GO(wL—zL)pa(az,zL)t“]
+00 2(
— IOCL(Qj 733J_)
w(p) = exp [ /_OO dx~dxz 22 () ]

pa(x™ 1) — S(x)p (1) Very delicate limit

Fukushima (2007)
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Summary
N R R R N R T R
P Early-time dynamics
Glasma (longitudinal chromo-E/B) + U(1) B

B Particle production
Quark pair production on P- and CP-odd E/B
leading to the CME current
Photons in pA~AA

Loop diagrams become more important

B One loop diagram evaluated

Structure looks quite similar to Bremsstrahlung
* Introduction of U(1) B
* Color average in a different way?
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