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OUTLINE :

> Introduction
» The fluctuations of topological charge and chiral density
» Production of CME photon in early stage

» Summary and Outlook
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A PICTURE OF RELATIVISTIC HEAVY ION COLLISIONS
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HinTs BY DIS AND RG EQUATIONS:
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Figure 1: (a) The x evolution of gluon, sea quark, and valence quark distributions
(the Lorentz invariant x < 1/@2/s); (b) Phase diagram for quantum QCD evolution?.

KEY wORDSs: High energy collisions, Over occupied gluons.

2F Gelis et al, Rev.Nucl.Part.Sci. 463.60 (2010).
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(left) The schematic diagram of the initial conditions in temporal gauge before the

collision3. (right) The schematic diagram for an ultrarelativistic collision®.

E, = —igd; [ai‘, a{.'g] B, = —igej [ai‘, a{.'g] J

3D. Gelfand et al, Phys.Rev.D 94, 014020 (2016).
*D. Miiller, arXiv:1904.04267 [hep-ph].
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(left) The schematic diagram of the initial conditions in temporal gauge before the

collision3. (right) The schematic diagram for an ultrarelativistic collision®.

tr(E - B) # 0 [

3D. Gelfand et al, Phys.Rev.D 94, 014020 (2016).
*D. Miiller, arXiv:1904.04267 [hep-ph].
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In McLerran-Venugopalan (MV) model®:

(0°(x1)p"(yr)) = (&°1)*6%°6° (xr — y7), (1)

and the observables can be computed by

(O A = / DoWA[p]O [A,) )

®Qs/g? is studied in: T. Lappi, Eur.Phys.J.C 55,285 (2008).
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The topological fluctuations in early evolution J

The Adler-Bell-Jackiw anomaly equation®

. = Nf - v
Oujt =2 Z mqQivsq — @FZVFE’” . 3
flavor

An approach in early stage in (7,7n) coordinates:

Ny a ’Ea,pu N

1... _ Ne
(87' + ;)JS - 1672 % - 871'2tr(E B) (4)

Notes: The r.h.s. of the above equation is just a (local) variation of (global)
topological invariant, which is also know as ANcs. J

bfor each flavor J =gyt sq.
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Figure 2: Longitudinal expansion of |p|.

By solving Eq.(4), for each flavor:

i (x0) = 87172 / dr'7'te(E - B) (6)
0
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Evolution of the fluctuations: '

Chiral density per rapidity,
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Figure 3: Fluctuations of chiral
density as a function of proper time’.
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Correlator of the chiral density: I

We define the correlator as:

D(|x.]/Xs) o< (ns(0)ns(|xL|)),

(8)
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"MRJ et al, Phys.Rev.D 103, 014026 (2021).
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Figure 4: Correlation length of chiral
density at different scales’.
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Comments:

> Formation time is order of O(1/g%p).
> Correlation length of chiral density O(1/g°u).

(Ng) _ (n3)

V2 72

The estimation, e.g. <N52>/V2 ~ 6.48fm~3 at g?u = 3.4GeV, is pretty large.
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Some ingredients for application to CME: J

» Chiral medium generated
by fluctuations of glasma
field.

> Strong magnetic field
produced by fast moving
charged particles.
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The chiral chemical potential: J

In massless limit and early stage approach (ns as per unit volume below):
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Figure 5: Scaling property of the chiral chemical potential.
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An ansatz of us-correlator®:

T+ T
(s (11, xT )15 (72, ¥7)) = <M§ (2 )> (2A7)0(m1 — 72)
xr—yrl . Jxr— vl 4y
XT — YT XT —¥T
X K
As i As )
.
Notes:
> The correlator is proportional to (u2).
> s is the correlation length mentioned above.
> )\, balances the dimension of §(m1 — 72), and A\; < As.
V.

8Constructed through our full numerical computation.
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The strong magnetic field: J
. o m? . e m?
70 - ,
60} a8 | onlB,] 8 £ ,a. i .
K §0F = —|Ey] - v £ ]8 5 s “
£ -~ o "
S 40 iy AR R —
z 30 - PoiPb, V5 =2.76TeV - s
g . g 1=0 .
o 20 ‘.-l...-""\‘ B .
10 ~ - e .
0 N —— : 51
0 2 4 6 8 10 12 14 " * . ‘\
b(fm) N x{rr:vl v Hml

(left)® The electromagnetic fields as functions of the impact parameter b; (right)*?
The configuration of electromagnetic fields at 7 = 0 with b = 8fm/c.

B~B,, E~xO0. (12)

8W.T. Deng, X.G. Huang, Phys.Rev.C 85, 044907 (2012).
Same strategy as in A. Bzdak, V. Skokov, Phys.Lett.B. 710.171 (2012)
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The strong magnetic field: J
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(left)® The electromagnetic fields as functions of the impact parameter b; (right)*?
The configuration of electromagnetic fields at 7 = 0 with b = 8fm/c.
1

B,(1,n) = (Bo)f(r)coshn with f(r)= m (13)

8W.T. Deng, X.G. Huang, Phys.Rev.C 85, 044907 (2012).
%Same strategy as in A. Bzdak, V. Skokov, Phys.Lett.B. 710.171 (2012)
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The Photons from Chiral Anomaly processes:

(Note: also another interesting talk of axion-photon by G. Endrddi, morning 16th.)

B

LPV

Figure 6: Schematic figure for the single photon production as a consequence of the
axial anomaly and the external magnetic field!!.

Nce2Tr(Q2) vpo C
E,D = 8/\/7’"7(26“ P AN[Fup + al/Ap]ao'o (14)

Uk, Fukushima, K. Mameda, Phys.Rev.D. 86.071501 (2012).
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Spectrum of the photon can be written as:

dN

y _qj > _ﬁ 2 _2qqu
dq30<‘(1 2@+ (1= 5@ - = Cx(q)Cy(q)' (15)

qo0

where,

G(q) = / d*xe~ T B (x)s(x), = x,y. (16)J

Then, Eq.(12) can be further simplified:

dN, . <thr(Q2)

2 7
= y 2
oy~ () - Hucan. (17)J

the spectrum of photon can be computed with help of us-correlator.
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Figure 7: The CME photon spectrum, y = 0 and 7 = 0.1fm/c!2.
y

From analysis based on the ansatz, we can read off v» from Eq.(14) directly:

2
dy 2 1+ cos2¢ 1

- B it of = . 18

1 e cos” ¢ 5 — W 5 (18)

12The paper work will be available online soon.
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SUMMARY

» Fluctuation of chiral density is large in early stage, which induces the
chiral imbalance. (see similar talk of A. Huang, morning 16th)

> The typical scale of the chiral density is closely related to the saturation
momentum.

» The photon through chiral anomaly process is computed.

OUTLOOK:

» Since the glasma simulation also provide large chiral fluctuations, it would
be another meaningful input for Hydro-evolution.

> It will be more interesting to make further improvements as well as other
applications on the ansatz of us-correlator.

v
COMMENT:
> A possible probe of CME and/or potential candidate to solve 'direct
photon puzzle'? )
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THANKS FOR YOUR ATTENTION! J

COLLABORATORS:

> M. Ruggieri, J.H. Liu, L. Oliva, K. Fukushima, X.G. Huang, H.F. Zhang

The 7th International Conference on Chirality, Vorticity and Magnetic Field in Heavy lon Collisions MORAN Jiat



Appendix for some details

[ JeJe]e]e]e]e)

Perfect Fluid
Quark Gluon Plasma — Hadronization
~1-10 fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
1~ 0.1 -1 fm/c

Event Horizon
Initial Singularity — Quantum Fluctuations
z 17~ 0-0.1 fm/c

Initial Nuclei as CGC — Coherent, High-density Gluons

Figure 8: Light cone diagram illustrating the evolution of matter produced in heavy

jon collisions!3.

13K. Fukushima et al, Nucl. Phys.A 786.107 (2007)
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Working with Fock-Schwinger gauge x™A™ + x~ At = 0, the action:

S= % / d*xtr [F ., F*], (19)

the canonical momenta are given by

E = 10:A;, (20)

E, = %BTA,,. (21)

As a consequence, the Hamiltonian density can be read as
- 1 o 2 1 o T 2
H=tr |-Ef +7E, + -F,; + 5Fij . (22)
T T

The CYM equations can be solved via

1
o E = ;D”IF”N + TDjI:ji, (23)

0-E, = “DjF. (24)
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Liénard-Wiechert Potentials: '

= (1-v?)R
F= el - f e oy

= (1-v?3)7 xR
B0 R ey 2

The Woods-Saxon distribution!?: '

x[fm]
leEl/m?

r? r=rq
P(f):PO(l'f'wfz)(l"'e = )h (27)
0

b ~ 8fm in Pb-Pb@LHC = '

g Alver, et al, arXiv:0805.4411 [nucl-ex].
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Computation of the spectrum with ansatz us-correlator: '

Working in (7,7) frame:

Ci(q)

= [dranre T [ qiuret e (e, (28)
y=0
by using the ansatz with the following definition
T(qr) =4 / drf(r) (i) ) [Ka(igrr)?. (29)

the spectrum reads:

_1, (Ncﬂ(oz)ﬂ 4m )2
yo 2 4 (1+q7A3)?

dN,,
grdqrdy

] (27,)(eBo)2Ar T (q7)

(30)
where At is the transverse area.
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T T T T
——— Prompt [PHSD 2017]
Fukushima-Mameda [2012]

Case 2, 1,=0.4 fm/c

AFTM-LHC 20-40% [Oliva et al. 2017]
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The elliptic flow of CME photon: J

The Fourier expansion:

dN, 1 dN, >
2= = [142 n - : 1
o dg® 2w qrdgrdy + ; v cos [n(¢ — Yre)] (31)

we choose Yrp = 0, and full numerical check of the elliptic flow:

0.8
=——The ansatz
= 'Full numerical
0.7
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Besides the CME photon, a potential candidate to solve 'direct photon puzzle’?J

0.35 § PHENIX-Conversion [2016] ==PHSD [2015]
: } PHENIX-Calorimeter [2016] = *PHSD+Gluon induced
0.3
0.25
’T—
A=A
N

>

0.5 1 1.5

2 25 3

a,[Gev]

Figure 9: The PHENIX measurement!® and associated v, improvement on top of
PHSD® prediction. Photon magnetic induced gluon fusion and splitting in early
stagel’.

15A. Adare, et al, (PHENIX), Phys.Rev.C 94.064901(2016).
0. Linnyk, et al, Phys.Rev.C 92.054914 (2015).
"MRJ, Huixia Li, Defu Hou, arXiv:2211.16770 [hep-ph].
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