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Motivations

Relativistic heavy ion collisions allow to look for
e Quantum effects on fluids (Polarization and thermal vorticity)
e Local parity violation in QCD (via the Chiral Magnetic Effect)
Measurable effects of axial chemical potential?

Energy of CME
gluon field
j= HAp
nstanton “ 27T
Observables:

In QCD plasma, e Charge separation
sphalerons are . .
abundant and induce R 2N o CME & ehClty [inch and
the quark chirality aﬂjx(x) _ 16 ;’Fa F;w Murray, Phys.Rev.C 96 (2017)]

non-conservation
[K. Fukushima, D. E. Kharzeev and H. J. Warringa, Phys.Rev.D 78 (2008)]

[Shi et al., PRL (2020)] [D. E. Kharzeev and J. Liao, nature rev. phys. (2020)]
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Relativistic heavy ion collisions allow to look for
o Quantum effects on fluids (Polarization and thermal vorticity)
o Local parity violation in QCD (via the Chiral Magnetic Effect)
Measurable effects of axial chemical potential?

Energy of CME
gluon field
; i=5B
instanton — 2
Observables:

In QCD plasma, e Charge separation
sphalerons are ..

Use Lambda helicity correlations to reveal local parity violation,
a probe which is independent of the Elctro-Magnetic field

[F.Becattini, MB, A. Palermo, G. Prokhorov Phys. Lett. B (2021) 822, 136706]
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for spin polarization of massless fermions induced by (a see

[Y. C. Liu, K. Mameda and X. G. Huang, Chin.Phys.C 44 (2020) 2002.03753 ]
[S. Shi, C. Gale and S. Jeon, Phys. Rev. C 103 (2021) 2008.08618]

[J. H. Gao, Phys. Rev. D 104 (2021) 2105.08293]
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(a sign fluctuates on an event by event bais
Average over multiple events

((5"(p)) = ((SE(P))) + ((Sg (p))) + LS IT]
((Ca)) =0 ({GA)) #0




Polarization formula for a fermion

Given the density matrix p
o Wigner function

d*y

(2m)*

Wi(z,p)ap = Q(po)ﬂ(pQ)/ e PV tr [p: Up(z+y/2)Valz —y/2)

e Spin vector

_ 1[5 dSptr [y’ W (z, p)]
2 JgdX - ptr[Wi(z,p)]

In a nuclear collision ¥ is the freeze-out hypersurface

S*(p)
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eq

ST~ ad) = Jam(T, = caik) + fao(T0u0 ~Kouca ~Ca0,35)

1 ~ -
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P =~ PLE Zie exXp [ /zdzﬂ <T By CAJA>]

[Becattini, MB, Grossi, Particles 2 (2019) 2, 197-207; 1902.01089 ]




Hydrodynamic limit

At Local therm. eq. and by neglecting dissipative terms:

= |- [ 45,00 (P50 - G0REW) |

W (w,p) =tx [5 W(z,p)]

Slowly varying = Taylor expansion

Buly) = 31/(“/')""‘% [0uBu () = B Bu(2)](y— x)’“r 048 () + 00 Pu(@)](y—2)"+- -

Thermal vorticity w Thermal shear &
R 1 1 oy -~
OLE =~ exp |—[((z) - P+ —w0 (T )J dX,Cag’
Zix 2 >

P is the total four-momentum
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In nuclear collisions (4 is supposed to be small

(Wi (2, p))iw = (Wi (2, 0)) s + AW, (2, p)

1
AW, (z,p) = EdngA /0 dz(W,(z,p)ia(y +128))cpw)

~ o~ ~ ~

()5 = tr [exp[-B() - PIO] (0102, = (6:05) — (01)(0)



Hadronic axial current

° }Z is the color singlet axial current

@ Decompose it on the multi-hadronic Hilbert space

[S. Weinberg, The Quantum theory of fields. Vol. 1]
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o (Wh 351)0,5 — contribution from the same species h

@ predominant contribution: N =
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Form factors Ga1 and G a2 depend on the flavour-space transformation properties of

the axial current
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Helicity: h(p) = So(p) - P

o (p) = 9 P12 Cane (1 — n)
P 2 € fde'PnF

A special case:
@ (a is almost constant
] (]. — nF) ~1

9n |P A gn |P
SO’X2§|8_| AP hxﬁ | | A



Search for local parity violation

Signature of axial imbalance
Linear effect:  Sg, = hy(pP) P hy(P) o Ca

Problem: Over many events, the axial chemical potential averages to zero:

((Ca)) =0

Search for parity breaking terms
o Average of the square: (((3)) # 0
o Look for parity breaking terms in the helicity

Matteo Buzzegoli (iastate) Helicity and local parity violation 02 Nov. 2021 11/17



Symmetries: Parity P and Rotation R;(7)
— also sym. of freeze-out surface
P in momentum space: p — —p

NO AXIAL CHARGE AXIAL CHARGE

p is P invariant, then p is not P invariant, then
Helicity is a pseudoscalar hp Helicity has a scalar part: hg

h(—p) = —h(p) hs(=p) = hs(p)

hy(p) is a scalar




Model independent analysis

Consider particles emitted at midrapidity,
i.e. transverse momentum (p, = 0): p — (pr, ¢)

hs(+)
10

h = hp + hg 05 & %
From rotational symmetry ¢ — m — ¢ |
and reflection properties ¢ — 7 + ¢: s % R
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Figure is for illustration, not actual predictions

Local parity violation Si(pr) # 0
Global parity conservation ({(Sk(pr))) =0
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Helicity-helicity correlator

B (AG)) — correlator between two hyperons emitted in the same
(h1h2(Ad)) = (yent with angles ¢ and ¢ + A¢

1
(hih2(A9)) = N /d2pT1d2pT2n(pT1,pT2)5(¢2 —¢1—AP) x hi(pr1)ha2(Pr2)
hs+) ho
1.0 1.0
0.5 & 0.5 o
™
< 0.0 < 0.0 ™
-0.5 & -05 [ ‘ V‘;'S»/’F’\
00 05 00 05 10 o . ; ”,{\\ (&0 k%y\u
pe P .
hs(-) % u%
1.0 l 1.0 2
— & 05
< 00 0 P1=1/5
So(+)=£1/8
. & |-0-5 SIS, Local parity violation — Positive
R e -1.0 correlation at large angles

E.g. at A¢p = m same sign of hy and hs
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From leading harmonics — Sy, Py = transverse momentum average

1 27 _ _ _ 1 _
(hiha(Ag)) = o— / d¢ (55 + Pj sin® ¢ cos Ag) = 5§ + 5PO2 cos A¢
0
<i{')dh2>>
— Local Parity
0.5 Violation

— No L | Parit
\\ // Ad o Local Parity

Violation

Figure is for illustration, not actual predictions

A constant term in ((h1ha(Ag)))




Conclusions

@ Spin as a probe of axial chemical potential

measuring polarization of e.g. A hyperons

e Search for parity breaking terms in the helicity azimuthal dependence

Independent of magnetic field (Complementary to CME)

Local parity violation in relativistic nuclear collisions can be detected by

Outlook

o Numerical simulations based on hydro codes including axial current

generation
" gn J5 d¥ - p Canr (1 — np) ep” — m2#"
SX (p) ==
2 JsdX - pngp me
Eent by event chiral hydrodynamic codes: [Shi et al, Annals Phys. 394 (2018); Shi et al, PRL 125 (2020)]
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Thanks for the attention!
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Backup
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From Glasma models
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Anomalous Viscous Fluid dynamics simulations
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The simulations gives [J. Liao]:

-2 Had Had —2
CA,at hadronization ~ 1077, ,U/Aa ~ T % 107% ~ 1,5 MeV



Wigner function

First order correction on axial imbalance

(W (z,p))Le ~ (Wi (2,0))s() + / d%,Ca / dz (W (2,0)75 (y + i28))e ()

using the normal mode expansion of the Dirac field and standard thermal field
theory techniques

(W (2,0 ey =t P 502 — )0 (po ) ()

(27)
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First order correction on axial imbalance
le dS - ptr [P AW, ]
2 fudspor [(7)]

o= for [ i [ 52280 - 45°)

x / A%, (y) Caly)el =+ ><w-y>nF(k>(1 — np(k'))e*FRIB e (1 1)
>
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Hydrodynamic approximation

o Integral in S¥(p) decays on microscopic
length scales

@ (4 varies on longer length scales, in the
hydrodynamic picture

/dzﬂ(y) Caly)eF=FIE=) o~ ¢y () /dEp(y) el(k=k") (z—y)
= )

=Ca(z) / A%, (y) e F=F@=w) o ¢y () / S, (y) elt=+)@=v)
o+ =

B

_ i(k_kl)pCA(x) /d4y ei(k—k-’)(;c—y)

Qp

~(a(2)t,(2m)%0% (k — k')

in the center-of-mass frame: fp = 52
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