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Intersection of nuclear structure and high-energy nuclear collisions

Isobar Run:
Motivation and Outcome
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OUTLINE

1. Chiral Magnetic Effect (CME)
2. Measuring CME — the background issue

3. Motivation for the isobar run
4. Outcome from the isobar run

5. Byproduct — turn bad into good



.

4 o

n

.

n

€

(]

t
n

_ ait

ua

th eq

n

d

< W e
£ o s
» . s
L L o
N Ve
. CES C Y
’ - :
R S g
. v -
V. o : .
. B P -
- v > ¢
e [ = “14
2 S
v A
fad -
- . 2 ¢ *
“ P ..
. 4 -




MATTERNTIMATTER ASYMMETRY

AWhy? How?

ASakharov’s three conditions —JETP Lett. 5 (1967) 24
0 Baryon number violation
0 Non-equilibrium

0 CP violation (physical laws governing matter and
antimatter differ)




CP VIOLATION
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C violation not enough as sum of the
left sides (matter) can still equal to
sum of the right sides (antimatter).

Need additionally CP violation.
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Somehow our universe preferred matter over antimatter, and left over right.
Something must have happened in the early universe that favored matter over anti-matter.
All anti-matter is annihilated with matter, with tiny matter excess (10°719) that makes up today’s universe.



THEg cVACCUM

quarks quark-gluon
interactions

PHYSICAL REVIEW D VOLUME 14, NUMBER 12 1S DECEMBER 1976

Computation of the quantum effects due to a four-dimensional pseudoparticle*

G. ’t Hooft"
Physics Laboratories, Harvard University, Cambridge, Massachusetts 02138
(Received 28 June 1976)

A detailed quantitative calculation is carried out of the tunneling process described by the Belavin-Polyakov-
Schwarz-Tyupkin field configuration. A certain chiral symmetry is violated as a consequence of the Adler-
Bell-Jackiw anomaly. The collective motions of the pseudoparticle and all contributions from single loops of

scalar, spinor, and vector fields are taken into account. The result is an effective interaction Lagrangian for
the spinors.

a ~
1 + sGa Gm;
”’*". Tgp 7

ﬁtHooft vacuum\

quarks :%(EZ -BZ) _ qi E

gluons K b /

Gluon
pseudoscalar
density

Explicitly breaks CP symmetry

E: C-odd, P-odd, T-even
B: C-odd, P-even, T-odd

B, Classical analogy B

At EB # 0, particle number for a
""""" ) given chirality is not conserved
guantum mechanically (Adler-
Bell-Jackiw anomaly, 1969)

. A. ~ ~
Left-handed Right-handed QN = i rﬁ/??nG rgrd, dt

Topological charge Q,, appreciably nonzero at high temperature
Fluctuating vacuum domains in the early universe: N.-N, =Q,, #0




THEg cVACCUNS TOPOLOGICAL

ﬁtHooft vacuum\

a ~
q8p mn a

Topological charge (quantum number): A= a ] g '% V=0 41 42...
a. ~ ~

QN =— rﬁ/é;mG IZH dt
8p Contributions from v # 0 breaks the U(1), symmetry

N C N, = Q/V QCD vacuum fluctuation A Chiral anomaly A
R L Topological gluon field A Chirality imbalance

CS winding number: N.. =N =
& S QW https://www.yottube!com/watch?v=)3xLuZNKhlY

topological
gluon field

quarks

" Simulation by

Derek Leinweber




CHIRAL MAGNETIC EFFECT

L-R balanced, chaotic L-R imbalanced, chaotic
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CHIRAL MAGNETIC EFFECT

L-R balanced, chaotic L-R imbalanced, chaotic L-R imbalanced, aligned
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How strong is the needed magnetic field? E= ¢ E .
Charge Separation

Want the Landau energy gap >> thermal momentum ~1 GeV

FE:%@E {pE eBY’E ¢ ¢ eB~ 2mE/7 ~ 28 5MeV 31GeV~ 16 MeV 0.5§~ 16

E,=(n 4/2)aw, (wherew ¢B /m oGeV] =0.38r[Tm] V1T £C8V _ 1GeV  1GeOMeV . o0y 0\p

03m 0.3 16 fm 1.5 18 10
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STRONG MAGNETIC FIELD & CME
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McLerran, Skokov, -
'\\N PA 929 (2014) 184
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How large should the CME be
A matter-antimatter asymmetry?

a; (%)

(73 105 Y

1.0¢

0.5+

0.0

-0.5¢

-1.0¢t

100 2018 & 406y

Shi et al., Annals Phys 394 (2018) 50

~ Qi (Wpf?ubeTU) \/m

2
T —
< .5> 1672 Aovertap

nn=n, -n, n/s~10%

Au+Au 200 GeV
30-60%

~15

10 -5 0 5 10 15
ns /s (%)
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CME IN CONDENSED MATTER

Weyl semimetal

Pumping

(nonrdegenerated bands) / \
é s g

Nonzero chiral chemical potential:

— —

m m- ymEB

e2

2

2p

CME current: J.. =—= B "B

S.Y. Xu, et al., Science 349 (2015) 613-617
B.Q. Lv, et al., Phys. Rev. X 5 (2015) 031013
X. Huang, et al., Phys. Rev. X 5 (2015) 031023
Qiang Li et al., Nat. Phys. 12 (2016) 550

2-0- (b) 0.04f3

Small cusps at very
low field are due to the
weak antocalization

Quadratic field dependence of the megmdtctance
atB//lis a clear indication of the CME

Man-made chiral asymmetry + Magnetic field
(and magnetic moment) A CME must result

12



CHIRAL MAGNETIC EFFECT (CME)

The strong interaction /tHooft vacuum)  to solve the U(1),

, problem (1976)
Loep = —- ) it G2G™
QCD ( | Y 4 q ,0 E: C-odd, P-odd, T-even
q

B: C-odd, P- T-odd
quarks quark_g|uon quarks :%(Eaz _Bza) i_, N odaq, P-even, -0
IEEIEeE sluons  \____ 2P " ) Explicitly breaks CP

Early universe ultraviolet q° 1 ?? >> current infrared q° 0

Kharzeev, et al. NPA 803 (2008) 227

n; g 1

[——

-Z
Reaction /-.

plane B
(¥ \/

X (defines ¥y)

QCD vacuum fluctuation, chiral anomaly, topological gluon field Chiral Magnetic Effect (CME)

Discovery of the CME would imply: Chiral symmetry restoration (current-quark DOF & deconfinement);
UA(1) chiral anomaly; Local P/CP violation that may solve the strong CP problem (matter-antimatter asymnetry)




MEASURING CMIithe background issue

Geneva, Switzerland™

High energy machines to collide heavy ions
to recreate the early universe
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THED CORRELATOR

Look for charge separation

pt. P’

RP

Voloshin, PRC 2004

9, ,=(COS(/,* J, 2 wef)
g, + + <0
Dg = (gposite-sign B sgw-sign O

g.. .20

STARPRL 2009, PRO10

%107
LERE RS T s e Tkl S
i N STAR, 200 GeV ]
L —=@— same charge, AuAu -
—#— opp charge, AuAu
i —&— same charge, CuCu | ]|
05 '{;n% —=— opp charge, CuCu ]

% Most Central

Significant signal
D g-5x10*
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& s 5 Au+Au z'bo‘“'eey -
BACKGROUND)CORRELATORE:.- | =
? .................. L, S g zi ...... -
Voloshin 2004; FW 2009; Bzdak, Koch, Liao 2010; Pratt, Schlichting 2010; ... o-sz g ]
.1E | LQJ::',’?’
ga b_ <COS(/8 + -/b 2 Ry)> CME 80 ™ e 50 o 30/IIIZ((>)stc1entral
CME + mom. conserv. (charge-indep.)
+ mom. conserv. + charge conserv. (charge-dep.)
(charge-indep. Bkgd)
CME
OS
OS Fs0 f
— 0s ~_
sS [ <0 Use OS-SS /\Mlguo
SS _ SS
Dg =& - sd

dN./d/ ~ 1+2ycosj. #a. sidj. 2+ cos2/.

. . . . . . . N el o . S\
0,0 =§e0s(/ - )OS -} (SN0 of o N Jog)) Qe cOS( s J ol VDS o
L | a b

(
f / Y

Y

(Vi 0V 5)° 0 CME: (a,a,) charge-indep. + charge-dep. »



BACKGROUNDDNCORRELATOR

Voloshin2004; FW 2009Bzdak Koch, Liao 2010; Prag&chlichtingt n mn T X

dN./d/ ~ 1+2ycos/ +a sD/ 2tcos2;

9s5=(COS(/ .+ Jy 2 o)

9. ,=§cos(/,- #)cos( 4 -w) (SIN( ./ & WIN( 5 Jrs)

Dg =& -s¢ +gm<c05fa 2 diser )COS(2 fser 2 ) 8
y SN, N, y
1 48019 . N . . ,
/\/1 = g<vl,a 4 b> -<a gl >b gﬁ<cosf e b2 duster )> VS cluster
a b
ol Ny T
L . Dy 2(af) [+=1(cosi ¥ 2-Jv
; / a b

Flow-induced charge-dependent background:
nonflow coupled with flow

Dy, “V./ N
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BACKGROUND IS LARGE. ..o

Effects of cluster particle correlations on local parity violation observables

Fugiang Wang
Department of Physics, Purdue University, 525 Northwestern Avenue, West Lafayette, Indiana 47907, USA
(Received 20 November 2009; revised manuscript received 15 April 2010; published 7 June 2010)

We investigate effects of cluster particle correlations on two- and three-particle azimuth correlator observables
sensitive to local strong parity violation. We use two-particle angular correlation measurements as inputs and
estimate the magnitudes of the effects with straightforward assumptions. We found that the measurements
of the azimuth correlator observables in the STAR experiment can be entirely accounted for by cluster particle
correlations together with a reasonable range of cluster anisotropy in nonperipheral collisions. Our result suggests
that new physics, such as local strong parity violation, may not be required to explain the correlator data.

DOI: 10.1103/PhysRevC.81.064902 PACS number(s): 25.75.Gz, 25.75.Ld

Schlichting, Pratt, PRC 83 (2011) 014913

Bzdak, Koch, Liao, PRC 81 (2010) 031901(R)

M2 (Yos = Yss)

STAR —e— ' ' — T

0.04 BlastWave (0¢=0) ——i 7 Same Charge o <Sin(,) Sin(,) >
N 0.5 (a) a < ("m(oul("os{muj =1
0.03 | - — Vs 3 » E L |

Dg, cos(f +,/ 2 ils -

Bkg N N E R Y
0.02 f L a b = | .- ° |
0.5 2 - 1

0.01 f 1 2 O 6 O | TR T NI .
70 60 50 40 30 20 10 0

20/]-OO x . 5 x ° 1 Centrality (%)

oF % ol 7 4 : L) s L‘l e [ S" .:SI (0 :
v ol v S X ennnt - pposite Charge s < Sin(o ) Sin(o,) > ]

v W, v 2 2s -~ 10 (b) o < (‘osub")(‘ns(\“zl,i >

N e 1.5 &
001 | M L s R g |-
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STATISITICAL EVSNAPENGINEERING

STAR, PRC 89 (2014) 044908

C,,N, V,,V
=|=2p 2p "2,2p " 2¢

g 2()

N2

Still has residual background,
because background ~v, notv,

FW JieZhao, PRC 95 (2017) 05190Q1(

) 10°

8 1__ I I

© C 20-40% Au+Au 200 GeV
o o -
+ = << C A
C 5 oSt o
S o = - y
— 4 C &
E™ o o Akt
- s
— 3 - '
ol n -0.5r T
v S <« - {‘ — 1.3”%10“&3.2*%10‘%;“*/
v & 3 y3/ ndf = 11713
o '1_ I ] 1 1 1 1 1 ] /I [

-0.2 0 /
bs _ -

/ vy™® = (cos2(o wEP}} [U.15c.pT< GeV/c)
Primarily stat. Event-by-evept v, technique
fluctuations (run18)

E 0.001 % ‘%’
E i ﬂ
< =

Fint | dz 6 {
ﬁ 0.15

Vor ‘

1

1! wo X

H

C3IO N*Sp
2N\,

(b)

0.2f

oF-------

Lf2 i ndf 9271 /08

:
0.2k 1[p0  0.021%0.000 |}
'[Pt 1.023+0002
[ |
-0.2 0 0.2
V2,n,ebye

A Engineering on stat.
fluctuations

ABackground
suppressed, but not
totally eliminated

A LHC does not have this
issue as v, selection in

different phase space
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DYNAMICAL EVESHAPIENGINEERING

Schukraft Timmins, Voloshin, PLB 719 (2013) 394 vV C |\| V2 vazp CSpNB

Cent. 40-45% T Cent. 45-50%7

2cMB | p
Dg —2<a1 > 2 . 3.7
N V. 2N°V,
. 2.C 2,c 2,
ESE displaced from ALICE, PLB 777 (2018) 151 CMS, PRC 97 (2018) 044912
a, phbse space | [E50-60% ALICE Preliminary Pbpb?gﬂe" 1 - cls|
0.1 [©4050% Pb-Pb | s, = 2.76 TeV + 3, z_lﬁnl ) i
V | 30-40% 02<p <50GeVic _ |o a8 ¢ + = i 1 ]
2,1 | W2030% Ml <0.8 . "J#,l # { ° Cent. 30-35%1 Cent. 35-40%
i = 10-20% J ‘] | 0 | , |
0 5-10% '
oos| Wos | | ‘!T ' i

( cos((pa +Q, - 2¥,) )*dN/dn (opp - same)

el s e E 1 i
1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 g ’ - | 4

0 002 004 006 008 01 012 F | - ]
V2 I]_ Cent. 50-60% Cent. 60-70% 1

V2 p o 0 005 __ 01 _ 015) 005 015
_ ’ More sophisticated (model-dep.) Vol <2.4) Vil <24
final state assumption of B dependence on v2 Assume CME does not depend
within a given centrality on v, within a given centrality
Upper limit 26% Upper limit 7%

Promising way to extract possible CME signal. Will need to assess nonflow effects
20



THE INVARIANT MASS DEPENDENCE

Zhao, Li, Wandzur.Phys.J. 7@ 2019)168
STAR, PRC 1@®22 034908, arXiv:2006.05035
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0.005
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0.0001

AY = Vos ™ Vss

- (@ 20-50% Au+Au |5, = 200 GeV
K3

nt [ 0.2-0.8 GeV/c

fO

0.0003f

0.0002}

Sub-event method
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0.0004}
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g 2(a) %

- (2) 20-50% Au+Au |'s,,, = 200 Ge
4 —— A large q,
I —— B: small q,
- <=:$W¢%¢‘*¢ . Sub-event method
‘%’Q ﬁ +¢¢ N :.,s
390 T oes ¢ 6
H{##*mﬁggwiiﬁ A ) =
. . D, af ¢
(b) ™ p;:02-08GeVic
——No q, cut
' - A-B
' J
‘#‘g % m *’. o I
?%’ ¥++¢¢+?“a fe 4 *
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04 06 038 1 1.2 14 16
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m,,, (GeV/c?)

2,.C

0.2

0.1

CME fraction =
CME upper limit 15% at 95% CL

N2

*

e
vV, 2NV,

,C

DgB =*K [y (:H_ k)_ sig!

X107
- 20-50% Au+Au |s,,, = 200 GeV
n* pT:O.2-O.8 GeVic +

Sub-event method

0.4 - 0.6 GeV/c?
o 0.6-1.0GeV/c?
= >1.0GeV/c

x2indf  64.7/45
k 0.41:0.03

| AYggnal(2.7+6.3)x10°°
|

0.4 0.6
AyA

C T ULU%
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LARGE SIGNALS ALSO IN SMALL SYSTEM:

CMS, PRL 118 (2017) 122301 STAR, PLB 798 (2019) 134975

PbPb centrality (%)

<1073 65 55 45 35 . L : :
T T T T
0.5 \Spyn=5.02 TeV cMS _| 0.01 /s, = 200 GeV 0s ss .
- o e pt+Au .
- SsS 0Os - .
- e m pPb, 6 (Pb-going) = Ooom  d*Au
3 i [}‘ - " e i - o e  Au+Au(Y2004) A
= i e = PbPb | : Au+Au (Y2007) |
o oo - —_ 0 0.005}F - +Au  d+Au =
= O ﬁ—t = p
Y - - ol 5 5" o i F e NGB, N, e e Anin v2{2}: 0 -
%@_ | & O | . . [ An |n V2{2} 05 i
s i o | — — Aninv.{2}:1.04
= I & ] - e ANin v {2} 1.4 ]
8 + o © o
(o] —0.5 ® O — U‘__________ s ———
e z® - e LT i . - e
[ F #®° | R
I1 52 | | | 1 1 1 | I1 (l]s 10 -102
offline
Ntrk chhfdn
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When background is large, comparative measurements are often the
best and the most robust.

ASpectator Plane (SP) vs. Participant Plane (PP)
0 Pro: within the same event, physics guaranteed to be identical
0 Con: SP measured by ZDC, with poor EP resolution

ARu+RuU vs. Zr+Zr
O Pro: both measured by TPC, with good EP resolution
0 Con: collision systems are not identical
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ISOBAR S/B ESTIMATES

sq

B

Ry - R_, = (1-bg)(R

o
—

0.05

Deng et al. PHYSICAL REVIEW C 94, 041901(R) (2016)

2B X

s : —1
.. projection with }Gdﬁ events |

—1

—case 1 4

--case 2

'Sy = 200 GeV
20 -

N B (o))
Significance

o

60% o | %

0

’
-
’
]
’
L &
/3
fr
oy
© [

!
50

S N A OO

Background level (%)

/

d(D g °

Back-of-envelop:
212 5k L eg poe
J(No,72)° New Ree

/ J

°©0.7B R,°0.5
0 D evt P .
Nooi * 160 J (20-50%)

Precision d(D §7 Q/é 0.4%
onRu/Zr:  Dg °3 30* '

Statistical uncertainty = 0.4%

If isobar f,,:=10%, then signal = 15%*10% = 1.5%

Ru/Zr = 1.015 £ 0.004 A 4s effect
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ISOBAR Run Outcome

Search for the Chiral Magnetic Effect with Isobar Collisions at VS = 200 GeV by the STAR Collaboration at RHIC,
arXiv:2109.00131, Phys. Rev. 05 (2022) 014901

Press release: https://www.bnl.gov/newsroom/news.php?a=119062

1.02 |  STAR Isobar post-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% i
STARPhys.Rev.@05 (2022) 014901
1 — = —m = = = 0 = m - e e e e e e e e e = = F = = = =
Dgv, o i -
g 0.98 =S D )
" LY 4 7 -

096 T S e . o o

0-94 1 \l‘ﬁ 5 I“‘> S IQ OI 1 1 . I.;: o |Qf\ \k.q/ |an’ - |-7 . ‘LI Qb 3 |be “Q‘QI,

Q*‘ge@ 0«‘2 S R R S QQ?@" Q«Q S T RIS ‘@‘@

&:ﬁf” ‘\‘3'ge \‘@ S 5@‘% @%\Q) A \s@% Q ,«3."5? N

AN W W ,\{\ AN *\"*\m \@D
NGNS Tt O e

Precision of 0.4% is indeed achieved!
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https://arxiv.org/abs/2109.00131
https://www.bnl.gov/newsroom/news.php?a=119062

Ratio (Ay/vo)

Ratio (Ay/v,)

ISO BAR DAmQIZ STARPhys.Rev.005 (2022014901 arXiv 2109.00131

104 [ STAR Isobar bina anayes e ceocev 1 BUt results all below unity: trivial multiplicity dilution effect

Y s
096 | %& ’F“ 4* e g | AYbkgd = (cos(Oa + @5 — 2@21))
[ ¢ \ ) -
0.92 ? RU+RU / Zr+7Zr ceunsii (5) STAR Isobar blind analysis
= Group-1 (EP) VI T 00 |71 e 200 G -

088 L FUull-TPC (g g cl<1) -e Group-2 (3PC) _ 050 |- |

0.2< pr <2 GeVie -4~ Group-3 (3PC) \ """""""""""""""""" .y ., | Centrality defined C

: | : | | : : 105 F ° . |
1.04 [ ] ) - by Nch o

1ot ® 1
roe L 1

L e ¥ Pt ety Jﬁ i ® I cH & RuzRu
. . L m +
#} %‘E 108 | 1A //,0 50 m 8 72

(o )

offline
< Ntrk >
g

oitsA

o]

0.96 %* [é”+ 1 Le \J//V :Oeq, op> - . o

ﬁ UIS | yn+gn | si+st - HI10 1 f&f/b 1.12 | Ru+Ru/ Zr+Zr % Ratio _

0.92 - Ru+Ru/ Zr+Zr 7 ~ | | | | | | | 1.1 - ° B

TPC sub-event (An. ,=02) . Group-2 (SE) 08 i
L sub-event (Ang,,=Y. Group-3 (SE) | =} L o) ; |
0.88 0.2< pr < 2 GeV/c e Group-4 (SE) T 106 ¢ e ° * 4.4% differgnt!

1 | 1 | | 1 1 1.04 - L 4

8 70 60 50 40 30 20 10 0O D follows closely with N 1.02 - * .
Centrality (%) @/2 Y ch I ® o
o o ND woul r 0.98 T
Indeed 0.4% precision! @v, would be bette © 70 6 @ o % @ 10 o0

Centrality (%)
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ISOBARS ARPTIDENTICAL

Multiplicities differ by 4.4%!

Predicted by DFT: Haojie Xu et al. PRI21(2018) 022301
HanlinLiet al. PR®8(2018) 054907

Halo-type e ar R
r gl YexXpe—
e ¢ a
STAR Isobar blind analysis
10 VS = 200 GeV

Larger charge radius Smaller charge radius
Little neutron skin  Thicker neutron skin

6 | Ru
Data
-~ Glauber Case-2 (y/ndf=2.22)

| — Glauber Case-3 (y%/ndf=2.19)

N

EI"‘ficiency unlcorrected t}acks
(Inl<0.5)

Overall size: Ru< Zr
A Larger energy density in Ru > Zr 107 r
A Larger multiplicity in Ru > Zr e

Zr+Zr
— Data

—— Glauber Case-2 (x%/ndf=2.22)
— Glauber Case-3 (x%/ndf=2.19)

100

200 300 400
offline
Ntrk

Ratio

AMPT-SM

=T
L

1 | 1
200

1 | 1
300

Nqp, (Inl<0.5)

ettt
1.1 F TPC uncorrected tracks (|n|<0.5)

1.05

0.95

0.9

Isobar data

Ru+Ru/Zr+Zr
- Data
= Glauber Case-3

200 300

offline
Ntrk

100




ISOBARS ARDPTIDENTICAL

o 11} A 5z | | Ru-li-?gé(zll%-i-ir}_
v, differ by 2-3%! © o g & @
Predicted by DFT: Haojie Xu et al. PRI21(2018) 022301 > ! i $
HanlinLiet al. PR®8(2018) 054907 é Ty T-----Ils-obar--lda-tla---- pY
80 0 60 50 40 30 20 10 0
Halo-type Centrality (%)

Nuclear deformity:

Deng et al. PRC 92016)041901(R

Zhang & Jia, PRL 128 (2022) 022301
0_3; = Esq{‘l:;l‘ L Vz{wEP} : - - - - - - -

Larger charge radius  Smaller charge radius [ ©Bsafvget © Val¥gel

Little neutron skin  Thicker neutron skin 0_2_—-\'!*,_/./F

R(X)

4No ..g;
AYpkgd = ng (cos(Pa + ¢ — 202p)) V2.2p
40 30 20 10 O

Normalize by v, and N A ND gy, —— 80 70 60 50 4
Contrality (%) Centrality (%)

Note centrality axis flip
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ISOBAR RESULTS

1.02 |  STAR Isobar post-blind analysis, Vsyy = 200 GeV, Ru+Ru/Zr+Zr, 20-50% i
STARPhys.Rev.@05 (2022) 014901
1 -
Dgv, o . o ?
LT 098¢ == 4] N 1 = Nos
= = S ) I R i e s -
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A Primary reason is mult. difference
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REMAINING NONFLOW EFF evevicuens sman: awa022, sawrzo22

Feng, FW, et al., PRG5 (2022024913, arXiv:2106.15595
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SPECTATOR & PARTICIPANT PLANES

Hj. Xu, FW, et alCPC 42 (2018) 0841G8Xiv:1710.07265 1 :2<a12>v2,m5 CooNop Voo Cyp Ny,
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INTRA-EVENT “CME-v, FILTER”
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Au+AuCollisions at 200 GeV (2.4B MB)

STAR, PRL 1£8)22)092301, arXiv:2106.09243
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A Peripheral 50-80% collisions: consistent-with-zero signal with relatively large errors
A Mid-central 20-50% collisions: indication of finite CME signal with 1-3s significance

A How much is there remaining nonflow contamination?
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IMPLICATIONS AO+AUDATA

STAR, PRL 1£8)22)092301, arXiv:2106.09243

Feng, FW, et al., PRC 105 (2022) 02483y:2106.15595
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There may indeed be hint of CME in the Au+Au data
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Ay

ISOBAR SIGNAL MAY BE EXPECTED SMAL

Feng,Lin, Zhao & FWRLB 820 (2021) 136549, arXiv:2103.10378

AVFD simulations in preparation for isobar blind analysis
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Background =~ 1/N Mag. field B ~ A/A%/3 ~ AL/3 Could be x3 reduction in ., at the same n./s
isobar/AuAu ~ 2 D gy ~ B2~ A%3 If AuAu f,,:=10%, then isobar 3% (1s effect)

Signal: AuAu/isobar ~ 1.5 Ru/Zr =1+ 15%*3% = 1.005 (+0.004)

Caveats: Axial charge densities and sphaleron transition probabilities could be different

between Au+Au and isobar, e.g. AVFD-glasma m/s: isobar/AuAu ~ 1.5
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ISOBARB/B ESTIMATES

Voloshln PR1_05(2010) 172301 Feng,Lin, Zhao & FWPLB 820 (2021) 136549, arXiv:2103.10378
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D g B, differ by 15% between isobars

If CME signal in isobar ~ Au+Au ~ 10%,
thenD /D §-1~1.5%.
With 0.4% uncertainty, ~4s effect

If CME signal in isobar is x3 small

than in Au+Au, then ~1s effect
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H BYPRODUCF3urn bad into good

AUse isobar collisions to probe nuclear structure



ISOBAR BYPRODUGYMMETRY ENERGY

A Nearly identical nuclei

A Exquisitely matched running conditions,
frequently alternating beam species

A Well controlled systematics, largely canceled

Slope parameter: [ = [.(p) =3p [

Halo-neutron Larger L, harder EOS L(p
Smaller d to lower E
Smaller r, larger Dr 03

Larger charge radius Smaller charge radius
Little neutron skin Thicker neutron skin

\ )
|

Overall size: Ru < Zr
A Larger energy density in Ru > Zr
A Larger multiplicity in Ru > Zr

Relativistic heavy-ion collisions 0.
can probe the symmetry energy!

Brown, PRC 85, 5296 (2000’ &
Furnstah] NPA 706, 85 (2002) s

RocaMazaet al., PRL 106, < 0.2

252501 (2011)

0.15f

25k

pn_pp_

E(p,8) = E(p)+E . (p)8*+0@6Y; p=p,+p; 8= ;

P
dEg,(p)
dp

] p=po saturation density

dEgym(p)

c) = 3pc dp

p=p.=0.11py/0.16

T T T T T T

[ = Linear Fit, r=0.979 2
[ o Nonrelativistic models ®
¢ Relativistic models

............................................

0o 50 100 1%

38



ISOBAR BYPRODUGYMMETRY ENERGY
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NETCHARGE IN GRAZING ISOBAR COLLISI

40Zr

Larger neutron skin of colliding nuclei  Haojie Xu etal., PRC 105, L011901 (2022)
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More nn collisions in grazing impact Superimposition assumption:
Fewer participant charges Groptal(l — a)
Smaller net-charge at mid-rapidity R(AQ) = /(]
Gzy7, /(1 — )
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SUMMARY

ACME is a fundamental physics in QCD and the Standard Model;
may be pertinent to left/right, matter/antimatter asymmetry

Alsobar collisions have been a powerful tool, but background is too
large that statistics aren’t enough to make a decisive conclusion.
Not a contradiction to Au+Au where a ~2S effect is observed.

ASomewhat unexpected but pleasant byproduct: high sensitivity to
nuclear structure
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