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eficTBuTEILHO, JTOKAJILHYIO YIJIOBYIO CKOPOCTL (1,
MOZKHO OIIEHUTb, T0oJ1arasi, YTo CKOPOCTh MEHsIeTCsT Ha Be-
JUYUHY TIOPSIKa CKOPOCTH CBeTa ¢ Ha MacITadax, cooT-
BETCTBYIONUX pa3mMepy saiapa [ 4. Ee ornomenne K yrio-
BOIl ckopocTH Bpamenus 3emun (6.8) ymobno mpeacra-
BUTH B BuUjie

Q) c T
Hrot = —— 2

. C'T@
we Ra 27

1
2w RA

~10°7  (10.1)

OTHONICHHUS] CBETOBBIX CYTOK (pPacCTOSIHHSI, IIPOXOIMOTO
CBETOM 3a BpeMs 00opora 3eMiim BOKpYT cBoeit ocu Ty,
" TpuMepHO B 150 pas IIpeBLINTAIONIero ee pacCTOSHUE 10
Coutiia) u pasmepa siapa.

OnenKy A5 YCKOPEHHWS MOYKHO CBSI3aTh € OIEHKOI
JIJIsl YTJIOBOM CKOPOCTH, TIOMHOXKUB U pa3/leJINB OUYeBU/JI-
HOe BhIpaskKeHue 1j1si Hee Ha T /27:

Tace =

c c 2me
130

el 10.2
Ra gs JENES (10-2)

HonomauTtensuetii dpakTop ~ 2000 mporopinoHaeH OT-
HOIIIEHUIO CKOPOCTH CBeTa K CKOPOCTH, IpHoOpeTaeMoil B
TeueHWe CYTOK IIPU JBUZKEHUH ¢ YCKOPEHUEM (g.


https://arxiv.org/abs/2204.00427

Single Spin Asymmetries (vector
| polarization)

Polarization data
has often been the
graveyard of
fashionable theories.
If theorists had their
way, they might just
ban such
measurements
altogether out of
self-protection.

J.D. Bjorken
St. Croix, 1987




BepoAaTHOCTb pacceaHna Ha
onpeaeneHHoM npuuenbHOM pacCTosAHUNU
NponopLMOHanbHa CeY4EHUIO

The alpha particle '

The alpha particle

o
‘‘‘‘‘‘
(8 »

y
fffff
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> %

Thomson's model of atom Rutherford’s model of atom

The models of the Thomson's atom and Rurtherford’s atom; and the expected
aberrations of alpha particle in both cases.

_ number of particles scattered into solid angle d) per unit time L
incident intensity --:’:—_-"-.‘\:-
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i SSA

= Parity conservation — normal to (elastic
or inclusive) scattering plane (HIC —
angular momentum)

= Interference — LS coupling (HIC-
hydrodynamical axial anomaly)

= | conservation — absorptive phases
(HIC : dissipation)




i A-polarisation

= Self-analyzing (spin-momentum couplins)
In weak decay

= Directly related to s-quarks polarization:
complementary probe of strangeness

= Widely explored in hadronic processes

= Disappearance-probe of QCD matter
formation (Hoyer; Jacob, Rafelsky: ’87):
Randomization — smearing — of the
scattering plane



i Global polarization

= Global polarization normal to REACTION plane

Y
A

= Predictions (Z.-T.Liang et al.): large orbital
angular momentum -> large polarization

= Search by STAR (Selyuzhenkov et al.’07) :
polarization NOT found at % level!

= Due to locality of LS coupling while large orbital
angular momentum is distributed

How to transform rotation to spin?




Anomalous mechanism

AHOMaIuu — HapyIlIEeHUE 3aKOHOB COXPAaHEHUs KBAaHTOBBIMU d(pdekTamu (BriepBbie —/1xk.
CreitnOeprep (1921-2020) B 1949 1. (B 1988 . Kak SKCIEPUMEHTATOP CTaJ JaypearoM
HoGeneBckoil mpeMuu 3a OTKPBITUE 2 TUTIOB HEUTPHUHO)

= 4-Velocity is also a GAUGE FIELD (V.I.
Zakharovetal): yQ=pJl VO ->plyVy
e; ALY = Vo J®
= [riangle anomaly leads to polarization of

quarks and hyperons
(Rogachevsky, Sorin, OT "10)

= Analogous to anomalous gluon /

contribution to nucleon spin /\
(Efremov,0OT'88) : ~

= 4-velocity instead of gluon field! ; 5777




O. Rogachevsky, A

“AnOma |OUS" Sorin, O. Teryaev.

Chiral vortaic effect

" and neutron
meCha n Ism asymmetries in heavy-
ion collisions

PHYSICAL REVIEW C
82, 054910 (2010)

= Prediction of decrease with energy (due

One would expect that polarization is proportional to the
anomalously induced axial current [7]

to chemical potential) Y s

e+ P)

where n and € are the corresponding charge and energy
densities and P is the pressure. Therefore, the ;¢ dependence

nNJ 0 of polarization must be stronger than that of the CVE, leading
. O to the effect’s increasing rapidly with decreasing energy.

This option may be explored in the framework of the
BAZNAT GUDIMA SORIN AND TERYAEV (Py) ~ ) A program of polarization studies at the NICA [17] performed at
PHYSICAL REVIEW C 88 061901(R) (2013) For numerical estimate at NICA energied

collision points as well as within the low-energy scan program
at the RHIC.

Fig. 3) H =30 fm?(c = 1) and, as typical va s

900 MeV?, (N,) = 15 to get (Pn) ~ 0.8%. This e is

= Postdiction of larger polarization o

The proportionality~Qf the polarization to the square

t I b d of the chemical potentrad related to C-even parity of

a n I a m a S axial current leads to the sa ign of polarization of
ALEXANDER SORIN AND OLEG TERYAEV A and A hyperons. The smallér number of the latter

should result in a larger fraction of the axial charge,
PHYSICAL REVIEW C 95, 011902(R) (2017) corresponding to each antihyperon and to a larger

absolute value of polarization. Detailed numerical sim-




Microworld: where Is the fastest
i possible rotation?

= Non-central heavy ion collisions (Angular
velocity ~ ¢/Compton wavelength)

= ~27 orders of magnitude faster than Earth’s
rotation

= Differential rotation — vorticity
= P-odd :May lead to various P-odd effects

= Calculation in kinetic quark - gluon string
model (DCM/QGSM) — Boltzmann type egns +
phenomenological string amplitudes):
Baznat,Gudima,Sorin,OT, PRC'13,16




Rotation 1n HIC and related

i guantities

= Non-central collisions — orbital angular
momentum

s L=2rXp

= Differential pseudovector characteristics —
vorticity

m @ =rotv

= Pseudoscalar — helicity

s H~ <(vrotv)>

= Maximal helicity — Beltrami chaotic flows
v || curl v




Simulation in QGSM
(First calculation of vorticity in kinetic model;
i Baznat, Gudima, Sorin, OT, PRC’13)

500 = S0 = 0 cells dx =dy = 0.6 fm, dz = 0.6/ fm

= \Velocity

>3 Py
2. 2 Eij

vix, y, 2, 1) =

= \orticity — from discrete partial derivatives



Angular momentum conservation
i and helicity

= Helicity vs orbital angular momentum
(OAM) of fireball

= (~10% of total)

IM_|,h/2n

IMc|,h/2
= Conservation of OAM e, e
a good accuracy! -

5 10 12.
t, fm/c
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Distribution of velocity (“Little

ﬁ Bang”)

= 3D/2D projection

= Z-beams direction

= X-Impact paramater




“Little Hubble”

in PHSD

1.0 1,0
"'"-:-=U-24 VD=U.29
H=0.05 H=0.038
t=16 fim/'c t=19 fimfc
08 b=7 fm 0 b=Ffm
—_
| =%
T
=
0,8 0,6 -
04 T T T T 0.4 T T T
4 & B 10 12 & 10 18
1.0 1,0
¥, =0.22 v, =0.29
| H=0.051 H=0.038
t=16 fm/c =19 fm/c
08 b=5 fm - 08 b=5 fm
—_—
[ =%
T
=
0.8 0,6 -
o4 T T T T 0.4 T T T
4 & 10 12 & 10 16
p (fm) p (fm)
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Vortex sheet (Femto-cyclone)

!| with fixed direction of L




\Vortex sheet ( Average over L

ﬁ directions )




i Vortex sheets

= Naturally appears in kinetic models
. Absent.m VISCOUS HD (L. Csernai et al)

S Appears in 3 fde dynamlcs model (Yu.
Ivanoy, A Soldatov PRC’ 17)

8 fm!c




‘L Mirror vortex rings in PHSD

—&— O<z<1(fm)

1,0 - —e— -1<z<0(fm)
A— -1<z<1(fm)
0,5 -
=N
-0,5 -
-1 77
0 2 4 6 8 10 12




Helicity separation in QGSM
i PRC88 (2013) 061901

= Total helicity integrates to zero BUT

= Mirror helicities below and above the
reaction plane

= Confirmed in HSD (OT, Usubov,
(2015)

0 25 5 ¥5 10 0 25 5 7.5 10
t (fm/c)



‘L Helicity@PHSD
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Structure of vorticity (Baznat,
i Gudima, Sorin, OT’17)

= y-component: constant vorticity, velocity
changes sign

= Z-component: quadrupole structure of
vorticity




Quadrupole Structure
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Structure of vorticity (Baznat,
i Gudima, Sorin, OT’17)

= y-component: constant vorticity, velocity
changes sign

= Z-component: quadrupole structure of
vorticity




XZ- structure of helicity ana

* polarization
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Chemical potential : Kinetics ->

i Chemical potential

¥7au + °7Au s"%=5 A GeV b=8fm

= 1D and chemical

equilibrium 12 - pEE ||
= Conservation laws - | ey ||
= Chemical potential 5 N

from equilibrium
distribution
functions

= 2d section: y=0

15.0 fm/c t=20.0 fm/c

chemical potential (MeV

z - axis (fm)

20

20x - axis (fm_)



i Temperature

temperature (MeV)

Z - axis (fm)
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Axial current in TD approach: Role of

mass effects (Prokhorov, OT, Zakharov,
PRD98 (2018), 071901)

= Threshold effects in chemical potential and
angular velocity; 1906.03529: acceleration
(important for longitudinal polarization)

0.8 i
0.6

: Js 04

jsm=0) g4 |:
0.0 "

3 -




The role of (gravitational
i anomaly related) T2 term

= Different values of coefficient probed

NNNNNN

= LQCD suppression by collective effects
supported



‘L A vs Anti A

—~——AU + Au, c=(20-50)%

¥+ A Data STAR

| - e s o b oy o ba o5 o Uy o 57

10 20 30 40 50 60

syn'/2, GeV




KX n rpaBUTaund
(NnpoaomkeHne)

= B TEpMann30BaHHOW KBApK-TNHOOHHOWN cpeae
BO3HUKAIOT KBAHTOBbIE 3 deKTbl (YHPY: KBAaHTOBOE
N3MepeHNEe B YCKOPEHHOM CUCTEME OTCYETA),
COOTBETCTBYOLWME (3MEPIKEHTHOM) KOHUYECKOW
CUHIYNSAPHOCTU: CBA3b TEPMAIbHOWN U
rpaBUTALMOHHON NoTepu MHopMaLmn?

= [ paBUTALMOHHAsA KBAHTOBAs aHOMasms NnopoXxaaeT
TepMaribHble 3PdeKTbl, COXPaHSOLWMECS Moc/ie ee

NC4e3HOBEHUA




Gravitational chiral anomaly in hydrodynamics
G. Yu. Prokhorov_Q.V._Tervaev, V.I. Zakharov, Phys. Rev. Lett. 129, 151601 (2022)

« In heavy ion collisions (in particular, at NICA) a relativistic quantum liquid is formed with extremely high vorticity @ and
acceleration a¥. The axial current is related to the hyperon polarization. New contributions to current and polarization:

. - L J— 174 17
KVE: Ja = )\1‘(‘001/0) )Wu + A2 (aya,__)w”‘ I Connection with anomaly and gravity:

______ \
__________ -

Transport coefficients )\1 _ )\2 — 324
A

» The novel kinematical vortical effect (KVE) depends only on
vorticity and acceleration, but is independent of temperature and  __ceeeeee
chemical potential, and is determined by a quantum anomaly in S praf Ap
curved space.

» The effect exists even when there are no gravitational fields
(‘Cheshire cat” or “Structural stability of hydrodynamics”)



i Gravitational Formfactors

:;:Jrf|'!1§’:;|1u:} = ulp |:-"'J1q-.g [,-j.jjf‘__ Wt f.’fq.g|j:,:_‘~12:|f":”£r’r!” AL 2Mul(p)

s Conservation laws - zero Anomalous

Gravitomagnetic Moment :  we=J  (g=2)
Pog = Aq.eV) Ag(0) 4+ A, (0) =1

Jo.g = 5 Aa.gl0) + B 4 0) + B,(0) + A,(0) + B,(0) =1

= May be extracted from high-energy
experiments/NPQCD calculations

= Describe the partition of angular momentum between
quarks and gluons
= Describe interaction with both classical and TeV

gravity



Generalized Parton Diistributions (related to matrix
elements of non local operators ) — models for both

EM and Gravitational Formfactors (Selyugin,OT
’09)

= Smaller mass square radius (attraction vs
repulsion!?)

p(b) = Zeqfdxq(x,b) = [d*qF,(Q* = qz)en}é

fm ﬂ_}n( b) GE(qz)l_:_TTGM(qz)

1 2
po(b) = = f: dqqJo(gb)A(q~)

065

FIG. 17: Difference in the forms of charge density F{ and
"matter” density (A)



i Electromagnetism vs Gravity

m Interaction — field vs metric deviation

el ¢ \ P 1 PRy o
1”[ - 'I“ |]rcltj | 'Ilr}.':' ":1# \q) ]”[ - E ZJ” | !;.G'|‘Ill}.-"h,uy \q)
q.G

s Static limit

E P|TH Py = 2P P
q.0s

A [ A 2L
v |,JrcI |f ) = __{q.llr o
JJ-'|||| = :;"f.,ll‘,i"}l

o —

My = (P|JE|P)A, = 2e,M (q) Mo =53 (PIT!|Phy, = 2M - Mo(q)
q.G

= Mass as charge — equivalence principle
(Einstein *10-11, Praha)



Equivalence principle

= Newtonian — “Falling elevator” — well known and checked with high
accuracy (also for elementary particles)

= Post-Newtonian — gravity action on SPIN — known since 1962
(Kobzarev and Okun’ ZhETF paper contains acknowledgment to
Landau: probably his last contribution to theoretical physics before car
accident); rederived from conservarion laws - Kobzarev and Zakharov

= Anomalous gravitomagnetic (and electric-CP-odd) moment iz ZERO
or

= Classical and QUANTUM rotators behave in the SAME way (On the
Earth- quantum measurement! Not just pendulum)

m  For GEDM —checked with sometimes controversial results

= For AGM not checked on purpose but in fact checked in the same
atomic spins experiments at % level (Silenko,OT’07)



i Gravitomagnetism

= Gravitomagnetic field (weak, except in gravity
waves) — action on spin from LS PT P ()
- T .6

|
= e |'Il"_r: _r*;!_ — 5 I I I
H 5Tolg; gi =g spin dragging twice

smaller than EM

s Lorentz force — similar to EM case: factor 1>
cancelled with 2 from  ro = 20(2) Larmor
frequency same as EM e I, )

wip==—FH;=—="=wL H =rotj

=

= Orbital and Spin momenta dragging — the same -
Equivalence principle



i Experimental test of PNEP

= Reinterpretation of the data on G(EDM)
search

Search for a Coupling of the Earth’s Gravitational Field to Nuclear Spins in Atomic Mercur!

= |f (CP-odd!) GEDM=0 -> constraint for
AGM (Silenko, OT’07) from Earth
rotation — was considered as obvious (but It
IS just EP!) background

(*"'Hg) + 0.369\(*"Hg)| < 0.042 (95%C.L.)



Gyromagnetic and
Gravigyromagnetic ratios

= Free particles — coincide
s <P+q|T™" |[P-g> = Pim<P+q|]"*|P-g>/e up to the
terms linear in g

= Special role of g=2 for any spin (asymptotic freedom
for vector bosons)

= Should Einstein know about PNEP, the outcome of his
and de Haas experiment would not be so surprising

= Recall also g=2 for Black Holes. Indication of
“quantum” nature?!




Cosmological implications of
PNEP

= Necessary condition for Mach’s Principle (in the spirit of
Weinberg’s&MTW textbooks) -

= Lense-Thirring inside massive rotating
empty shell (=model of Universe)
= For Eg=E,, (inflated, produced from

vacuum, flat?) “Universe” -
equal to that of shell rotation

= Simple observation-Must be the
and quantum rotators —

PNEP!
= More elaborate models - Tests for cosmology ?!




Generalization of Equivalence

i principle

= Various arguments: AGM =0 separately
for quarks and gluons — most clear from
the lattice (LHPC/SESAM)
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Recent lattice study (M. Deka et

‘L ol )

= Sum of u and d for Dirac (T1) and Pauli
(T2) FFs

'l'?,ziqz} + 'l'izl'qz} for Connected Insertion

[ K, = 0.1533 e 2 d 2 ]
0.7 {(pion mass = 478 MeV) Ii(q)+Tie") [T
0.6 [f TH0)+T50) —=— |
plly 2 d, 2
0.5 I53(q )+ T5(q") |
TH0)+T0) —m—s

0.4 |
0.3 |
0.2 |
0.1 |

[ + @
0.0 '

0 0.1 0.2 0.3 0.4 0.5


http://arxiv.org/abs/arXiv:1312.4816

Extended Equivalence

i Principle=Exact EquiPartition

In pQCD — violated

Reason — In the case of EXEP- no smooth
transition for zero fermion mass limit (Milton, 73)

Conjecture (O.T., 2001 — prior to lattice data) —
valid in NP QCD - zero quark mass limit Is safe
due to chiral symmetry breaking

Gravity-proof confinement (should the hadrons
survive enetering Black Hole?)?!



Cosmological implications of

i PNEP

= Necessary condition for Mach’s Principle (in the spirit of
Weinberg’s textbook) -

= Lense-Thirring inside massive
empty shell (=mo
s For flat “Universe” -

frequency
rotation

= Simple observation-Must be the
for classical and quantum
PNEP!

= More elaborate models - Tests for cosmology 7!




i 3aK/ItoyeHmne

= AHOManMu M rpaBuUTaLMa — NPOSBASAIOTCS B CrVHOBOM
CTPYKTYpE afjpOHOB W Monspu3aLiig B
CTOJIKHOBEHUSAX TSXKENbIX MOHOB

= NICA — nongapusaung B coyaapeHnsax TaXenbiX MOHOB
N apOHOB - 3aBUCALLME OT NonepevyHoro nMnynbca
(KOCBEHHO CBsi3aHbl C rpaBUTALIMOHHbBIMY

(popM®daKTopaMn) rMOOHHbIE pacrpeneneHuns
= MHOXeCTBO HepeLleHHbIX BOMPOCOB

1 B TEOPUU, U B KCMEPUMEHTE XAyT Bac!



Bonbwon AapOHHbIV
Konnanaep
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Hauano: Pe3epoopa (1911)

[1pOTOHbI <-> anbda-vyacTuLbl
Yckoputenb <-> UX UCTOYHUK

[leTtekTop <-> (OOOPECLIEHTHbIW 3KPaH
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Paagyra kak 6eckoHe4yHoe

cedyeHune

1 E]
Gy remary = 180-42c05~1 [E (72 g — 1)] i

8 = (6; — 6,) + (180 — 26,.) + (6; — 6,) = 180 + 26; — 46,

L

Ei = E“_l |:% (ﬂ'flmtn'r' - 1)] )

sin [cus_l [% {nﬁ,“w — 1)]2"]

Mawater



BUOMMOCTb B TyMaHe N BEPOATHOCTb
CTOJ/IKHOBEHUSA C ancbeprom npu sCHOM noroae
— CeYyeHme Npu pasHOM Yncne N3MepeHnn

= BuaumocTb B TyMaHe (3agava I.J1. Kanuubl):
= Ls/d3 ~1

= S — (2-MepHoe) ceyeHne Kannum

= d — cpenHee pacCcTosiHue Mexay KannsaMu

= L - BuamMmoctb = asnHa ceoboaHoro rnpobera

= “TutaHuk” n ancbepru:
s L S/CI2 ~ ]

= S (1-MepHbIN) pa3mep NbanHbI
= $=100m, d=100km -> L= 100.000km (~ 100 pencoB)



Hard exotics: Theoretical Interpretation of L3
data on neutral and charged rho’s production in

i collisions of virtual and real photons

Observation: Q dependence of charged/
neutral ratio

Large Q Small Q
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The L3 data can be described by exotical 4 —
quarks isotensor resonance — higher twist
4 — explains Q suppression



LV, Anikin, B.Pire, O.V. Teryaev PLB 626 (2005) 86, PRD 69
(2004) 014018

i Exloring hard exotics in QCD

= The QCD fit of L3 data is compatible
with the existence of isotensor (I=2)
four quark exotic meson with
mass: 1.5 GeV
width: 0.4 GeV

neutral — red AR
charged - blue




