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i Outline

= NICA: Heavy Ion and Hadronic collisions

= Heavy Ions vs hadrons: specifics vs
similarity

= Small systems: “statistica
“dynamical” description

= Axial anomaly and anomalous transport

= Polarization in hadronic and heavy-ion
collisions

III
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NICA: heavy ions and hadrons
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Theory: based on QCD but
i seemingly rather different

= Hadrons — QCD factorization
= Partonic hard scattering

= Parton distributions -> ("3D") Wigner
functions

= Heavy ions: QCD phase diagram
= Statistical description (T, M)
= Collective effects — flows, fluctuations



Phase diagram: Macro- ~1023;

{ Micro- ~ 1035
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Collective effects: reaction plane and
flows: N~(1+ 2 2 v, cos(n®))




Unexpected: ridge in pp

= Naturally emerges due to reaction plane

= May be explained dynamically (Regge
cuts (“duality”)

Ridge correlation structure in high multiplicity pp collisions with CMS
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Statistics in pp collisions —
i Levy-Tsallis dictrihiitinn
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i Scale invariance

=y =Tf(x)

= Dimensionfull quantities: y = y, f(X/Xy)
= Y=e% -> depends on X, , Y

= Y = Z2 - invariant for X5-> AXg, Yo->A2Y,

= In QCD- approximately at large (pQCD) scale
and small (coupling freezing, conformal
window) scale

= Tsallis effective theory for QCD

= Duality of statistical and dynamical
description




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

& AXi ty-and transport in hadronic
media

= Vorticity and hyperon polarization



Appeared in Nature

Global A hyperon polarization in nuclear collisions: evidence for
the most vortical fluid

The extreme temperatures and energy densities generated by ultra-relativistic collisions

between heavy nuclei produce a state of matter with surprising fluid properties'. Non-central

- collisions have angular momentum on the order of 1000/, and the resulting fluid may have a
ﬁ strong vortical structure’ that must be understood to properly describe the fluid. It is also of
;":‘-j particular interest because the restoration of fundamental symmetries of quantum chromo-
(ﬂ]' dynamics is expected to produce novel physical effects in the presence of strong vorticity'*.
"__G' However, no experimental indications of fluid vorticity in heavy ion collisions have so far
T:IJ been found. Here we present the first t of an ali t between the angular mo-
R=h mentum of a non-central collision and the spin of emitted particles, revealing that the fluid
E produced in heavy ion collisions is by far the most vortical system ever observed. We find
g that A and A hyperons show a positive polarization of the order of a few percent, consistent
E with some hydrodynamic predictions®. A previous measurement® that reported a null result
g at higher collision energies is seen to be consistent with the trend of our new ohservations,
;(: though with larger statistical uncertainties. These data provide the first experimental access
—

to the vortical structure of the “perfect fluid™ created in a heavy ion collision. They should

«
=

prove valuable in the development of hydrodynamic models that quantitatively connect ob-

servations to the theory of the Strong Force. Our results extend the recent discovery® of

hydrodynamic spin alignment to the subatomic realm.



Simple example




Single Spin Asymmetries and
Spin-Orbital Interactions




Single Spin Asymmetries in
pQCD




NPQCD: twist 3 and T-odd
distributions




Theory of spin: axial
anomalies

= Quantum anomalies

d-tandau levels flow

= Dispersive approach to anomaly and t'Hooft
principle

= Induced currents from anomaly



Symmetries and conserved
i operators

= (Global) Symmetry -> conserved
current (0“3,=0)

s Exact:

= U(1) symmetry — charge conservation -
electromagnetic (vector) current

= Translational symmetry — energy
momentum tensor 51 —o




Massless fermions (quarks) —
i approximate symmetries

= Chiral symmetry (mass flips the helicity)
a/qu SIu — O

= Dilatational invariance (mass introduce
dimensional scale — c.f. energy-
momentum tensor of electromagnetic
radiation )

T =0

i



i Quantum theory

= Currents -> operators

= Not all the classical symmetries can be
preserved -> anomalies

= Enter in pairs (triples?...)

s Vector current conservation <-> chiral
Invariance

= | ranslational invariance <-> dilatational
Invariance



i Calculation of anomalies

= Many various ways
= All lead to the same operator equation

, e

= UV vs IR languages- |
understood in physical Qo A

picture (Gribov, Feynman, S
Nielsen and Ninomiya) T
of Landau levels flow (E||H) /;}H-_\:




Degeneracy of Landau levels
i and Chirality

= Degeneracy rate of Landau levels

= Transverse”  HS/(1/e)
(Flux/flux gquantum)

= 'Longitudinal” Ldp= eE dt L
(dp=eEdt)

= Anomaly — coefficient in front of
4-dimensional volume - e2 EH




i Topological current

= Anomaly implies new current
conservation

r 0“ (J'K)”=O
= Preserved by QCD evolution

= Controls the anomalous gluon
contributions to nucleon spin structure
(Lecture 1)



i Massive quarks

= One way of calculation — finite limit of
regulator fermion contribution (to TRIANGLE
diagram) in the infinite mass limit

= The same (up to a sign) as contribution of
REAL quarks

= For HEAVY quarks — cancellation!

= Anomaly — violates classical symmetry for
massless quarks but restores it for heavy
quarks



Dilatational anomaly

s Classical and anomalous terms

6, = [B(c)4e,) G5, G

7 T

imau+mdd tm + 2 moh
u d g heoh h

= Beta function — describes the appearance of
scale dependence due to renormalization

= For heavy quarks — cancellation of classical
and quantum violation -> decoupling



‘L Anomaly and virtual photons

= Often assumed that only manifested in real photon
amplitudes

= Not true — appears at any Q2

= Natural way — dispersive approach to anomaly
(Dolgov, Zakharov'70) - anomaly sum rules

= One real and one virtual photon — Horejsi,0T'95
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i Dispersive derivation

s Axial WI 7 B=2G g
s Gl Fy—Fy = (% — p*)Fs — ¢°F,

= No anomaly for imaginary parts

I::E]'Q — f}ﬂg{f} — I!]'Q.r‘l_i{ﬂ — ':"']"H-B{t} F_-]'H}IE] = 1 [:L Ajl:t] dt,

T Jam2 t — P2

= Anomaly as a finite subtraction

- A SR 1
Fy — Fy —2mG = lf Ag(t)dt / As(t; g, m?)dt = —
4 4
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Properties of anomaly sum

i rules

= Valid for any Q2 (and quark mass)

= No perturbative QCD corrections (Adler-
Bardeen theorem)

= No non-perturbative QCD correctioons
('t Hooft consistency principle)

= Massless pole in quark triangle —
massless pion (complementary to CSB)



Mesons contributions

+

s Pion — saturates sum rule for real
phOtOnS ImlFs = \fﬁfﬁﬁf-}«: «I.*{szc:i[.ca —m2) Fryn(0) = ?v,.-ﬁlﬂ_gf:

= For virtual photons — pion contribution
is rapidly decreasing g2 - V2l s on/a

= This is also true also for axial and
higher spin mesons (longitudianl

components are dominant)
= Heavy PS decouple in a chiral limit




Content of Anomaly Sum Rule
(“triple point”)
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Figure 1: Relative contributions of 7 (blue line) and a; (orange line) mesons, intervals of duality
are sp = 0.7 GeV? and s; — sp = 1.8 GeV? respectively, and continnum (black line), continuum
threshold is sy = 2.5 GelV?2




i Anomaly as a collective effect

= One can never get constant summing
finite number of decreasing function

= Anomaly at finite Q? is a collective
effect of meson spectrum

= General situation —occurs for any scale
parameter (playing the role of regulator
for massless pole)

= Chemical potential?! Quarkyonic
phase?!



Anomaly in Heavy Ion Collisions -
Chiral Magnetic Effect (D. Kharzeev)

From QCD back to electrodynamics:

Maxwell-Chern-Simons theory

1 c
Lycs = —IF'"""I*",,Ip — A, ¢+ 1 F,J5s. \xial ot
. : of quarks
Jog =P A, Fp, Fu=8,0=(M,P) I

A




Comparison of magnetic fields

T

5 ";'fj*_:-"":J The Earths magnetic field 0.6 Gauss
. A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 107 Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http://sclomon.as.utexas.edu/~duncan/magnetar.html

At BNL we beat them alll

Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(t=02fm) = 10°~10" MeV’ ~10"" Gauss




Induced current for (heavy - with
respect to magnetic field strength)
strange quarks

= Effective Lagrangian

L =c(FF)(GG)/m* +d(FF)(GG)/m*

= Current and charge density from c (~7/45) —
term j~ = 2cF“s (GG)/m*
m p~HVE (multiscale medium!)
6~ (GG)/m* —>Id4xGé
= Light quarks -> matching with D. Kharzeev et al’



Anomaly in medium — new
i external lines in VVA graph

= Gauge field -> velocity
= CME -> CV(ortical)t

= Kharzeeyv, e
Zhitnitsky (07) —
EM current

= Straightforward e,
generalization:
any (e.g. baryonic)

current — neutron asymmeries@NICA -
Rogachevsky, Sorin, OT - Phys.Rev.C82:054910,2010.

Ja



Baryon charge with neutrons —
(Generalized) Chiral Vortical Effect

= Coupling: 4.7 =y

Ne' bapa <r -
» Current: 7= gy 0002 e

= - Uniform chemical potentials: 7 = %#ﬁffjff”' J!

= - Rapidly (and similarly) changing
chemical potentials:

_ vV Z__;' Qé[j}ﬂﬂ 70

Jv
|T Z 7 €l |



i Dissipationless transport

= Time reversal: E -> E, H-> -H, j -> -j

= Electric Conductance: j= o E
= Change sign under time reversal -> (anti)dissipation

= Magnetic Conductance: j= oy H
= Stable under time reversal — no dissipation!



i Anomaly

Anomaly — quantum violation of classical
symmetries

Many derivations — Landau level flow: UV and
IR faces

Dispersive approach and ‘tHooft principle:
collective effect for extra parameter(
virtuality, chemical potential...)

Dissipationless transport in HIC



Back to polarization

= Polarization: from nucleons to ions

= Anomalous mechanism: 4-velocity as gauge field

= Chemical potential and Energy dependence

= Rotation in heavy-ion collisions: Vortical structures

= Vortices in pionic superfluid
= Conclusions



i A-polarisation

Self-analyzing 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 — no direction
normal to the scattering plane



i Global polarization

= Global polarization normal to REACTION
plane

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

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

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

= How to transform rotation to spin?



Anomalous mechanism —
‘L polarization similar to CM(V)E

= 4-Velocity is also a GAUGE FIELD (V.I.
Zakharov et al). Magnetic field -> VORTICITY

B AT = VI rot A->rotV

= Triangle anomaly (Axial Vortical Effect) leads
to polarization of quarks and hyperons
(Rogachevsky, Sorin, OT ‘10)

= Analogous to anomalous gluon

contribution to nucleon spin /\
(Efremov,0T'88) : :

= 4-velocity instead of gluon field! j; ﬁ711




Momentum and spin — Axial
Anomaly appears




i Anomaly for polarization

s Induced axial charge
pr4ph T
oz 6

Q< = N, /E:tﬁ e 7* ;0,0

i

= Neglect axial chemical potential

= [-dependent term- related to
gravitational anomaly

= Lattice simulation (Braguta et al.) using

similarity to Axial Magnetic Effect:

suppressed due to collective effec

(S



i Energy dependence

= Coupling -> chemical potential
Q=55 [ drid@netudu
= Field -> velocity; (Color) magnetic field
strength -> vorticity;
= Topological current -> hydrodynamical
helicity

= Large chemical potential: appropriate
for NICA/FAIR energies



One might compare the prediction below with
the right panel figures

O. Rogachevsky, A. Sorin, O. Teryaev
Chiral vortaic effect and neutron asymmetries in heavy-ion collisions
PHYSICAL REVIEW C 82, 054910 (2010)

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

2un
<L 2 LLVA,
~pll — —— ) eMPV,0,V,, 6
Ja ( 3(6+P})e At (©)

where n and e are the corresponding charge and energy
densities and P is the pressure. Therefore, the ;« dependence
of polarization must be stronger than that of the CVE, leading
to the effect’s increasing rapidly with decreasing energy.

This option may be explored in the framework of the
program of polarization studies at the NICA [17] performed at
collision points as well as within the low-energy scan program
at the RHIC.

M. Lisa, for the STAR collaboration , QCD Chirality Workshop, UCLA,
February 2016;
SQM2016, Berkeley, June 2016
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Microworld: where is the
i fastest possible rotation?

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

= ~25 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 in HIC and related
i quantities

= Non-central collisions — orbital angular
momentum

s L=2rXp

= Differential pseudovector characteristics —
vorticity

= @ =curlv

= Pseudoscalar — helicity

= H~ <(vcurlv)>

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




Simulation in QGSM
‘L (Kinetics -> HD)

500 = S0 = 00 cells dx =dy = 0.6 fm, dz = 0.6/ fm

O VelOCity

o(x, v, 2,1) = 2il Py
. ¥ 2, > Y Ey

= Vorticity — from discrete partial
derivatives



Angular momentum
i conservation and helicity

= Helicity vs orbital angular momentum
(OAM) of fireball

= (~10% of total)

= Conservation of OAM
with a good accuracy!




Structure of velocity and vortici
* fields (NICA@JINR-5 GeV/c)




Distribution of velocity (“Little

‘L Bang”)

= 3D/2D projection

s Z-beams direction

= X-Impact paramater




Distribution of vorticity (“Little
galaxies”)

= Layer (on core -
corona borderline)
patterns




patterns

‘L Velocity and vorticit

= Velocity

= Vorticity pattern —
vortex sheets -

duetoL BUT
cylinder symmetry!



Vortex sheet (fixed direction

‘_-| of L)




Vortex sheet ( Average over L

‘L directions )




Helicity separation in QGSM
i PRCS88 (2013) 061901

= Total helicity integrates to zero BUT

= Mirror helicities below and above the
reaction plane

= Confirmed in HSD (OT, Usubov, PRC92
(2015) . .
014906

0 25 5 7.5 10 0 25 5 75 10
t (fm/c)



i Structure of vorticity

= y-component: constant vorticity,
velocity changes sign

= Z-component: quadrupole structure of
vorticity



Quadrupole structure of
longitudinal vorticity
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Strange chemical potential
(polarization of Lambda is carried by

strange quark!) g oo st

t=0.3fm/c t=5.0 fm/c

= Non-uniform in
space and time

=20 i} 20 =20 0
t=15.0 fm/c t=20.0 fm/c

z - axis (fm) strange chemical potential (MeV)

20 . =20
X - axis (fm)



i Temperature
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From axial charge to polarization
(and from quarks to confined
hadrons)

= Analogy of matrix elements and
classical averages

3
< pali®(0)|pn >= 2p°Q,, 0= 11@ ff”{:

s Lorentz boost: combensate the sian of

H[J

hEIICItV [A-ab — (qriiab ppdab l’[” ab Ala b} E(ﬁy;ﬂ;p{}ﬁ)

A,lab ]
. my 1T my my N. |
< HE;L T = — = }Qg = — ~ djrf.tz( ,]l',f 'E.,i'ﬁ,l d_}'l’,{;
py‘ _“HI A py i\l‘ A py 2-’""

= Antihyperons (smaller N) : Same sign
and larger value (more pronounced at
lower energy; EM difference-decrease)



Other approach to baryons in confined
phase: vortices in pionic superfluid (V.I.

i Zakharov, OT:1705.01650;PRD96,09623)

= Pions may carry the axial current due to
quantized vortices in pionic superfluid
(Kirilin,Sadofyev,Zakharov'12)

M 1

o -
F ] iy [ _— . (O T e, — mrL
J5 = = _EE'L” W(ﬁ;;:rr }(dp@g:rr] I po-t + () jé'dwdii 2mn
_1 -j'JT

Oip = pv;
= Suggestion: core of the vortex-baryonic
degrees of freedom- polarization

= Dissipation — analog of loop effects for
hadrons



Core of quantized vortex

= Constant circulation — velocity increases when
core is approached

. sl

= Helium (v <v,,,q) bounded by
intermolecular distances

= Pions (v<c) —> (baryon) spin in the center




Energy dependence

— Au + Au, b=8 fm

=

5“ % Data STAR
— DCM-QGSM

= Growth at low energy "

-2
10

= Surprisingly close to
STAR data!

0O 2 4 6 8 10 12 14
syn'2 GeV

= Structure — may be due to fluctuation
for low particles number



The role of (gravitational
i anomaly related) T2 term

= Different values of coefficient probed

NNNNNNNN

= LQCD suppressmn by collective effect
supported




i Conclusions

= Hadronic and heavy ion collisions —
different aspects of QCD

= Deep relation possible
= Polarization — interesting case study

= We can learn (among other things)
something about fastest ever possible
rotation from NICA







QCD like QED




QCD unlike QED




Applying Asymptotic Freedom




Appearance of subprocess




Quarks in hadrons







Spin V2 quarks




Density matrix of quarks
inside hadrons




Flavours and gluons




Constraining lowest moments




Single and double spin
asymmetries




Summary of Lecture 1

= QCD factorization — “Zoo" of parton distributions

(correlations)
!'_-_Hadmn_ﬁudure encoded in hadronic matrix

elements of quark/gluon fields — natural objects of
Lattice/NP QCD

= Spin — related to axial current and Anomaly
(Lecture 2)

= Single Spin Asymmetries — Spin Orbital Interactions
(Lecture 3)



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

Main TOpiCS St. Croix, 1987

= Spin density matrices of real and virtual
photons

= Polarization in Thomson scattering
= Virtual photon/graviton polarization at LHC

= Spin-gravity interactions
= Equivalence principle with spin
= Spin Precession in Bianchi-1 and 9 Universe

= Gravity induced transitions to sterile Dirac
neutrinos and dark matter



i Spin density matrix: photons

Expansion of 2(transverse)d matrix to Pauli matrices:
coefficients - Stokes parameters: 3; 3, 3;

(Anti)Symmetric part — (Circular)Linear polarization

Scattering of unpolarized photons results in linear
polarization perpendicular to scattering plane (used
for gravity waves search)

Scalar QED: 3; =sin?06/(1+cos?0)
Spinor QED Compton: 35 =sin%6/(z+1/z-sin%0)
Same for final photon energy fraction z -> 1



i Virtual photons density matrix

= 3 component of wf ->8 parameters
= Circular-> 3 components of vector

= Linear -> 5 components of symmetric
traceless tensor

= Partons collision —> tensor polarized
photons -> angular distributions of final
particles

= Annihilation of quarks to leptons ->
s de ~ 1+cosiB




i Angular distributions

= SM gauge bosons: detailed check of
production mechanisms

= Higgs — spin 0 — isotropic distributions

= Gravitons — spin 2 — 4 component
density matrix — cos*6 enters —
searched for and not found

= Any s-channel resonance — slow
decrease with angle/transverse
momentum



i Detailed tests of SM at LHC

Interpretation of Angular Distributions of Z-boson Production at Colliders; Jen-
Chieh Peng,Wen-Chen Chang, Randall Evan McClellan, and Oleg Teryaev
1511.09893 and PLB

= Geometrical picture

= Non-coplanarity — disbalance of
quark and hadron planes




i CMS (8 TeV) data

= Necessity to account =<« *,
for b

= 9 - 41.5(1.6)%
= G - 58.5(1.6)%
s < COS 2;>=0.77

(a)
® CMS, yi<1

0 CMS, ly>1

1-A-2v




i Spin-gravity interactions

= 1. Dirac equation

= Gauge structure of gravity manifested; limit
of classical gravity - FW transformation

= 2. Matrix elements of Energy- Momentum
Tensor

= May be studied in non-gravitational
experiments/theory

= Simple interpretation in comparison to EM
field case



i Gravitational Formfactors

P.r|“§¢; |]|'J _ .',g'l::]f.]lr) |:J1q'g LJ_""'._)J" [,u]”y] 4 J'r'})qgh_‘\j :I J,r;rilulf-r,]_y ]niﬂ 31[””"]"”

= Conservation laws - zero Anomalous
Gravitomagnetic Moment : 1c=J (g=2)
Py = Ag.ql0) A (0) + Ay(0) =1
Lo .
Joo =5 Mas(0) 4+ Bag (O] 4 10) 4 B,(0) + 4,(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;g

fm ﬂ_}n( b) GE(qz)l_:_TTGM(qz)

1 2
po(b) = = ﬁ: dqqJo(gb)A(q~)

OGBS

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



i Electromagnetism vs Gravity

s Interaction — field vs metric deviation
M = (P'[JEP)Au(q) M = %Z-:jf"’|'f;j’j‘;_i_.| Pl (q)
] .. T q,G
= Static limit

E P|THP) = 2P P
ST JEE T F I ' ' '
(P|JE\P) = 2e4l .G

JJ-'| i = Ef.JI:,i":I

1[ .I'r|| = .|“|Jré¢|1|r} ."'1” = j'r'qj.l'rl'.'}l:: -‘f:l My = %Z::::f’|-f:w|J")::-.'r.i'lt“,. = 2M - ,]lf{,u::(],l:j
e

= Mass as charge — equivalence principle



i Gravitomagnetism

= Gravitomagnetic field (weak, except in gravity
waves) — action on spin from , LS P Py (0
-+ ) q I::-

L
Hi = :_—}j'-r}."l-f,r. (i = iy Spin dragging twice

smaller than EM

s Lorentz force — similar to EM case: factor V>
cancelled with 2 from . = 20 Larmor
frequency same as EM e i, )

wip==—FHs=—="=wL H =vrotj

=

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



i Equivalence principle

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

Post-Newtonian — gravity action on SPIN — known
since 1962 (Kobzarev and Okun’ ); 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

- not checked on purpose but in fact checked in
atomic spins experiments at % level (Silenko,0T'07)



i Experimental test of PNEP

= Reinterpretation of the data on G(EDM)

PHYSICAL REVIEW

Sea rCh LETTERS
VoLuME 68 13 JANUARY 19"

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

= If (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.)




Equivalence principle for
i moving particles

= Compare gravity and acceleration:
gravity provides EXTRA space
components of metrics -, -, =,

= Matrix elements DIFFER
M, = = (€ + pPhylq), M, = €*hyylg)
e + pz

= Ratio of accelerations: & -—;
confirmed by explicit solution of Dirac
equation (Silenko, OT, '05)

= Arbitrary fields — Obukhov, Silenko, OT
'09,'11,"13




Cosmological implications of

i PNEP

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

= Lense-Thirring inside massive
rotating empty shell
(=model of Universe)

= For flat “Universe” -
precession frequencY
equal to that of shell rotation

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

= More elaborate models - Tests for cosmology ?!




Manifestation of equivalence
i principle (cf with EM)

= Classical and quantum rotators rotate with
the same frequency (EM: spin 2 — twice
faster); Dirac eqg. analysis (Obukhov, Silenko,
OT) — for strong fileds

= Velocity rotates twice faster than classical
rotator- helicity changes
(EM — helicity of Dirac fermion conserved —
used for AMM measurement) —BUT conserved
in the rotating comoving frame




Dirac Eq and Foldy -
i Wouthausen transformation

= Metric of the type

ds* = V2ic2drr — & ;W3 WP (dx® — Kcdt)(dx! — K9 cdr),

= Tetrads in Schwinger gauge
e =V8, i = Wi (8" — cK"Y),

i 1 . i i i
[ i i ~E .Y ] —
Eﬁl _?{513 + 5 “LK }. El:ﬂ-'l - E LIILF E-;II I!! - ].. 2. 3.

I hy* D, — mc)W¥ =), =012 3.
= Diraceq @7"P«7m «

i i I :
‘..—'}.:r — Ef:r”.:" 1'._,}5 — ﬂﬂ- + fﬂﬂ + Hﬂ'ir'ﬁl jafB-



Dirac hamiltonian

= - .,:3 3 = C ;
] COn neCtIOn Fiao = Fwiﬁﬂbv‘*’s“ - FQ[MFJEE'F*
IHEF: — %‘Qhﬁ |Eﬂl]'|:':’r.:'fil + {C{“:E + E{“E: + CE‘:F}E:E

0
— dbep P— i b N
2 c ] at a 7k Y Ve I abé Ve CI? b
H = BmcV + gd + S(mFoia + a2 my) v
= — L he — C Obe
:F‘I. .._-. E{AIF.-'F[’B EIAIFEQ’

C he
+E(E-fn‘+ HIK}+T(='L_YT5}-



Foldy-Wouthuysen
‘L transformation

= Even and odd parts # =#M+ex0 pM=Mp
BE=EB,  BO=-0p8.

= FW transformation (Silenko '08)

[J = pe+pM -0 ey = Ul, }{Fﬂ-‘:UHU ]—fﬁUﬂ,U L
J(Be+ BM — 0F
U]=ﬁ JBE—FJB:M_@ E = ME-I-@]

JBe+ BM=0)

1
H' = pe+ E+§([',f-l[;r~|(ﬁ5+ Z)] }f'r=ﬁs+£’+{f}'r. BE' = E'B, BO' = —O'B,
+ BlO,[0, M]]-[0,[0, Z]]
r=y@ergam—or — e+ M) [(e+ M), Z]] - [(e + M), [M, O] 1

1
Hiw = Be+ & +- {E}”.—}.
ee_mz  —BlOle+ M), Z]+ Ble + ML[O, Z, rw = Pe il



FW for arbitrary gravitational

field

= Result
Hiw = Hiyy + Hi,.

E’J m ' F + 4 SH{PF» }-hu}{!}d* }-df-'}’

T = 2e” + {€, mc2V}.

M = mc?V,

he

E—th—F (K 7+ 7 K)+—E=E- 3%,

0 =

4

(ﬂb..f)rbu “+ H“j:-bc.: ?TFJ} - TY-Tﬁ

m|r~

Act 1 »
HL]‘;-' = JBEF + ﬁ{?r (zfuu l[u{pbr .}—drad;}rbu]

L 14gp,, f*”“Y}}}

Amc* _
4 2 e ] {T {Pd j:'r..’ j:'b“abv}} {

2 he
}fL,.L = %{K“pﬂ + p.K?) + —2,“_
he? .
+— E—c.:br I ol )
16 {T {z““’ Fouk {f’ [ (c}- L

~ F oK+ K, F )
Lo _ |
— ;jl'." d(adb Ha _ ﬁd“:b\j]}}}, (



‘L Operator EOM

= Polarization operator mu-gsx

i1 i .
= Angular velocities .
[LE.']I — T{?- {f}u- E:.'b:"r};'r.'bfdrﬂdv}}
4 %{5' {f}e- {EEMJ:-.TJ.&HJ.TE:- 4 S:rbfrb Y-}}]’.

i ‘ ab I ep
“EE' - ?{? {{fh-- Feuh {f’_!‘- [E ; (t_‘}-j"

1 . c
— dbh'ZSa _ sda'3h o aa



‘L Semi-classical limit

ds

= Average spin Lo x5 =@ +00) x5

.
Qe =5

i) E.r

1 : e f &
_f)rdt-f}d(i Y our — g ! VC:.:."'

r

_ E'm;"fwraﬂ,_.]."’),
e + mc-V b

L":J

c
B _ b d k [
HEEJ 2 | e'le + m.a_-zi,f'}E”“Q[.mﬁ "FrapeF e

1]




Application to anisotropic
i universe (Kamenshchik,OT)

= Bianchi-1 Universe

ds® = dt* — a®(t)(dz")* — B (t)(dz®)* — (1) (d=°)°.

» Particular case Wi = a(t), W2 = b(t), Wi = c(t).

].1.-'-.| = — .H.-':I — i ]_'1_-:1{' f— L_

Looa(t)y T B(t) c(t)

= No anholonomity -«

' g h & ] . _
0L =% g -=—=1. . i h ¢
(2) ':r ‘I‘ J. = |r.'-| i 'Il.-._-"“ = —E QE'_:' = _E- {'-:'EH- — _E_



‘L Kasner solution

= t-dependence

a(t) = agtf, b(t) = bat*, c(t) = cot®,

Pr+p2+ps=1, _!;-f + grg + }’J:': = 1.

= Euler-type expressions

' i P2 — P3
Doy = v+ lzlﬁzl‘i( t )



‘L Heckmann-Schucking solution

s Dust admixture

2

a(t) = agt™ (to + t)377, B(t) = bot™(to + £)3 772,
c(t) = cot™(to + )T P,

= Modification:

Y (Pa—pally
1-21-3
7+1 t(to +t)

0l (P2 — pa)to [ tn
— T 1!‘_.-;;!‘3 7 (J. + o (T))

51IiEJ —




i Biancki-IX Universe

= Metric - (

. . D . 1.3
—asinz® asinz'cosz® 0 a 5111;, 5 COS L
beosx®  bsinz'sinzg® 0 [,{,-"'-"5 = é% %%

0 ccos 't __lcosx'cosx®  1sinz®cosx!
B sinzl b sinrl

= Anholonomity coefficients

g_-‘:‘
Cis =

ab

+ cyclic permutations

ab ac be

= -> NON-Zero T:2(£+j+i)

. . y b o)
ol g, 2 ¢
m=° (ab + ac bc)



i Approach to singularity

= Chaotic oscillations — sequence of
Kasner regimes Lew _ lew

e i+ P i+ P a2

= If Lifshitz-Khalatnikov parameter u >1 —
“epochs” P = pa(u—1), ph=pi(u—1), ph = pa(u—1)

s If u< 1-"eras” e (1) Py = s (i)-pa—pz (1)

g Chan_ge of eras — chaotic mapping of
[0,1]interrval - {1} o {%}

T |



i Angular velocities

T B Sl

= New epoch: u -> -u %0 = G Trur
] 02 =y u—“‘g

= New era — changed sign = 0 s

@ _(’}" + 1)t Uit 14+ u+u?

: L i ()
= Odd velocity By~ —vIE
Qpy, ~ () ), b= 2,3

= New epoch
= New era - preserved



i Possible applications

= Anisotropy (c.f. crystals) ~ magnetic field

= Spin precession + equivalence principle =
helicity flip (~AMM effect)

= Dirac neutrino — transformed to sterile
component in early (bounced) Universe

= Angular velocity ~ 1/t -> amount of
decoupled ~ 1

s Possible new candidate for dark matter?!
s Other fields AFTER inflation?



i CONCLUSIONS

s Polarization — extra sensitive tests

= Gravity leads to spin effects related to
Kobzarev-Okun equivalence principle

= Bianchi universe — spin precession and
neutrino helicity flip



= BACKUP SLIDES



‘L Semi-classical limit

= Average spin precession

ds

— =0 xF= (0 + o) x5
it '

= Angular velocity contributions

: | |
Oy = 5Wetpa (Emdf - ;-“--f{.;_r.) _
{':Ié o i-:q‘] 1 _r]!'w"{-_’-' o *.Tq'.li:"ei:['nl-.' ]-1--!-

afpgy = _2._ —_— (! - m _I: .-::.'Jr_?|':- Al ¥V .




Torsion — acts only on spin

Dirac eq+FW transformation-Obukhov,Silenko,OT

= Hermitian Dirac Hamiltonian

0 F el a 17a b b 0
e: =V o, . e =W a0, — 7o, -
! i :' b (9 /) H = fmc*V + qd + % (w6 FPaa® + a®FP,m;)

2 _ 22482 _ 5O b =~ _ K (dr® — K%edt T ¢ p—
ds? = V22dt® — 5 ;W WPy (dx® — KCedt) (dx® — K cdt) %(R r+mK)+ ;LE'E—T?‘E):
Fr, = VWb, T =Vébr, = = %ﬁf (Tgse + Tos + Taip)
. . : MV (50 oy T
= Spin-torsion coupling - (B T+ enT?)
]—'Ct _ ; nﬂpzAT
= FW — semiclassical limit - precession

.,.5

T s 2 ) .
ﬁ"T’I:_ET+ -j_{ {P‘ T[j}} g{E’(E’-l—ﬂlcgjl.({png}_{p" LPTJ})}




Experimental bounds for

i torsion

= Magnetic field+rotation+torsion

H=—g‘m-%5-s—m-s—%f'-s

s Same 92 EDM experiment

he, - . , ; )
IC|T| JeosO <22 x 10726V,  |T|-|cosO| < 4.3 x 104 m™!

= New(based on Gemmel et al '10)

he . . .
—|T|- (1 —=G)cosO| < 4.1 x 1072V, T -lcos®| <24 x 107 m™!
2

G = gue/9xe.



Microworld: where is the
i fastest possible rotation?

= Non-central heavy ion collisions (~c/Compton
wavelength) — “small Bang”

= Differential rotation — vorticity

= Leads to hyperons polarization — should be
arger at small energy — predicted in 2010
(Rogachevsky, Sorin, OT) now found by
STAR@RHIC

= Calculation in quark - gluon string model
(Baznat,Gudima,Sorin,OT,PRC13)




Structure of velocity and vortici
* fields (NICA@JINR-5 GeV/c)




Generalization of Equivalence

i principle

= Various arguments: AGM = 0 separately
for quarks and gluons — most clear from
the lattice (LHPC/SESAM)

IIIIIIIIIIIIII 0'8 T T T T T T T T T T T T T T T
0.6 _
~
064 .
o i BQOU ’ E X U+
= - E 0.4 .l. Azo
— - Il
- " A u-d R . L
0.2 « 20 ] - ] 02 —_ P S
'ih_hqii"— + HEH BEG -
lcovd N IERRCERRE 3 T I 5
20 I OO _________________ _._E _______ I ————————— E ________
0.0 -t . . . - yi

00 04 08 12 16 20 24 28 32 00 04 08 12 16 20 24 28 32
2
It| [GeV7]

It| [GeV]



Recent lattice study (M. Deka et
al. arXiv:1312.4816; cf plenary talk

i of K.F. Liu)

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

'l"ll,E[ qz} + 'l"iz[ qz} for Connected Insertion

[ K, = 0.1533 it 20 d 2 1
0.7 {pion tﬁass =478 MeV) F(q")+Ty(a") L1
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
Principle=Exact EquiPartition

= In pQCD - violated

= Reason — in the case of EXEP- no smooth
tr3a)nsition for zero fermion mass limit (Milton,
7

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

= Supported by generic smallness of E
(isoscalar AMM)




i Sum rules for EMT (and OAM)

= First (seminal) example: X. Ji's sum rule
(96). Gravity counterpart — OT'99

s Burkardt sum rule — looks similar: can it
be derived from EMT?

= Yes, if provide correct prescription to
gluonic pole (OT'14)



Pole prescription and Burkardt

:LSR

Pole prescription (dynamics!) provides ("T-odd")

symmetric part!
Z/fffflfflg s Iq =0
II—IQ—|—E

= SR: Z/ D=0 (but relation of gluon Sivers to
twist 3 still not founs — prediction!)

= Can it be valid separately for each quark flavour:
nodes (related to “sign problem”)?

= Valid if structures forbidden for TOTAL EMT do not
appear for each flavour

= Structure contains besides S gauge vector n: If GI
separation of EMT — forbidden: SR valid separately!




Another manifestation of post-
Newtonian (E)EP for spin 1 hadrons

= Tensor polarization -
coupling of gravity
to spin in forward
matrix elements -
inclusive processes

= Second moments of
tensor distributions
should sum to zero

(P, S|(0)y" D**...D")(0)| P, S) 2 = i " M2S""1 P2 P;»,J CT(z)x"dx
[
> (P, S|T/|P,S) 2 =2P*PY(1 — 8(p%)) + 2M2S# 6y (14°)
q

(P,S|TH|P,S),2 = 2PF P'8(u?) — 2M>SH 6, (%)

Z] (_ x)axdr = 01 ( 1?) —O fOI‘ EXEP



HERMES - data on tensor
i Spln structure fu nCt|On PRL 95, 242001 (2005)

= Isoscalar target — = o)
proportional to the \ +
sum of u and d R b
[
quarks — R
combination oyt + w
required by EEP . m: + """""
= Second moments — ] 0004e —— |
compatible to zero 3
o

better than the first one e e 1
(collective glue << sea) X

— for valence: .
ﬁ Co(z)de =0



Are more accurate data
i possible?
= HERMES — unlikely

= JLab may provide information about
collective sea and glue in deuteron and
indirect new test of Equivalence
Principle



CONCLUSIONS

= Spin-gravity interactions may be probed
directly in gravitational (inertial) experiments
and indirectly — studing EMT matrix element

= [orsion and EP are tested in EDM
experiments

= SR's for deuteron tensor polarization-
indirectly probe EP and its extension
separately for quarks and gluons



i EEP and AdS/QCD

= Recent development — calculation of
Rho formfactors in Holographic QCD
(Grigoryan, Radyushkin)

= Provides g=2 identically!

= Experimental test at time —like region
possible



