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QCD vacuum in the IR limit of the theory

Quantum-topological (chromomagnetic) vacuum in QCD
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large negative

due to gluons!

Evac(top)

For a review, see R. Pasechnik, Universe ‘| 7

A contribution of a different kind should cancel it,
but existing at the same hadron scale ~200 MeV!

Working hypothesis:

there is an extra (non-perturbative) contribution to QCD vacuum energy
which cancel the chromomagnetic one above in the IR-limit of the theory
due to a dynamical “self-tuning” of QCD vacuum (confinement)

A.Addazi, A. Marciano, R. Pasechnik & G. Prokorov, EPJC ‘19

See my previous talk yesterday for a discussion of a cancellation mechanism



Topological vs collective vacua fluctuations
R. Pasechnik,V. Beylin & G.Vereshkov, JCAP ‘13

NPT QCD vacuum

Quantum-topological (instanton) Quantum-wave (hadronic)
| fluctuations
instantons/dyons carrying exist at the same have quantum numbers
chromomagnetic and typical space-time scales of light hadrons
chromoelectric charges my, < 1 (1 |
— g(min
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each other? In principle, YES!

Taking into account ONLY

1
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Zeldovich-Sakharov scenario

Ya. Zeldovich (1967): A ~ Gm°

Characteristic mass scale]

[ Gravitational constant i
of elementary particles

A. Sakharov (1967):

extra terms describing an effect of graviton exchanges between identical particles
(bosons occupying the same quantum state) should appear in the
right hand side of Einstein equations

(averaged over quantum ensemble) ..first quantum gravity

correction to “bare” vacuum!

o Graviton
Basic idea:

@ity-induced A-teE \ )

Virtual identical particles in vacuum
(fluctuations)

Can QCD vacuum substructure be Does it give both
responsible for the A-term generation? the right value and the right sign?
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Quasiclassical (semiquantum) gravity

Zeldovich-Sakharov scenario can be realized in the following way:

Action S = / Ld*x, L= —i\/—gg“f}?ik + L (3", xa)

Metric operator g’

[ Macroscopic geometry

» n - k
(c-number part) g’ Quantum graviton field &; ]

k
Independent variations over classical and quantum fields: <O|(1)i@: 0

' 1 [ ik A Heisenb tat t taini
4., 1 4 =5 ikA eisenberg state vector containing
5/Ld U= 2 /d v ( 909 G'Z’k’><1)§zconst info about initial states of
1 [ o | all fields exists!
_ _—/d 2 (x/—chCI)L Gk) |
2 g+ =const Averaging over initial states
same operator egns: <@ ~L
4 1 g 1/2 N e.o.m. for macroscopic geometry
Nk k cm km J L ~ 1.
Gt =5 Gtor +g'man) (2) Eh =0, } 0IGH|0) = 0
Bl — 1 <§lp}§pm _ l(;z @pQ}?pq> _ gszApm (gu{,.’ xa) e.o.m. for graviton field
— = = J Gi = (0|GF10) =0
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Metric fluctuations

R. Pasechnik,V. Beylin & G.Vereshkov, JCAP ‘I3
Independent variations fix the exponential parameterization:

1
V=99" = v/=g9" (exp )] = /=g9" (5k + 1 + 21/);”1/;1‘;1 + . ) wf - (I)f - 552%1)

up to quadratic terms in graviton field we get:
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with energy-momentum tensor of gravitons
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QCD effective energy-momentum tensor
R. Pasechnik,V. Beylin & G.Vereshkov, JCAP ‘I3

| bg>(.J) g2(.J) 87
- imation:  Blg2(J)] = -1 SV =g ()) =
To one-loop approximation: 5[9s(/)] = . =0 (/) bIn(J /)
An account for quarks changes b-factor b=05b3)=9
Phenomenology provides with: correlation length of fluctuations!
(0 : 55 :|0) ~ (0] : @w : |0) = (0] : dd : |0) = —(0] : (15 “F% 0 @ 5+ 25 MeV)?
L
the same for quantum-wave fluctuations! Ly ~ (1500 £ 300 MeV)~1!

: _ b PR 6] b 27,
quark contributions:

berr = b(3) +8Lg(my + ma + my) @

to a good approximation: instead of 11 for

el e(0].7]0) T XNOA0) i OO o Le Lyt pure gluodynamics!

4 \4 + Wm}\ + ... /\4 \QC'D

] . . Averaged conformal anomaly!
coming back to original fields: G-

beffa’s kl 1 k a ml L_l kbeff Vs a ml




A-term calculation
R. Pasechnik,V. Beylin & G.Vereshkov, JCAP ‘I3

We start from the Einstein equations for macroscopic geometry:

1/ . 1. . 1 N
~ (Rf — 5053) = (0|Tf|0)  TF =Tk, += 5 (0767 + 9" ga1) (g) 9P Tym (5. xa)
beff O s g bz ~il ~km 1ha 1ha 1 r
Trace: R+ 4xA=0 =33 (O] = \y 9 9" i, 10) + Z<O’T(G)’O>
Stress tensor in Riemann space cap O abe ie =il okm Bb
is found from YM egs: (" ook 981 A ) V=999 Er = 0
_pa ! LR ¢4 O(aG
L+§L ik — Vil — Y Fi + O(asG)
1\ J
e
induce interactions of YM field with metric fluctuations
Equation for gravitons turns into:
! be Ol I 7
Vit — i P - ‘fz P+ 08 zmnf = el (‘ GF. + —Of”Faszl) In
: T 4 \QCD

After exact cancellation of unperturbed part of EMT tensor we get:

Vs

A= Ly P — (0| F ERU( gt — —6ta) ) |0) linear in graviton field!
16 (& "'\QCD 4
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A-term calculation
R. Pasechnik,V. Beylin & G.Vereshkov, JCAP ‘I3

Fock gauge: L;” I 0 Metric fluctuations are induced

] i ] by QCD vacuum fluctuations!
Exact solution of graviton equation:

—1
TS a - [ S m
rs [ 8 ) x (S Fi )R (') = oF = P EZM (o))

Lf (l) = %beff In

Green function: g;f = —0(x—ua’)
After explicit calculation of averages, we get
'S b 2 L_l L_l
 TFREF 1[0 x ( N f) o —=#— In - / d*yG(y)D*(y) =

E"AQCD AQCD .

= (1+0.5) x 1072°A MeV*.

where (0122 Fg () F(29)[0) = (0] : 2 F4(0) Fi*(0) : 10) D — '),
1
A — _ﬁ ([4yg(y)D2(y) D(x —a") = Dyop(x — ") — Dp(x — o), D(0) = 0.
In terms of known NPT QCD parameters
must be established in a dynamicaI\ 1/Liop ~1/Lp ~1/Ly,
theory of NPT QCD vacuum!

|1/Liop — 1/ Lp| ~ my + mgq + ms

s 272
It is expected to be generated by A — (my + mq + ms)"Ly ~a.10-¢ | 1!
chiral symmetry breaking ) - (27)4 '
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Outlook

“zeroth” order in QG N

QCD vacuum J

“first” order in QG

virtual (strong) NPT fluctuations of quark y

and gluon fields dynamically induce
metric fluctuations (gravitons)!

6
A= T)’i}r\ o = 298 % 107 MeV! i = 138 MeV
™) M py

Aexp = (3.0 £0.7) x 1073 MeV*

Dynamically cancel exactly

> in the IR, leading to emergent
QCD confinement

(no fine tuning!)

L -

cancel NOT exactly!
(due the chiral SB in QCD)

> [ Observable A-term!]

- YA G
=AY GAQCD

" Only NPT QCD vacuum )
fluctuations coupled to

Gravity at lowest (hadron)

scales of Particle Physics
gives rise to A-term if

UV terms are canceled
\. o




Summary

Physically motivated conditions for the Zeldovich-Sakharov scenario are formulated.

> Perturbative part of the Physical Vacuum should be compensated at every known
energy scale separately

> QCD vacuum is a special case: has strongest non-perturbative component
(responsible e.g. for color confinement) at the lowest Particle Physics
energy scale (~200 MeV)

> Large negative NPT (chromomagnetic) QCD vacuum component is exactly canceled
by the chromoelectric component yielding zero net gluon field density at distances beyond
the confinement length-scale

> A small quantum gravity correction to NPT QCD vacuum fluctuations (graviton
exchanges in the vacuum) induces an uncompensated A-term. Our estimate based upon
phenomenological parameters reproduces the observable value within a factor of few.
Uncertainties are due to unknown NPT dynamics of the QCD vacuum in real time.

> The estimated gravity correction to the QCD ground state is a conventional physics
prediction which must be taken into account in any model of (more exotic) Dark Energy



Backup slides



Macroscopic cancellation of QCD vacua

Classical EYM fields equations with vacuum polarisation:
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Exact first integral with POSITIVE constant energy exists!
Simple! System 6e(A” — AY) .
. . . _ =1
with minimal energy! | a*(¢éAgcp)? YM potential | >0 ‘ >0
ot ma - 3-?) i’\ y )4 ' | '
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