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Int

Physical dispersion relation for a particle — pole of the propagator.

P P P P P P

Sum over 1-particle reduced diagrams for photon propagator.
No loop corrections to dispersion relation — in Lorentz-invariant (LI) theories.

LI may be violated by external classical field — magnetic or gravitational.
Non-trivial photon dispersion!

Shabad 1975
book Mikheev Kuznetsov 2003-2014
Hollowood 2009

The similar situtation if LI is violated at fundamental level.
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Lorentz Invariance violation

@ Approaches to quantum gravity

o Discrete spacetime, loop quantum gravity, non-commutative geometry
e.t.c.

e Modifications of eneral relativity with large space derivatives
(Horava-Lifshitz e.t.c)

@ Phenomenologically in non-gravity sector

e Special type of LV (preserving other symmetries, motivations to
concrete QG approaches)

For example, E2 = p? + m? + 21 4 ...
MLV

e The most general type — SME Kostelecky, Colladay 1998
Lots of parameters — complicated calculations
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SME, QED sector

Kostlecky, Colladay 1998
QED sector SME:

1 . — -
Lsye = —ZF'WF“V +ipTHDy o —p My —
1 -
_Z(kF)MVPUF“UFpU + (kAF)”AVFMV ) (1)

(kF)uvpo. (kap)* — LV parameters in photon sector; [ n M:
1
T = M My, + d* sy, + ifF + Eg’\”“UA,, + e,
1
M = m+a'y, + b'ysy, + EH’“’UW. (2)

Renormalized in 1-loop
Kostelecky, Lane, Pickering 2001
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SME, QED sector

1 — _
Lsme = —7FuF"™ +i0T" Dyt =P M -
1 )
3 kP )uwpa FP F7 4 (kap ) APy

Electron and photon propagators are the same as in LI case, LV parameters
are considered perturbatively:

e = —i(M—m), o = (T = ")py,
J e _2ipapﬁ(kF)aMlBV7
wo— v= 2(kAF)a€auﬁVpB-
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Our simplified model

(K)o = & - 8,800 (5djt — 0udjx) s Gu = Ce - 8,8, 5.

L=— %FWF‘“’ + iy Dy — miep— (3)

—%F,-J-F"f — icey D

Here ¢y, cc — maximal velocities for photon and electron.
Dispersion relations:

vio k=14 ¢)? k2~ (142¢,) k2,
et E? = (1+ o)’ p? + m? ~ (1 + 2¢.) k? + m?.
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Feynman rules

Electron propagator

_V'Pu—m
S(p) = R_—m
here Isu = (p07 (1 + Ce) Pi), [32 = [A)l,ﬁ”.
Vertex:

M= (70, (1 + ce)vi) -
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Photon propagator

Pseudo-Lorentz gauge

Gauge fixing term

1-2
ﬁgf = — > & (80/40 = (1 aF 2C7)8;A,')2 .

Photon propagator

_diag((1+2¢,), -1, -1, —1)
k2 — (1 +2c,)k? '

DH (k)

| \

Coulomb gauge

1 . ) Sii _ k' kI
D®k)=————, D%(k)=0, Di(k)=— C—
(1+ 2¢y)k? k3 — (14 2cy)k?

v

Petr Satunin (INR, Moscow) 1-loop correction in LV 02.07.2017, Yaroslavl 8 /20



Photon polarization operator

LI case (dimensional regularisation)

ML) = (1 = 5% ) TR,

m? — x(1 — x)kz] ‘

1
M(k2) = 27r2/ dx x( 1—x)[ +Ind4r —vg —In 2

In our model I1,,, may be calculated exactly on c,.

Kioo,
/d : pT [r S(k"‘kloop)r S(kloop)]

Components of 1, may be represented as components of LI polarization

operator
Notation: k = (ko, (1 + ce)ki):
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Photon polarization operator

M) = [(1 =€) (P = 2¢eR*(Pa) | (R,

projectors:

v v kMkV v v ii k’kJ
P = - KK P (51— /;’2>’

with properties Py, P{, = P}\, Ph, P¥ = Pb,, P}, P¥ =P},

R qz 1 12
n(k2):27T2/0 dxx(1=x)In (1= x(1=x)— | + Mo,
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Modified propagator (Coulomb gauge)

Sum over one-particle reduced diagrams

1

Dl Ioop(k) = T 7y Dl Ioop(k) = 07

(1 —ce)k?
1 §i kiki

=,

k2

Dl Ioop(k)

Denominator determines modified dispersion relation.
To solve equation

~

k& — k2(1+ 2¢, + 2(cy — ce)N(Kk?)) = 0,

(k) (1—co) K —K2(1+2¢, +2(cy — ce

n(k2))
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Modified dispersion relation

In the 1st order on aem, dispersion relation
kG = K2 (142, +2(c, — coN(K))

. q2 1 K2

k) = 27?2/0 dxx(1—x)In{1—-2(cy — ce)x(1— X)? +Mo. (4)
Gauge fixing: M¢(0) = 0. Notation: y = (ce — ¢) % integrate (4)
analitically. In the case y > —2:

Me(y) = [ \/mcthr - ];

Otherwise (y < —2) the polarization operator acquires imaginary part.
Following the Optical theorem, photon decays v — eTe™. (y = —2) —
threshold.
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Small LV limit

Setting y > —2 (no photon decay), consider 2 limiting cases

k2
=lce—c)| = <1
Yi=lee— ol <

2

q
ne()/) = WY

Photon dispersion relation acquires quartic term

effective LV scale M,y:
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Large LV limit

In the limit y > 1 ((ce -¢c) % > 1) we obtain

1) = 1oz (i) - 3.

The correction to the dispersion relation is logarithmic:

2 _ 2 q2 k2 5
k():k 1+2C7+Q(C7—Ce)' In 2(Ce—C7)ﬁ —5 .
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Group photon velocity ¢, = %:

. q? k2

ph _

cPl=c, — (ce—¢cy) - In|2(ce — ¢

Y Y 67‘(2 ( e 7) ( € 7) m2

Coincides with Kostelecky, Lane, Pickering 2001

(KE) pvpo = Cy - 61,0,058% (3udy — dudi) , Cuv = Ce - 0,00, .

1 _
(kF)n/\/,Lu - (kF)On)\,uJ/ + 6(1 - Q 3) X
X [nHN(CV)\ +ow — (kF)Oua)\a) - nl"‘(cﬂ/\ + Chp + (kF)O,ua)\a)

(G + G (KEJauan™) + Mo (G + G = (KE)gpa”)|

2
Q(u)zl—%lnﬁ
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Renormgroup scale
= /C, — CeE,

Interpretation:

set ce = 0 (redefinition)

The LV photon polarization operator, considered on-shell may be
interpreted as off-shell polarization operator, calculated in LI theory with
the squared photon momentum

q° = E72 - K= 2(cy — ce) sz.

This value plays the role of the “transferred momentum” — the standard
meaning of the renormalization group scale.
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Constraints on LV in photon sector

Direct tests of photon dispersion

The absence of dispersion from distant GRB, AGN.

The best bound from GRB 090510
FERMI-LAT coll. 2013

My, > MEFE =13 . 10! Gev, 95% CL
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Constraints on LV for fermions

Not only electrons in loop, but arbitrary charged massive fermion

1 -1
\Ce—C7|<\/>57r'g?B’i3‘1010'(q> (L)
q M7 e GeV

our bound current bounds

electron | 1.5-10713 | 1071°  Asschul 2010
muon 3-1071 | 1071 Asschul 2006
tau-lepton | 1.2-107° | 1078  Ajeschul 2006
t-quark | 1.6-1077 | 1072 Do collab. 2012
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Conlusions

@ In the absence of LI for charged fermions photon dispersion relation
(and physical velocity) acquires non-trivial one-loop correction.

@ Experimental non-observation of photon dispersion leads to
constraints on LV for all charged fermions. These constraints are the
best for heavy fermions (tau-lepton, top-quark)

o Effective Lagrangian for photons acquires high space derivative terms
like 0L ~ g Fu AFH.
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Thank you for your attention!
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