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Unification of the Standard Model and

General Relativity

* Testing Lorentz violation can shed light on the underlying theory
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Lorentz symmetry

* Experimental results are independent
of the orientation and velocity of the laboratory

e Lorentz transformation: 3 rotations and 3 boosts
* A fundamental symmetry in physics

* Must be precisely tested in experiments
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Standard-Model Extension (SME)

e Studies Lorentz violation in context of effective field theory

Standard Model

SME = coupled to +  Allpossible
General Relativity modifications
L = LO + L,
Example: LD —at)
wmw Background
a* - background field R4 field

coupling constants
control the size of Lorentz violation

E’)/,ﬂ/) — dynamical field
fermion sector

free propagating term
Colladay, Kostelecky, PRD 55,6760(1997)



Experiments to test the SME

Photon sector:
 Astrophysical birefringence
* Astrophysical dispersion

* CMB polarization

* Laser interferometry

* Microwave, optical resonators

 Cavity oscillators
e Compton scattering

Gravity sector:

* Gravimetry

* Gravitational waves
* Cosmic ray

* Binary pulsars

* Short-range gravity

* Torsion pendulum

e Atom interferometry

Electron and/or proton sectors:
* Penning trap

* Atom spectroscopy

* K/He magnetometer

e Atomic clock comparison
e 1S-2S transition

* Electron kinematics

* Nuclear binding energy

Neutrino sector:

* Neutrino oscillation

* Double beta decay

* Neutrino time-of-flight
» Cerenkov radiation

* Tritium decay

And more...

Kostelecky, Russell, Data Tables for Lorentz and CPT Violation,
Rev.Mod.Phys. 83.11(2011) updated as arXiv:0801.0287v12(2019)



Current status of SME

* SME includes all possible Lorentz-violating modifications to the SM

e All minimal (d < 4) terms have been established

Colladay, Kostelecky, PRD 55,6760(1997); PRD 58,116002(1998)
Kostelecky, PRD 69,105009(2004)

* Most nonminimal free-propagation terms have been established

Kostelecky, Mewes, PRD 80,015020(2009); PRD 88,096006(2013);
PRD 85,096005(2012); PLB 779,136(2018)

* Some low-dimension (d < 6) interaction terms in QED

have been established
Ding, Kostelecky, PRD 94,056008(2016)

* Unknown:
1) General termsin QED
2) General terms in a nonabelian gauge field theory, e.g., QCD
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Constructing gauge-invariant operators

* SME preserves gauge invariance.

All possible All possible
modifications to the ﬁ gauge-invariant
Standard Model terms

» Want to find all possible gauge-invariant terms

 Studying gauge-covariant operators is a powerful tool
in finding gauge-invariant terms

Kostelecky, Li, PRD 99,056016(2019)



Gauge-covariant operators

* An operator (O is gauge covariant if under the gauge transformation:

O — UOUT

* Gauge-covariant operators = gauge-invariant operators
O, 01, O Tr(O), (O19)I'(O2))

where ' € {I;i7577p7’75’7u70uv/2}'

* Examples: FagF““ﬁ — Tr(FaBFaﬁ)
D,u — EWMDMID

which are the gauge-invariant terms
in the conventional Lagrange density

Kostelecky, Li, PRD 99,056016(2019)



Constructing gauge-covariant operators

* Basic gauge-covariant operators

1) Gauge strength tensor: F,3 — UFQBUT

2) Gauge-covariant derivative: D, — UDMUT
e Any mixture of D and F is gauge covariant

e Result: any mixture of D and F can be expressed
as a linear combination of operators of form

(D(nl)FﬂlVl)(D(nz)FM2V2) T (D(nm)F me)D(nm—l—l)

where D,y means totally symmetric among n indices:

D(n — ZDalDag T 'Dan

Kostelecky, Li, PRD 99,056016(2019)
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QED extension

QED _ Conventional - All possible
extension QED terms modifications
L = Ly + L'

* QED extension describes all possible Lorentz-violating signals
for photons and fermions involving the electromagnetic interaction

* All minimal and part of the nonminimal terms have been established
» Can apply our general method to QED to get the full QED extension

Colladay, Kostelecky, PRD 55,6760(1997); PRD 58,116002(1998)
Kostelecky, Mewes, PRD 80,015020(2009); PRD 88,096006(2013)
Ding, Kostelecky, PRD 94,056008(2016)



Photon sector

- Conventional term: —F,, F*
* Extension:

Component  Expression

ES) —(ka)t Ay

E(j) 5(kap)"€uruw ANFH

£y —3(kp) Y Foy P
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Kostelecky, Li, PRD 99,056016(2019)



Dirac spinor sector

« Conventional term: 5% (740, — my)¥ + h.c.

* Extension:
Component  Expression
£ —imsyst) — @'Yy — Vs — 3HM o b
) 3P Dath + 3" Y571 Dat
+3ePiDay) + 1z‘f“%/5iDa1b + 39" Y0,,iDatp + hec.
Eifj)o —%'m o ’sz(azDg)w — —zmr t/)’yg,@D(azDﬁ)w
1 a<5>“'“%mD(aime _ %b(S)ﬁLaﬁE,}%,YﬂiD(aiDﬁ)w
—lH(5)f“’“’5@chiD(aiD5 ¥ + h.c.
ngl); —%m(F)MF P — muF P Fogbyst)

5)pa S 5)pa o3 -
—%CLJ(F)! ‘ Faﬁwf}’,uw - §bf1)! aﬁw"%f}ﬂuw i é e Fa,@wJ#Vw

Kostelecky, Li, PRD 99,056016(2019)



* (Continued) Kostelecky, Li, PRD 99,056016(2019)

Component  Expression

6 ) X3y o fom, 4 : . a3y, . . -
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Light-by-light scattering

* Nonlinear effect
of the electromagnetic field

* Important experimental test of QED % 14
* Experiment done recently at the LHC
* More experiments proposed

* QED extension
can describe possible deviations A 7
from Standard-Model prediction

ATLAS, Nat.Phys. 13,852(2017); ATLAS-CONF-2019-002
Kostelecky, Li, PRD 99,056016(2019)



The Large Hadron Collider (LHC) at CERN

ATLAS detector

A= n N T E

Image: phys.org/news

Image: room.eu.com/news



Kostelecky, Li, PRD 99,056016(2019)

Contributions from SME

e Leading-order contribution from SME:

S)KApuvpoTv 8
— L pSsAmeoT BB Fry C LY

* Many possible Lorentz-violating signals:

1) new contributions
to the total cross section
apart from Standard-Model ones

2) sidereal-time dependence
of the cross section

3) dependence on the location
and orientation of the laboratory

4) new energy dependence
of the differential cross section

5) andsoon —8i(k1)uy (k2) 1y (K3) s (Ka) g

8 U1 b0 o Lo Ots o,
Xk%)#l 1TH202 303 flg O




Constraints

* Experimental result: 70 + 24(stat.) + 17(syst.) nb
e Standard-Model prediction: 49 + 10 nb

e Constraints on the Lorentz-invariant and isotropic components of k§8) :

Limiting case

Coefficient combination

Constraint

Lorentz invariant

[sotropic

1, N N (8)rRApvpoTv
Taz NepTIXvT]pr Tow AF

1 (8)rApvpoTu
T CrAuv€pro UAF

1, . (B)rApvpoTu
583 HepT\v€prov AF

1 ()TJTIJTKTK
52k Fp

. (8)JKJKLMLM
9 Z=I<K5L<M kp

1 ) (8)TJTMKLNP
9 ZJ,M._K<L,N<P €JKLEMNPE

1 ()T JTJKLKL
9 ZJ,K<L l”F
L . (8)TJTITKLM
9 ZJ;K.L<ﬂj exLmkp

1  (8)JKJKTLMN
9 ZL,J<K,M<N ELMNAF

<095x%x 1073 GeV~?
<095%x 1078 GeV~?
<75 %1073 QGeV™*

<12x1077 QeV~™?
<1.2%x 1077 GeV~*
< 95x%x 1078 GeV™*
<23%x 1077 QeV~*
<5.6x%x107% GeV~*
< 5.6x 1073 QeV™*

Kostelecky, Li, PRD 99,056016(2019)



TABLE VIIIL. Constraints on individual photon coefficients from light-by-light scattering.

Coefficient

Constraint

ktB)TXTXTXTX k_(B)TYTYTYTY k(?SJXZXZXZXZ Iincta))"ZYZYZYZ
F 1V F L LR O
ktE)TZTZTZTZ k(S)XYXYXYXY
F VR
ktE)TXTXTXTY k(B)TYTYTYTX k(s;XZXZXZYZ ktB)YZYZYZXZ
F 1V L 1 VF
ktE)TXTXTXTZ ktE)TYTYTYTZ k{S)XZXZXZXY k(S)YZYZYZXY
F L O *VF VE
kcE)TXTXTXXY ktE)TYTYTYXY k(S)XZXZXZTZ k(S}YZYZYZTZ
F E sVE s VF
kEE)TXTXT‘XXZ ktS)TYTYTYYZ k(E)XZXZXZTX k{S)YZYZYZTY
F R hp Rp
EETXTXTXYZ Q(STYTYTY XZ p(S)XZXZXETY J(8)Y 2V ZY ZTX
F LR o R R
ktE)TZTZTZTX k(B)TZTZTZTY k(S}XYXYXYXZ k_(B)XYXYXYYZ
F L s VF L
ktE)TZTZTZXY k(EJXYXYXYTZ
F 1V
ktE)TZTZTZXZ k_(B)TZTZTZYZ k(B)XYXYXYTX ktB)XYXYXYTY
F 1V L 2 Lk
ktE)TXTXTYTY i["(B;XZXZYZYZ
F *F
ktE)TXTXTZTZ k(SJTYTYTZTZ k(S)XYXYXZXZ k(B)XYXYYZYZ
F VR »F P VF
pEOTXTXXYXY Q(STYTYXYXY ((TZTZXZXZ §()TZTZYZYZ
F Lk o Lk o L
kEE)TXTXXZXZ k(S)T‘YTYYZYZ
F L
ktE)TXTXYZYZ ktE)TYTYXZXZ
F L O

ktB)TZTZXYXY
F

< 1.0 x 107°% GeV™*
<59x 1077 GeV?
<6.4x 107 GeV?
<49 %1077 GeV™?
<55 x 1077 GeV™?
< 1.0x107% GeV~?
< 52x 1077 GeV™?
< 38x 1077 Gev?
<3.0x 1077 GeV™?
<42x 1077 GeV !
<56 %1077 GeV?
< 3.6 x 1077 GeV™?
< 9.7x 1077 GeV™?
< 1.1 x107°% GeV™*
<43 %1077 GeV 1
< 24x 1077 GeV 4

ktE)TXTXTYTZ k(S)TYTYTXTZ k(S)XZX ktE)YZYZXYXZ
F T VE Lo 3 b

<34%1077 GeV T >—

LEOTXTXTYXY p(&TYTYTXXY | (8)XZXZTZYZ | (8)Y ZYZTZXZ
F Fp Rp KR
(SITXTXTYXZ (8 TYTYTXYZ (8)XEZXZTXYZ ;(8)Y ZYZTYXZ
kg kg Sk kg
(BITXTXTYYZ J(B)TYTYTXXZ J(8)XZXZTYYZ ;(8)YZYZTXXZ
ke Jkp Jkg kg
(SITXTXTZXY (8 TYTYTEZXY | (8)YZYZTZXY ,(8)XZXZTZXY
kg kg kg kg
RETETITXY 2 (STZTATY XZ (XY XYTXYZ SNV XYTY X7
P Rp Rp Rp
EOTXTXTZXZ Q(OTYTYTZY Z () XZXZTXXY | (8)Y ZVZTY XY
r ol »Rp » KR
LETXTXTZY 2 p(STYTYTZXZ ((§)XZXZTYXY 1 (8)YZYZTXXY
P Fg sRp VRp
LEOTXTXXYXZ & TYTYXYYZ ()X ZXITXTZ | (8)YZYZTYTZ
P KR 3 L
EITXTXXYYZ Q (TYTYXYXZ ((§)XZXZTYTZ ()Y ZY ZTXTZ
F Fp i KR
LEITXTXXZYZ ((OTYTYXZYZ [ (SXZXZTXTY |(8)YZYETXTY
r R KR il
FETETETXTY | ()XY XY XZYZ

r Rp

EEITETITXXY  (TETITYXY J(SIXYXYTEXZ L ($XYXYTZYZ
F FE sRp VKR
(BITZTEZTXXZ (8 TZTZTYYZ | ({)XYXYTXXZ | (8)XYXYTYYZ
ky g K Sk
LETZTZXYXZ (STZTZXYYZ L(OXYXYTXTZ L ()XYXYTYTZ
F R Rp Rp
LETITZXZYZ (XY XYTXTY

P il

LETXTYTZXY J(8TZXYXZYZ

F Rp

EBITXTYTZXZ J (STXTYTZY Z L (TXXYXZVZ (8TYXYXZYZ
r R Rp ol
EETXTYXYXZ Q(STXTYXYYZ ((STXTZXZIYZ | (TYTZXEY Z
il ol PR KR
EETXTY X2V 2

r

LETXTZXYXZ p(8TYTZXYYZ

P i

(B)TXTZXYYZ ; (8)TYTZXYXZ
kg kg

<40 x 107 GeV?
<52x 1077 GeV !
<4.2x 1077 GeV™?
< 28x% 1077 Gev™?
< 28x 1077 GeV™?
< 51x 1077 GeV
<29x 1077 GeV 4
<60x 107 GeV?
<30x 107 GeV?
< 4.8 %1077 GeV™?
<29 %1077 GeV™?
< 23x% 1077 GeV™?
<39%x 1077 GeV 1!
< 24x 1077 GeV 4
< T3x 1077 GeV
<22x 1077 GeV?
<29%x 107 GeV?
<32x 1077 GeV™?
<34x 1077 GeV™?
< 38x 1077 GeV™?
<35x 107 GeV !

* Constraints on single components

- BV IYIXYXZ 3 45107 GeV ™

Kostelecky, Li, PRD 99,056016(2019)
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QCD+QED extension

QCD+QED _ Conventional o All possible
extension QCD+QED terms modifications
L = LO + L,

* QCD+QED extension describes all possible Lorentz-violating signals
in strong and electromagnetic interactions

* The minimal terms have seen established,
but nonminimal terms for QCD are unknown

e Can apply our general method to get the full QCD+QED extension

Colladay, Kostelecky, PRD 55,6760(1997); PRD 58,116002(1998)



Pure-gauge sector

* Conventional term: —%FWFW — %Tr(Gw/GMV)

* Extension:

Component  Expression

Ly —(ha)ra,

£ L (kar) e AN + (k3) 3 €7, Tr(GAGH + 2igsGMGHGY)
L5 =R N B F — $0) TG G

ﬁfé —%kma““‘“Fﬁ)\aaFW — %kS)CM)‘WTr(GMDaGW)

L% — kY Fox0a0p Fy — 5k T Fox Fu Fg

6)aBrAur 6)xAurpo
— LRI (G Do Dy Gu) — SRS G A G G o)

6)rAuvpo
— LR BTG G

Kostelecky, Li, PRD 99,056016(2019)



Quark sector

e Conventional term: %(EA'y“iDuwA — mABEA?,bB) + h.c.
* Extension:

Component  Expression

ﬁff) —imsap¥avsts — dy g avubs — Vg avsvuts — sHY s acwts
ﬁgl) ; fﬁfﬂbA“/u@DawB + 2 {1?3@1475"/#7;Da¢3
+5¢%50Ai DoV + 5i i Y av5iDat + $9% 5 Y a0 iDatbp + hic.
EEEJ)J —%(m )4B@[)AzD(azDﬁ)w3 — —z(m )Ej(;:BEA'YBiD(aiD,B)"]DB — %( a )'“U‘ gwA'y“zD(azDﬁ)gbB
—L(ONE P a5 i DiaiDgytbs — (IO 5% 40,0iD (i Dgybs + h.c.
CE;} —z(m (bﬁ)) AnFapatp — (mgir«))aj Fophavs¥B
—%(O‘Ej))m J Fophay, 0 — %(5(5))“M Foph a5l — (H?))“m P Fopth a0,
£$C)¥ _%("”(CS))ABWAGQB@DB - —z(rn gjc))ABwA%GaﬁwB

L3 )\ 30 a3
—%(a(( Vir YavGaptp — (b(())! YAV Y aﬁws—i(ﬂ((w Vs a0 Gasn

Kostelecky, Li, PRD 99,056016(2019)



Component  Expression
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Kostelecky, Li, PRD 99,056016(2019)
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Deep-inelastic scattering (DIS)

* Key experimental evidence
for quarks and QCD

* An essential tool
in the search for new physics

}x

o HERA accelerator, German
* QCD+QED extension is a framework Nt e Y

to describe new signals

) ) P
e Can be used to test Lorentz violation

Image: wikipedia

Kostelecky, Lunghi, Vieira, PLB 769,272(2017)



SME contributions

* Leading-order spin-independent contribution from nonminimal SME :

D)o . .
—% Zf agc r 5¢f'yMzD(azD5)wf + h.c.

* Cross section

> y(y —2)s
da:dydcb q4 ZF2f[ + (1= y))os + z
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4
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T
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kkp ka)
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Kostelecky, Lunghi, Vieira, PLB 769,272(2017)
Kostelecky, Li, PRD 99,056016(2019)



Implications

* Based on some simulations in the KLV'2017 paper for c*¥ coefficients,
can estimate a®#F < 1077 — 107* GeV !

* Dependence on up to the third-order harmonics
of the sidereal time variables

* CPT-odd contribution for proton and antiproton:

_do
 dxdydg

_ do
 dxdydg

_do
 dxdydo

do
dxdydo

e~ p,a etp,a e p,—a etp,—a

H1 Collaboration, EPJC 75,580(2015)
Kostelecky, Lunghi, Vieira, PLB 769,272(2017)
Kostelecky, Li, PRD 99,056016(2019)



Ssummary

* The unification of Standard Model and General Relativity
may lead to small deviations from Lorentz symmetry

* The Standard-Model Extension (SME) is developed
to study Lorentz violation in the context of effective field theory

* The full QED and QCD+QED extensions are presented in this talk

* Photon-photon scattering gives first constraints
on d = 8 coefficients in QED extension

* Deep-inelastic scattering (DIS) can be used
to test QCD+QED extension



