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Lorentz invariance: the laws of physics are the same for all inertial observers

Experimental results do not depend on the orientation of the
laboratory/system or 1ts velocity through space

Consider L, D —amﬁ“w

An observer Lorentz transformation is a coordinate transformation

at — AH a”
v(z) = Y'(2") = S¢(x)

—CMEV“ZD — —%lEV“lD

No change 1n the physics; the presence of the background cannot be seen by
performing observer transformations
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A particle transformation 1s a transformation of the physical system itself

a, — a,
() = P'(z) = SP(A~ x)
Net physical effect
—a, i — — (A7) | a" e
# —a,hyHp

Unlike observer transformations, particle transformations can produce
physical effects as a result of the background

: . | | -
Rotated system ob.eys different physical law s Lorentz violation! .
than rotated coordinates
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e “Coetticients for Lorentz violation”
°® Observer Lorentz tensors *D. Colladay, V. A. Kostelecky,

: : PRD 55, 6760 (1997
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Data Tables for Lorentz and CPT Violation

V. Alan Kostelecky® and Neil Russell?

“ Physics Department, Indiana University, Bloomington, IN 47405
® Physics Department, Northern Michigan University, Marquette, MI 49855

%
January 2019 update |of Reviews of Modern Physics 83, 11 (2011) [arXiv:0801.0287)

This work tabulates measured and derived values of coefficients for Lorentz and CPT violation in
the Standard-Model Extension. Summary tables are extracted listing maximal attained sensitivities
in the matter, photon, neutrino, and gravity sectors. Tables presenting definitions and properties
are also compiled.

Table D17. Nonminimal photon sector, d = 5
Combination Result System Ref.
| 2 jm Yim(110.47°, 71.34° )}”f\)yml <1x 1072 GeV™' Spectropolarimetry (163]
|3 Yim (330.68°,42.28°) k(7 | <3x107*# Gev' 7 [163]
|kU JUO| <5x107% GeV™! (163
|kt" jU() <5.0x107% GeV~' Astrophysical birefringence [167]
LN <65%x107% GeV™' 7 (167]

100s of bounds for nearly every
major subfield of physics™

Much of the QCD sector 1s yet to be explored!




Quick overview of high-energy hadrons

Consider a high-energy hadron

Fraction of plus momentum is boost invariant, leading to familiar
parameterization for high-energy, massless, on-shell partons within hadrons

E=kT/pt
kH = Ep”

Covariant expression; can be used in any frame



Quark-sector Lorentz-violating effects

Massless quarks modified by Lorentz-violating effects

LD 3 [y#iDy] ¥ + hoe. + L)

LD 2= (@) hytp + (D) PyiDyp + -
_ (a(5))ﬂa5¢fyuip(aipﬁ)¢ 4.
i (0(6))WMIZWMiD(aiDﬁiDV)w 4.

Modified Dirac equation, dispersion relation

”Y,ukuw = 0,

k% = k? 4+ O(coefficients) = 0
Bottom line: implies £* = &p** is no longer consistent

Instead, for a covariant definition to be retained k" = &pH



Factorization

Want to understand effects in lepton-hadron and hadron-hadron collisions

E.g., deep 1nelastic scattering (DIS)

T =i / Fwe @™ (p, s T4t (w)5,(0)[p, 5).e

o o< L, ImTH""
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Factorization

Want to understand effects in lepton-hadron and hadron-hadron collisions

E.g., deep inelastic scattering (DIS)

T =i / we s (p, 5T ()7, (0)|p, 5)e

o o< L, ImT"

Similar conclusions reached for the Drell-Yan process

What happens when Lorentz violation 1s present?



Factorization




Factorization

_|_

O'N/d

~

Factorization at the parton-level occurs in a modified Breit frame p + ¢ = 0

<

Bg LoD 5 ()i, 0,¢05(x)

~ T H oM Q 1 ’ i ’
- ' _(7 TC )(ﬁpo‘+qo‘+c?5%)7a+’i€ ¢ T Ta %04 _

dA

)= [ SoeTE Al (A ) 546 0) )

(@74
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PDFs

PDFs still satistfy reparameterization invariance and are consistent with the
operator product expansion (OPE)
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Test this for DIS and DY using minimal and nonminimal spin-independent
coefficients for Lorentz violation™

o 1.7 b 1/ (4)\uv T : *V. A. Kostelecky, E. Lunghi,
L= § : §¢ffy ZDwa T §(Cf ) wffyMZDwa and A. R. Vieira, Phys. Lett. B
f=u,d 769, 272 (2017);
V. A. Kostelecky and Z. Li,

_ (Q/;ES))'LLQBTEf’}/M?:D(a?:DB)pr + h.c. Phys. Rev. D 99, 056016 (2019)
. A\
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PDFs

PDFs still satisfy reparameterization invariance and are consistent with the
operator product expansion (OPE)

Test this for DIS and DY using minimal and nonminimal spin-independent
coefficients for Lorentz violation™

o 1.7 b 1/ (4)\uv T : *V. A. Kostelecky, E. Lunghi,
L= § : §¢ffy ZDﬂwf T §(Cf ) wffyMZDwa and A. R. Vieira, Phys. Lett. B
f=u,d 769, 272 (2017);
V. A. Kostelecky and Z. Li,

_ (CLEE)))'LLOCBTEf”Y,uiD(aiDB)wf + h.c. Phys. Rev. D 99, 056016 (2019)
# physical comps. (cg})“” —16—-6—-—1=9

# physical comps. (a?})“o‘ﬁ —40—-16—2%x4 =16

Matching to OPE gives the potential nonperturbative dependence on Lorentz
violation 1n the considered model

Fr(& ) = Fr(&, (5P, (ag))PPP [A?)
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EIC | LHC
(4) D\YY
[Prenminaryz] (cgy) ™™ = (cgp)™™| | 074 | 15
(cG)XY 0.26 | 2.7 «10-5
(X2 023 | 7.3
(Y2 023 | 7.1
OGNTXX (. ONTYY ]

(ag,) (@SHTYY| | 0.15 | 0.022
(aSHTXY 0.12 | 0.0039 | _ o5 o
(a2HTXZ 0.13 | 0.010
(aD)TYZ 0.13 | 0.010




Estimated sensitivities at colliders

E.g., comparison between up quark coefficient combinations between DIS at

the EIC overall and Drell-Yan at the LHC

EIC | LHC
7 7
[Preliminary!] (e XX — (o) | 074 | 15
(XY 026 | 2.7
(X2 023 | 7.3
(Y2 023 | 7.1
OGNTXX (. ONTYY ]
(ag,) (@SHTYY| | 0.15 | 0.022
(aSHTXY 0.12 | 0.0039
(a2 TXZ 0.13 | 0.010
(aD)TYZ 0.13 | 0.010

Results suggest improved sensitivity to nonminimal
coefficients through the Drell-Yan process at the LHC
and minimal coefficients through DIS at the EIC*

x107°

x107° GeV !

*E. Lunghi and N. S., Phys.
Rev. D 98, 115018 (2018)



Recap + Conclusions

* We developed a framework for studying quark-sector Lorentz violation in
hadronic processes using the SME

e Show factorization at the parton level for DIS and the Drell-Yan process
e Consistency checks: Approach 1s consistent with the OPE and Ward 1dentities

e Lorentz- and CPT-violating effects on PDFs deduced

e Estimated limits for minimal spin-independent coefficients are improved
and first determination of nonminimal coefficient sensitivities are placed

e Overall this work opens up many new experimental opportunities to
search for Lorentz and CPT violation 1n a variety of hadronic processes
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* We developed a framework for studying quark-sector Lorentz violation in
hadronic processes using the SME

e Show factorization at the parton level for DIS and the Drell-Yan process
e Consistency checks: Approach 1s consistent with the OPE and Ward 1dentities

e Lorentz- and CPT-violating effects on PDFs deduced

e Estimated limits for minimal spin-independent coefficients are improved
and first determination of nonminimal coefficient sensitivities are placed

e Overall this work opens up many new experimental opportunities to
search for Lorentz and CPT violation 1n a variety of hadronic processes

Thank you!



