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Lorentz invariance

Lorentz transformation: Lorentz group:
- Rotations

p I AH AV
ot — 2'* = Aty
v - Lorentz boosts

Global transformation of - P (spacial inversion) and T (time reversal)

spacetime coordinates

C:. charge conjugation, transforms particles into antiparticles

° C > CPT theorem: a QFT a preserving Lorentz invariance must also
preserve CPT symmetry.
e MRS =5 CPT s intimately connected with Lorentz invariance
“°‘ ~ -~ CPTviolation implies Lorentz violation for local QFT theories
Spin Spin [hep-ph:0201258]
-« T >

Observation shows Lorentz
invariance and CPT symmetry
are preserved (so far).

Ongmal' Sphere Global Trans{ormation
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Standard Model Extension

Theoretical motivation:

- Models of bosonic strings predict spontaneous breaking of Lorentz Invariance
[PRD.39.683]
Lorentz Invariance is not necessarily maintained in Loop Quantum Gravity [gr-gc/
0205125]
The Quantum Gravity scale could be lower than the Planck scale, e.g. in the
paradigm of large extra dimensions [hep-ph/9803315]
Remnants of the breaking could be observed at lower energy scale

@ Standard Model particles @ Q’) f
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Standard Model Extension (SME) Effective Field Theory:

Add all Lorentz- and CPT-violating operators to the SM Lagrangian [hep-ph/9809521]

The Dirac sector: Lens — lmrvw M)

7 @Y ‘7 i £ 50,

M=m+ a,ﬁ + b,ﬁ Y4 Hyo
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Time-dependant signal with top quarks

LSME:§Z¢F Op — My -\ \' - \

, 1
Iw:,.yl/ @M 57“—1-6”—1-2]6”75—1-59“”\0)\#

M =m + auy5 + b,/yf”y“ + H,0,,

Particle-Lorentz violation: 3 - A ,
- At Lagrangian level, SME coefficients are constant matrices, not respecting
Lorentz transformations
They indicate preferential directions in spacetime
An inertial frame still needs to be defined to report any observation.
By convention, use the Sun-Centered frame.

Within the Sun-centered frame:

- The laboratory (CMS) frame is rotating daily around the
earth Z-axis of rotation

- The SME coefficients are constant

- Induces a modulation of the top-antitop cross
section with sidereal time




Why searching for LIV with top quarks?

- Only one actual measurement performed, at DO Tevatron (2012): best direct
world limits on Lorentz invariance violation at Tevatron

- The top quark is the heaviest known elementary particle, and the only quark which
decays before hadronizing

- It is interesting to test special relativity in this poorly tested sector.

- Top quark production has large cross section at the LHC: expect much improved

precision.
Standard Model Production Cross Section Measurements Status: March 2021
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Top quark: existing bounds
Rev.Mod.Phys. 83: 11 (2011)

Table D36. Quark sector, d > 4

Indirect bound (Phys. Rev. D 97,
125016(2018)): from top-quark loop
correction to photon propagator,
using astrophysics photons

Combination Result System Ref.
et < 1.6 x 1077  Astrophysics [50]* /

(cQ)xx33 —0.124£0.11 £0.02 ¢t production [256]

(co)yyss 0.12+0.11+£0.02 7 [256] p p

(co)xvs3 —0.04+0.11+0.01 [256]

(co)x z33 0.15 + 0.08 + 0.02 [256]

(cq)vz33 —0.03+0.08 + 0.01 [256]

(CU)XX33 0.1 +£0.09 +0.02 [256]

(CU)yygg —0.1 +£0.09 +£0.02 [256]

(cv)xvs3 0.04 + 0.09 + 0.01 [256]

(cv)xzss —0.14 £ 0.07 £ 0.02 [256] . _

—

e 0014 0075 = 001 256] Direct bounds (PRL108:261603,
dxx ~0.11:+0.1:£0.02 [256] 2012): measurement of top pair
dyy 0.11+0.1+0.02 [256] :
dxy —0.04+ 0.1 £ 0.01 [256] prOdUCtlon at DY (Tevatron)
dxz 0.14 + 0.07 + 0.02 [256] ut
dyz —0.02 £ 0.07+ < 0.01 [256]

w* v
proton
t
q g b
/ . b
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tiprot:
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q
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Top quark sector in the SME

Berger, Kostelecky, Liu, Phys. Rev. D 93, 036005 (2016)

LIV lagrangian related to top quark:

Third generation left- Gauge covariant

handed quark doublet / derivative
; —r Focus here on CPT-
LD GileQ)wanQar" DHQB | Right handed charge (even coefficients)
+Li(cr)pwanTan” DY Up 2/3 top singlet
1
2

SME coefficients cuv are violating particle Lorentz invariance
cuw ftrace is Lorentz-invariant, and its antisymmetric part can be absorbed

elsewhere in the Lagrangian: consider cyv as symmetric and traceless

Define: | ¢ = 3llce)w + (cr) ), duw =
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Top pair production in the SME

Berger, Kostelecky, Liu, Phys. Rev. D 93, 036005 (2016) ut
w+ !

Top quark (~173 GeV) decays at almost 100% to Wb. & . .
Assume narrow-width approximation for top quarks: y

LIV

SM
|M|§ME P(5F)F —I—@ antiproton b .

2 LIV change in top LIV change in
SME weight: w = Msas| quark propagator top production

o 2
Ml \ / via top-gluon
+

Q|
=~

Q|

w(t) =1+ f(t) vertex
i / Hew))
SME coefficients =
Rotation matrices to relate LIV change in top and
sun-centered frame and antitop decay width

laboratory frame

Induces a modulation of the top-antitop
cross section with sidereal time
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Selecting top pair production at DO

DO Collaboration, PRL108:261603, 2012

Dataset and selection
Dataset: Integrated luminosity L=5.3 fb-1
of proton-antiproton collisions (2002-2009)

Select semi-leptonic decays of top pair production:
one electron or muon with pT > 20 GeV and |n|<1.1 (electron) or < 2 (muon)
missing transverse energy (~neutrino) mET > 20 (25) GeV
at least 4 jets with pT > 20 GeV (leading: 40 GeV) and |n|<2.5,
among which 1 b-tagged jet (b-tagging with neural network algorithm)

ut Phys.Rev. D84 (2011) 012008
0 4500 1
- , = DO, L=5.3 fb’
proton w ¢ %4000 —~Data (b)
t « 3500 B i
q g g Il Other
b §3000 n W+jets
5 £ 2500 B Multijets
o] i Z 2000
antiproton
p W- q
q

Number of jets
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Searches for LIV in Top pair production at DO
DO Collaboration, PRL108:261603, 2012

Sidereal time analysis
Search for periodic variation of the recorded number of
events (bins of 2 sidereal hours)

Correct data for varying instantaneous luminosity in the fill fsme:
U(t) ~ Oave [1 + fSME(t)]
o 0.8 ~ o 0. a, = _
() D@, 5.3 fb DO, 5.3 fb fs: average
0.6 i 06" tt / u-channel . :
: + f/ e-channel fehaniel fraction of signal
04 0. 4
02 + 02 + + i \
o o: | L
%T | %{» : | | + ‘ N; =~ Niot 11+ fsfsme(9:)]
0.2- + -0.2— Lint
-0.4f 0.4+
+ L 1 Ni/Ntot
06" 0.6 R, = —1
oal 1 oal . | fs \ Li/Lint
0 025 05 075 1 0 025 05 075 1 _ _
Sidereal Phase / 2 Sidereal Phase/2x  can be d|rec’[|y Compared with fsme
TABLE II: Forms for fsme(¢) used to extract SME
coefficients.
. . . . Condition fSME(fb)
Search for a sinusoidal signal (fit the Cxx = —Cvy 2Cxx (557 cos20 1 by sin 20)
functional forms of fsme to R): Cxy = Cyx  20xy (P13 sin26 = by cos 29)

Cxz =Cgzx 2Cx z (b4cos¢>—|—b5 sin @)
Cyz = Czy 2Cy z (ba sin ¢ — bs cos @)
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DO results

DO Collaboration, PRL108:261603, 2012

TABLE III: Limits on SME coefficients at the 95%
C.L., assuming (cy ), = 0.

SME benchmarks:

Coefficient Value & Stat. £ Sys. 95% C.L. Interval - CTT impacts iINclusive cross
(co)xx3s —012+0.11 £0.02 [—0.34, +0.11] L

(co)yyss 0124011 £0.02  [-0.11,+0.34] section: no handle

co)xyss —0.04+0.11 £0.01  [—0.26,+0.18 TN -
Ecggxzw 0.1540.08 £0.02 {—0.01,+0.31} - No sensitivity 10 Czz (meg to
(c)yzss —0.03+0.08 £0.01  [~0.19,+0.12] earth rotation around Z-axis)

TABLE IV: Limits on SME coefficients at the 95%
C.L., assuming (cq)u = 0.

Cxx=-Cvyy

- Cxy=Cyx
Coefficient Value 4 Stat. 4+ Sys. 95% C.L. Interval _
(co)xxss  0.10£0.09 £0.02  [-0.08,+0.27] - Cyz=Czy
(cv)yyss —0.10£0.09 +0.02 [—0.27, +0.08] ) _
(cv)xvss  0.04+£0.09 +0.01 [—0.14, +0.22] Cxz=CzX
(cv)xzss —0.144+0.07 £0.02 [—0.28, 4+0.01]
(cv)yzss  0.0140.07 £+<0.01 [-0.13,+0.14]

TABLE V: Limits on SME coefficients at the 95% C.L.,
assuming c,,, = 0. -

Measure limits on each SME coefficient

Coefficient Value % Stat. & Sys. 95% C.L. Interval aSSUming the other Coefficients to be 0O
dxx  —0.11+0.10 £0.02 [—0.31, +0.09] o . ) -
dyy 0.11+£0.10 £0.02  [-0.09,+0.31] Each coefficient is compatible with 0
dxy  —0.04£0.10 £0.01 [—0.24, +0.16] . .- . o
dxz 0.14£0.07 £0.02 [-0.01, +0.29] with absolute precision of ~10%
dyz  —0.024+0.07 +<0.01 [-0.16,40.13]
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Inclusive tt cross section [pb]

The LHC: a top quark factory

From Tevatron to LHC, x100 increase in cross section:
- Gluon fusion mechanism is now dominant,

Higher gluon parton density function in the proton at the LHC
Higher center-of-mass energy

Integrated luminosity

| T T T | T T T | T T T | T T T | T T T | T T T
= v Tevatron combined 1.96 TeV (L < 8.8 fb") 1
e CMS dilepton, l+jets 5.02 TeViL: 4pb™  ATLAS+CMS Preliminary Sept 2018 - -
;g ATLAS+CH About 150 fb' recorded at Run 2
it i A g -
eu 8 Te 202
1095 SMSaER LTt (2015-2018) => x30 DY analysis
= v LHC combined e 8TeV§L 5.3-20.3 b™') LHCtopWG - =
F m A"I\'ALASeu 1_|:§'I;;e{?_(L 3f I .
C 1 22 ]
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™ & ATLAS ee/un* 13 TeV LL 85 pb) N
- O ATLAS l+jets” 13 TeV (L=85pb") i — Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
A CMS l+jets 13 TeV (L =2.21b") L ] , 180
L o CMSalljets* 13 TeV (L=2.53b™) 900_ 1 7 TA - LHc Dellvered 162 85fb1
* Preliminary C 1 ) [ CMS Recorded: 150.26 fb! 160
102 = I = 2 1140
- 800r 1 3 a
- L ] £ 1120
- L 1 § 1100
- 700 1 4 3
L E=— NNLO+NNLL (pp) - 1 ® 180
E—— NNLO+NNLL (pp) d - © leo
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _| g
= NNPDF3.0, m, = 172.5 GeV, ay(M,) = 0.118 = 0.001 5 £ 140
C | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 N E 4120
o
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\{5 [TeV] \o‘ o‘-‘ w* pot \o o<t w© ot W ot w* o W ot
Date
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Prospects at the LHC

Carle, Chanon, Perries, Eur.Phys.J.C 80 (2020) 2, 128

Prospective study:
- Goal: estimate the expected precision that could be

achieved at LHC Run 2 (L~150 fb-1)

- Consider dilepton euy channel with at least 2 jets

- Generate top pair production at LO in perturbative QCD
- Normalize events to NNLO in pQCD

- Evaluate the SME time modulation with these samples

- Assume ATLAS/CMS reference frame at the LHC

Data/MC

o

14—

Expected number of events at LHC Run 2

EUC Phys. J. C (2017 7Z:772 RN
M T T Data N\ - |z
m f b
I Non W/Z -

N

o o »O

tt background
other backgrounds

10x expected signal € ="Cwy = 0.001

statistical uncertainties

VV + ttv
. tw

Events

- iy e Projection at 13 TeV
and Run 2 luminosity:

I

I\J

Number_ofjets

/W///W//VA//V///V/AW/VA//VM/W//W//VM//V/WM LAY,

O

very clean s/b~15
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Expected sensitivity at the LHC and future colliders

Carle, Chanon, Perries, Eur.Phys.J.C 80 (2020) 2, 128

Benchmarks:

- D0: Recomputed expected sensitivity for 5.3 fb-1 of p-pbar collisions at 1.96 TeV
LHC Run 2: Expected sensitivity for 150 fb-1 of p-p collisions at 13 TeV
HL-LHC: 3 ab-1 of p-p collisions at 14 TeV (expected to start data taking in 2029)
HE-LHC: 15 ab-1 of p-p collisions at 27 TeV (option for after HL-LHC, replacing LHC
magnets in the same tunnel)
FCC-hh: 15 ab-1 of p-p collisions at 100 TeV (option for after HL-LHC, new magnets and
new 100km tunnel)

DY LHC (Run 2) HL-LHC HE-LHC FCC
Acrxx, AcLxy 1 x 107! 7 x 1074 2 x 1074 2x 107 5% 1076
o Acpxz, AcLyz 8 x 1072 3% 1073 5% 1074 9 x 1073 2 x 1073
Expected precision Acrxx, Acrxy 9 % 102 3% 1073 5% 1074 8 x 1075 5% 1075
on the top-quark Acgrxz, Acgyz 7 x 1072 1 x 1072 2% 1073 4% 107 8 x 1073
SME coefficients: Acxx, Acxy 7 x 1071 1 x1073 2x 1074 3% 1077 9 x 107°
Acxz, Acyz 6x 107! 4 %1073 7 x 1074 1 x 1074 3% 1073
Adyyx, Adxy 1 x 107! 6 x 10~% 1 x 107 2x 107 8 x 1070
Adxz, Adyz 7 x 1072 2x 1073 4% 1074 8 x 1077 2x 1073

/ _—

LHC Run 2: Expect 2-3 orders FCC: Expect 2 more orders
of magnitude improvement wrt of magnitude improvement
DO (depending on the coeff.) relative to LHC Run 2
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f(t)

Osme/ Ogm - 1

0.05

-0.05

-0.1

Higher center-of-mass energies
Carle, Chanon, Perries, Eur.Phys.J.C 80 (2020) 2, 128

Compare f(t) in p-p collisions at several center-of-mass energy (assuming

CMS reference

The amplitude of f(t) increases with the energy (comes mostly from the

matrix element,

frame), and for several benchmark coefficients

not pdf)
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—— Cy, = C,y = 0.01 0.35[—~ B Cpyy =-Cqyy = 0.01 v
XZ ZX : - A Cyy =-C,, =0.01 -
———— Cy> = C,y = 0.01 - _ _ .
yz = Yzy = Y- - ol v d, =-d,, =0.01 B
1 L . |
% - |
S - ’
—~ 025 —
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Z 5 5
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B S 015 e -
- o B v ]
L = L AA |
| <C 0.1; ° 7:
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B 0.05[ . - 5
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Which collider / experiment?
Carle, Chanon, Perries, arXiv:1909.01990

Comparison LHC / Tevatron (assuming same center-of-mass energy):
DO less sensitive than ATLAS/CMS to cXX or cXY scenario
DO more sensitive than ATLAS/CMS to cXZ or cYZ scenario

Amplitude fSMEO‘" 0)f.,

42 CMS 4 4.,
4 ATLAS
}¢ DO }: —1.2

[<2]

o

Azimuth 6 (in rad)

S

w

N

—_

- 4
LA d
- 0.2
0 ]_A_A_A_A_I_A-l | 0

-15 -1 -0.5 0 0.5 1 1.5
Latitude A (in rad)

Equivalent sensitivity at ATLAS or CMS (opposite azimuth in the LHC ring)
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Conclusions

Searches for Lorentz invariance in the top quark sector:

The top sector is almost an unexplored territory for testing Lorentz invariance at
high energy

Only one direct measurement performed so far, at Tevatron
Expect much improved results at the LHC

Projections show an expected sensitivity that might be improved by a factor
102-103 at the LHC, and 10°% at the FCC-hh, relative to Tevatron measurement
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A note on top/antitop mass difference

Top/Antitop mass difference

Particle/antiparticle mass difference is not allowed to elementary particles within

local quantum field theories, such as the SME

Can be allowed in non-local theories with CPT breaking
PLB 728 (2014) 363-379

Experimental method

- Kinematic fit used to reconstruct the top mass
in lepton+jets or dilepton decay channels
Can measure top / antitop mass in separated
dataset and combine statistically
Or can measure simultaneously top and
antitop masses

arbitrary units

o
o
@
9}

0.03

o
o
N
[}

0.02

0.015

0.01

0.005

— ATLAS

F \s=7TeV

i \

L L L L ) L L B Y L L B N B N B
2R 1

E.g. best measurement at 8 TeV (PLB 770 (2017) 50-71):

Am¢ = —0.15 4 0.19(stat) 4 0.09 (syst) GeV

Compatible with the SM

100

150

At [GeV]

This measurement has not been interpreted in the context of a given BSM model
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Search for CPT violation in B(s) oscillations at LHCb
LHCb Collaboration, Phys. Rev. Lett. 116, 241601 (2016)

B and Bs mesons oscillation to their antiparticle is
sensitive to CP and CPT symmetry

Interferometry: searching for variations of the B and
Bs particle / antiparticle mass difference with
sidereal time:

B-meson velocity @ g L
CPT-odd SME T A
\ / coefficient ’ {a+w ey
——
Sm — i5T/2 praa,
z = —
Am —iAT/2 ~ Am—iAT/?
/ T 3
&
Mass difference of Width difference of
mass eigenstates mass eigenstates

Limits down to the 10-14 GeV level
x100 improvement in limits relative to
previous measurements
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