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Searches for violation of Lorentz invariance in tt production
using dilepton events in proton-proton collisions at
Vs =13TeV

The CMS Collaboration

Abstract

Violation of Lorentz invariance is searched for using top quark pair (tt) production
in proton-proton collisions at the LHC, at a center-of-mass energy of /s = 13TeV.
Events containing one electron and one muon collected with the CMS detector are
analyzed in a data sample corresponding to an integrated luminosity of 77.4fb ™',
A measurement of the differential normalized cross section for tt production as a
function of sidereal time is performed. Potential violation of Lorentz invariance is
introduced as an extension of the standard model (SM), with an effective field the-
ory predicting the modulation of the tt cross section with sidereal time. Bounds on
Lorentz-violating couplings are extracted, and found to be compatible with Lorentz
invariance with an absolute precision of 0.1—0.8%. This search can also be interpreted
as a precision test of special relativity with top quarks, improving precision by two
orders of magnitude over a previous such measurement.

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - IRN Terascale, Marseille - 2


http://cds.cern.ch/record/2859658?ln=en
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-007/index.html

| tt cross section under Lorentz-violation

Lorentz transformation:
ot o't =AM Y
- Rotations
- Lorentz boosts

A
1., )
Love = E“P(’Y + y+ 5’Yy)?v>¢_mt¢¢.

—_—— —

Lorentz-violating Standard Model Extension (SME):

Motivated by String theory or Loop quantum gravity
Add all Lorentz-violating operators to the SM Lagrangian

_——

SME coefficients: constant matrices (Lorentz-violating)
Indicate preferential directions in spacetime

g
Report the measurement in the Sun-centered frame:
CMS frame is rotating daily around the earth Z-axis,

=> modulation of the top-antitop cross section with
sidereal time

Rotation period of the earth lasts ~23h 56min 4s (UTC
time ~UNIX time), or 24h, 86400 s (sidereal time)
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Lorentz-violation with top quarks: existing bounds

Rev.Mod.Phys. 83: 11 (2011)

- Lorentz-violation tested in many sectors,

- But only one actual measurement with top
quarks at collider: precision O(10%)

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

Table D3, Quark sctor, > 4 using astrophysics photons
Combination Result System Ref.
et < 1.6 x 1077  Astrophysics [50]* ¥
(co)xx33 —0.12+0.11+0.02 ¢ production [256]
(cQ)yyss 0.12+0.11 £ 0.02 : [256] p p
(co)xv33 —0.04£0.11+0.01 [256]
(co)xz33 0.15 4 0.08 % 0.02 [256]
(co)yz3s —0.03 + 0.08 £ 0.01 [256] - - -
(cur)xx3 0.1 +0.09 + 0.02 256 | 4 Direct, directional, bounds
(cv)yyss —0.14+0.09+0.02 7 [256] . .
(cw)xrs 0O4E009£00L 236 (PRL108:261603, 2012):
(cv)xama CO.LLE 007 £ 002 256 measurement of top pair
(cu)yzss 0.01 £ 0.07+ < 0.01 [256] .
dxx —0.1140.1 £0.02 1256] prOd uction at DY (TevatL(Qn)
dyy 0.11+ 0.1 +0.02 [256]
dxy —0.04 £0.140.01 [256] w* Y
dxz 0.14 £ 0.07 £ 0.02 [256] proton
dyz —0.02 4 0.07+ < 0.01 [256] q g t 5
/ h b
q t
antiproton b, - q
q
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Inclusive tt cross section [pb]

The LHC: a top quark factory

9 t

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
- v Tevatron combined 1.96 TeV (L < 8 8" .. N . . .
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2) Evaluate relevant corrections and systematic
uncertainties as a function of sidereal time

3) Measure normalized differential cross section
with sidereal time

CLxx=CLyy

CLxy=CLyx
CLxz=CLzx
CLyz=CLzy
Crxx="CR.yv
Crxy=CRyx
Crxz=Cr.zx
Cryz=Crzv
Cxx="Cyy
Cxv=Cyx
Cxz=Czx
Cyz=Czy
dyx=—0yy
dyy=dyx
Ayz=dzy
dy,=dzy

CMS Preliminary

Analysis strategy

77.4 0" (13 TeV)
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4) Extract Lorentz-violating
SME coefficients
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Employing tt dilepton final state

2 .
Selection: g ttbar signal
: : . : : Y
- Dilepton final state: ep (dilepton + single lepton triggers)
- Leading lepton pt>25 GeV, subheading pr>20 GeV
. . b
- =2 jets with pt>30 GeV and |n| < 2.4 main
- Among which =21 b jet (deepCSV tagger) t background:
single top tW
Discriminant observable: number of b jets (good g
separation between ttbar and tW),
«10° CMS Preliminary 359" (13 TeV) 03 CMS Prellmlnary 415 b’ (13 TeV)
:‘H‘HH“H““H“H‘Preflt““ R 120; , | Prt—;gltSM _
100 , tt SM — - Gt B ]
Process 2016 2017 B -~ [@Singetop - . 7 msingep 1
_ - [IW/Z+jets ’ 100 W/ Z+jets —
tt SM 167641 195871 8ol Diboson - Diboson y
T X 1 77 X i
Single top 8375 9888 g . S T N
Dibosons 692 651 o ] o 80 -
W /Z+jets 2084 2321 40 S a0k E
Total background 11607 13404 g ] : .
Total MC 179247 209277 20 E 20 ) .
Data 168282 203584 0 ] o .
Q 1.2F v 3 Q 1.2 ‘
g 1 1 E PIAIIIIIAIIIIS ////?2222?2222?2222/% é 1 1 ;//////////////////////////////////////////////////////////;////;////;////f
g ogr s vz - s
O 0.8k ‘ ‘ ‘ ‘ ‘ ‘ E o 0.8& ‘ ‘ ‘ ‘ ‘ ‘ ‘ E
0745 2 25 3 35 4 45 5 0745 2 25 3 35 4 45 5
number of b jets number of b jets
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>, Integrated luminosity with sidereal time

Integrated luminosity:

- Integrated luminosity can vary up to 20% per sidereal time bin

- Scale simulation yield for each sidereal time bin

- Re-estimate luminosity uncertainties as a function of time: cross-detector
stability, luminometer linearity response

CMS Preliminary 77.4 6 (13 TeV) CMS Preliminary 35.9 b (13 TeV)
p 2_5 _I TT | T TT | T TT | T TT | T TT | T TT | T TT T TT | T TT | T TT | T TT | T T I_ > 1 _04 _I TT | T TT | T 1T | T I-I | T TT | T TT | T TT | T TT | T TT | T TT | T TT | TT I_
o - ] = - 2016 estimate .
= - 4 '© 1.03F Uniform component ]
> i . + F Cross-detector stability .
220 e o o) - Linearity ]
8 I ] O 1.02F =
o — 2 _ .
£ i . T -1 - .
E 1 5 e SR o A *2\ 1 '01 —_ __
e 7 e
3 - E
g i 2016 estimate % 0.99= —
o w88 2017 estimate | — 0.08F E
£ 05 ~ - F .
- ] 0.971 -
O_I 11 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 11 I_ O 96 :I 11 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 11 I:

0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Sidereal time (h) Sidereal time (h)
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Pileup distribution:

Pileup with sidereal time

- Nominal pileup profile and associated uncertainty (from the cross section for
minimum bias events) does not cover for the pileup profile in time bins

- For each sidereal time bin: reweight pileup distribution and assign
corresponding uncertainty

CMS Preliminary

359 b7 (13 TeV

N—
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B
‘Idllllllllllllll

2016

0-1h (sidereal)
—— 5-6h (sidereal)
15-16h (sidereal)

Nominal + uncertainty

0 10 20

30 40 50 60

70

Number of pileup interactions

normalized

0.03

0.02

0.01

CMS Preliminary 41.5fb™ (13 TeV)

2017 s
#@ Nominal + uncertainty |
—— 0-1h (sidereal)
—— 5-6h (sidereal)
15-16h (sidereal)

:

) 10 20 30 40 50 60” 70 80 90
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Data/simulation differences in dilepton trigger efficiencies:

- Estimated using pr™is trigger in events with >1 b jet
- Uncertainties estimated from partitions of the data: uncertainty arising from the
number of jets, and run era dependency

ETrigger,data/ ETrigger,MC

©c o o o o
O o N o ©

©
=

2
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CMS Preliminary

Trigger efficiency with sidereal time
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Reminder: Integrated lumi, pileup and trigger corrections depend on time

CMS Preliminary 77.4 (13 TeV)
—

Fit method @tvév.f“?ettc,p 6000
- Profile likelihood method using the  §&
LHC test-statistic
- Fit of 24 parameters of interest
(POls): 23 fractions + the average

signal strength

2016 | Z 2017

Events

O
=
- Reconstructed and particle-level 8 o
Slldereal tlme are IdentIC.al: 01234567 B91011182i:;é:1e5a1‘;51h7(1)::2:2(;.2;2531}nz:n;;r(io;;iQell;ﬂ-jlz)w14151617181920212223
diagonal response matrix __CMS _ prelminay  77417(18TeV)
. PotsttfétM 6000 :_ T T so16 T T | T T T »017 T T _:
- Under the SM hypothesis, same  gSgger _ E | 3
expected prediction in each bin & E | -
E’ 3000_2
- The normalised differential cross 2000
section reduces to: 1000 f
0i/Oavg = Mi/Mavg (Which are the o Sl S
POls) S 12 bbb it b
s N

|
91011121314151617181920212223 0 1 2 3 4 5 6 7 8 91011121314151617181920212223
Sidereal hour + 0.25 x (number of b jets -1)

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - IRN lerascale, Marsellle - 11



z
2
s
o
)
g
=
o
8
g
£
S
S

Re-estimated as a

function of sidereal

time: correlated in
sidereal time

Experimental syst. for
which dependency in
sidereal time is
unknown: uncorrelated
In sidereal time

SM theory and
background normalisation
uncertainties: uniform
(and correlated) in
sidereal time

MC stat.: correlated in
sidereal time

Systematic uncertainty source

Uncertainties and their correlation

Correlation 2016-2017 Correlation time bins

Magnitude

Flat luminosity, year-to-year correlated part
Flat luminosity, year-to-year uncorrelated part
Time-dependent luminosity stability
Time-dependent luminosity linearity
Time-dependent pileup reweighting
Time-dependent trigger efficiency, syst. component
Time-dependent trigger efficiency, stat. component

L1 ECAL prefiring
Electron reconstruction
Electron identification
Muon identification, syst. component
Muon identification, stat. component
Muon isolation, syst. component
Muon isolation, stat. component
Phase-space extrapolation of lepton isolation
Jet energy scale, year-to-year correlated part
Jet energy scale, year-to-year uncorrelated part
Parton flavor impact on jet energy scale
b tagging
Matrix element scale
PDF+agq
Initial- & final-state radiation scale
Top quark pr
Matrix element-parton shower matching
Underlying event tune
Color reconnection
Top quark mass

Single top quark cross section
tt+X cross section
Diboson cross section
W /Z+jets cross section
tt cross section *

Single top quark time modulation *

MC statistical uncertainty

100%
0%
0%
0%

100%
0%
0%

100%

100%

100%

100%
0%

100%
0%

100%

100%
0%

100%
0%

100%

100%

100%

100%

100%

100%

100%

100%

100%
100%
100%
100%
100%

100%
0%

100%
100%
100%
100%
100%
100%
0%
0%
0%
0%
0%
0%
0%
0%
100%
0%
0%
100%
0%
100%
100%
100%
100%
100%
100%
100%
100%

100%
100%
100%
100%
100%

100%
100%

0.6% (2016), 0.9% (2017)
0.9% (2016), 1.4% (2017)
0.2% (2016), 0.4% (2017)
0.2% (2016), 0.4% (2017)
0.3-5%
0.5-1%
0.5%

0.5%
0.4%
1.2-2.2%
0.3%
0.5%
<0.1%
0.2%
0.5-1%
0.8%
1.4%
1.1%
2—4%

0.3-6%
0.1-0.4%
1-5%
0.5-2.5%
0.7%
0.2%
0.3%
0.5-3%
30%
20%
30%
30%
4%
2%
0.1-1%
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Normalized differential XS: result

Direct fit of normalised differential ttbar cross section
Uncertainty is around 2.2% in each time bin
Statistical uncertainty accounts for ~0.9%
Goodness-of-fit (saturated model): p-value=0.92

CMS PreI/m/nary 77.4 fb (1 3 TeV)
II|II|III|III|III|II |III
S SM predlctlons

$ Data

)dotj
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o
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—_—
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. ————
ot
————
— ) et
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4;3_
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L1
8 10 12 14 16 18 20 22
Sidereal time (h)
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Uncertainty breakdown

Uncertainty breakdown bin by bin: in each sidereal time bin, freeze groups of
uncertainties in the fit and calculate the resulting uncertainty by subtracting to the total in
quadrature.

Treatment of the systematics with sidereal time: CMS Preliminary 774157 (18 ToV)
~ s U Statasyst. S

: : : : : - Xk — Time uniform ]

- Uncertainty in pileup, luminosity stability and g 4 — Tme conelated _
linearity, trigger: evaluated as a function of sidereal g~ 3F St E

~ e

< 25 =

time, treated as correlated: subdominant

TJ/Z
v

rt&inty on 1/(

]

- Other experimental systematics treated as
uncorrelated, to let the fit find their impact on
each time bin in data: dominant  —

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\:
8 10 12 14 16 18 20 22 24
Sidereal time (h)

o
N -
Ni
ok

- SM theory, background norm, other luminosity
uncertainties treated as uniform: cancel almost
completely in the ratio

- Cancellation of uncertainties is imperfect because
of remaining correlations
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SME signal model (evaluated at LO):
Not sensitive to Z and T direction.

Use similar benchmarks as Tevatron

4 directions tested: XX, XY, XZ, YZ
4 families of coefficients: ¢, d, ¢, Cr

N|—

Cuv = %[(CL)MV + (rR)w], dp =

[(CL)W - (CR),LW]

f(t) — (CL,yv =+ CR,,uv)R(le(t) }é(t) (?

SME model

BECL xx=—Cyy=0.01

B xy=CLyx=0.01
Cpxz=CL2x=0.01
Cvz=C( zv=0.01

Use Madgraph LO + Pythia
with full detector simulation
Apply selection at reco level
Computation of the time
modulation using exact LO
kinematics [Berger, Kostelecky, Liu,
Phys. Rev. D 93, 036005 (2016)]
Calculated in bins of sidereal time
and number of b jets

1.005

Nti,SME/NtT,SM

0.995

0.99

Lorentz-violating signal model (SME)

SM SME

My P<6F>F +@

SME weight:

p

«
OP
+ CL,]WRZ(t) 1[;

CMS

Simulation Preliminary

101+ |y

012345678 910111213141516171819202122230 1 2 3 4 5 6 7 8 9 1011121314151617181920212223

Sidereal hour + 0.25 x (number of b jets -1)

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - IRN Terascale, Marseille - 15



Bounds on the SME coefficients

Fit of each coefficient individually, while coefficients corresponding to the three

other directions in a family (cL, cR, c, d) are left floating in the fit

Goodness-of-fit p-value is 0.98

Correlation between coefficients of different directions is 0-4%

Cc

Lxx—CLyy

Cxy=CLvx
C

Lxz=CL zx
C

Lyz=CL zv

rRxx— CRryy

Crxy=CR.yx
(o

C
C =C

C
RXZ™ “R,ZX
RYZ™ “R,ZY
Cxx=Cvyy

Cxy=Cvx
Cxz=Czx
Cyz=Czy
dyy=—dyy
dyy=0yx
dy,=dx
dyz=dzy

CMS Preliminary 77.4 107 (13 TeV)

0.005 0.01 0.015 0.02
Wilson coefficient value
- No significant deviation from the SM

-0.02 -0.015 -0.01 -0.005

- cL, cR coefficients:
Improved precision by a
factor ~20-50 relative to DO

- ¢ coefficients: measured
for the first time

- d coefficients: Improved
precision by a factor up to
~100 relative to DO

- Special relativity tested with precision 0.1-0.8% using top quarks at the LHC
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Uncertainty breakdown

Similar conclusions as in the differential fit

- Largest uncertainty is the time-uncorraleted component: most exp.
syst. have an individual uncertainty per sidereal time bin

- Statistical uncertainty is about 1/3 of total stat+syst uncertainty

- Time-correlated uncertainties follow. It includes an uncertainty on
single top process in the SME.

- Usual time-uniform systematics have small impact

CMS Preliminary 77.4 b (13 TeV)
e BT T T T T T T T T T T 1 T 1]
) . — Stat.+syst. ]
o - — Time uniform .
= B Time correlated *
8 10 [ — Time uncorrelated 7
Is) B Stat. |
c - i
@) - i
@9 5+ —
>, 0 f =
e
g - |
© - ,
t I —
q) — - —
&) St -
c i i
D L i
-10 I I A S A A O
> x x > > x x > > x x > > x x >
S >~ N N - - N N & 55 N N _S & N_N
T 5 0 0 £ b 3 o0 o B B T O
IR A A A T T LS Ve
e REL T YN XSS 5SS
x J 4 Jd R P oL (6] ©
4 O O O r o O O
o [$)
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Conclusions and perspectives

Summary:

- Performed the first search for violation of Lorentz invariance with ttbar at the LHC,
within the context of the SME

- Measured differential normalised cross section with sidereal time

- Measured SME coefficients in XX, XY, XZ, YZ directions for cL, cR, ¢, d families

- Improvement by a factor up to 100 on the SME coefficients

- Special relativity tested at 0.1-0.8% precision level with top quarks at the LHC

- CMS Public Analysis Summary TOP-22-007, to be published

Perspectives:
- Another factor of 5-10 improvement expected at the HL-LHC, and a factor 100 at
the FCC-hh [Carle, Chanon, Perries, Eur.Phys.J.C 80 (2020) 2, 128]

Thanks for your attention
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Comparison with SM expectations

- Alternative fit: Fit of each Wilson individually, others set to SM
- Correlation between coefficients of different directions is 0-4%

Wilson SM expected Data SM expected Data
coefficient Others fixed to SM  Others fixed to SM  Others floating Others floating
(103 units) (1073 units) (1073 units) (1073 units)
CLxX = —CLyy [—0.97;0.97] [—0.91; 1.03] [—0.97;0.97] [—0.91; 1.03]
CLXY = CLYX [—0.97;0.97] [-1.94;, —0.01] [—0.97;0.97] [—1.96; —0.03]
CLxz = CLzx [—3.25; 3.25] [—0.91; 5.58] [—3.25; 3.25] [—0.86; 5.63]
CLyz = CLzy [—3.26; 3.26] [—4.66; 1.83] [—3.27; 3.27] [—4.7;1.81]
CRXX = —CRYY [—1.71; 1.71] [—1.65;1.79] [—1.71; 1.71] [—1.66; 1.77]
CRXY = CRYX [—1.72;1.72] [0.11; 3.53] [—1.72;1.72] [0.14; 3.56]
CRXZ = CRZX [—5.81; 5.82] [—9.52;2.1] [—5.82; 5.82] [—9.61; 2.01]
CRYZ = CRZY [—5.84; 5.84] [—3.79; 7.86] [—5.84; 5.84] [—3.74; 7.91]
Cxx = —Cyy [—2.19; 2.19] [—1.78; 2.62] [—2.19; 2.19] [—1.85; 2.55]
Cxy = Cyx [—2.19; 2.19] [—4.27;0.15] [—2.19; 2.19] [—4.36; 0.07]
Cxz = Czx [—7.25;7.25] [—1.35; 13.27] [—7.26;7.25] [—1.15; 13.48]
Cyz = Cyy [—7.29;7.29] [—11.16; 3.35] [—7.29;7.29] [—11.31; 3.24]
dyx = —dyy [—0.62; 0.62] [—0.6; 0.64] [—0.62; 0.62] [—0.6; 0.64]
dyy = dyx [—0.62; 0.62] [-1.25; —0.02] [—0.62;0.62] [—1.27;, —0.03]
Ay, =d x [—2.09; 2.09] [—0.65; 3.52] [—2.09; 2.09] [—0.62; 3.55]
dy, =dy [—2.1;2.1] [—2.93; 1.24] [—2.1;2.1] [—2.95; 1.23]
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Uncertainty breakdown

- Formula for single top production in presence of non-null ¢ or d SME
coefficients are not known

- Evaluate an uncertainty arising from top quark decay in the SME, using single
top processes

- Small impact on the total uncertainty

CMS Preliminary 77.4 b7 (13 TeV)
e 1O T T T T T T T T T T T T 1]
ko) . — Stat.+syst. i
o - —— SME single top XX .
= B SME single top XY 1
0 10 _ SME single top XZ .
o B SME single top YZ ]
c - — Stat. .
o - -
@0 5 —
= I :
R e — — -
b O — ‘ — —_————— s
g B |
g I Z
8 -or B
c i i
> L i
~10 [ O I S N I SO B
> x x > > x < > > x x > > x x >
S >~ N N - > N N & & N N _ & & _N_N
g i 44 4 o0 o o£© £ o o 0 O T v T O
TR IR TSR U NN E LN
";g % X > “>>g ¥ N LS S X S 5
5 © 9 9 & & &S &
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The CMS detector

In the transverse plane (perpendicular to the beamline):

Tracker
Eﬂ@@ﬁ?@m@gm@&ﬁ@%i;
Calorimeter
Hadromn
Calorimeter Superconducting '
Solenoid Iron return yoke interspersee £ [/l
with muen chambers | gl
Muon Electron Charged hadron (e.g. pion)
- == Neutral hadron (e.g. neutron) -----Photon
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Challenge: pileup interactions

Higher instantaneous luminosity means higher number of (uninteresting, low
momentum) additional collisions per bunch crossing

- In-time pileup : additional collisions
in the same bunch crossing (1
bunch crossing every 25 ns)

- QOut-of-time pileup: additional
collisions in the previous or next
bunch crossing

CMS Average Pileup

: \ 7000
2018 (13 TeV): <u> = 37

2017 (13 TeV): <u> = 38 {6000
2016 (13 TeV): <u> = 27
2015 (13 TeV): <u> = 13 {5000
2012 (8 TeV): <u> =21
2011 (7 TeV): <u> =10 {4000

iIinn

3000f ol? (13 TeV)=80.0 mbp 13000

ol (8 TeV) =73.0 mb

Recorded Luminosity (pb!/1.00)

2000( ol (7 TeV)=71.5mb {2000
1000- {11000
7 o © ) X
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Top quark decay CKM matrix

d s b
l+’q 4 \
W+ V a' u . . "
t [ cn -
b t -« [
\ y

Top quark decay
- The top quark undergoes electroweak decay to Wb before hadronizing
- W decays via W—=Ilv or W—=qq’, leading to to b + leptons or jets signatures

Parton level

m, K, ... -
Jet SNt e e é\

\ Particle Jet Energy depositions
P in calorimeters

Top Pair Branching Fractions

“alljets”™ 46%

ttHets 15%

B-jet

uHets 15%

et+jets 15% ]
"dileptons” "lepton+jets”
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Translating UNIX to sidereal time

UTC time (~UNIX time): rotation period of the earth lasts ~23h 56min 4s (UTC)
Sidereal time: rotation period of the earth is defined as 24h, 86400 s (sidereal)

Angular velocity Angular velocity Effective longitude

of earth’s rotation of earth’s rotation of the beam at

around its axis in around its axis in Jan 1st 2016 in CMS P5 relative to
sidereal time: UTC time: UNIX time Greenwich
~211/86400 s-1 211/86164 s meridian, in rad

| | | |

QSiderealtsidereal — QUTC X (tUNIX — tO) + QSUNIX + qblongitude

]

Timestamp of the Phase between
lumisection in UNIX  J2000 (reference
time (seconds since  in Sun-centered

1st Jan 1970) frame) and Unix

epoch
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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
= (Focus here on CPT-

CPT . 0O v '
LY D Ji(eQ)waBQav" DY Qp = Right handeq charge even coefficients)
2/3 top singlet

SME coefficients cuy are violating particle Lorentz invariance
cw trace is Lorentz-invariant, and its antisymmetric part can be absorbed

elsewhere in the Lagrangian: consider cyv as symmetric and traceless

Define: | cw = 3l(c)w + (crR)w),  duw = 5l(cL)pw — (€R) ]
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Top pair production in the SME

Berger, Kostelecky, Liu, Phys. Rev. D 93, 036005 (2016) pt
w+ v

Top quark (~173 GeV) decays at almost 100% to Wb. = . .
Assume narrow-width approximation for top quarks: i
SM LIV p

Q|
~1

M Eve @ OP)FF + P(6F)F 4+ PF(0F) antiproton b q

Q|

LIV change in top

Menrsl? ) t LIV change in
SME weight; w="—2>Y2 quark propagator top production
Msal* \ ‘B/ via top-gluon
w(t) =1+ f(t) ‘5’;3]3)“ vertex
/ +(cr) AN
CL ) =
SME coefficients — ‘\RK
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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Osme/ Osm - 1

f(t)

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 frame), and for several benchmark coefficients

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

01_CXX=_CYY=O'O1 0.4: T T T T :
' Cxy = Cyx = 0.01 - ® C.yx =-Cyy =0.01 .
—— Cy, =C,y = 0.01 035~ B Cpyy = -Cryy = 0.01 v
XZ _ ZX _ 0.01 - A Cyy=-C,, =0.01 ]
—— Cyz=Cy =Y. sl LY dy=-dyy=001 E
0.05— ' L Y i
- % - m
L o) C ]
L —~ 025 v —
T B A 7
B s ]
@] - ]
L O] C ]
: S 0.15 j : A i
~0.05 — TE1 - v .
B < o1 'y -
L O ® ]
- o A [} ]
04— 0.05 - . - [ ]
| | 111 | 11 1 | L1 1 | L1 1 | 11 1 | L1 1 | L1 1 I 1 1 1 | L1l | 11 1 I 1 1 1 - ‘ -
0 2 4 6 8 10 12 14 16 18 20 22 24 oL L L] Ll ]

sideral time t (in h) 1 10 102

s (TeV)
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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 2027)
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 2x 107 2x 107 5% 107
L. Acrxz, Acryz 8 x 1072 3% 1073 5% 107% 9 x 107 2% 107
EXPeCted precision Acrxx, ACRXY 9 x 1072 3x 1073 5x 1074 8 x 107> 5% 1073
on the top-quark Acrxz, Acgyz 7 x 1072 1 x 1072 2% 1073 4% 107 8 x 107>
SME coefficients: Acxx, Acxy 7 x 1071 1 x1073 2 x 107 3% 1077 9 x 107°
Acxz, Acyz 6 x 107! 4 %1073 7 x 1074 1 x 1074 3% 1073
Adxyx, Adxy 1 x 107! 6 x 1074 1 x 10~ 2x 107 8 x 1076
Adyz, Adyz 7 x 1072 2x 1073 4% 10~% 8 x 107 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 coeft.) relative to LHC Run 2
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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 fSME(X, 6)f.,

D

<4 CMS
¢4 ATLAS

4 1.2
2 Do <

4, \
>
0.8
0.6

[$4)

Azimuth 6 (in rad)

H

IIIIIIIII|IIII|IIII|III

* 0.4

-
[$;]
|
-
|
o
[$;]
o
o
[$)]

o
l i
o ©
n

1 1.5
Latitude A (in rad)

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

A L o e o
- ATLAS - 15 GeV
- \s=7Tev S VA 5 GeV

o
o
@
0

Experimental method

- Kinematic fit used to reconstruct the top mass
in lepton+jets or dilepton decay channels
Can measure top / antitop mass in separated 002
dataset and combine statistically 0.015F-
Or can measure simultaneously top and 0o % E
antitop masses

o
o
@

arbitrary units

o
o
N
a1
T T
+
[¢)]
©
o)
<

0.005]- - =

150 -100 50 0 50 100 150
At [GeV]

CMS 8 TeV (PLB 770 (2017) 50-71):
Am¢ = —0.15 4 0.19(stat) 4 0.09 (syst) GeV

Compatible with the SM
This measurement has not been interpreted in the context of a given BSM model
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