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Standard model electroweak baryogenesis:

Nsy = (Mp —ng) /Ny & 10—27

Observation:
n = (ny —ng)/n, =~ 6x 107"

Lorentz, CPT, CP and baryogenesis

Today 14 hillion years
Life on earth g

Acceleratio — > 11 hillion years
Dark energy d e Rt TRy

Solar system forms\ # = e

Star formation peak \& - 3 bilfion years —————
Galaxy formation era\ \ . . :

Earliest visible galaxies - 700 miII_inn years

@Y

Recombination Atoms form \—£=1400,000 years &~
Al ]
Relic radiation decouples (CMB)! @\ < @) @ /

Matter domination — 5,000 years —
Onset of gravitational collapse :

Nucleosynthesis — 3 minutes

Light elements created - D, He, Li
Nuclear fusion begins

Quark-hadron transition

Electroweak transition
lectromagnetic and weak nu

Inflation

Quantum gravity wall »
Spacetime description breaks down V

Beyond SM electroweak baryogenesis: CPT baryogenesis:
- Additional scalars may ensure 1st order - CPT violation
electroweak phase transition - Induces baryon number
- A new source of CP violation is required violation at thermal equilibrium

CPT theorem: a QFT a preserving Lorentz invariance must also preserve CPT symmetry.

CPT violation implies Lorentz violation for local Q

theories [Greenberg 2002]
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top and Higgs in searches for...

- CPT asymmetry with ttbar
- Violation of Lorentz invariance with ttbar CP violation in  CP violation in top-
- CP violation in top-gluon coupling top-Z/y coupling Higgs coupling

Aug 20;3 | . . \ CMS Prellmlnalry

5.02 TeV CMS measurement (L < 302 pb™)

B\ 7 TeV CMS measurement (L <5.0 fb™
B \8 TeV CMS measurement (L <19.6 fb™)
a\OMS measurement (L < 138 fb™)
MS measurement (L <1 fb™)

CMS 95%CL limits at 7, 8 anc
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All results at: http://cern.ch/go/pNj7 N. Chanon - IIHE Seminar - 3



CPT from top/antitop mass difference
PLB 770 (2017) 50-71, arXiv:2403.01313

CMS 19.6 0" (8 Tev) (MMt
top/antitop mass difference 820 Frjots MOt
- Difference of nominal top quark masses is not ?fzzzz e
allowed within local quantum field theories g ool
Experimental method, CMS at 8 TeV =
- ttbar production in lepton/ Byl gt
antilepton+jets decay channels "™ Fitted top quark mass (GeV)
- top/antitop reconstruction with a CMS '_HSHHV T
kinematic fit New: CMS Summary] |« roatreorany | g W enans
- Many systematics cancel out in the paper on top mass |~ P
difference 7TeV, leptonits (1) o

JHEP 06 (2012) 109

Source Uncertainty in Am; (MeV)
Jet energy scale 7+16 . 1
Jet energy resolution 7+£11 8 TeV, lepton+ijets (19.7 fb™)
b vs. b jet response 51+1 Amy =-0.15 + 0.21 GeV
Background charge asymmetry 11.9+0.1
Background composition 28+1 i 4 '
Pileup 914023 13 TeV, single top quark (35.9 fb™) i
. . AMm, =0.83 = 1.79 GeV ——t =
b tagging el.ﬁaency. 2447 JHEP 12 (2021 161 i
b vs. b tagging efficiency 11+7 :
Method calibration 3+53
Parton distribution functions 943 N R
Total 91 -2 0 2 0 0.5 1 1.5

Am,[GeV] Am, uncertainty [GeV]

- Compatible with the SM  Am; = —0.15 + 0.19(stat) & 0.09 (syst) GeV
- Interpretation of this measurement: PRL 138, 221601 (2024), talk N. Sherrill on Tuesday
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https://arxiv.org/abs/2403.01313
https://indico.cern.ch/event/1395905/contributions/6223240/

Searches for violation of Lorentz

invariance with tt
_ PLB 857 (2024) 138979 Paper just published

Lorentz transformation: Lorentz-violating Standard Model Extension (SME):
Motivated by String theory or Loop quantum gravity

Add all Lorentz-violating operators to the SM Lagrangian
Tested in many sectors, but only once with top quarks (DO,
PRL 108 (2012) 261603))

ot o't = AH Y
- Rotations
- Lorentz boosts

1. _ — _
Lovg = EllI/(YV + @ ut @ 57,0 W —mpy

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

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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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.261603
https://cms.cern/news/clocking-natures-heaviest-elementary-particle-do-top-quarks-play-einsteins-rules-whole-day-and

Searches for violation of Lorentz

invariance with tt
PLB 857 (2024) 138979

Selection: 6
Dilepton final state: ep

° ttbar signal

Leading lepton pT>25 GeV, subheading pT>20 GeV v
=2 jets with pT>30 GeV and |n| < 2.4 : ] main
Among which =21 b jet (deepCSV tagger) t background:
t single top tW
g

Discriminant observable: number of b jets (good separation between ttbar and tW),
in bins of sidereal time

CMS 77.8 b1 (13 TeV)
Preft ~  ET T T TTTTTOTOTTTOTOTOTOTOTOTOTOTOTOTTTTTTT T T T T T i
[t SM 6000 | ]
ASingle top quark 2016 2017 -
[ V+jets =
Diboson 5000 =
: ]

ttv
¢ Data

Dedicated MC corrections in
bins of sidereal time:

4000E " ¢l . ) !

3000 [ ! iififi .-iifk § \
Integrated luminosity, el
Pileup distribution, i m@ )

Events

—
o
o
o

0
Trigger efficiencies Q 14 1
- S 12 J E
Other corrections are treated i bbb, ‘LrTJf}*,L.* Wl aded '}...IJ..'Lé
independently of sidereal T T TR e et e s T L L T S T e T et
time bin Sidereal hour + 0.25 x (number of b jets -1)
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Searches for violation of Lorentz

invariance with tt
PLB 857 (2024) 138979

CMS 77.8 fb (13 TeV)

rosh 1 gateest

Direct fit of normalised differential ttbar cross ~ 1.06 | - SMepeston

section S 104 | | | | .

Uncertainty is around 2.2% in each time bin S M i g

Statistical uncertainty accounts for ~0.9% & 11' AERRRINN T |5

gossl | | L T

0.96 ]

0.94F &

Treatment of the systematics with sidereal time: 0246 8 10 12 14 16 18 20 22 24

- Uncertainty in pileup, luminosity stability and CMS Sderealhour () o 7 43 Tov)

linearity, trigger: evaluated as a function of S

sidereal time, treated as correlated: B _gtgtiﬁﬂ&?r'?é?a‘%ed—
subdominant

tt

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

SM theory, background norm, other luminosity

O a0 N W & O
I
L

Uncertainty on 1/(0./24) do_/dt (%)

. . . -3F ]
uncertainties treated as uniform: cancel almost ) E
completely in the ratio o E e 6 18 50 5

Sidereal hour (h)
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Searches for violation of Lorentz

invariance with tt
PLB 857 (2024) 138979

SME signal model (evaluated at LO):

- Time modulation calculated in bins
of sidereal time and number of b jets

- 4 directions tested: XX, XY, XZ, Y/

- 4 families of coefficients: c, d, CcL, Cr

Cc =-C

LXX™

C xv=
C xz=C

L,ZX
CLvz=CLzv
Rxx—C
Crxy™
C

Cc

LYY

CL,YX

C RYY

CR,YX

CR,ZX

CR,ZY

RXZ ™
RYZ™
Cxx=Cvy
Cxy=Cvx
Cxz=Czx
Cyz=Czy
dyy=—0yy
dyy=0yx

dy =0y

dy,=dzy

CMS

SME model

B C yxx=—C yy=0.01

B C_xv=C_ yx=0.01
C xz=C( 2x=0.01
Cvz=C( 7v=0.01

77.81b7 (13 TeV)

T T T T T

== 68% CL
—95% CL

IIiIIIIiIII_#I_I | | | | | | | | |

-0.02

-0.01

0

0.01

0.02
SME coefficient value

NtT,SME/ NtT,SM

CMS Ssimuiation 13 TeV

1.01 -

1.005

—_

0.995

0.99

- No significant deviation

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

- Spacetime isotropy of special relativity
tested at the 0.1-0.8% level with top
quarks at the LHC
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CP violation in top-gluon coupling
PRD 100, 072002 (2019)

Imaginary part: top chromo electric
dipole moment, CP violating

ttbar production: single top tW-channel:

t g !

Cuc
2 (qo" T u)pG,
L A
_ __ Cms | .35-.9 fo (13 TeV)
g . ! b W T 1 4 Unfolded data ~NLO, SM .
(,"1) S . — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated -
MethOd EU:;_ 0 8_ - MG5_aMC@NLO + PYTHIAS8 [FxFx] —_
O - = = == -
Employ ttbar dilepton dataset ol ©. 0.6f 1
o Olo I — = —haEs ]
Measure angular distributions sensitive to 2 oal -
: : : o Y.ar i
top quark polarisation and CP-odd spin I N
correlation observables 8 02f -
. © -

E.xtract top—glu.on coupling from a o O =sardm oS
simultaneous fit of several distributions 2l O -
3 T 1 ————

il —

constraint at 95% CL of —0.33 < Cl;/A? < 020TeV 3 F' qosf -
-1 05 0 0.5 1

cos0;cosh;, - cosb’,cosb,

CP-odd triple product asymmetry (JHEP 06 (2023) 081, JHEP 07 (2023) 023): similar
sensitivity to the top quark chromoelectric moment
N. Chanon - Probing global symmetries with top quark and Higgs boson at CMS - Discrete2024 - 9



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002
http://dx.doi.org/10.1007/JHEP06(2023)081
http://dx.doi.org/10.1007/JHEP07(2023)023

CP violation in top-Z/y coupling
JHEP 03 (2020) 056, JHEP 12 (2021) 180, JHEP 05 (2022) 091

Nonprompt — EFTb stft

(—:I\fISIIIIIIII|||||!||||||||7|75|fb|(|13|Te|V)
Measurement of CP-violating Im(ctZ2) in ttZ | - :%?X o

(31/41) and tty (dilepton, lepton+jet)
ttZ. fit of Z boson pT x cosB* distribution
tty: fit of the photon pT distribution

l.l
'“H

\
y

10

Pp—— ._.-\ -
=
i
Lo

OtB — CtB( 'uyt)qu,uy

. 2 =
Before EW symmetry breaking: —  _aw, . - i
w = 5 (a0 t)ow /! g T AT 1 :

thy — COS@WCtB + S/I/nHWCtW % 82 [ 11 1 1 I*I | ITI | | [ | I | | Iil [ 11 I*I}I

112 3 45 6 7 8 91011121314151 2 3 456 7 8 9101112131415

|m(CtZ) measured W|th phOtOﬂS Niontrolﬂeglon L i NslsgnaIReglon
aSSUI’ﬂIﬂg (CtW, CtZ) baS|S ctz = —sinbwcig + cosby e : :

CMS 137 b (13 TeV) CMS 138 fb™1 (13 TeV)
o T T T T T T T T T T g T L L B e e e s T A
o iy = Nonprompt y ]
T = \isid.e == Other
B wy B Multijet
10, EEZy — SM-EFT best fit
—e— Observed - -- e :

Nj_3
N, =1

Z =z
Fz=z
Y
o = &
ZzZzz
v v
NN

4
o 4
1} I

I
N b . CMS 775tz
{18 > JHEP 03 (2020) 056
=3
—

—_— CMS 138 fb! ttZ & tZq
JHEP 12 (2021) 083
individually / marginalized

1L CMS 137 fo! ffy (t+jets)
14 — JHEP 12 (2021) 180

—y CMs 138 fb" ty
dilepton only (this result) /
combined with {+jets

— 10 b ,  Global fit
JHEP 04 (2021) 279
individually / marginalized

10° uchannel >4jets -

102

-0.2

6 \ , CMS 77.5 ! iz
JHEP 03 (2020) 056

4 CMS 137 fb™! fty (L+jets)

-0.4

o O

JHEP 12 (2021) 180

[ © SM --68%CL M2 CMS 138 fb™ tty
" Best it — 95% CL - O e

"50"'1'66"1'56"2'56"2'5'6"?356"615'?')'#8;%'\/'_] 06 04 02 0 02 04 08 °© = 0 1 2 3 4 5
i cz [(NTeVy?] 95% CL interval [(A/TeV)]

—_

-0.6

Obs./Pred.

o
fos)
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http://dx.doi.org/10.1007/JHEP03(2020)056
http://dx.doi.org/10.1007/JHEP12(2021)180
http://dx.doi.org/10.1007/JHEP05(2022)091

PRL 125, 061801 (2020)

Electroweak baryogegesis with CP-violation in top
Yukawa coupling can reproduce observed baryon density
in the Universe (see for instance arXiv:1512.08922)

—
Q
N

Higgs BR + Total Uncert
o

—
Q
(98

()

m"
cC

up

(D

TN

&

LHC HIGGS XS WG 2013

-4

100 120

140 160 180 200
M,, [GeV]

g

CP violation in top-Higgs coupllng (vyy)

ttH: Direct (tree level) probe
of top-Higgs coupling

ttH,H—vyy: BDT in several ttH and tH categories,
and a dedicated discriminant for CP violation

S/(S + B) Weighted Events / GeV

CMS

_IIIIIIIIIIIIIIIIIIII |||||||| I ||||||||
C B0 ]
60— ¢ Data T_:I P — Stat+Syst 1
- —S+B <150? — Stat only 1
50: ------- Background C}|40& SM expected 4

- 10 30?\ o

20\ 593
100\ 4o

i \/ 301

C +2 O
40_— }
30 ~

)

10

}

0051152253354455—

%

uﬂH ]

q
|

:IIIIIIIIIIIIIIIIIIIIIIII;IIIITlIITiTI IIIIII -_

?OO 110 120 130 140 150 160 170 180

m,, (GeV)

Events / bi

sign (&, /x;)
137 b (13 TeV)
+ Data ok | ]
Hit S 199.7%CL_ E
fCP =0 o —Observed E
fop = 1 oo ]
[ 68% CL E
02 040608 t1 =
fCP E

:
bin 1 bin 2 bin 3
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Maximum Likelihood Fit

T T

31-CR 41 -CR

DNN for ttH extraction

CMS

Events

C 21SS + O, tH node, w(ttH, tH)=ji
L ¢ Data R Misid. leptons [ Flips

- [JConversion [[JRare Wzz
- mwz I Eww) [tz ]
— IlH M tiH Total unc—|

uu eu ee

137 b (13 TeV

Expectation

| .
T ‘H

Data - Expectation

S \ N
m b ] Wi 1|1HF
+T'T ++T 'TT+ T+ (B BN E
5701520 25 30
Bin number

BDT for CP-violation w15

CMSSmIf Spplm ty arXiv 220802686 13TV
T TTTT \ T

o
o1

Fraction of Events

ttH,H—->WW/TT (multilepton channel):
Best expected sensitivity, wrt other channels

2 leptons of same sign (2¢ss), 3¢, 28ss+11, (hadronic tau)
Jets faking leptons, charge mis-assignment: from data
Signal extraction with DNN against SM background, and
BDT targeting CP-violation

CP violation in top-Higgs coupling (WW/TT)

JHEP 07 (2023) 092

—

—Pure CP-even |
—Pure CP-odd

o
N
—

o
w
——

0.2

0.1

07 T A | T L

[ JH— Multllepton

- [ H—yy/zz
- [CJH — Muttilepton/yy/zZ

) 68% CL

95% CL

+ Best fit
¢ SM expected

138 b (13 TeV)
T T T | T T T T | T

0 0.1 02 03 04 05 06 07 08 09 1
CP discriminant (2lss + Or,)

_LIIII|IIII|IIII|IIII|III

-0.5
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26 jets, 24 b-tags | I

5
s
A

- Measuring signal strength

CP violation in top-Higgs coupling (bb)
arXiv:2407.10896 submitted to JHEP

1 lepton

138fb-1 (13 TeV)

1 H-wwhrrt

S I

-
-
-
4

~
\~~

_————__)

- -

1 combined

——
S ——3

<

below SM expectation: M EBEEE
wgn = 033 +£0.26
- ttH,H—bb channel improves slightly the o T
expected sensitivity to CP-violation i f
- However the measured low signal :
strength weakens the observed ol
sensitivity to CP-violation 1|
a5 CMS 138fb-1 (13 TeV) .
T mmHotb - oxpocted  Kiprofied |
(CD»SO % mm H 5 WW/tt — observed %
a i mm H - yy/ZZ 1
o | === combined ] 1
I o5 | 1 -
of
20 |- ] [
15; "/540 1

-1.0 -0.5 0.0 0.5 1.0
fop

¢ SM expected
+ Dest fit

— 68% CL exp./obs.
- 95% CL exp./obs.
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Conclusions and perspectives

Search for CPT asymmetry with top quarks
Most precise top/antitop mass difference, precision 0.21 GeV, at CMS with 8 TeV
Would be interesting to perform again at 13 TeV with ttbar

Search for violation of Lorentz invariance with top quarks

- First search for violation of Lorentz invariance with ttbar at the LHC, with the SME

- Measured differential normalised cross section with sidereal time

- Spacetime anisotropy: special relativity tested at the 0.1-0.8% level with top quarks

Search for CP violation in top quark-vector boson coupling:
top-gluon: from spin correlation or CP-odd triple products: precision of 0.2-0.3 TeV-2
N.B.: Spin correlation used for top quark quantum entanglement (arXiv:2409.11067)
top-Z/y: large improvements in sensitivity arise from tty final state, precision ~0.4 TeV-2

Search for CP violation in top quark-Higgs boson coupling:
- Combination of ttH final states: H—vyy,ZZ, WW/tT,bb
Exclude an observed (expected) CP fraction of >0.85 (0.6) at 95% CL
Expected sensitivity improved with H—=bb, however measured signal strength is low,
thus the observed sensitivity is degraded

N. Chanon - Probing global symmetries with top quark and Higgs boson at CMS - Discrete2024 - 14
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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

\

Lo 5 Gileq)was@a" DY Qs | _ Right handed charge
+5i(cv)pwapUay" D Us 2/3 top singlet
—%(HU)MVAB§A¢CO"U'VUB —|—h.C.,

(Focus here on CPT-
even coefficients)

SME coefficients ¢y 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

N~

Define: | cw = %KCL)W + (erR)uwv];,  duw = 5l(cL)pw — (CR) ]

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - CMS France, Strasbourg - 16



Top pair production in the Lorentz-violating SME

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

proton Wi )

Assume narrow-width approximation for top quarks: g g t )
SM LIV a ; b

M| @ OP)FF + P(6F)F + PF(F) . - g

q

LIV change in top LIV change in

- Mgl quark propagator -
SME weight: = top production
Mg |? \ / via top-gluon
w(t) =1+ f(t) . vertex
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

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - LHC EFT WG - 17




Lorentz-violation with top quarks: previous bounds
Rev.Mod.Phys. 83: 11 (2011)

- Lorentz-violation tested in many sectors,

- Before CMS-PAS-TOP-22-007: 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,

Tuble D36 Quark sector, d > 4 using astrophysics photons
Combination Result System Ref.
et < 1.6 x 1077  Astrophysics [50]* /
(co)xx33 —0.1240.11 £ 0.02 ¢t production [256]
(co)vyss 0.12+0.11+0.02 7~ [256] p p
(co)xvss3 —0.04 4 0.11 +0.01 [256]
(co)x z33 0.15 4 0.08 + 0.02 [256]
(co)y z33 —0.03 4 0.08 + 0.01 [256] - - -
(CU)XX33 0.1+ 0.09 &+ 0.02 [256] < DerCt, derCtlonaI, bounds
(cv)yvss —0.14£0.094+0.02 7 [256] . :
(cu)xvss 0.04 £0.09 £0.01 ” [256] (PRL 708261603, 20 12)
(cv)x 733 —0.14 + 0.07 + 0.02 [256] measurement of tOp pair
(cv)yz3s 0.01 4 0.07+ < 0.01 [256] .
dyx 041401 £ 0.02 256 production at D@ (Tevaton)
dyy 0.114 0.1 +0.02 [256]
dxy —0.04 4+ 0.1 4+ 0.01 [256] w v
dx 7 0.14 £ 0.07 = 0.02 [256] proton
dyz —0.02 4 0.07+ < 0.01 [256] q g t .
’ . b
q t
antiproton b q
q

N. Chanon - Searches for violation of Lorentz invariance with ttbar at CMS - LHC EFT WG - 18



Signal strength in other ttbar analyses

CMS Preliminary o, summary, Vs = 13 TeV Jun 2021

kel
o
c
K
<]
12
=
S
)
=
k]
<
o
=
S
(&}

NNLO+NNLL PRL 110 (2013) 252004 I |

"""" My, = 172.5 GeV, o, (M) = 0.118:0.001 T
scale uncertainty total stat .
scale ® PDF @ o, uncertainty 0, = (stat) = (syst) = (lumi)

Dilepton e ot 803 + 2 + 25+ 20 pb

EPJC 79 (2019) 368, L =35.9 o™, 25 ns

Dilepton t+e/u ——] 781+ 7 =62 =20 pb
JHEP 02 (2020) 191 L =35.9 b, 25 ns

All-jets |
CMS-PAS TOP-16-013, Lim =253 fb'1, 25 ns

834 + 25+ 118 + 23 pb

L+jets o 791 1+ 21+ 14 pb
CMS-PAS TOP-20-001, Lim =137, 25 ns * :

: NNPDF3.0 JHEP 04 (2015) 040
| I MMHT14 EPJC 75 (2015) 5

* Preliminary
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
I:(xs(mz) =0.1 13]

o b b b b b |
200 400 600 800 1000 1200 1400

o [pb]
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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 b (13 TeV) CMS Preliminary 35.9fb" (13 TeV)
1:\ 2_5 T | L | L | T | L | T | L T | L | L | T | T > 1 _04 _I T T L I I.I T L | T | L | T | L | L | T I_
e - i e - 2016 estimate .
= - i 'S 1.03C Uniform component -
> - - +— L Cross-detector stability ]
= 2 s 7 ) - Linearity .
Z - i 8 1.02:— B
= C o L L | s i > - §
E 1500 7 > 1.01= -
E L e . ‘7) E _
- e bosssessd n }_ _
8 12 ?
g i : 2016 estimate % 0.99 E
o 12017 estimate { = j ool E
< 0.5 — F .
- i 0.97 -
O_I L1 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 11 I_ O 96 :I L1 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | L1 I:

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

Pileup distribution:

- 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 35.9 fb™ (13 TeV) CMS Preliminary 41.5fb™ (13 TeV)
-O B T T 1 | T T T | T T 1 | T 11 | T 11 | T 11 | T 11 ] -O 0.05 [T T 1T | T T | T T | T T | T T | T T | T 1T | T 1T | 1T 1T 1]
O 0.07 2016 -1 O - 2017 -
N . Nominal + uncertainty N : Nominal + uncertainty_
g 0.06 0-1h (sidereal) — g 0.04 0-1h (sidereal) N
- - —— 5-6h (sidereal) 1 = YYTL —— 5-6h (sidereal) i
2 0.05 15-16h (sidereal) 2 E 15-16h (sidereal) i
- i 0.031- 3
0.04— . - i
0.03F — 0.02- ]
0.02- - f :
- : 0.01- .
0.01~ —] _ i
O ::‘ | |'r| I B R B A A N B R . O B = ST T N N "I'-;;. . I IR

0 10 20 30 40 50 60 70 O 10 20 30 40 50 60 70 80 90
Number of pileup interactions Number of pileup interactions
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Trigger efficiency with sidereal time

Data/simulation differences in dilepton trigger efficiencies:

- Estimated using pt™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

CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary 41.5fb7" (13 TeV)
O1.2rLII|III|III|III|III|III|III III|III|III|III|II_I_ 01.2rl—lI|III|III|III|III|III|III III|III|III|III|II—|t
= = F :
5 1.1 o 1.1 E
g C g - ]
| 2 L E

UJI_ - 0 LUI_ - " -
0.9 — 0.9 =
Tmf 2016 " T T 2017 :
® 08 —— Nominal _ i © gl —— Nominal _ i
et Stat. uncertainty 1 OTr - Stat. uncertainty ]
o - =z Stat.+syst. uncertainty . o - : Stat.+syst. uncertainty .
0.7 ] 0.7~ =
R 1 D .
= 0.6 - 0.6 -
O I z
O 4:I L1 | L1 1 | L1 1 | L1 1 | L 11 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L 11 | L1 I: O 4:I L1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 I:

"0 2 4 6 8 10 12 14 16 18 20 22 2« "0 2 4 6 8 10 12 14 16 18 20 22 24
Sidereal time (h) Sidereal time (h)
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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+ag
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%
OO/O
0%

100%
OO/O
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%
40/0
20/0
0.1-1%
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Differential fit in 2016 and 2017

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 415 o™ (13 TeV)
FT T T[T T T[T T[T T[T T T[T T [T T[T T[T T T[T T T [TTT[TTT] B L R L L .
115 — SM predictions - 1 08 —— SM predictions 3
1 080 i Data E UF i Data .
1'_:5:1.065_ _; 1':‘_:1.04:— -
§H_' 1045_ ® * —E §_‘_‘ 102:_ | ! | o o ¢ | ] ® _:
g 102 1] RO u S S R A NN |
& 1E | o. 5' ® o | 'E §098}. ‘o | ,E
ORUEE N R 7 2 096 " -
0.96 1 7 o094 -
094 E 0.92F =
0'92:“|||||||||||||||||||||||||||||||||||||||||||? 0_9_—|||||||||||||||||||||||||||||||||||||||||||||||—_
0 2 4 6 8 10 12 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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Comparison with SM expectations

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

SME coefficient Others fixed to SM Others floating

(1073 unit) Expected Observed Expected Observed
—0.96; 0.96] [—0.9; 1.03] —0.96; 0.96] [—0.9; 1.03]
—0.97;097] [-1.92;0.0] —0.97;0.97] [-1.94; —0.02]
—3.23;3.23] [-0.97;5.49] —3.23;3.23] [—0.92; 5.54]
—3.24;3.24] [—4.61;1.85] —3.24;3.24] [—4.64;1.82

CLxx = —CLYyy
CLXYy = CLYX
CLxz = CLzx
CLyz = CLzY ]
CRxx = —Cryy [—1.7;1.7] [—1.65;1.77] [—1.7;1.7] [—1.66;1.76]
CRXY = CRYX [—1.71; 1.71] [0.09; 3.5] [—1.71; 1.71] [0.12; 3.52]
CRXZ = CRZX [-5.78;5.78] [—9.36;2.2] [-5.78;5.78] [—9.45;2.11]
]
]
]

r— p— p— p—
r— p— p— p—

]

cxx = —Cyy  [=217;2.17]  [-176;2.62]  [-2.17;2.17] [—1.83;2.55
Cxy = Cyx [—2.18;2.18] [-4.23;0.17] [-2.18;2.18] [—4.31;0.09
Cx7 = Crx [-7.21;7.21] [-149;13.07] [-7.21;7.21] [-1.29;13.27]
Cyy = Cpy [—7.24;7.24] [-11.05;3.38]  [—7.24;7.24] [—11.21;3.28]
dyx = —dyy  [-0.61;0.61]  [-0.6;0.63] [—0.61;0.61] [—0.59;0.64]
dyy = dyy [—0.62;0.62] [—1.24; —0.01] [-0.62;0.62] [—1.25; —0.02]
dyy = dyx [—2.07;2.07] [—0.68;3.46]  [—2.08;2.07] [—0.65;3.49]
dy, = dyy [—2.08;2.08] [-2.9;125] [-2.08;2.08] [—2.92;1.23]
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Uncertainty in SME fits

CMS 77.8 b (13 TeV)

-t ° °r ° °r 1 ° 1 1 |
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Uncertainty for single top in the SME

- 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 WO r—TT1T T T T T T T T T 1T 1T 1T 1T 1]
K] . — Stat.+syst. i
O - — SME single top XX s
= B SME single top XY 7
S 10~ _— SME single top XZ 7
'5) B SME single top YZ i
(- - — Stat. -
@, - il
B 5 -
= i
CCD B —_ | I i
> 0= — ] ——
g -
8 : i
S -5r B
c B i
> - |
10 I S A A A A O
> X x > > X x > > x x > > x < >
> > N N > > N N &~ > N N _> > _N _N
_ 1 — — s o o c O O O O T T T O
TR RN TERE 0L "Q "g LN N
L sy LRSS 5SS
5 ¢ 6O oé L F
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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 211/86164 s meridian, in rad

| | |

\ 4
QSiderealtsidereal — QUTC X (tUNIX — tO) + ¢UNIX + ¢longitude

A A

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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SME rotation matrices

AW«/ () w—e)) 'R, (g) R ()

Rotation of the earth _ azimuth in Tilt of LHC plane
around its axis Latitude LHC ring relative to the surface

7 (SCF)

LHCb

0 0 0
sin(Qt)cg — cos(Qt)sgsx  cos(Qt)(—sacoSn — Cacn) — sin(Q)sqs9  cos(Qt)(sacxn — cacosy) — sin(2t)cq So
—sin(Qt)sgsy — cos(Qt)cy  sin(Qt)(—sqCe5x — CaCr) + cos(Qt)sqase  sin(Qt)(sqcn — cacosx) + cos(2t)cq sg
—SgC) CaS) — SaCpCH —SaS)\ — ChChC)

R\ 0,a,t) =

o OO =
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top+Higgs processes

|||||| T'TTT T TTT |||||||||||||||||||||||||||||||§
2 |
=10%F M(H)= 15 GeV =
- — <
o EW) 18
| — NLO S
—~ T 1 (N3LO QCR= 18
X op_e— aE
+ ~
T 10 =
- W) ]
2}. - qH (NNLO qcp +NOED L — -
— g
o = PP W N
T oo NOED L ——
:W‘\“‘OQ ~ ]
— N - -
B pp”be( = ]
— D,\_N\’O —
1L kN\,OOG |
107 E
I_llIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

6 7 8 9 10 11 12 13 14 15
/s [TeV]

g

ttH: Direct (tree level) probe of
top-Higgs coupling

tHq: Direct (tree level) probe of top-Higgs coupling
+ sign of the coupling through interference
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ttH multilepton
Eur. Phys. J. C 81 (2021) 378

e Most sensitive event categories: 2 leptons of same
A . .
| 0 o sign (2€ss), 3¢, 2¢ss+11h (hadronic tau), 1£+2th
A W~ . - -1
= CMS Preliminary 35.9fb" (13 TeV)
g o | | | |
: W— Uy c 350 I, post-fit (SM prediction)
e o Data @WZ INon-prompt
L WttH [JRares [JCharge mis-m.

= Irreducible: tt+W/Z/y* 300

WitW  mW*W* ggTotal unc.

b - from Monte Carlo, [OttZ [JConv. _g
- O(10%) uncertainty 250 20ss
200 -
Reducible: mainly tt+jets, -
- Lepton identification optimised for this analysis ~ 1°°F -
measured in data, 100E -
0O(30%) uncertainty % -
50 | =

Jets faking leptons: fake rate SN —

computed from jets control region
with loosened identification

Charge mis-assignment (2£ss only):
flip rate from Z—£+£= data

.8 I stat. unc. [ ]total unc.

Data/phed.

4 5 6 >7
31 N(jet, p_ > 25 GeV)


http://dx.doi.org/10.1140/epjc/s10052-021-09014-x
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CP violation from Higgs differential
CMS-PAS-23-013 New public note

CMS Pre//m/nary 138 fb~' (13 TeV) o . = - - . .
s 3 Combination and interpretation of differential Higgs
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O 102 4
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