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- 2" year PhD student from Strasbourg

- Working at the Institut Pluridisciplinaire Hubert Curien as part of
the CMS collaboration

- My thesis is entitled “Study of the CP properties of the Higgs
boson in the tau-tau channel in the CMS experiment at the

LHC”

- Quick overview : Introduction to Higgs boson properties, examples
of CP studies, CP study in the H — 77 channel



Introduction

— Discovery of a new boson announced in 2012 by ATLAS and CMS
collaborations with properties similar to standard Higgs boson

19.7 o™ (8 TeV) + 5.1 fb™ (7 TeV)

x10°F

— Last undiscovered particle of the 3 "} cms /(543 weighted
0] 3'5:_H—>W +B) weighted sum
standard model S Lk i oan
E E S+B fits (weighted sum)
. S 2sf oo B ompenen
- Many properties already well < .t
known : neutral and spin 0 boson 5§ s
with a mass of 125,38 = 0,14 GeV = 1+ __ ..
(CMS 2020) 3.; 0-5;— |T1H=124.;d=0.34GeV
P
— The Higgs boson is described as a
purely scalar particle in the standard
model but CP violations could be
OCCUFing in |tS COUplingS 110 115 120 125 130 135 140 145 150

m,., (GeV)



CP properties of the Higgs boson

(CP IS a combination of two\

operators standing for Charge and

' | don't feel
Pa rlty very QDD Eoday

- C transforms a particle into its anti-
particle : H is its own anti-particle

— P transforms the spatial coordinates
of a particle into its mirror image

would H decay the same way in a
mirror ? (image:DESY/designdoppel)

\_ )

Looking at Higgs boson decay products in detectors such

as CMS gives important information about the nature of its
couplings




Couplings of the Higgs boson

Higgs boson coupling strength

to other SM particles is| === No mass = no coupling ?
proportional to their mass

35.9 fb' (13 TeV)
R | T B R i N s t'
w Z

= [T T
E> ''cms

------- SM Higgs boson
— (M, g) fit
N ER;
[ ]+2c

Higgs boson can still couple to
gluons and photons through
virtual particles

10 1 10
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Couplings of the Higgs boson

4 N
Decay channel Branching ratio [%] CP violating effects may occur at
H — bb 575+ 1.9 tree level in couplings to
H- WW 21.6+0.9 fermions but not to bosons
H - gg 8.56 + 0.86 \ J
H- 1T 6.30 £ 0.36
H—-cc 2.90 £0.35 — Decay to tf : impossible due to large top mass
L 0Pl - Decay to CC : not observed yet
H - vy 0.228 +0.011
H- Zy 0.155 +0.014 — Decay to [i[l: very rare
sl Oiea= Uity] - Decay to bE : spin information washed out

Tau decay channel and top production mode are
therefore the best options for CP studies at the LHC




CP study in Z boson pair decay

— CP studies are also performed in couplings to bosons
- Pseudo-scalar hypothesis is tested in i — 77 — 4] decays

( . . \ Jr Jr Expected
— No neutrinos : event kinematic model production (@ =1) Obs. 0* Obs.J*  CL,
is fully described 0- any 240 (270) —10c +38¢ 0.05%
0, any 1.76 (1.9¢) —0.30c +2.1o 4.5%
_ _ _ 1~ g5 =X 270 (270) —ld4c +470 0.002%
— Study is based on kinematic 1- any 2506 (260) —18c  +4.90 0.001%
discriminants v Y’ 200Gie 2le 148 oo0i
2+ g9 — X 1.96 (1.806) —l.1c +3.00 0.9%
: 245 qgqg — X 1.7¢ (1.70) —1.70 +3.80 0.2%
- E_Vents gre CaFEQOrlzed 24 any 1.56 (1.50) —166 +346 0.7%
according to their properties 2 99— X 160(180) -—ldc 4340  0.5%
2, g9— X 385(406) +18s 42006 2.3%
o 2, gg— X 4206(456) +106 +320 0.09%
- Allows to discriminate
background from signal but also to

Qest several spin-parity hypothesisj — Pseudo-scalar hypothesis is
excluded with 3.80

n PHYSICAL REVIEW D 89, 092007 (2014)



Yukawa coupling to fermions

(ach fermionic interaction with the Higg\
boson can be decomposed into a CP-even K
and a CP-odd f; coupling :

Ly = —M(szlwz + Ry )

The CP-odd fract|on of the coupling is related
to an effective mixing angle ot

FHU — sin2(afl)

T T R TP g

- 1] is the mass of the interacting
fermion

- U= 246 GeV is the vacuum
expectation value

- ¢ represents the Higgs scalar field

—>¢l represents the interacting
fermionic field

For a mixing angle of 0° (90°) the coupling is purely scalar
(pseudo-scalar) and is a mixed state for any other value




CP study in top quark production mode

, N CMS 137 fb' (13 TeV)
This analysis looks at the top b + Dam S
coupling in the t{ H process - mackoround o Swamas /)3
with H decaying to 77 Crmmeto Gk

\ J of ’ ol

B:""i""' e
005115225335445 5

S/(S + B) Weighted Events / GeV

0o CMS 137 b1 (13 TeV) 30 i ]
= il i il '"4 Data [JttH(125)> a0t ]
fo. Myy +jets  (v) + jets] r .
10° Wt +yy tt+y 10 __
E tt+jets [V +vy ‘]‘
B W Other ] ...................}.....ﬂ.ﬁ{éggmﬁ....
0 E. i 3 Q00 11|-:1 12|-:1 1:|30 14|m 1%0 1|5-:J 170 180
) -l i . m,, (GeV)
5 1°°H = 4 ™\
- : — A BDT is trained to extract signal
. events from background events
10 —;
- Events are categorized according to
! their BDT score
: L
§g,?;“’”&’$’w ______________________________________ , Data are fitted to measure the signal
08| it e Bl St & Syt U strength of the process
0 i 2 3 4 5 6 T 8 _J

BDT-bkg

u PHYSICAL REVIEW LETTERS 125, 061801 (2020) _



CP study in top quark production mode

CMS 137 b (13 TeV) [—> A 2" BDT is trained to separate \
100 i I . CP-odd events from CP-even events
-t Data o E
90; it _ QLRG0 ] - Background is removed from
80 cP = o | TObserved /1 4 data using previous results
- tht — 1 5 51 --Expected -
0 cP o - Events are categorized according
S 60F T to their BDT score called D,
— C 0 ST .
*% S0F 0 02 n'ﬁggf 08 1 E — Data are fitted to measure the
> A0 - CP-odd fraction
i : SN Y,
S0 R
ED;_ | _; Htt
: * ] 2'=0.00+0.33 at 68% CL
10 —
e ] it excluded with 320
bin 1 bin 2 bin 3

m PHYSICAL REVIEW LETTERS 125, 061801 (2020) _



CP sensitive observable in the tau decay channel

'

\

¢cp is defined as the angle
between the taus decay planes
in the Higgs boson rest frame

dI’

decp

_ CMS Simulation 13 TeV
i i —ICFavar: I ----clpodd I i
0.4 = CP mix CICIEY Z —
i 2ot
0.08- ™
o.oa-;‘!
0.04]
0.02}
: ™ — ' o p‘Tl:ss GeV ]
IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 60 120 180 240 300 360
qJCP(degrees)
ﬂ.i
Hoattt)~1- b(E_I_)EJ(E_)E cos(pcp — 2aH77).

The differential cross section of H is

related to ¢¢pand o1




Tau lepton decay modes

rReconstructing the Higgs restw
frame can be a tough task in a
proton collider like the LHC

optimized methods are needed

Decay mode Meson resonance B [%] \1:_

T7 = e Valy 17.8

T — NVt 17.4 —

T = h ¥ 115 T >

T~ = h™ o(770) 26.0

T =+h 7 aw, a1(1260 9.5 = -

T~ s h hth v a]EIEED% 9.8 W e_*' l"l" ’ d
T —=h h*h 7w 4.8 S —
Other modes with hadrons 3.2 AV VAV | |
All modes containing hadrons 4.5 € H




Impact parameter and decay plane methods

Z
¢cp T ocpt
o o Planes spanned by the Jo N
charged particle momentum
4 and its impact parameter
e .
0
- At | .Planes s.panned by the ¥+
P visible particles momenta i 70
o from the hadronic decay =~
T = T, 7‘—>7T+7T0,,0,a,1...

Angle calculation is performed in the Zero

Momentun Frame (ZMF)




Polarimetric vector method

CMS Preliminary 13 TeV
This method relies on the ) %0'13:_@ odd | g "™ iamizaoss
estimation of the most probable 0121
tau spin direction and could be o1
used in any hadronic channel Nﬂ

0.1
Planes are spanned by the o.og/vxg;

polarimetric vector and the tau

momentum : 'o""1'"'2""3""4""5'"'g'

Tau reconstruction is needed 0. 13,CMS Preliminary 13 TeV
k ) ‘Ué r CP even —e— Pol. vec. la/bl=0.188
L%’ - —e— DP la/bl=0.135

Improvement of the sensibility .
in the alal channel w.r.t decay 0.1
plane method, possible due to i
secondary vertices, done in F
Strasbourg 0.08L , .

0.09}




Event categorisation

a8 . .
- Signal is separated from background with a MVA\
_ _ _ _ - Unrolled plots are
— MVA uses kinematic variables as input distributions of the CP angle
- 3 possible outputs categories : for several MVA score
- Higgs (signal) ranges
Genuine Tp, background (embeddin : :
- Eake Th b hk J q '('d o ,g) — Background estimation
. ake Th background (misidentified jet) WA consistency checked in
OMS oo 137 -1 (13 TeV) genuine and fake bkg

[ (033,07) |
10° H

0.7,08) !

08,09 1 0910 1 F Observed Categories

BestfitH — 11
Jet — 1,

Ot - Signal category is
“unblinded” lastly

Bkg. unc.
PSH — 1T
BestfitH — 1T

Events

102

101

e - “best fit” of data is
HRVE pp extracted from a likelihood

100 1 1 L 1

function

channel

e

40

Bin number




- Negative log-likelihood scan to extract CP properties
~ 28I L = -2 (In(La™™T) — In(Layerrg,)

CMS 137 b~ ! (13 TeV
u 12 T T T I T T T I T T T I T T T ]
w | — Observed: 441" = —1:£19°(68.3% CL)
< 10 __99 . -~ Expected: &5 = 0421 °(68.3% CL) - 4 ™\
L R P - CP mixing angle is
8 measured to be -11+19° at
[ 68% CL
6
[ 95 50, - CP odd hypothesis is
1 excluded with 3,20
[ \_ J
2 -
[08.3% N
940
a7 (degrees)



Perspectives of improvement

- Extend the usage of the polarimetric vector to new channels :

4 . N
Tests performed in 77 — a1 + 7, i
channels :

— Tau reconstruction with Global

: Some improvement already
Event Fit (GEF) e

— Can reconstruct taus in any al+
kone charged particle channel

J

— Some channels can’t be exploited with GEF : 7T — 77T, pp, 10, TP

-,
Need to have sufficient

resolutions : :
On-going work !
— Develop machine learning

techniques to reconstruct taus

\.




- CP properties of the Higgs boson have been studied in several
channels

— All measurements are consistent with the standard model so
far

- Study in the tau tau channel recently published with a
contribution from Strasbourg : arxXiv:2110.04836

— First measurement of this kind in this channel

- My thesis aims for improvements of the CP sensibility in
hadronic or semi-leptonic channels with the polarimetric vector
method


https://arxiv.org/abs/2110.04836

THANK YOU
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