Probing CP structure of the Higgs
boson couplings

with the CMS experiment

High energy seminar, University of Warsaw,
3 April 2020

Michat Bluj

National Centre for Nuclear Research, Poland

e

™ 2
]

®

o

>

=

B

_\ g
£

o

_\\
—~

& é\\\\ \




B Introduction
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@ The main motivation to look for CP-violation (CPV) in the Higgs
sector IS matter-antimatter asymmetry in Universe

o CPV one of Sakharov conditions
(for dynamical generation of baryon asymmetry)

o CPV present in the Standard Model (via CKM) not sufficient
=> new sources needed

© Search for anomalous, i.e. not predicted by SM, CP-odd terms in

couplings of the Higgs boson — CPV via interference effects with CP-
even terms

o Also presence of other CP-even anomalous terms probed
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QE)) Sources of CPV
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[Not exhaustive list]

© Higgs — gauge boson couplings (CP-odd term)

1

UV ™ poO
¢ thysF F , Where Fuv_ieuvpoF (dual tensor)

© Higgs Yukawa couplings

‘Cf‘— f(cos @p+iyssin cpf)prhyS
® Higgs — scalar coupling
CP-violating terms in the scalar potential

1
Vy~—(m},® @+ H.c.)+[= hs( D] D, +hg(D] D, ) (D] D,)+1, (DD, ) (D] D,)+H .c.]

2
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B Sources of CPV
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[Not exhaustive list]

® Higgs — gauge boson couplings (CP-odd term)

~uvy ~ 1 00
CVVthySFMVF , Where FuvzzewpoF (dual tensor)

© Higgs Yukawa couplings

m,_
‘Cf‘Tf f(COS (pf+iYSSin(pf)prhys

o HIgos= [ coupling
CP-violatinn terms in thgsealar nntantial _
It requires additional Higgs-fields

: . i
Vi~—(my, @@ and witl not Be'discussed today + A [Psbaidadal+H c.]
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5 Sources of CPV: H-gauge coupling

NCBJ Ty vy nmmm
@ Higgs — gauge boson couplings (CP-odd term)
CoyH s Foy B

o Effective, non-renormalisable, operator — can be generated by
exchange of BSM particles => suppressed by BSM scale A as 1//\°

@ LHC: accessible vertices:
o HZZIHWW — VBF & VH production and H - ZZ/WW decays
o HZy/Hyy — H - Zylyy decays (including y* - 28)
o Hgg — ggF production

e Can be treated effective interaction as Hyy or split to
elementary Yukawa couplings (assuming loop content,
e.g. t quark dominance)

* ggF + 2 jets topology used
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5 Sources of CPV: H-gauge coupling
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® Higgs gauge boson couplings (CP-odd term)
wH s Fo Fpw

phys _
0 Eﬁectlve non -renormalisable, operator — can be generated by

exchange of BSM particles => suppressed by BSM scale A as 1//\°

@ LHC: access] '
LZIHWW — VBF & VH production and H - ZZ/\WW decays
ZyIHyy — H - Zylyy decays (including y* - 28)

@ Studies concentrated (until now) on the H - 4¢ decay
& and VBF production modes

o Clear signature,
o Access to the full kinematics

=> | will focus on this today
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5 Sources of CPV: H-gauge coupling

NCBJ Ty vy nmmm
@ Higgs — gauge boson couplings (CP-odd term)
CoyH s Foy B

o Effective, non-renormalisable, operator — can be generated by
exchange of BSM particles => suppressed by BSM scale A as 1//\°

@ LHC: accessible vertices:

o HZZIHWW — VBF & VH production and H - ZZ/WW decays
o HZy/Hyy — H > Zylyy decays (including y* - 2¢)

O = tion

@ Work well advanced, but not public results, yet
o ggF + 2 jets topology (access to full kinematics)
o Several Higgs decay modes

=> Not discussed today
o Results expected this Summer
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B HVV amplitude
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A(HZZIHWW ) ~

) 2 )
+QV1+QV2+(QV1+QV2) p2
A2 A2 vEvi1€yo
1

a,fud P a1

m , g, € — mass, 4-momentum and polarization of V boson,

-+

d

"= 'q" - € /"q" — field strength tensor
o SM: a 70, other O (at tree level)

o a,— CP-odd term (others CP-even) => CPV via interference

o assumed a=a“=a"" —relevant for VBF and W/ZH production

o |t is possible to recalculate to have other relation
o Constant and real couplings assumed (sensible form__ >>m )
HEP seminar, 3. 4. 2020 cf. CMS Collaboration, Phys. Rev. D 92, 012004 (2015) 8



QE)) Sources of CPV: Yukawa coupling
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@ Higgs Yukawa couplings

‘cf‘— f(cosq+iy sing,)fH .,

@ LHC: accessible vertices:
o HT1t — H - Tt decays:

 Study correlation of T* and 17 spins

— Difficult as tau momenta not accessible, but visible decay
products retain (part) of the correlation

o Htt — ttH production:
« Study kinematics of the process
« Several decay modes can be used

— Htt also present in the loop of ggF production
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QE)) Sources of CPV: Yukawa coupling
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@ Higgs Yukawa couplings

mf L.
‘Cf‘ f coscpf+1y5smcpf)prhyS

@ LHC: a

o Work wellladvanced, but public results expected this Summer
=> Not'discussed today

o Htt — ttH production:
« Study kinematics of the process
« Several decay modes can be used

— Htt also present in the loop of ggF production

HEP seminar, 3. 4. 2020
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@) Sources of CPV: Yukawa coupling
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© Higgs Yukawa couplings

‘cf‘— f(cos @p+iyssin cpf)prhyS

@ LHC: a_ﬁﬁ.lmmL_tICeS

e Workwell‘advanced, but public restlts expected this Summer
=> Not discussed today

o Htt — ttH production: >
o Resuits with the My decay submitted recently to journal

=> Discussed this talk

HEP seminar, 3.4.2020 11



B Htt amplitude

N C BJ T ey yyyyyyyyyyyyyyyyym

ml’ — o« ~Y
A(Htt) ~ =9 (K + i%, 5],

© In SM: k,=1(CP-even), K,=0(CP-odd)
@ Unlike in HVV CP-even and CP-odd couplings both arise at the
same order in g°

HEP seminar, 3. 4. 2020
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QE)) Parametrisation
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© We measure couplings in terms of fractions:
2
la| o

fai — 2 )
> lajfo,

J
with o,— cross section fora,=1,a, ..=0

HVV coupling: o,(H=>2e2u)

© |n Htt we drop o to avoid PDF dependence:

Htt __ |kt|2

CP e 2 ™~ 12
k[ + k|
e Finally:
da.
CPaFarg(—l) ,1.e. relative phase of a,,
al

which is Oor m for real couplings

= _Cos(cpai) — Sgn<aai /al)
HEP seminar, 3. 4. 2020
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B Likelihood-based discriminants
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MELA (Matrix Element Likelihood Analysis):

© Neyman-Pearson lemma: best observable to distinguish two
hypotheses — signal (s/g) and alternative (alft) is:

D — Slg
alt
Psig + Palt
where P depend on event kinematics.

alt can be alternative production process (to categorise events),
background (non-Higgs process) or anomalous coupling a model:

, 0<D_ <1

VBFVH _ prv D = Psig L P,
pYBEVH 4 pagk o Psig + Pbkg “ Py + Pgy
® 10 account for interference D_ IS defined
D, = D 1<D, <1
im_Z\/P P ’ ~int
ai~ SM

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019) !4



Probing structure of HVV
couplings



B Probing HVV

L] T ————————
Two Higgs decay modes used.: oMs __ mswm
© H-4¢€: 2e2y, 4e, 4p o O _

o on-shell 105 <m, < 140 GeV _ e e
> off-shell m_> 220 GeV £ | Bz
o Categories (production) using MELA  § o | o 1
(only 2016-2017 data) T i
* VBF-tagged
* VH-tagged
* untagged (rest) Sl o)

o H-TT: TT,UT,et, ey

o Categories (production) using kinematic cuts
« VBF category (2-jet, high m, ..

* boosted category (1-jet or 2-jets no-VBF)

e O-jets category
cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019)

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, 1903.06973 !¢



B Probing HVV with H - 4¢ at CMS
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e Each anomalous coupling tested separately (here focus on f )

© Production (when available) + decay info used

o Simultaneous fit of Dbkg, D,. (a, contr.), D_, (a, — a, interf.) and signal

strength modifiers p, Y,

- Usage of p, y, prevents that excess in VBF/VH categories is interpreted
as presence of BSM coupling

© Used 80.2/fb (13TeV) + 5.1/tb (7TeV) + 19.7/fb (8TeV)

CMS 775" (13 TeV) CMS 7751 (13 TeV) CMS 775" (13 TeV)
L T T T | T T T i T T T T T T | T T T [ T T T | T T T i T T T T T T | T T T T T T | T T T [ T T T T T T | T T T
| ¢ Observed i | ¢ Observed i | ¢ Observed |
| — Total SM VBF-tagged | — Total SM VH-tagged | — Total SM Untagged
8- [] VBF+VH SM q 6/~ ] VBF+VH SM " 30l CJ VBF+VH SM il
------- Total f ;= 1 7 - Total f 5 =1 7 weses Tolall . = 11
I IVBF+VHf ;=1 I IVBF+VHf =1 L IVBF+VHf =1
(- L c (-
5 o EEZZZy 1 g | Emzzzy 5 r Emzzzy
= | B Z+X — 4_-Z+X 1]y - I Z+X
) L ) » 20— =
b b— - h— LB
c L c c
O 4 1 o [
> > >
W LLI L
e 21~ 7 101~
ol — i
[_"o . -
0= o o - e L L e JORPR e e 0 — 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 : 0.4 0.6 0.8 1
DB/_BF+dec Dg_H+dec Dgec

HEP semnar, 3. 4.2020 cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019) 17



B Probing HVV with H - Tt
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© Production info + H kinematics
o m_ (+ other quantity deepened on channel) in 0-jets category

o m_, p_"in boosted category (1-jet or >1 jet no-VBF)
o m.,m, D, (a,contr), D_, (a, —a, interf.) In VBF category
and signal strength modifiers p, Y,
© Used 35.9/tb (13TeV)

CMS 3591 (13 TeV) CMS 35.9 b (13 TeV) CMS 3591 (13 TeV)
(= E T " r T . ) r y T T : 4 T 4 C e e S e e e e S c 4000 L P T e, | (S P . e R S e ] [ S
O 4500F -¢-Observed [ H—1t ThTh 4 o B -¢- Observed ] H—tt ThTh re) -¢-Observed [ H—1t All T m
) 3 Z>tt B Z-uy/ee 1 & 25000 p M Z-p/ee o 3500 Z-1 M Z-pw/ee -
= 4000F tisjets QCD multijet 4 € s tisjets QCD multijet i € ti+jets QCD multijet
g’ 3500 B W+jets Others = g’ 20000 & B W+jets Others E gJ 3000 B W+ijets Others =
LU - Total unc. j w B Total unc. 1 W Total unc. 3
3000 SM VBF Hostt (o = 5000 ) = E SM VBF Ho1t (0 = 300 o) ] 2500 SM VBF Ho1t (6 =10 o_ ) =
2500 BSM VBF H->1t (5 = 5000 o) = 15000 |- BSM VBF H-tt (0 =300 o) = 2000 BSM VBF H-11 (6 = 10 Sc?"sm) 3
= -8 3 C ] = ® - =
2000 _—: — B ] 1500 - 3
E 3 B e —— —] Bz =
1500 & — 3 10000 : . F -
= Z 3 1000 R ETINT =
1000 3 5000 = = - 3
E = . E
0 = 0 """"" 0 I_I_I_I_I_I_I_I_E
= 11‘21 % 11‘21 g
' . = 1.1
i + L £ I i
e 1 et ettt +*Hf*» o 1 e * 3 1/ ¢ ¢
o] 0.9 o] 0.9 o] 0.9
OF 08 O e O e
0 100 200 30 0 100 200 300 400 0 0.2 0.4 0.6 0.8 1
H
m.. (GeV) p; (GeV) D,.

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, 1903.06973 18



Results
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o Production dominates low fai’
while decay high f_

5.1 b (7 TeV) + 19.7 fo '® TeV)+802fb (13 Tev)

' CMS

H—4¢

—— Observed

---- Expected

—— Observed, 2016+2017
---- Expected, 2016+2017

02 04 06 0.8 1

Ol b b 1l RN /ST L
-1 -0.8-0.6-0.4-0.2 -0.02 0 0.02
fq cos(¢a3)

HEP seminar, 3. 4. 2020

—2 Aln L

CMS 35.9 fb" (13TeV)
T T T T T T I T T T T | T T T T
6 — Observed, H - 1t H—)TT
[ e Expected, H — tt
4 i o aed e
| 95% CL |
2_ |
6es%xcL ¥y
O l 1 1 l | 1 1 1 1 1 1 1 1 l 1 1 1 1
-0.1 -0.05 0 0.05 0.1

f,5 COS(0,5)

cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019)

cf. CMS Collaboration, 1903.06973 1°



Results: on-shell combination
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5.1 b (7 TeV) + 19.7 fb’! '(8 TeV) + 802 b (13 TeV)

Tl T T ] 1 | L L LR )

CMS H—>4E+TT

—— Observed
-- Expected
—— Observed, H — 4¢
-- Expected, H — 4¢
— Observed, H —» 1t
-- Expected, H — 17

102_‘

95% CL
68% CL

= IIIIIII|III il
002 0204 0608 1

| —— . rHird LSvatui] L i) [
108060402 002 0
fis cos(¢a3)

HEP seminar, 3. 4. 2020

Parameter Observed/(1073) Expected/ (1073)
68%CL  95%CL  68%CL  95%CL
fazcos(¢3)  0.00+£027 [-92,14] 0.004023 [-1.2,1.2]
farcos(¢a2)  0.08°591  [-1.1,34] 00713  [-4.0,42]
fm CO‘S(-{PAl) 0.001923  [-04,1.8] 0.001015  [-0.5,1.7]
filcos(¢5T) 001 [-6557] 00726 [-11,8.0]
f ~agree with 0 (SM) with 10°- 10~
precision at 95% CL
95%CL
Parameter Observed Expected
as/ay [—0.81,0.31] [—0.090, 0.090]
ay/a [—0.055, 0.097] [—0.11,0.11]

(A1y/]a1]) cos(¢ar) (GeV)
(AZY\/|a1]) cos(¢2]) (GeV)

[—o00, —650] U [440, o]
[—o0, —400] U [420, oo

[—o0, —610] U [450, oo
[—oc, —360] U [390, o]

a /a agree with 0 (SM) with 10" precision

cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019)
cf. CMS Collaboration, 1903.06973 29



5 Results: on-shell & off-shell comb.
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@ Anomalous couplings cause Phys. Rev. D 92, 072010 (2015)
increase of off-shell events S Simten 1071570 51157 o
. I:IFH_FEM fAQ—1 B SM total ]
o Results depend on assumed I C Onedne swbg.
H E [ Jn=TR" f =1 gg—4/

r SM
S T e

Events / 20 GeV

10
5.1 fb™ (7 TeV) + 19.7 fo™' (8 TeV) + 80.2 b (13TeV) g
T | T T T | T T T | T T T | T T T L
i - CMS Supplementary H _>4[ 1
- — Observed (I', unconstrained) .
i -1
i -- Expected (I'y; unconstrained) 1 1
B — Observed (I'=I'2") i
15 -- Expected (I';=I';") 102 .
Al i —— Observed (only on-shell) S B 600m 7O(OG et});
= i -- Expected (only on-shell) %
<] 5
C}I 10 B
5 L
0 1 I 1 I | | | | | | ik 1 I I | | | |

—0.04 -0.02 0 0.02 0.04
fs cos(¢a3)

HEP seminar, 3. 4.2020 cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019) 21



5 Results: on-shell & off-shell comb.
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@ Anomalous couplings cause
Increase of off-shell events

o Results depend on assumed I' 68% CL [95% CL]

Parameter Scenario Observed Expected
fazcos (¢a3)  on-shell  —0.000110 00 [—0.163,0.090]  0.00007000°% [—0.082,0.082]
5117 (7 TeV) + 19.7 fb™' (8 TeV) + 80.2 o (13 TeV) i momiﬁﬁﬁ 0016500087 Dmﬂotﬁﬁ 1~ 0.098,0.035]
— L BT e = =SS satll — Iy =TI 0.0000% 5550 [—0.0067,0.0050]  0.0000* 50 1s [—0.0098,0.0098]
farcos (¢2)  on-shell  0.000470005¢ [—0.0055,0.0234]  0.0000*5005% [—0.021,0.035]
20 - CMS Supplementar. Yy H_)4£ i any Iy 0.0004 ) 000 [—0.0035,0.0147]  0.00007 3001 [—0.015,0.021]
L — Observed (T}, unconstrained) p=TM  0.000577 005 [—0.0029,0.0129]  0.000073(012 [—0.010,0.012]
E --- Expected (I, unconstrained) farcos (ar) ()n—shfell {).00023%5% [—0.209,0.089]  0.0000 35012 [—0.059,0.032]
- SM any I'y 0.000179005 [—0.090,0.059]  0.0000* 05057 [—0.017,0.019]
B — Observed (I'=I' Sf'M) Iy =TI 000013502 [—0.016,0.068]  0.0000*(53% [—0.015,0.018]
15 --- Expected (I'y=I'y") filcos (¢57)  onshell 00000333 [-0.17,0.61] 0.0000*29%1 [0 098, 0.343]

| i —— Observed (only on-shell)
= --- Expected (only on-shell) 95%CL
< 10 Parameter Scenario Observed Expected
C}l az/ay on-shell [-1.13,0.80] [—0.76,0.76]
any 'y [0.33,0.24] [—0.50,0.50]
y=0rM [-0.21,0.18] [-0.25,0.25]
ay/ay on-shell [-0.12,0.26] [-0.24,0.31]
5 any 'y [0.098,0.202] [—021,0.25]
B s e e R T Iy =I5M  [-0.089,0.189) [—0.17,0.18]
(A1y/]a1]) cos (¢a1) (GeV)  on-shell [—oo, —130] U [160,00] [—e0, —180] U [210, c0]
——————————————— any 'y [—o0, —160] U [180,00] [—c0, —250] U [240, o0
0 .04 5 0.02 0 0.02 p=IM [—o0,—250]U[170,00] [—eo, —260] U [250, co]
i (A'f"" \/m ) cos (q)ﬁ') (GeV) on-shell [—o0,—170]U[100,00] [—oo, —200] U [130, co]

HEP seminar, 3. 4.2020 cf. CMS Collaboration, Phys. Rev. D 99, 112003 (2019) 22



B HVV: summary & outlook
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cf. CMS Collaboratlon 1903 06973
CMS Supplementary 5.1 fb" (7 TeV) + 19.7 fb" (8 TeV) + 80.2 b (13 TeV)
/ / / / R // /
e = HIG:14:018
70005 == 777,
8 0 z___ ______________________________________________________________
; ~0.005 E= /://// // ; & ! //// 7,
i 05 // / / / /
—e— Best fit & 68% CL ' : aW :
////Exclude((ii at gg(‘;o ((:% ' F —FSM
Expocted at 68% CL HZZ+HWW HZV Hyy ( )
@ Analysis of full Run-2 dataset of R LAY
~135/fb is ongoing ol CMS Projecton H—4! | cms-FTR-18-011

@ During Run-3 (starting 2021)
additional ~150/fb at 14TeV
expected e

© HL-LHC with 3/ab
o Constrain f_to 10 level

f cos(@_)in[-1.6,1,6]x10" ol

| — On-shell + off-shell (I,=5")
- — Only on-shell
N\ W/ Run 2 syst. unce

-2 15 -1 05 0 05 1 15 2

HEP seminar, 3. 4. 2020

.3 cos(¢,_,) x 10
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Probing structure of Htt
coupling



@) Htt coupling: analysis strategy
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H - yy decay (full Run-2 dataset of 137/fb):
e Two high-p_islated photons + jets and leptons

@ Two Independent topologies: _¢Cms 137 167 (13 TeV)
. € 10 . 4 Data [JttH(125)]
Hadronic: Leptonic: = B - Hyy+fotoll +jets
- N =0 - N =0 104:— .ﬁ:gts V:.Y
—NZS,N 21 —NZl B <r ‘M N Ly
jet b-tag jet 10° e SR T B
LS
e el

- m >100 GeV - m >100 GeV
YY YY

© BDT-bkg discriminant (one for each
category) to distinguish ttH signal from 30
background (inc. other Higgs production
modes)

o EXploits event kinematics (excl. mW),
photon-ID and b-tagging quality
| 7 Stat. Unc. ] Stat. + Syst. Unc.

o Two signal enriched regions (for each I I 3 i :
category) for CP measurement BDT-bkg

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, 1903.06973 25



'@)) Probing Htt coupling
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e D, to distinguish betheeen CP-even (0%) and

CP odd (0’ coupling
=> dedicated BDT instead of ME-based Ilkellhood o
o Performence proven to be as for ME-based

discriminant, but more handy in complex oo
toplology thanks to shorter evaluation time / ..
event

e D, trained using
o Kinenametics of yy-pair: p_/m, cos(®), rapidity,
o 4-momenta and b-tag score of 6 leading (in p_) jets *

o Number of leptons and 4-momentum of leading ==
lepton (if present) o

@ Not correlated with BDT-bkg

® Discriminant sensitive to CP-even — CP-odd
interfernece (D_) not defined due to unknown

flavours of light jets

(iR

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, 1903.06973 2°



@) Probing Htt coupling
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© Parameters of interest — signal strenght (u) and fractional
contribution of CP-odd component (|f__[) — extracted in simultaneus

fit of m, |n 12 event categories
o 2 toplogles x 2 BDT-bkg regions x 3 D__bins
o The m distribution in data modeled by sum of two contributions

o Signal peak (Cristal-Ball+Gauss, from MC)
o Non-resonant background (shape from m sidebands)

HEP seminar, 3. 4. 2020 cf. CMS Collaboration, 1903.06973 27



B The m_distributions
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o Fitof m simultaneusly in 6 categories in hadronic topology

o Similar for leptonic topology D
+ -
0 0- » 0
S|g nal} CME Frwimimry 147 0807 {13 Tl - CME & . 1470 &7 {13 Tel) - CME - 1370 &7 (13 Tay|
T ] T T T T L] L T T ] T T T T T L T T ] T =
A .;E 1z ﬂ"m i =13 ||-|¥|-n::u:|: ,:_!; - :'lm?"."'."' i, =03 |||-|IHa|u:|::m‘.-' . .:_!; : E":‘_ﬁ B3 |||-|I|-|alu-:|.:r.-ur:2
T — B # — mhl;lu_-u a4 -y
a _ -
kAL B L Eal - -]
B £2 o : 2o
| B L]
l: + =1 a
I 2
1
o o
']
@) : f
' " g3
Q o o
1
I— 'i‘m (R11] i (1] 40 {151 {11 im 11 1] 'i‘m (R11] 155 (1] 40 {151 {11 iT 11 1]
D m,, el m,, (G
a8 CMS . 1aT0 & (13 Tev)
L. T T ] T T T
3 3 12 a" Elu-- 3 IIH Hadnin: 4 3 H Hadreime 5
; R o ; o
o o . >
LE|; LE; sl o 1 B :z‘:l:mlu LE; ) S I:rullj
i o
sfH . o g

e KD K eDND O

o 150 1 140 150 60 170 1]

background e
HEP seminar, 3. 4.2020 cf. CMS Collaboration, 1903.06973 28
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B Htt coupling: results
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- CMS 137 b (13 TeV)

'_% 905_ ¢ Data o [ E

- e B ogf —f-0 & MGk

o Data agree with CP-even coupl. (0"): ¢ 8 5 | ek

o If_,| =0.00 £0.32 (exp: 0.00 £0.50) gg; cha oecn L]

o If_| <0.66 at 95% CL (exp: <0.83) 0 Sr e 0T

_ 401 e e

® Pure CP-odd coupling (0°) excluded 0= E

at 3.20 (exp: 2.50) o =

@ Measured constrains tighter than 105 ! :
expected because of signal rate e i

above expectatioins: | Do.

_ +0.37 Number of events weighted by
w=1.39"93 S/(S+B) in three bins of D_.

The leptonic and hadronic,
and BDT-bkg categories
combined in the mass range
115<mW<135 GeV and the

background contribution
subtracted.
Spotkanie grupy CMS, 8 12020 cf. CMS Collaboration, 1903.06973 29



B Summary
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CP violation in Higgs sector an appealing opportunity

Searches performed to date focus on HVV coupling

o Handy experimental setup thanks to purity of the H- 4¢ decay and VBF
production process, and possibility to access 4-momenta of all particles

Current precision in probing CP-odd HVV coupling (wrt SM one)
at ~107 level

o Precision at <10™ level expected with 3/fb of HL-LHC
but no hint of CP violation observed (yet?)

First probing CP structure of Hff couplings with ttH, H - yy
are on the place

o Fractional contribution of CP-odd component is measured to be
0.00+0.33 (pure CP-odd excluded at 3.20)
Measurements with other decay modes and with H - tt decays

using full Run-2 dataset of 137/fb are ongoing => results this
Summer

HEP seminar, 3. 4. 2020
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B HVV parametrisation (CMS)
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— My €y1€y2 + a3 fwg f*( Mt g f 3 f il
(A )
m , g, € —mass, 4-momentum and polarization of V boson,

w 2y
q1 +

A(HVV) ~ |af"

#'=¢ q" - € /'q" — field strength tensor
e In SMonly a ###0 and a ""#0 at tree level, assumed a =a “*=a "
o a,— CP-odd => CPV via interference with CP-even

e Assuming constant and real couplings (sensible form__ >>m ) itis eqiv. to
eff. Lagrangian:

2 1 1 "
L(HVV) ~ ay—£HZ'Z, - ﬁmiﬂzﬁcz“ - SaHZZy — 5aHZIZ,
1
g 1 g | )
+aWmi HW W — T s H ("YW OW* + W W Ow )
e ﬂl 'I-":"Hw+ir1 w;] ﬁHw+ Hv w;t

: 1. 1
i FH‘,_rHE EI Y — HETHFE” E.‘“ e -IT‘I:THF“EEH = Eﬂ IrTI_]F'”F"'!.W ey EHTTHF“FIJL'J

Fiy,
(‘ﬁ‘l ) cf. CMS Collaboration, Phys. Rev. D 92, 012004 (2015)32




B Hit sig. enhancement (BDT-bkQ)
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@ BDT discriminant (one for each topology) to distinguish ttH, H - yy signal
from background: tt+X (X=yy, y+jet, jets), yy, W/Z+y, but also H-vyy from
production modes other than ttH

QCD background (y+jets) in the hadronic topology estimated from
colIiinon data ("fake rate" method), other processes taken for MC
simulation

BDT-bkg input features

Hadronic only Leptonic only

Category Features
Y1 P/ Mgy vy 1) ~, Pixel Seed Veto
Photon Kinematics o P/~ Y2 1) ~2 Pixel Seed Veto
Max ~ ID MVA Min ~ ID MVA
Jet 1 pr Jet1n Jet 1 b-tag score
Jet 2 pr Jet2n Jet 2 b-tag score
Jet 3 pr Jet3n Jet 3 b-tag score
Jet Kinematics Jet 4 pr Jetdn Jet 4 b-tag score
Max b-tag score  2nd max b-tag score
-'n'i'rjets J”-T
i ) i Dore! [Ty Y.~ cos( A )
DiPhoton Kinematics ;Eﬁ?ﬁ' ' | fx;:-s[helicitj;r'angle[ﬂjjl| | cos{Ad )|
Lepton Kinematics lepton pr lepton 7 Nieptons (tight D)
Event-level Kinematics ET5
Di-photon/tt + ~~ suppression dedicated DNNs (more on next slide) 1

Top background suppression Top tagger BDT (more on next slide) j
Improves BDT-bkg performance by ~5% (each) in termD

HEP seminar, 3. 4.2020 of expected significance 33
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B HVV parametrisation (ATLAS)
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© ATLAS uses (a bit) different parametrisation of eff. Lagrangian (JHEP 11
(2013) 043)

1 i
L ={KSM EgHZZZp‘Z# +guww W, W ’“‘

1 g
g a a, J1v a1 a, jv
y [KHgg8Hge G G™H + AN 0K Agg8agg Gl G |

11 5
C4A |kbzzZyy ZH + tan akazz 2y 74 |

11 —uv 17—V
ot~ |kaww W, W + tan akaww W, W | }Xﬂ

o tanok, (V=g,Z,W) CP-odd couplings (=a,")

AV

® /A cut-off energy (BSM scale), 1 TeV in this study
@ Anomalous coupling assumed to be same for ZZ and WW:

=K __=K K.=K
HZ AZ

o K .
HV Z HWW AVV

=K
% Z AWW

o 0O (redundant parameter) set 11/4, so that tanak = => K
AVV AVV

HEP seminar, 3. 4. 2020



B Probing HVV with H - 42 at ATLAS
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© Events divided onto 10 categories
o Cross-section measurement in phase-

Reconstructed event categories

space regions populated by different - e
/)
processes
O On'She”: 118 <Im < 129 GeV oo P4 <60 GeV
40 . . FRTETR 60<p*<120GeV| N, =1
© Presence of anomalous HVV couplings will I
cause different event distributions across e o
Categorles Compared to SM VBF-enriched-p/-Low m
T m, > 120 GeV

=> use event yields to probe HVV couplings
® 36.1/fb of 13TeV data used

p/>200 GeV
VBF-enriched-p/-High |

m; <120 GeV

VH-Had-enriched?

/ p,“>150 GeV
ViH-Had-enriched!

VH-Lep-enriched

ttH

ttH-enriched

118 < m, < 129 GeV [H

t: VH-Had enriched is divided into p,* > 150 GeV
and p,* < 150 GeV sub-categories for tensor
structure measurment

HEP seminar, 3. 4.2020 ATLAS Collaboration, JHEP 03 (2018) 095



H - 48 event yields at ATLAS
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Reconstructed Signal 27" Other Total Observed
event category background backgrounds expected
07 26.8 + 2.5 13.74+1.0 2.23+0.31 42.7 £2.7 49
1j-p4¢-Low 8.8+ 1.1 3.14+04 0.53 + 0.07 12.54+ 1.2 12
1j-p4-Med 5440.7 0.88 £ 0.12 0.38 + 0.05 6.7+ 0.7 9
1j-p-High 1474024  0.13940.022  0.045+0.007  1.65+ 0.24 3 Excess in both
VBF—enriched—p%—Low 6.3 = 0.8 1.08 £0.32 0.40 &+ 0.04 7.7+0.9 16 VB F'enriChed
VBF-enriched-p/.-High 0.58+0.10 0.093+0.032 0.054+0.006 | 0.72+0.10 3 :
VH-Had-enriched-p¥-Low ~ 2.9+05  0.63+£0.16  0.169+0.021 _ 3.7+£05 ; categories
VH-Had-enriched-p&-High ~ 0.644+0.09  0.029 +0.008 0.0182 4 0.0022 | 0.69 +0.09 o] No events in 2 VH-
VH-Lep-entiched 0.318 +0.019 0.049 4+ 0.008 0.0137 +0.0019 | 0.380 =+ 0.020 | and ttH-enriched
ttH-enriched 0.39+0.04 0.014+0.006  0.07 =+ 0.04 0.47 + 0.05 0 .
Total 54+ 4 197+1.5 39105 77+ 4 95 \Citegones
Global excess of events translating to p=1.28
R T | TR T ey s e e i T [ i e s R | e e e [ R A iR e RS R R S R R RSN T R T e
E 18- ATLAS . 35& e E 18- ATLAS . S’g& z E 16 ~ATLAS . 2’5& e
o 16 FH > 7Z* - 4l VH 4 8 16FH—»Zz* - 4l VH 1 @ q4LH->ZZ" >4 VH 5
S L 13 TeV, 36.1 b — tzﬂi' ] S L 13 TeV, 36.1 fb” — %’2 1 j L 13 TeV, 36.1 b — %’2 ]
8 Chureeser BEEE T E Crhpeme BERR T ERtnnnn BEEY
i e 1@ 10F ]
10F 1-jet 1 10F 2-jets 7§ b VBF-enriched 1
8 = 2 - e .
6 - = = 6 A
2N 2 Sl a
74 o | = zza 7]
0 u—il///fl//f//"i””’/ R R 0 #WTM”“."”;f~.~~1..# ..... Esin ...l: 0 — )
0

o

50 100

HEP seminar, 3. 4. 2020

1000 1500 20(

m, [GeV]

ATLAS Collaboration, JHEP 03 (2018) 095

50 100 150

200 250 300 350 400
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ATLAS 1D results
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<25

_l T T T T | T T T 2
= [ ATLAS <
= r — Observed = 30— — Observed —
N L H-ZZ >4l N CEH > 72 > 4l
o0l 13 TeV, 36.1 fb! ---- SM expected | [ 13 TeV, 36.1fb" ---- SM expected ;
i 25 .
_KHgg=1,KSM=1 :KHgg=1,KSM=1
15 C Observed-:Alchggl =0.43 b o0l Observed-: FHW =29 ]
L Expectegl. Kpgg = 0.00 i r Exr‘>ected. Ky = 0.0
i 15}
10~ S -
i 10F
5 C
i St
L) I 1 [WTRTER) T L)
0 0 -2 0 2 4 6

@ Each anomalous coupfiqﬁg fitted separately (1D)

_I T | LI B | | T
- ATLAS

T I =T | | ER e §

| LI | LI e | | T T

Kva

2
L
Y

L T T T | LI | T
- ATLAS

e — Observed
rH—-Z7" - 4l

o5 13TeV, 36.1 fo! ---- SM expected

- KHgg=1,KSM=1

20 Observed: [k,,,| = 2.9
[ Expected: kp,, = 0.0

151

10

I\I!‘IIII!\I‘II

@ Excess of events results on no-zero central values of BSM couplings
o esp.when Ky, fixed at 1

95%CL

BSM coupling Fit Expected Observed Best-fit Best-fit | Deviation
KBSM configuration conf. inter. conf. inter. KBSM RsM from SM
KAgg (Krgg = 1, ksm = 1) | [-0.47,0.47] [-0.68, 0.68] +0.43 - 1.80
RHVV (HHgg L KM = ) [—2.97 3.2] [0.83 4.5] 2.9 - 2.30
KRHVV (K,Hgg = 1? KSM free) [—3.17 4.0] [—0.6, 4.2] 2.2 1.2 1.70
RAVV (HHgg = 1, KsSM — 1) [—3.57 3.5] [—5.2J 5.2] +2.9 - l.4o
RAVV (H’Hgg = 1, RSN\ free) [—4.0, 4.0] [—4.4, 4.4] +1.5 1.2 0.50

HEP seminar, 3. 4. 2020

ATLAS Collaboration, JHEP 03 (2018) 095
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B ATLAS 2D results
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14 14

; J- T T T ] T T T T T | T T T | T T T l ; _L T T T | T T T T | T T T | T T T l
r r - I r -
M 12‘_ATLAS + Best Fit . ¥ 12‘_ATLAS + Best Fit -
" H—> ZZ" - 4l — Observed 95% CL | TH—>ZZ" - 4l — Observed 95% CL
1013 TeV, 36.1 fb” * SM = 1013 TeV, 36.1 fb * SM =
C -=== SM expected 95% CL ] o ==== SM expected 95% CL ]
8‘_KHgg=1 ° A B;KHgg=1 b -
- Observed: [k, | = 0.5, K, = 2.9 1 - Observed: [k, | = 0.3, Ky, = 2.1, Koy = 1.7 7~

6 [~ Expected: Xy, = 0.0, Ky, = 0.0 1. 90 deVIa—_:tIO n 6~ Expected: Xy, = 0.0, Ky, = 0.0, Kgyy = 1.0 1. 20 de\—{latlon
4t = 4t =
2F . 2 =
0 N o F
) :_ —: -2 :— _:
_al 7 4 7
I kil | iy | L | I il e R B [ | | |
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
KAvv KAvv

o The best-fit values of K similar to the ones for 1D-fit, while one of K, are
closer to SM prediction
© Overall agreement with SM within 2o

HEP seminar, 3. 4. 2020 ATLAS Collaboration, JHEP 03 (2018) 095
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<5 CP via VBF H - 1T (ATLAS)
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© Parametrisation eff. Lagrangian used in measurement VBF H - Tt:
Log = Lom + EuanHA LAY + GyazHALZ" + 8y 7HZ  ZF + gyyww HW,, W

which can be expressed using two dimensionless couplings:

3 A = 2 = g . -
Syaa = m(d sin” Oy, + dg cos™ Oy,) Sryaz = m sin 20y, (d — dg)
2 5 5.3 T e g 7

Buss = m(4:;['-::::::5 Ow + dg sin” Oy;) Suww = ma’,

@ Different processes in VBF cannot be distinguished

=> arbitrary ch0|c? of d= dB

B oE -
=> 8HAA = 8HZZ = Eé’wa = m and gyaz =0

HEP seminar, 3. 4.2020 ATLAS Collaboration, ATLAS-CONF-2019-050 40



8 CP via VBF H - 1t: optimal obs.
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M = Msm +d - Mcp-odd
IMI* = [Msml* + d - 2 Re(MgMcp-odd) + d- + IMcp-oddl”

=> Optimal observable _ 2Re( MeéiMes..a)

00 ¢
IMsml

o full phase-space information in 1d observable for small d”
o <0OO0O> # 0: sign of CPV (neglecting rescattering effects)

© OO computed using ME from s sy i
HAWK using e OPverrow T e

o 4-momenta of 2 tagging jets 2 0.15 - N

o 4-momentum of H, i.e. Tt system : O 2 st it ot ] -
(estimated with MMC) 0.055_ moan e -
Obrmemer ""'_5' EYErEy S "5 o "::;15'7"""'""1:5

Optimal Observable
HEP seminar, 3. 4.2020 ATLAS Collaboration, ATLAS-CONF-2019-050 41



<3 CP via VBF H- 11; OO distributions
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o All possible decay modes used: & SF, & DF, t, 1T

o. _I VI | ] | | | FE i1 | | A | T T 1 I_ o. —_I VI | ] | | | FE i1 | | A | T 1T 1 T
o 8*_55;‘;‘” ATLAS Preliminary MU AL i ATLAS Preliminary - © VB F eve ntS Se|6Cted
£ E T u-o73 d--001 VS=13TeV,36.1f6” | 2 42_ 1-073,d=-001 VS=13TeV,86.1767" ] . .
g [mn RSt ) 8 i T DR ; with dedicated BDTs
i [ £ Misidentified = // - g == Tt = ]
A ] - ety [ : (on top of loose preselection)
4j 7 Uncertainty 2 ;; / = o i
: = i e
_O' ========== T l 3 _O' ||||||||| | o | | I ||||||| @ O b S e rve d m e a n Val u e S
® 1_5;///// ko o} 1.5’/_’—/%/% » . . .
= oé// = 05]:1 DRI % of OO consistent with
© | ; I T | | O | A © : _I I | ; I T | | O | | 1 | | | O | O —
8 95" SHg 50 5 q0 150 Y5 o505 7015 SM (<OO>—O)
Optimal Observable Optimal Observable . .
o. :||||||||||||||||||||||||||||| o. 10_I||||||||||||||||||||||||||||_ _> no eVIdenCe Of CPV
V| BB ATLAS Preliminary vl LB ATLAS Preliminary ]|
£ e e . =001 Ys=13TeV, 36.116” = 1 2 5 i om V5=13TeV, 361107 ‘ 1
L?>j 1 0:_ E I\Z/I;)drezufled T ﬁeprhad il _: |_?>j 8; E I\legdrezufled T i - ? Channe] (Optimal Observable>
8L Unoortiny E Bl Unossiny =
= E - ] TiepTiep OF —0.54 £0.72
" —f Ny - Tlep Tiep DF 0.71 £0.81
23_ _f 2:— —: TlcpThad 074 :t 078
. L ——— “ i . - . Thad Thad —113 Zt065
8 1.5__| | | | PR | I | O | | I | | | T I/l |/'| 8 1.5 | tl | [ I L3 L | | I | | T BN | | -
&8 Wi 1 0 {V N N & +///;4//+////// 7 Combined —0.19 £0.37
% 0.8__ | | | 1o | 65 | | 1 | | | O | | (I % 0.8 | | iiod | O | | 1 | | | O O
Q =5 -10 -5 5 10 150 =15 -10 -5 0 5 10 15
Optimal Observable Optimal Observable

HEP seminar, 3. 4.2020 ATLAS Collaboration, ATLAS-CONF-2019-050 42



CP via VBF H = 11 results
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_I 4_5 T T T I T T T l T T T I T T T I T T T T T T @ Value Of d~ Obtained With maX_
%' b ATLAS Preliminary likelihood (simultaneously in 4 final
/s =13 TeV, 36.1 fb” states and 7 control regions)
3.9

—e— Observed _
—— Expected (d =0, u =1)

|IIII|IIII|IIIII|III|IIII

3 —+ Expected (d = 0, u = 0.73)
Pre-fit expected (d =0, u=1)
2.5
b tr A A, N e

| | | I | | | I | | ]

observed
[—0.090,0.035]

expected (u=1)
[—0.035,0.033]
[—0.21,0.15]

68 % CL
95% CL

|IIII|IIII|IIIIIIIII|II[I

o Best fit, d= -0.01 with signal
strength p =0.73

Consistent with SM => no
evidence of CPV

IIIIiIIIIlIIII|IIII

02 04

HEP seminar, 3. 4. 2020

0.6 o Observed looser than expected
- due to event yields smaller than

expected (u=0.73)

ATLAS Collaboration, ATLAS-CONF-2019-050 43



B ATLAS — CMS comparison
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@ Comparing expressions for eff. Lagrangians one gets
~|2
d ~
fo= g% and cos(,)=sgn(d)
5 +df
and 1
d_ _ V. Kapy

4A Kavy = 4N\ Ksm

This allows to compare sensitivity of different measurements, e.g.
expressed as sgn f, (some differences in assumption and meaning of exp.)

Process Exp. 68% CL | Exp.95% CL | Obs. 68% CL | Obs. 95% CL
(10) (107) (107) (10)
H(aé\l/ll’g)n [-0.23, 0.23] [-1.2, 1.2] [-0.27, 0.27] [-92, 14]
H - 4¢ |
(ATLAS) [-3.5, 3.5] [-18.3, 18.3] not provided [-8.2, 8.2]
H- T1
(ATLAS) [-0.19, 0.017] [-6.9, 6.7] [-1.27, 0.19] not excluded

HEP seminar, 3. 4. 2020
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Testing Yukawa coupling
with H - Tt
at HL-LHC with ATLAS



8 CPinH -1t decay: observables
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Directions of the tau hadronic decay products maintain strong
correlation to the tau spin direction — several options to exploit:

e Correlation between planes defined by charged and neutral pions in
T - p'V - TT'TT°L decay

o Br~25% o
o Quantities measured with reasonable precision / p\\
o Used in the following study n\
© Correlation between planes with fully reconstructedy — ==t ..
L aliv L TeTeTTL decay .............. "\n
o Br~10% X/ r

o Usage of PV, SV and kin. fit

e Correlation between planes with charged particle
and its IP (1-prong decays incl. leptonic ones)

o High resolution of PV and IP required
© Combinations of planes defined in above ways

HEP seminar, 3. 4. 2020 ATLAS Collaboration, ATL-PHYS-PUB-2019-008 46



8 CPinH -1t decay: observable
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e Correlation between planes defined by charged and neutral pions in
T - p'V - TT'TT°L decay
o Br~25% (=> ~6% of H - T1)
o Quantities measured with reasonable precision

Generator Level

Q- 0.18
: ATLAS Simulation Preliminary +H e

Is=14TeV

0.14

! FL \
e
Arbitrary Units
o
>

N
| / 1 j,‘\
4 N
: y
T T T T T T [ 7T T [ T T T [ T T T T
| | L | |
-»—
+
+
+
+
+
+
+

0.12

0.08

HEP seminar, 3.4.2020 ATLAS Collaboration, ATL-PHYS-PUB-2019-008 47



8 CPinH -1t decay: extrapolation
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® Prospect study based on the H - 1t cross-section measurements
with 36.1/fb at 13 TeV data (ATLAS: Phys. Rev. D 99 (2019), 072001)

o Signal events produced at 14 TeV with smeared 11" and 1t° resolutions
o Background assumed to be flat
* Proven for irreducible Z - Tt

* No reason for correlations in background with fakes taus
o Same event selection as in 13TeV analysis
o Events yields extrapolated from 13TeV

* Required both taus with reconstructed T* and 1t°, and
100 < m < 140 GeV

* yields scaled by 3000/36.1 = 83.1 and the x-sec 13- 14 TeV

HEP seminar, 3. 4. 2020 ATLAS Collaboration, ATL-PHYS-PUB-2019-008 48



CP In H - 1t decay: results
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Events x log(1+s/b)

(Sig+Bkgd)/Bkgd

A NLL

600— ATLAS Preliminary [l visidentified =
C  Vs=14TeV, | Ldt=3000fb" Wz 3
500 :_ Simulation and Projections from Run 2 data Rl —:
- + A— =
400 ——4——— Y X N -

300

200

100

0 1 2 3 4 5 (?;
cP

1O o i T i ) SR e el G
9~ ATLAS Preliminary F Nominai 2 reso 11 2 reso.
8- E=14TeV,ILdt=3000fb'1 =
75_ Simulation and Projections from Run 2 data +x1.5 7° reso +X2 ° reso _E
o E
£ -
o =
3f- =
0 o SR B R L siR E
1 =
SRR e i e = TR S L T

80 60 -40 -20 O 20 40 60 80 1)??0

HEP seminar, 3. 4. 2020

@ Mixing angle can be measured at
68% CL with statistical precision of:

o 18° with nominal (expected) m°
resolution

o 33° with 1° resolution twice worse
than nominal one

@ Pure CP-odd coupling can be
excluded at 95% CL even with 1°
resolution 1.5 time worse than
nominal one

ATLAS Collaboration, ATL-PHYS-PUB-2019-008
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