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Higgs physics after discovery

@ Directions of Higgs boson studies after its discovery

o Precision measurements:
cross-section & couplings,
mass & width
o Direct observation of couplings to fermions
(3" generation):
H - 11, H - bb, ttH processes

o Rare processes:
coupling to 2" generation: H - pu, H - cc,
self coupling (HH),
H->Zylyy* (BSM in loops),
“Invisible” decays
o BSM searches:
additional Higgs bosons,
exotic decays,
anomalous couplings
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Higgs physics after discovery
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@ Directions of Higgs boson
studies after its discovery

o Precision measurements:
cross-section & couplings,
mass & width

o Direct observation of
couplings to fermions
(3" generation):

H - tt, H - bb, ttH processes

© H- ttimportant in this programme:
o Rare processes: _ o
coupling to 2™ generation: > > Reasonable purity & Br~6%:
H - py, H - cc, cross-section at high-p_(H) and of
self coupling (HH), VBF (HVV coupling)
H->Zylyy* (BSM in loops), > Probe Yukawa coupling

“Invisible” decays

o BSM searches:
additional Higgs bosons,
exotic decays,
anomalous couplings /

o H- 1t can be enhanced in

BSM
(also additional Higgs bosons)
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. : i 5_27%89022% 99
© H- ttimportant in this programme: 52y
o Reasonable purity & Br~6%:
cross-section at high-p_(H) and of ,

VBF (HVV coupling) 0.23%
o Probe Yukawa coupling

o H-tt can be enhanced in BSM
(also additional Higgs bosons)

WW
22%

Outline

.o Anatomy of H - Tt measurements
® Higgs boson cross-section with H - 11
'@ Probing CP structure of tau Yukawa coupling
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Higgs boson productlon at LHC

NCBJ

© Dominant production mode is gg - H i I I Tk

e (s= 13 TeV s

0-~49pb at 13Tev é _  pp — H(N3LO QCD + NLO EW) E%

(mostly via t-quark Ioop) X I

e VBF and VH production modes = 10 |

o Cross-section O(10) times smaller 2 [ . wromoac - woew :
than for gg - H 5 |

0~3.8pb (VBF), ~1.4pb (WH), [ momoao o _

~0. 9pb (ZH) at 13TeV E _pp — ttH (NLO QCD + NLO EW) -

I“

o Characteristic signatures: jets, [ PP — bbH (NNLO GCD n 575, NLO QCD 1 sre) J
leptons, p_ miss -

(from V or scattering quarks) 1071 — -

® ttH & tH production 1200 12 124 126 128 130

M,, [GeV]
0~0.5pb (ttH), ~0.08pb (tH) at 13TeV

g

g
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Anatomy of H- 1t
measurements
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T reconstruction in CMS

3 hadrons 3 hadrons + strip
[ S

@ Only visible T decay products hadron
reconstructed

o Vs contribute to p_™**

T a1+v Sty Ty

e Leptonic decays undistinguishable Ty
from prompt e and
100 CMS Simulation Preliminary 2017 (13 TeV)
o Decays to hadrons+v (1) with hadron- | 5 watmeddecey mosest
plus-stips (HPS) algorithm il )
_ 8 10 s T Gey 5
o Main decay modes RO
e Further identification with DNN 3 e
o T _quantities & quantities of -

particles around 1_(global and per-

particle) 107
=> significant gain in performance wrt § . ,
previous taulD e T i i o e e
Sl | . . . . .
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Anatomy of H - TT measurements

g
o Usethett, pt,et, andep

@ Exploit eventtopology ¥ D>t
o Production: 0-, 1- and 2-jet (VBF) i
o p, of the di-T+MET (Higgs)

o VH(11) channels analysed separately
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o Usethett, pt,et, andep

e Exploit event topology
o Production: 0-, 1- and 2-jet (VBF)
o p, of the di-T+MET (Higgs)

o VH(11) channels analysed separately
o Fully reconstructed m_ (res. of ~20%)
o max likelihood based

IFJ PAN, 17. 11. 2020
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o Usethett, pt,et, andep

e Exploit event topology
o Production: 0-, 1- and 2-jet (VBF)
o p, of the di-T+MET (Higgs)

o VH(11) channels analysed separately
o Fully reconstructed m_ (res. of ~20%)

o max likelihood based

=> Cut-based or MVA-based event
categories with different yields & S/B

© Fit S&B expectations to data to find
event yields

o All categories fit simultaneously
o Systematics as nuisance parameters
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CMS Preliminary 137" (13 TeV)

[ ]rt bkg. [Z— ee/pp[ ]tt + jets
[ ]~ mis-ID[]Others  Unc. BH- (n = 0.85)

~+4- Obs.

S/B)-weighted events / GeV

—_
o
o
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o T SR L R R R

150 200 250

m,, (GeV)

CMS-HIG-PAS-19-010

10



measurements

CMS Preliminary

4-Obs.
| ] mis-ID[]Others  Unc.

Embedding technique:
Replace ps in Z/y* - yu data by
simulated ts

Mainly: QCD jets, W+jets w/ jet - 1
Fake factors technique:

Apply mis-ID probability to t-free
events

ZIy* - eelpp,
tt+jets,
(VV, single-t, ...)
Simulation (with MC/data corrections)

IFJ PAN, 17. 11. 2020

Background in H - Tt

137 o' (13 TeV)

[ ]rt bkg. BlZ— ee/uu[ ]tt + jets

B H- 1 (1 = 0.85)

(6) D
o o
(=) (=)

S/B)-weighted events / GeV

o
(=)
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10F
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Higgs boson cross-section
with H - Tt

CMS-HIG-PAS-19-010


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-010/index.html

Simplified template cross-section

o Simplified template cross-section (STXS):
o generic fiducial volume (y <2.5)

o specific production modes
o mutually exclusive regions of phase-space

=> Sensitive fain-grained measurements
=> Reduced theory uncertainties

IFJ PAN, 17. 11. 2020
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o Simplified template cross-section (STXS):
o generic fiducial volume (y <2.5)

o specific production modes

o mutually exclusive regions of phase-space
=> Sensitive fain-grained measurements
=> Reduced theory uncertainties

@ |nclusive: total x-sec
@ Stage 0O: production processes (gg — H, )

IFJ PAN, 17. 11. 2020
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NCBJ

o Simplified template cross-section (STXS): g
o generic fiducial volume (y <2.5)

o specific production modes
o mutually exclusive regions of phase-space i
=> Sensitive fain-grained measurements
=> Reduced theory uncertainties
@ Inclusive: total x-sec |
® Stage 0: production processes (gg - H, ¥£F) ¢
e Stage 1.2: additional divisions (below), #jet, p_(H), mjj, ... .

Stage 1.2 Stage 1.2 = VBF+V (—qq)H
ggH 200 < p,* < 300 GeV
! F F
T
J)

ggH 0 jet p s
———————— '

[
| = 0-jet | I
1

ggH 1 jet high p;

IFJ PAN, 17. 11. 2020



@ Full Run-2 data of 137/fb

© FIve event categories
(motivated by STXS bins)
2D fitin each (m_ & other):

Measurement strategy

VBF, low & high pT(H); m.

0-jet; p.(t,)

CMS Preliminary

k., VBF high p:_'

<

137 fb™ (13 TeV)

T . T

+Obs. 11 bkg. | |jet—t, mis-ID Z— eeluu | |tf + jets [ |Others - Unc. J|H—1t (u = 0.85)
h

700 < m; < 1200 GeV

m; > 1200 GeV

= H—17 / Bkg. Unc.

lllll
ooooo
mmmmm

S o o © o 9
£ 8 8 B 2 B & =
=

FFFFFFF

f f f h
ooooo

mmmmm
eeeee

Boosted: 1-jet, >2-jets;
p.(H)

© Highest sensitivity at
high p_(H) and for VBF

topology

IFJ PAN, 17. 11. 2020

7,7, boosted monojet

137 b (13 TeV)

e 10
0
~
0 350 <m, <700 GeV
g 10°
>
]
10?
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1
ol.; 20 :
x| ¢+ (Obs. - bkg.) / Bkg. unc;
<[5 10 :
_8. 3’ g [=] 5
oo 5 3% 2 gt g &g
S 2 32 8 g 2 g
CMS Preliminary
£ 10
2
*2 o 0<pi' <60 Gev 60 <pl'< 120
5 L
w
10°
107
10

+ Obs. [ Jtt bkg.[ Jjet—t, mis-IDljz— ee/uu[]ti+jets[ Others  Unc. [jH—t (1 = 0.85)

200 < pf: <250 GeV

GeV 120 < p: <200 GeV

p? > 250 GeV




NCBJ
e Inclusive and gg - H not

dominated by stat. unc.
Experimental unc. of

o ~10% for inclusive

o ~20% forgg-H

o ~30% for VBF (qgH)

® In agreement with SM
predictions

CMS Preliminary 13767 (13 Tev)

4-0bs. | |vtbkg.[l]Z— ee/uu[ |tt + jets
| Jtmis-D[[JOthers  Unc.  [JH—1r (u=0.85)

%O 100 1 50 200 250

m,, (GeV)
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Results: inclusive & stage O

cB(H — 771) (fb)

Process Measured SM Prediction
Inclusive 2960737 3422177
ggH 3060122 305118
+75.3 +9.67
qqH 22175373 329" g 67
M=0,/0,
CMS Preliminary 137 b (13 'PeV)
* Obs. — 1o +10 stat.
th. stat. syst. bbb
W em| osspn e omom
I [ S S g
MoaH . DBT5S, 5e 5in oo 008
0.|5I I 1 — I1!5I é I2.5

Parameter value
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Results: stage 1.2

H= OObs/ Osm

NCBJ
® Result using “bin-merging schemes” when Suslppinbey: RiommimR  THDMBISY

o Poor per-process sensitivity o R | :—fthys:azbb
o Correlation due to limited resolution s e, | = 105735 225 120 1120 1
® Two schemas ’

o Process-based (here) |

o Topology-based (backup) Mamasron | % 07075 058 0% 07 022

o Highest sensitivity at high p_(H) and for VBF s ¢ oea i aR

n == 0.32155 +0.55 +1.13 +0.37 +084
gaH/mJJ[350-700] : “M-9€ 138 043 1.12 036 -0.59

043
topologies (inaccessible with other decays) h & ogom w050 1055 00 039
ggH-2j/pT<200 ! 47111 078 -055 -0.41 042
. » _’I 1
CMS Preliminary 137 fb" (13 TeV) !
:a H H H . H H H H H PR & H . . .
a | : : 8 i A s | 4 +0.94 +0.58 +0.58 +0.29 +0.34
= 104 agprsn | sos0rz | ; (;)bserv?d || 3_10 (stgat) : +1o Um;:ertamzty in SM pred!ctlon uggH/pT[2UO-300] : (3_91_0_94 . g
© : - : T : :  Process-based : . : : '
L . H H k : H H . H
: : i - iM010%2t : : : 374752 : )
3 L : : : GO ; : : Al : . h— +1.25 +0.85 +0.74 +0.32 +0.24
o : 22m iy w f 1905 | Hoghrprsao0 . 1.74_32 048 074 016 2052
| : 5 | BEER ggqm !
102 : ' : : : : B2.977 !
i18.9%55 | IR E : +0.45 +0.04 +0.17 +0.37 +0.19
: 5 il Hagh-oypT<200 ¥ 0.02550 004 017 041 024
1072 : : | '
] . B ; ] 6.41:
10 148 | : | 5 E |
11 I : : woo 4. F +1.44 +0.37 +0.71 +0.97 +0.72
! A A : | ggH-1j/pT(0-60] ! 1.697,%4 052 2070 083 079
s : : ; || - | '
n : l M. 1| | - i .
i} g b : 3 R SRS - n o +1.22 +0.77 +0.74 +0.39 +0.43
-t I & g : : . | 3 = = 7
o ; u ; | ! 9gH-1j/pT[60-120] | 3-73—1.20 062 074 -0.52 -0.52
= / // '
= — = — < <5 _/ = = n ) 4 gq*111 1025 +078 +0.29 +069
AT T 8 s & Bl s 9gH-1j/pT1120-200] : 9% 107 025 078 -0.31 062
\ o, Ty h \ A = I A A 1
S Sms s 5| & 2 = ‘s o b b b b b g
> = = = = I > o, E =
R O Bl : S | 2
Sl S = = 2 E o s 0 5 10 15 20 25
2 5 T T N =2
] =) 22 Tz
o o
o

Parameter value
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CP structure of Y_coupling

CMS-HIG-PAS-20-006


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html

Tau Yukawa coupling (Y )

NCBJ
© Yukawa coupling: CP-odd term can occur at

tree level (no suppression by NP scale!)

m.H
Ly =——
Y — +)
CP-even CP-odd
(scalar) (pseudoscalar)

© Parametrisation: effective CP mixing
angle:

tan{:[PTT} —

T
Kt

IFJ PAN, 17. 11. 2020



Tau Yukawa coupling (Y )

NCBJ
© Yukawa coupling: CP-odd term can occur at

tree level (no suppression by NP scale!)

m.H s e
EY = — ( —|—) © 0-1__ —CPev-en—CPodd__
\% I 2¢m —CP mix —Z |
CP-even CP-odd Sl
(scalar) (pseudoscalar) I
0.06(
© Parametrisation: effective CP mixing _
angle: 0.04
K. :
tan(¢, ) = — 0.02}
H:T . . I T — 7T p; >33 GeV |
® H - 11 decay rate in a function of 0 50 100 150 200 250 300 350
angle between t-decay planes (¢_,) ¢, (degrees)
sensitive on @
1T E
T
=\ - -
dF(H — T T ) ~1— E?{E )b{:E )E CUS{(P.:F - 2‘PTT)
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S t r ate g y CMS IPrellimlinlmlfy il l1[37I fl?’l1 $1C|3 TeV)

NCBJ 10° _i BDgst’?ﬁtH—>TT jéfclz?sm |
® Full Run-2 data of 137/fb D mhE B
o Most sensitive channels: pt, & 1T (~50% of 3" .7 ===
all 1t final states) & 10518 [i s
Mode u* nt p*F o nfa’ a* - a7’ a7 - T
B(%) 174 115 259 9.5 9.8 U e
Symbol 1pr 3pr P e — bemnle ]
yme £ 7 2 = % AP I Hji
P ! o o, =2
_ _ _ D_1-_...I...I...I..-..I..._-
© Three event categories with ML (muli-class D0 L1200 08
NN /BDT): CMS Preliminary _ 11[37|ﬂ?*|1 (13 TeV)
O H _,TT Slgnal e _i ggstg:itH—}TT ét;%fszmbed'_
jet = 1, — BestfitH — 77
o Genuine tt (mainly Z/y* - T1) 8 q00] ke SRS
o Fakes (mainly QCD multi-jets & W+jets) 5
. . 3. et 4
=> Use m_ and event topology & kinematics i T
© Reconstruct decay planes (signal cat.) L
. . . . SN T o] L I P . TR ) L L T [ L
© FIit expectation to data in all categories i e i
o 2D fitin signal category: @_, vs ML score z _1__ ; -t 4
it (Bl | l st ] (B BRI

0.0 0.2 0.4 0.6 0.8 1.0
IFJ PAN, 17. 11. 2020 NN score



Decay plane reconstruction

@ In LHC generally not possible

o Momentum carried by vs, not known Higgs
rest frame

=> use approximated methods :

© Impact parameter method for single charged :
particle (u*, 1) o

(by S.Berge et al)
Plane spanned by IP and momentum of vr”\

NCBJ

charged particle
o Neutral pion method (p, a ™™, a *) \ o
(by Z.Was et al)

Plane spanned by momentum of charged
and neutral particle Yt

o a ™ momenta of 21° summed up

o a > find pair compatible with p and use
instead of °

@ Combine planes in zero momentum frame
(ZMF) of two charged particles

IFJ PAN, 17. 11. 2020 23



Example signal categories: pp, Up

o o CMS Preliminary ____pp 137 b~ (13 TeV)
Opt|m|se SenS|t|V|ty [ 00,07 | 07,08 1 0809 | 0910 ] § Data
. 10”5 ! ! 3 EE BestfitH — 77
e Dedicated BDT for T _decay- - | ' | == et g
h il # — T Embed.
. .- . 3 Others
mode identification (on top of | — PSH T

— BestfitH — 17T

HPS) => reduces smearing due to
Incorrect decay-mode assignment

(improvement of 15-20% over g v T 11 H — et ee
HPS) Dé%b g I | { 1] { l t I el Bkg. unc.
_ E LTINS T IR T T
* Impact parameters estimated OO e
with 3D helical track extrapolation e fE
. reliminary uo e
towards PV => more precise IP 00,049 l (045,06) ' 0607 | 07,089 | 0809 ! 09,10 § Data
and its uncertainty : = Dt Ebed.
Others
- &8 il o113 e 1512
Most sensitive channels: pp, Tip, =
Hp _ _
 each with ~1o separation — PSHo T
between CP-even and -odd % = g

Bin number
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NCBJ
® 1% measurement of CP
structure of YT
@ Consistent with SM: CP-
even preferred over CP-odd
with 3.20
(PTT —
® Uncertainty dominated by
statistic
C QMSIPTe!rmfpgw IIIIIIII SN 1.3.7Tb |(1‘3|TIeV)
S E ot mp 4 pp 4 Data - Bkg.
£ "l . Bkg. uncert. -
i F —9,,=0 E
3 —,=90
g H— [
e
» E
% 3

250 300

350

¢CP (degrees)
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—2Alog L

Results: ¢

CMS Prelzmmary

1T

137 fb : (13 TeV)

10T

| * | !
—— Observed: qbobs = 4 + 17 °(68% CL)

~- Expected: 7o = 0423 °(68% CL)

e e ——— — S S S N S M S M SN M SN S SN N SN SN M S S S —— i —

6 :
4 :—?_5?‘_’_::%..& ______________________ ;,:’: _____ N
2 B \%. ;,f’ o
[08% LN A y
0 i 1 1 | 1 1 '.“‘[ ~ 1 ] | ] 1 i
—90 —45 0 45 90
¢ (degrees)
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Results: reduced couplings

5 CMS Prelzmmary 137 fb 1 (13 TeV) o5
| | | | I | | | I | | | | | | | ]
- * SM — 68% CL 7 |-
& Best fit -=- 95% CL 7
- — 99.7%CL q |H20
1T 1 12
] 1 1415
i 1 |= 15 o0
w0 N o u 5
r 7 10 |
1 .
: r — F(KT, KT) : 5
L KI':LKI':OVZ'%T:
_2 1 1 1 | I | 1 1 | I | 1 1 | I | 1 1 |
—2 —1 0 1 2 !

Kt
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Excursion: YT measurement

e Same coupling structure _ 1002MS | 137 fo (13 TeV)
® Parametrised by 2 9of + [:a‘a e E
~ |2 2] F —fC§=O § - —Observed E
He R ) B b a1 e/
T IREARE ST @ BT A A
© Measured with ttH - yy o0F D0Z A8, 1
o BDT (estimate of optimal D_ 3 —
variable) used; it exploits: o0F -
o Jet Kinematics & b-tagging, na | 3
o yy kinematics (w/ mass), — — | ]
o lepton kinematics & multiplicity oin 1 oin 2 NS
o m_Titin D, bins e Translates on
© Results: it o Obs: @ <35 deg
o Obs: _fpp = 0.00 4= 0.33 at 68% CL o EXp: P < 44 deg
o Exp: f&p' = 0.00 4 0.49 . “ o
e Similar sensitivity by
o CP-even preferred over CP-odd ATLAS

with 3.20 (exp. 2.60)
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Summary

© Run-2 opens era of precise measurements of the Higgs boson
© Measurements with H - 1t decays provides unique opportunities:
o Production cross-section measurements at high p_(H) and
high m. (VBF topology)

 Measured in STXS framework;
 Measurement of differential cross-sections ongoing
o Probing of CP structure of tau Yukawa coupling
* CMS measurement (1% of this type!) agrees with SM and
excludes pure CP-odd coupling at 3.20
- Inclusion of e+1_and other analysis improvements will increase

sensitivity of the measurement by ~10%

=> The boson looks like the (minimal) SM Higgs boson (at

least with current precision)
Thank you!
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NCBJ

Results: gg - H vs VBF

@ Close to 1 sigma agreement with SM

o Presented as signal strengths (u=o0_, /o_ ) and coupling modifiers (k)

137 b1 (13 TeV)
] ¢ & & [ ¥ ¢ r J & & & [ L F T | 49
- CMS pPreiiminary s g9, CL
---------- 95% CL
+ Bestfit
1.21 ¢ SM expected
1_
o8F el
TR S T B | | | | | | |
0.2 0.4 0.6 0.8 1 1.2
K
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L
(@]
(@)]

=

5 137 b (13 TeV)
L UL L L L L L EL LI A I I
- CMS Preliminary mm—— g0, CL
- 95% CL
4 Best fit
¢ SM expected
1.5~ -]
1_ —
0.5 .
| | | [ | P
0 0.2 0.4 0.6 0.8 1 1.2
l'LVBF
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NCBJ

B (fb)

O

Ratio to SM

10*

10°

10?

Results: stage 1.2

H= OObs/ Osm

- - . . '1
o Highest sensitivity at high p_(H) and for VBF B MRSl e
T th. stat. syst. bbb
topologies (inaccessible with other decays . e e
y qqH non-VBF topo. . 'Y 391 -1.86 -1.92 -1.88 -2.13
= +0.54 +0.10 +0.48 +0.14 +0.23
Henaraso-700) | -0.04%) 56 2010 -0.48 015 -0.24
# +0.49 40.15 +0.30 +0.18 +0.31
M aus700 ; 0.65035 “016 -0.29 -0.09 -0.18
- +0.44 +0.09 +0.38 +0.11 +0.18
uqu-Zi/pT>20° i 0-57-0.42 1)‘09 to.ae ro.os t0.18
; +1.31 +1.10 +0.58 +0.27 +0.33
Hygh-2ymys<sso _.— 0.64%599 “05s3 “0.58 -0.31 -0.51
P -1 :
CMS Preliminary 137 b (13 TeV) ;
] : . : : ; NE : PR " e 0.88 : | . :
Goserved W 1 (stat) — +1o [1] Uncertaniy in SM predicton_ bogmoson | 1 11 4,001088 o1 o 0 0
: i Topology-based : ‘ i ‘ ] :
LS i : : : : . '
: : Ty ] 1 .
e : 5 : : i Pl 4 134 +0.36 +0.75 +0.29 +1.00
Peetfy 2 uggH/pT>300 * 1'98:.08 ‘040 074 ~0.30 ~0.61
| _ !
L o . ! +0.45 +0.04 +0.17 +0.37 +0.19
T HagHopT<200 : 0.03%50 “0.04 017 037 029
: = = +1.32 +0.33 +0.72 +0.87 +0.61
Hogr-1iTio-601 ; 1.537135 2045 071 -0.84 -0.59
i 125 1+0.83 +0.74 +0.38 +0.43
Hagh-1jpTis0-120) . W3.86%2 06t 2074 051 052
s £ £ 4 . 161 +0.94 +0.77 +0.75 +0.75
s & §&§ § &8 = g § 8 8 Hagh-tjp1ir20.200) ! 2.06%5s ‘023 ‘076 “0.28 -041
N 2 & & 5 A o 2 & 4 '
e 3, iy 2 e g °c 8 = o b b b b b b
Be- = e LB e T
i = o \ =
S0l e B e En s ) S0A1 - o R
o T - = z
> [ S
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@ _vs signal strength

CMS Preliminary 137 b~ (13 TeV)

B | | | I | | | I | | | I | | | ]

[ ® SM E— 680/0 CL a -

— 4 Best fit -= 95% CL 7
—- 99.7% CL

.'"IIIIIlIllIIIIIIII

—

HggH = UV =

90 —45

0 45
¢ (degrees)

25

32



MVA 1 decay-mode ID

z CMS Simulation Preliminary 2018 (13 TeV)
NCBJ ' ———Y
. HPS
Decay mode migrations lead to 0.5]
Incorrect @_, estimates
=> Dedicated BDT developed 5
to improve decay mode 2.,
identification on top of HPS
0.2
Inputs include:
 Inv. masses of tau decay R L,
p I’Od u CtS y u‘:g; By 2018, 59.7 b (13 TeV)
e angular distribution of S o CMS ¢ oomnamn
photons in strips, I =
* HPS decay mode 2ot =1

Background uncertainty

200

130 F

Substantial gain in purity and o
Efficiency => Improves @_, s

sensitivity by ~15-20%
CMS-DP-2020-041 |

= | T T2’ | In= I 3n=mY
IFJ PAN, 17. 11. 2020 MVA DM

Obs/Exp



https://cds.cern.ch/record/2727092

Check with Z - 11

Per flat for Z -, CMS Preliminary 137 fb~! (13 TeV)

but can be modulated when 6000 T w & D ety
7 : ” 1 Exp. Total Other
events “nearly perpendicular Py Exp. Tota v ]

(a>T11/4, here) or “nearly
coplanar” (a<tt/4) to gt
production plane are selected
e cf. S.Berge et al,
arxiv:1410.6362
Can be used to check data/MC

s
)
)
)

Events/bin

N
-]
-]
-]
T T [ 1
T T

of ¢_, with Z- Tt enriched 0
. ]_.]_ I I | | I I | | | I | | 1
sample S UE Bkgosystunc | | ]
« Observed agreementis & |, —HTI‘HTH'I‘LQLI'LH‘H'
Q] ’ o
very good *5; L ]
09 T U TR R KN TR NN N N AN SO T NN S RN
0 90 180 270 360

¢cp (degrees)
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https://arxiv.org/abs/1410.6362

CP structure of HVV
coupling with H- 1t

Phys. Rev. D 100 (2019), 112002 (HIG-17-034)

IFJ PAN, 17. 11. 2020
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-034/

et HVV coupling

lllll

VA K}FVQ% KE q? VV (*(1) Jmf *{1] *(2)pv
1
m, g, & — mass, 4-momentum and polarization of V boson,

=g *q’ - € F'gf — field strength tensor
e In SM only alﬂi-o and alw‘”#o at tree level, assumed alsafE:alWW

a2

a.= CP-odd => CPV via interference with CP-even

(@

e Assuming constant and real couplings (sensible for m e U ) it Is eqiv. to
eff. Lagrangian:

2 5 1 1 "
L(HVV) ~ ay—2HZ"'Z, — ——=m3HZ,0Z" — ~a;HZ"Z,, — ~asHZ"'Z,,
2 (A1)° 2 2
+a"Wmd HWHW- — ;me (W oW 4 x““w+Dw—F)
" (AWH) "
= a;‘h’\"d Hw+tn w;l — ﬂ,“"“ Hw+iln w;l
Hf? 7 1 ) =
+ » ”‘IZHZHB FF” - HjTHFHiZ’“ = H3?HF'HI Z;” p e En-j’rHFF“ F e EH; FI_II:M:II FII'”I'
1
(AI ) cf. CMS Collaboration, Phys. Rev. D 92, 072010 (2015)

IFJ PAN, 17. 11. 2020 36



HVV coupling

vv 2 4
Vv q Vg3
AHVV) ~ |af¥ + (j\vvﬁ 2| mevi€y, +ay f}w f 21 4 gy f}u f it
1
m, g, £ — mass, 4-momentum and polarization of V boson,

ﬁ”;gv”g«” - £,°9" — field strength tensor
> InSM ofnly a “#0 and a ""£0 at tree level,
o assumed a =a ““=a " (custodial sym.)
same also for a=a#=a*" (kin. not affected, results can be reinterpreted)
° a,-— CP-odd :::==' cbv vifa Interference with CP-even
e Parametrise using fractional cross-section (uncerts. cancel out):

2
‘ﬂi ‘Gi a;

fﬂfzz‘ﬂ (pai:ﬂrg(_)

i
il9j a,

where o, cross section (decay rate) fora,=1,a,.,=0

IFJ PAN, 17. 11. 2020
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o Two types of discriminants

D n) . Pﬁig (ﬂ)
() =5 70) + P (OO

_ Pint {ﬂ)
2/ Paig (Q) Pa (02)

o D_ distinguishes between signal (sig)

and alternative (alt) model

* alt can be alternative production (to
categorise events) or background or
coupling model

o .Dim accounts for interference

Dine (Q)

P(Q)=P(0,,6,,0,,®,,D,,...)

o Signal distributions with JHUgen

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



Analysis strategy

CMS 35.9 fb’' (13 TeV)

= i + Observed MIH-w  TT
* Used 36/fb (2016 data) e s ERGGD mutle
: £ 20000 —helt ol i
» H-TUTT, T, €T, el o e
» Categories (production) using kinematic 10000 F—+— .
cuts 5000 _ E
* VBF category (2-jet, high mjj, ...) - rEmem— = =
x 1.1F
» boosted category (1-jet or 2-jets no-VBF) g I v
* O0-jets cateqgor O og 100 260 300 200
J oy P (GeV)

 Production info & H kinematics cMS 35.91b" (13 TeV)

+ oth tity d d h ) i S T Cheervsd W Afl g 3
e M_ (+ other quantity deepened on channel) in S ss00f el ik e
. = F tt+jets QCD multijet

O-jets category 2 zzgg- B Vrjels I Others £

T feebehiil E

*m_, pTl'| In boosted category 2000 e s

) 1500 F- e

e M, m, DO- (a, contr.), DCP (a, —a, interf.) In 1222- RS ]

VBF category | 18L______E
» and signal strength modifiers p_, y,, S ;
s 1 [ ¢ *

Lo 02 oA 06 0.8 1

IFJ PAN, 17. 11. 2020



5.1 1" (7 Tev;u+19?ﬂ:;’(8 TeV}+8D2fb (13 TeV)

H—}4£+H

CMS

—— Observed
---- Expected
—— Observed, H — 4{

- Expected, H — 44
—— Observed, H — 1t
it %o, -~ Expected, H - 11

107

fas COS(0,,)

e Production dominates low ,fai,

while decay high 1_

IFJ PAN, 17. 11. 2020

ol N A . , o ® 1 B b b ey L
~1=0:8-0.6- [}4132 002 0 002 02040608

1

Results (combined with H - 4l)

Parameter Observed/(1072) Expected / (1073)
68% CL 95% CL 68% CL 95% CL

fascos(¢a3) 0.00+027 [—92,14] 0.00+023 [-1.2,1.2]
focos(g)  0.08+L1%  [-1.1,34] 00113 [—4.0,42]
farcos(par) 0001033 [-04,18] 0.00501%  [-05,1.7]
fTcos(@dl) 0011 [-6557] 00+2¢  [-11,80]
f_agree with 0 (SM) with 10° - 107
precision at 95% CL
95%CL
Parameter Observed Expected
az/a [—0.81,0.31] [—0.090, 0.090]
ay/ay [—0.055, 0.097] [—0.11,0.11]

(A1+y/]a1]) cos(par) (GeV)  [—oo, —650] U [440,00| [—o0, —610] L [450, co]
(AL /]a1]) cos(¢]) (GeV) [—oe, —400] U [420,00] [—co, —360] U [390, co]

gifal agree with 0 (SM) with 10 precision
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