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Higgs boson: where do we stand? A e

INSTITUT FUR HOCHENERGIEPHYSIK

Newest fundamental particle discovered: Last missing piece in standard model (SM)

Detailed measurements of Higgs boson properties using LHC Run 1 + Run 2 data
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Higgs couplings to fermions and Gauge bosons
« Precisely known in SM

« Look for deviations from SM predictions
= |f found, signature of new physics 2/18
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Newest fundamental particle discovered: Last missing piece in standard model (SM)

Detailed measurements of Higgs boson properties using LHC Run 1 + Run 2 data
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Higgs couplings to fermions and Gauge bosons  Higgs boson spin-parity (J): SM prediction = 0**

« Precisely known in SM < Current measurements consistent with SM
« Look for deviations from SM predictions « Still room lef't for a small CP-odd admixture
= |f found, signature of new physics = Any sign of CP-odd nature can shed light on physics beyond SM 1 18

e.g.,, explanation of baryon asymmetry of universe
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Anomalous couplings of Higgs boson
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Anomalous couplings of Higgs boson = HEPHY
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Curse of dimensionality: Handling a multi-dimensional problem |_>/)‘!(HEPHY
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Large number of variables needed to fully characterize the system

— Difficult to perform an optimal multi-dimensional measurement with many independent variables

i Solution

Matrix element likelihood approach (MELA)

— Construct discriminants sensitive to individual anomalous couplings

Smaller number of observables, stfill retaining most of the discrimination power

Two kinds of MEL A observables:

A Pt Q
Example topology: Dgarg = ?SM(Q) _ D = = (i’%{)_igi( )(f})
VBF H production + H~ TT decay Psm(Q2) + Ppsm () SM BSM
Pure BSM SM-BSM interference

4/18



Ay,
Anomalous couplings in H production: H= TT final state S,
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arXiv: 2205.05120
Accepted for publication in PRD

Objective: To probe H-V coupling structure

Selections optimized targeting VBF topology
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Anomalous couplings in H production: H= TT final state £,
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arXiv: 2205.05120
Accepted for publication in PRD

q q
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g
----- H
g
| -
q q
Objective: To probe H-V coupling structure Very similar event topology from ggH + 2 jets production

- Used to probe anomalous ggH couplings
Selections optimized targeting VBF topology P 99 Piing
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A,
Higgs to electroweak vector boson couplings: H— TT final state EL,

arXiv: 2205.05120

1
Final states considered: CMS VBF, 71, ' 138 fo” (13 TeV)
L o ot e e —4— Observation
VBF i VBF
eT + MT + T T +el ﬁ 108 Dyt €[0.0,0.7] i Dyt €[0.7,1.0] .
c = < =) = P 'e
s S i < i C i S = i (] webke.
. m 107 e | S S S S S [ Jjet—t_mis-ID
Extensive use of MVA v = = I v = = et=1,
10 o 2 I 2 Iz I 2 [ other
. . . . Py a 10 (] 10 .
Neural network-based discrimination | Stat. uncertainty
10 M . ' — qaH-e (f_<0)
DNN — separafes VBF-like signal 10 — * | — qgH-t (_=1)
from SM background
1
MELA variables _ )
5 b e b -
VBF 4 ° Py ! * +
D zjet «— Separares \/BF from ggH 8 1 ).+....’ ..... re— . T +.....¢...... ........... $..... ...... :.... ..... &g gL 00 o1 .....#....+....+....+....+.....+._
O 05 F . + ...................... + ................... | .................................................................... -
2 M ]
D« separafes CP-odd anomalous coupling N ® e Ny ® Qe N W XN B Y Q2 N B ® N . c [
0- @ 9 - 9 ¢ 9 - § 9 9 - % & 9 ¢ § S G - G S S 0-
from SM HVV coupling S 3 2333338333 31ssd3333S3S3S 383
1
1
: H
VBF P> g8
1

Signal extracted using multi-dimensional maximum likelihood fit
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Ay, "/

Higgs to electroweak vector boson cou 3l1ngs H— 4-] final state Ztuepny
CMS 137 b’ (13 TeV)
Phys. Rev. D. 104 (2021) 052004 pso LTI ARRAARRANL AN ]
r ¢ data .
200 + CH ]
Final states considered: ) > f ]
O]
4e + 4 . N %
v g
production decay
MELA variables
D, « separates VBF H from SM bkg cms T cMs L ToesTY
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L bkg - 20— bkg 7
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D . © Separafes CP-odd anomalous coupling 151 ] i
from SM HVV coupling c c 15 _
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@ 10 . P
D™ _ « separates inferference of % : % 10k
CP-odd coupling with SM coupling Kt o E

.......

DB/_BF+dec
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Higgs to electroweak vector boson couplings = HEPHY
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arXiv: 2205.05120

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
— Frecrrrrprerprerprrrprr e e e e Ty - Frorrprrrrprrrrprrrrprrr e e e ey
c 20F Approach 1, 1t E c 20F Approach 1, 1t E
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10 8 6 —4 2 15 -1 -05 0
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Higgs to electroweak vector boson couplings = HEPHY
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arXiv: 2205.05120
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Higgs to gluon couplings: H— TT, 4-lepton final states M oy
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CMS simulation Supplementary 13 TeV CMS 138 fb™' (13 TeV) CMS 138 fo™' (13 TeV)
:' T T T T I T T T T I T T T T I T T T T C T T T T T T T T T T T
(“‘1.4_ ggH ggH ggH — E 10E ) 4 _l 10:|||||IIITTIII||I|||||||||||||||||||||||:
=0 — a3 =1 — 1 =05 ] - VBF Category R Ob:eé‘ﬁtlf?125)xso i c 3 MELA method, tt E
- — 0 L l'“: 99 ] 9 o Ob ]
120 = 5 — ggH MM H (125)x50 < g —— Observed
i o 10 [ oc bkg. T o 8F Expected 0\%
C o [ jet—t, mis-ID 3 I . Q)
L C h 7 (:‘,
iy 4 [ Other 7
B 10 E Uncertainty E! 6
0.8 C ] g
i 10° E 3 S =
08~ ] Similar sensitivity 5 ] aped A
- . . . . 10? E
ol - with simple variable 3F
5 1 AG = 0G1) — (o), withg(y) <) . 21 S
o 1 8¢5 =90G) —¢02) (1) < () g Femo ™ i
: : & ~ g el N Lol | ]
. . ~ 0_||||||1111111|~1~ A L [
O L @ ~1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1
2 : MELA discriminators 8 fggH

Xiv: 2205.05120
DggHCP — separafes interference of ArAV

CP-odd coupling with SM coupling

CP-odd cross section fraction:

=0.08 [+ 0.35-0.08 @ 68% CL]

9/18


https://arxiv.org/abs/2205.05120

Higgs to gluon couplings: H— TT, 4-lepton final states A oy
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Higgs to top quark couplings: H—= 4-lepton, yy, TT final states Zepny
CMS 137 fb" (13 TeV)
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Higgs to top quark couplings: H—= 4-lepton, Yy, TT final states =i Hepny
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[ T T T T | T T T 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 T
15+ — — Observed - Expected
- fdata [ [tHSM  HitHo4l ) - tdata [ JogHSM  HggH-4l - - B B
s N | Hozz* > a1 | . N R 10 ggH(4l) ggH(4l)+ttH(41)
4l D i :IttH fep=1 ttH B : D 1z I:IggH fag =1 VBF-Zjet : ttH & ggH Categories ‘ — ggH(4l)+ttH(yy+4l)
s | Pz [ JHother  Dyg>02 £ 1o- Plzx [ |H other Dyyg>0-2 _| combined _
= | .
a - E I | toenhance sensitivity ¢
5 | s - S
L | . e 1 .
o ol | 2 i B \ 95% CL
% 0.2 0.4 0.6 0.8 1
DttH I:)ggH
- H—ZZ*—> 4] + Hoyy -
CMS 137 fo! (13 TeV) o 100

-2AIn L

o

10/18

-1 0 1

Phys. Rev. D. 104 (2021) 052004


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004

Higgs to top quark couplings: H—= 4-lepton, yy, TT final states Zepny
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Higgs to electroweak vector boson couplings with off-shell H:  aJ
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| H— 77" - 4-lepton / 2-lepton + 2-v final state
arXiv: 2202.06923
Submitted to Nature Physics
CMS Simulation 13 TeV CMS | <1 40I fbo' (13 TleV) CIV|IS | <140 fb' (13 'II'eV)
= T T T T = [T L L EL L L L L r 7
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. Ty unconst. 72 [2.7,216] | [~38,503] [-82,73] | [~413,364]
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CP nature of Higgs to top quark coupling: AJ
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H— WW* TT — Multilepton final states
CMS-PAS-HIG-21-006 1
Final states considered: 0 CMS .Pfef ey 138 fb ‘ (13 .T?Y)
. < [ Best Fit: 1, =09, %=1.0 ]
2 same-sign leptons + 0 T ® 5ol e o CJHW (CP-odd)  [T] Rares N
. > | [ ttH (CP-even) B WH Nonprompt ]
2 same-sign leptons + 1 T LL A [ Crerce mism. -
| q -even otal unc. |
3 leptOHS + 0 T | =lHW (CP-even) Oz [ tHg (CP-odd) n
h 40 ™9# -
Signal-background separation: i . S S . i}
i —y 3L 5 5 [
Multi-class neural network — tHq Ly = ——,(k, + ivs; ), H -5 J N B .
other 2 - @ = = @ .
- ttW (only for 2 same-sign lepton + 0 T, ) | i
CP separation in ttH category:
BDT using CP-sensitive variables
CMS simulation Preliminary 13 TeV CMS simuiation Preliminary 13 TeV
g 0.16 B g 0
_.'-'>:' [ -® Pure CP even E’ 0.14 - @ Pure CP even
g 014 - @ Pure CP odd g @ Pure CP odd
§ 0.12 § 012 -
[ o
o 0.1} 8
[ g
0.08 0081 ©
I (@)
0.06 0.06 I
0.04 0.04 | ttH node in 2Iss + Ot, category
002 > ttH score of NN > 12/ 18
OI\\\l\\\I‘\\\Illll\‘l\\\l\\\l‘\\I O \I\\‘\I\Ill\\\‘l\\\
0 0.5 1 16 2 25 3 35 4 45 5 0 1 2 3 4 5 6

AR,
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CP nature of Higgs to top quark coupling 77 HEPHY
CMS-PAS-HIG-21-006
50, CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 fb' (13 TeV)
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Results from ttH (- t1) combined with ttH (-vyy ) & ttH (- ZZ* - 4l)

CP-odd fraction
= 0.28 ([-0.55, +0.55] at 68% CL)

Pure

k, :[0.96, 1.16] at 68% CL
T(vt : [-0.86, 0.85] at 68% CL

CP-odd hypothesis excluded at 3.0
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Search for CP violation in H= TT decay =7 HEPHY
JHEP 06 (2022) 012 _q
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Signal to background separation using neural network

© >90% of background contribution estimated using data 14/ 18
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Only sensitive to relative sign between K_and K_

Pure CP-odd hypothesis excluded at 30
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* Precision measurement of Higgs boson properties ongoing

* Probing Higgs boson couplings test possible new physics scenarios

* Presented recent CMS results on search for anomalous coupling of Higgs boson to

- W# and Z bosons, gluon
- Top quark, T lepton Full list of public results from CMS on Higgs boson measurement: Link

- Including possible source of CP violation
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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More Run-2 results to appear Looking forward to Run-3
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Higgs to vector boson couplings: Need for high energy EL,
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0% b g Anomalous couplings contribute at higher order / loop in cross section
= Phys Rev D89 035@07 (2014) .
N | | | . | : _ 3 — Suppression of effects

10° ;_ ..... - #,ﬁ..r——r——r*"——‘———__; ~ Experimentally challenging

° 10 fﬂ' e e R M S BSM contribution increases with energy — sensitivity enhancement

10 Bt b s _+ ........... -
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- : with high energy fransfer 4 o
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https://arxiv.org/abs/1309.4819
http://cds.cern.ch/record/2784590?ln=en
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