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Introduction

* Higgs Boson: a key piece of the SM and a portal to BSM physics at the LHC

e Higgs couplings to SM particles are well predicted from mass
measurements

* Any deviations in Higgs couplings implies new physics that couples to the
Higgs boson

* Main topics of this talk:
. Theory behind CMS anomalous coupling measurements (beyond kappa framework)
. Results and methodology for experimental constraints
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Interpreting Deviations
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General Concepts

*“Dedicated” analysis on CMS Event generator
consists of three main features: P(X utn | 0;) |
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Amplitude Formalism

A(va) ~ aVV + KYVQ% X2 q2 m ek eX ta f f Vg VvV *(l)f*(z)m,
1 (AW)2 V1tVvitv2 2 Juv a3 Juv
1

*SM Tree Level (+Kinetic Terms), CP-Even Dim-6, CP-Odd Dim-6

* Measure effective fractional cross sections

* Many systematics cancel i |[1i |20'i . a; E
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SMEFT Relations: Amplitude Formalism g.

* fqi Can be interpreted in different ways
e Search for single anomalous contribution




SMEFT Relations: Amplitude Formalism

* fqi Can be interpreted in different ways
e Search for single anomalous contribution
* SU(2) x U(1) (SMEFT) Approach

wWw o 77 2 Y
A, = Oy, +sua, +2s,0,a5",

WW 2 ZZ 2 Zy
ay = coa5" +sqal’ +2s,c0,a5 ",

1
) 1
] 1
] 1
! 1
I 1
] 1
) 1
] 1
] 1
! 1
I 1
] 1
I .

1
] 1
! 1
I 1
! WW 77 Yy 77 Zy |

1
] 1
] 1
! 1
I 1
] 1
) 1
] 1
] 1
! 1
I 1
] 1
) 1
I 1
: 1

Zy




SMEFT Relations: Amplitude Formalism

* fqi can be interpreted in different ways
e Search for single anomalous contribution
* SU(2) x U(1) (SMEFT) Approach
e Custodial Symmetry?

z
ay =+ Siag” + 25, Coelly |,

2 Z
ay " = cpay” +spall +2s,ca57,




SMEFT Relations: Amplitude Formalism

* f,i can be interpreted in different ways
e Search for single anomalous contribution
* SU(2) x U(1) (SMEFT) Approach
e Custodial Symmetry?
e Already constrained to be small?




Optimal Observables

* In many CMS Anomalous Coupling
Analysis, Matrix Element Based
Discriminants are used as
observables (Calculated using MELA)

* Nelson Pearson Lemma guarantees
that discriminants are most optimal
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On-Shell Results



Anomalous Couplings in H = WIWon CMS

e

Variable Selection

Number of leptons 2 (ep of opposite charge)

Pt >25GeV

Pt >13GeV (10 GeV for 2016 data)

e Constrain Anomalous HVV couplingsin H - WW i i
1 1

e AllH - WW candidates use common selection i E
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* Candidates further categorized by production mode i ~30GeV i
° . 1 miss 20GeV 1
Ex: Observables for f,, (Scheme 2) | P »20Ge |

1 1

i i

| |

; |

my >30GeV
* my, Dypr, Do+ mt 60-125 GeV
* First constraints on f,;; in H > WW channel (Run-2) Niet (b jets) 0
° A” reSU|tS COﬂSiSteﬂt W|th the SM Variable ggH VBF Resolved VH Boosted VH
* Ready for combination with other channels!

Niet (V jets) 0 0 0 >0
Nt (AK4jets) 0&1 2 2 —
1 — >120GeV 60-120 GeV —

0 0o o000 0000000000000000000000G000aCoOOToa

T R SR . I B B
0204 0608 1 -1 -08-06-04-02-01 0 01 02 04 06 08 1!

SCHEME 1 f,, SCHEME 2 (SMEFT)

-1-0.8-06-0402 -0.02

- |
: CMS VBF, Dint >04 138t (13 TeV) CMS 138 ib' (13 TeV) CMS 138 fo' (13 TeV) :
1 — — T —_— T T T T T PR AN [ T T LI = ISR AR Ty T T
15 o00f ' AAARAPSRARASPARRAARE | ST 1ConsistentwithSM | | Consistent with SM ||
12 Eoeoaa [see 000 Ooo w2 P —— Observed, fix others |
I v - . sMm sm 4 AN ] )
12 180; [+ - ww [l muttiboson [l DY [ Nonprompt = 1 Observed :
: Q  qgoC | Iww tWand = S T S ALl A A S Expected, fix others 1
w E 3 [
: 140 = Dygr <0.75 Dygr > 0.75 — — Observed, float others :
I 120F : . A | |
I 100l M AeCeY | m- a5 Gev} m<45GeV 1 m=45cev g4 [ A\t 1 1\, Expected, float others :
1 : =
] |
i eo .{ : = |
i 60fs : = i
1 = ] =
40 i
1 =
i 20F e
: e
el
Pe 2k L IR R
I 2 15¢E T ; T
1 & 1 ndt bbby g g bbb g By e .lTlTé
1Y 05 b . L 3 3 O Y S &
18 ot ; ‘ LA E ‘ o
i © 3333333733295330333933333583295390IT5 1506040 | 0806 04 - 02
1
1



Anomalous Couplings in H = WIWon CMS >

* Constraints on anomalous Higgs-gluon couplings

 Same Selection as before Variable geH 2-et ggH
 New Categorization (2-jet ggH vs others
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final states
* Will not go in detail about selection etc. in interest of time
* H — t71 constrains anomalous HVV couplings in EW

production
 H — ZZ constrains anomalous couplings in decay and
production

------------------------------------------ e
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Anomalous Couplings Combination H =ZZyy, Tt .

e Constraints on anomalous Hff and Hgg couplings using the ZZ + tt+ yy final states
 H - tt, H > ZZ jet correlations in ggF constrain anomalous coupling
 H - yy constrains anomalous couplings from ttH
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vH Production at the LHC

CMS Simulation 13 TeV

0.1

SM-Tree Level
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* Non-Zero Wilson coefficients greatly enhance Dim-6 EFT 4-Point
high pr region

 Signal: Higgs with associated high pr photon

Well constrained by
precision EW data




vH Production on CMS

Signal regions for each channel
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Oft-Shell Higgs



Concepts

* Higgs cross section

do(i > H— f)
ds

0.

proportional to couplings and width
(Z C‘fjk% ) (Z oa(f)a, am)
(s — M7)? + Mt

Oon—shell 1
x
Ooff—shell

l-‘tO t

* Interference in high mass region - evidence for H* production

Relevant processes:

Gluon
fusion

boson
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(a) Signal (b) Interfering background
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Recent Off-shell result from CMS

Category VBF-tagged VH-tagged Untagged
. 7H WH
Selection 'Dé;gtl: > 0.5 DZj ot OF DZjet > 0.5 Rest of the events
VBF-+dec VBF-+dec VH+dec 4yVH-+dec kin gg+dec
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Anomalous Couplings in Off-shell H

* Applied to CMS data using H*— 41 /212v
. First step towards full EFT anomalous coupling fit using on-shell/off-shell

CMsS N ;1710 fb (13 TeV) CI\!IIS ' <140 o™ (13 TeV) 200 CMS Supplementary 13810~ (13 TeV)
14 — SM-lke (f =0) 161 Observed — [=4.1 MeV 1 — Hodonsotrsnen ]
- — fa (U) 1 14f Expected — I'y; (u) :
127 N . —— H — 4l on&off-shell, kg unconstrained
F—f,5(u) 1of — On-shell 4 1801 ]
10 ¢ (u) - C [ — Observed
[ Al C
- [ 4 4 10
£ 1= A1 = N
< Observed S 13 gb
“ 6 Expected / 1 o
——————— A L f—g—ga—
A7 eswol] 2 SN\ esmoL
‘ 1 1 1 1 L \\ " L
5 10 15 95005 0 0.005
'y (MeV) [13] fas [13]
*Demonstrates that the width  off-shell information
is stable to various HVV combined with on-shell
EFT/anomalous couplings improves constraints

operators



Conclusion

 Rich program of anomalous coupling measurements at CMS

* “Dedicated” analysis important to push precision on Higgs
couplings

* New production modes can play a key role!
* Presented newest off-shell result and H->WW

 New combinations with Run-3, off-shell and other decay
channels is expected to improve constraints

* Expect to see more exciting results in the future!
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* Amplitude of gqqg —» qqW (— lv)H(—> bB) proportional to (k,, k) at tree-level with
enhancement at high pr for negative Ay, [5-6]



* Two different analysis tuned for each scenario (similar selection):
 SM: sign(Ayz) =1
* Observable: Yield in Signal Region (2 orthogonal SR used)
* BSM: sign(Ay,z) unconstrainted
* Observable: Yield in signal region
* All backgrounds in SR: normalized with respect to best fit in control region
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3¢ SM pred. A (#1,51)

VBF WH Higgs comb.

@ Best Fit O Best Fit

W 1cobs. -- 1o exp. --1c obs.
[ 2c0bs. - 20 exp. --20 obs.

' Bgobs. 5cexp. --5c obs.

TeV, 140 fb'

13 TeV, 36.1-138 " [6]
. ConsistentwithsM _ " ww T A
« Observed (Expected) 95% CL on SM-like VBF WH ¢ Observed (Expected) 95% CL on SM-like VBF WH
SM . _ SM ~
O gqw (> 1v)H(~bb)< 14.3(9.0) X 0 by 1y H (o bb) Cqqw (-t)H(=bB)< 9-0(8-7) X O gy (1) H(-bB)
* Awz = —1 excluded with significance > 50 . }\WZ = —1 excluded with significance > 50

Both measurements consistent with each other and the SV



Relative Sign k,,, /k, at CMS

* Two different analysis tuned for each scenario (similar selection):
« SM: sign(Ayz) =1
* Observable: BDT score (SM VBS WH vs Bkg)
* BSM: Ay 7 unconstrainted
* Observable: Yield in signal region
e Background estimated from orthogonal regions

.0sCMS 138 fb~' (13 TeV) CMS 13811 (13 TeV)
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Evidence for H = Zy at the LHC

* Leading order H = Zy single loop in SM

* Rarest H decay to vector bosons Fﬁ"_,”ZY~O.0015%

. Only observable in Z — I

* Enhancement of H — Zy signal of BSM physics
. Higgs is Composite,Singlet, pseudo Nambu—Goldstone?
. Heavy,charged BSM particles in the loop ?




Evidence for H = Zy at the LHC
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* Evidence for H » Zy at 3.40 with signal strengthu = 2.2 £ 0.7
* Interpret signal strength in terms of coupling strength modifier
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H—-/ZZ+H — yyRun-3 CMS

* CMS recently published their first Run-3 cross section measurements of H>ZZ

and H-yy (13.6 TeV)

* Analysis Strategy: Fit to m,,,, or 1my,

* Results: Fiducial cross section (assumes SM BR and Selection Efficiency)

13 FH— W m, = 125. 33 GeV All Categones E
S/(S+B) weighted

¢ Data

— S+B it E
L B component
— - +1G —
- [+2¢ =

16:—

CMS Preliminary 34 7 fb- 1 (1 3.6 TeV)
%-‘ I | + Data ]
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20t
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+0.53 +0.29
Uhg = 2.947 yo(stat.) Ty55(syst.) fb




H— ZZ+H — yyRun-3 ATLAS N

* ATLAS published the first Run-3 cross section measurements of H>ZZ and
H->yy (13.6 TeV)

* Analysis Strategy: Fit to m,,,, or 1my,
* Results: Fiducial cross section (assumes SM BR and Selection Efficiency)
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