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Overview

* Recent analyses based on H—yy are introduced

» All the analyses used the full Run2 data collected by the CMS detector

* Included analyses:

Jie Xiao

* HIG-19-075: SM H—vyy signal strengths & STXS

Publication: JHEP07(2021)027

« HIG-19-016: SM H—vyy differential and fiducial x-sec

Publication: JHEP07(2023)091

» HIG-21-074: Search for non-resonant HH—WWyy

* HIG-19-018: Search for non-resonant HH—bbyy

Publication: JHEP03(2021)257

* HIG-21-071: Search for resonant X—HH/HY—bbyy

Accepted by JHEP
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Introduction of H—yy decay channel

* One of the golden channels in the Higgs observation
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Roadmap of the Run2 H—yy analysis at CMS
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« Evolving from measuring 4 signal strengths (u) in HIG-16-040 to over
20 parameters in HIG-19-075
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Simplified template cross sections (STXS)

« STXS: developed to provide a natural way to evolve Higgs coupling measurements

« Recommended binning

Jie Xiao

« Separate more cleanly
measurement steps

* Reduce the theory
dependencies

* More finely-grained

 Allow global combination | *

« Stage 1.2
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SM H—yy signal strengths & STXS
HIG-19-015
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Definition of the categories

Jie Xiao

Multi-classifier to assign
most probable STXS bin

HIG-19-015

Data-driven technique + Three-Class BDT: qqH tags

Data-driven technique + VH hadronic tag

WH leptonic, ZH leptonic tagger

data-driven technique for VH MET

ttH and tHq categorization followed HIG-19-073

FCPPL2023: Higgs boson property measurements with H—yy at CMS

7-Nov-23

7



https://cds.cern.ch/record/2713705
http://cds.cern.ch/record/2725142?ln=en

Definition of the categories R s

* An event might pass the selection criteria for more than one analysis category
« A priority sequence is defined to unambiguously assign each event to only one analysis category
« A higher priority assigned to analysis categories with a lower expected signal yield

« data-driven technique for VH MET
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HIG-19-015 CMS,

Sighal & Background modeling -

 Signal model built separately in each category from the simulation

. . o . -1
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« Background derived from data side-band using discrete profiling method [paper]
« Choice of background pdf type treated as discrete nuisance parameter
 Likelihood scanned with all different choices of background pdf type

* A more detailed example, see Junquan’s talk
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HIG-19-015 ™

Category composition s
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HIG-19-015 [

Results - Signal strength modifiers = -
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Results - STXS fit

« Fits performed to extract cross-sections (¢) in the STXS 1.2 bins

« Merging scenarios - maximal merging scenario

HIG-19-015

« 17 parameters to fit, STXS bins merged until uncertainty is < 150% of SM prediction

Jie Xiao
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SM H—yy differential and fiducial cross-sections
HIG-19-016
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Fiducial phase space definitions

HIG-19-016

* Inclusive and differential fiducial phase spaces are defined at particle level (simulation truth)
» Phase space defined such that it follows detector configuration and event selection as close as possible

» Two definitions do not align perfectly
component treated as

production process, signal strength fixed to SM prediction

Fiducial phase space
pT“>m”/3, pT3’2>m”/4,
[n¥|<2.5, Iso,, ¥<10 GeV
TRUTH __cena000 700000000000,
RECO s

Outside of Acceptance

Fiducial phase space requirements applied to all phase spaces
VBF-enriched phase space for differential measurement w.r.t.

dedicated 2-jet observables

Dedicated fiducial x-sec measurements in 3 special phase

spaces

- p¥>m, /3

* pF>m, /4
 In¥f <25

* Iso ¥< 10 GeV

Fiducial phase space

1 jet phase space
¢ >=1 Jet
s pr<25
+ p#1> 30 Gev

Dedicated fiducial xs

measurement

ttH-like phase space:
* >=1 lepton
* >=1 b-jet

VH-like phase space:
* 1 lepton
. pTM"“< 100 GeV

2 jet phase space
* >=2 Jets

PR AT
s pfE> 30 GeV

VBF-enriched phase space:

* >=2 Jets

. AR > 35
* m"2> 200 GeV

WH-like phase space:
* 1 lepton

* pMs> 100 GeV

Jie Xiao
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HIG-19-016 CM

Maximum Likelihood Unfolding

» Unfolding through full detector response matrix K

« Parameterized as a function of nuisances in the — Response matrix K
likelihood
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HIG-19-016 CM

Results - Fiducial cross-section
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Inclusive fiducial fit

« Same analysis framework
with HIG-19-015

« Same signal/background
modeling strategy
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Results - Fiducial cross-section 19016 O
41
1 CMS 137 o' (13 TeV) CMS 137fb~' (13 TeV)
E EH‘_,‘v‘y"H‘HHI””IHH‘HH“H“HH_: 2.001 H — yy #%% MG5 aMC@NLO, NNLOPS
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Inclusive fiducial fit Observed fiducial x-sec
« Same analysis framework Org = 734124 (stat) '35 (syst) fb
« Same signal/background
modeling strategy agree with expectation of
75.4+41fb
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HIG-19-016 CM

Results - Fiducial cross-section

X-secs in dedicated regions of the fiducial phase space
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HIG-19-016 CM

Results - Differential fiducial x-sec -

e Fiducial x-sec also measured as function of 20 observables, 2 double differential measurements
. /E2 — pg )
* Example of 7c,; = max QCOShZYj — ’;,H) , jet-pT weighted by a rapidity dependent function

PRD 91, 054023
- Binning in T ;does not spoil resummation — flat pT cut cannot be treated correctly when resumming logs
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Search for non-resonant HH—™WWYyy
HIG-21-014
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HH production

HIG-21-014 CM

. H
» Higgs potential: self-couplings A is crucial for understanding the field potential B e «
: -~ H
2 2 2
o K3 U 4 My - plus effect of cov. n H B H
V=pH+ 7H + mH = TH derivative on ¢ in £,
) 4 o

A, trilinear A, quartic C.., VVHH v N H " , ”
Mass-term 2 : ’ : 2V : Beyond reach at
self-coupling self-coupling coupling accessible energies
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HIG-21-0714

HH production

(|
. H
Higgs potential: self-couplings A is crucial for understanding the field potential =~ # -----&
om
2 2
2.2, M 34 y 4 _ My o plus effect of cov. o L H = . H
V=" + 7H 4v2H 2 H derivative on ¢ in £,
;. § ¢
A, trilinear A, quartic C.., VVHH v N H ” | - H
Mass-term 3 : G e e Y dan Beyond reach at
self-coupling self-coupling coupling Ol e s W
Effective Field Theory (EFT) is also powerful to catch BSM Bechmark | 5 5 6 G o
1 7:5 1:0 -1.,0 0:0 0:0
- Bl 0E 2 12\ 5 - 2yG2 G v [ 10 10 45 o0 o8
EBSM == RAAHHHVH . (ﬁtH + v H )(tLtR + h.C.) + 127rV(CgH 2 H )G G i _3'.5 1:5 _3:0 0:0 0.6
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t v 8/150 10 00 -1 1
91 1.0 1.0 10 -06 0.6
10 100 15 -1.0 00 0.0
11| 24 1.0 0.0 1 -1
BSM 12| 150 1.0 10 00 0.0
g8a| 10 1.0 05 % 00
1b| 394 094 F 075 -
g H g H g H 2b | 684 061 1 00 10
. LSS B ot CRE 3| 221 105 1 075 -15
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Test 20 EFT benchmarks
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HIG-21-014 CM

Event categorization & fitting >

« Consider three categories of the H(yv)H(WW) events according to the W decay modes

\ Cut-based
- o L Clean final state and low stats
Two Binary DNNs

Seml-Leptonlc Fully—Hadromc FuIIy-Leptomc «  WWyy DNN to separate HH from all
—— backgrounds

Multi-Class DNN : . .
To separate HH , H and bbyy killer DNN to reject HH bb events

continuum background

13 TeV CMS Preliminary 138 fb™ (13 TeV)

HH=-WWyy | All Categories |
my = 125.0 GeV +B) weighte

Events / (1 GeV )
T
|}
.§
<
)
e
0
=
-
-
I
I
:
-
«
w
[
|w)
=z
=z
o

8 3 8

« Use same analysis framework with HIG-19-075
« Same signal and background modeling method
- Fit to m, to extract upper limits

Weighted events
Run2:0.0419 4
2016:0.0113 —
2017:0.0125 4
2018:0.0181

S/(S+B) weighted events / GeV
85 8 &8 8 2

-20 H + B component subtracted _§

i 100 110 1 130 140 150 160 170 180
m,, (GeV) m,, (GeV)
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Results

HH gluon fusion production with

respectto SM 6,5, =31.05fb

CMS Preliminary 138 fb! (13 TeV)
T T
HH - W‘?"Y“! —e— Observed ~ ----- Median expected
K, =K =
Ky = Koy = 1 = 68% expected

Fully-Leptonic
Expected: 189
Observed: 278

Fully-Hadronic
Expected: 143
Observed: 313

----- 95% expected

95% CL limit on o(pp — HH) (fb)

K, scan for Run2

CMS Preliminary

138 b’ (13 TeV)

10° 3 HH — WWryy

E== Theory prediction ¥ 68% expected
----- 95% expected

—
—— Observed

----- Median expected 3

95% CL limits on 6(gg — HH) [fb]

=
o
S

CMS Preliminary

HIG-21-0714

138 fb™ (13 TeV)

T T
r HH—> WWyy
[T —e— Observed Limits
- - -~ Expected Limits
[~ [ * 1std. deviation
[ +2 std. deviation

Semi-l_'eptonic 10° |5 —
Combings : :
o ”1 HI1|0 100 0 20 I';DI I [l) 10 20 30 1 1bl2 Zbl3 3bl4 4bI5 Sbla Bbl? 7bI8 aalg 1ol11 12
95% CL limit on o(pp — HH) / GTheory 5 EFT benchmark number
0 . .
Observed: 968 95% CL range 95% CL limits on HH gluon
Expected median: 52.5 Observed: -25.8 < Kk < 24.1 fusion production for 20 EFT
T e Expected: -14.4 < Kk, < 18.3 b h K
Expected + 10: [35.0, 85.6] enchmarks
Expected + 20: [24.8, 134.8]
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Search for non-resonant/resonant HH—bbyy

HIG-19-018
HIG-21-011

Jie Xiao FCPPL2023: Higgs boson property measurements with H—yy at CMS 7-Nov-23 25


http://cds.cern.ch/record/2742937?ln=en
http://cds.cern.ch/record/2815230?ln=en

HIG-19-018
Search for non-resonant HH—bbyy
 Similar goals with the HH—>WWyy HIG-21-014
+ Set limits on the coupling parameters
e Constraint the EFT benchmarks VBF HH production

« VBF HH production is considered .
« Constraint ¢, c,,

« ttH production is included in fitting to improve
the constraints

ggHH production
g H g B H
: H o
***** '(\ AHHH
\\\
g H g ¥ H
g H g H g H
////I j§ /// ‘}
] =< G S -2 S — <A
R L H
g H g - H H
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Fit strategy

» Fitis performed in both m,, and m;

CMS 137 fb’’ (13 TeV)
_— [T rr1 I T 1171 | L N I T 1171 T 1171 I T 111 | T 1.1 71 I ]
% 30 HH—yybb All Categories =
O m,=125GeV S/(S+B) weighted 7
Z [ ¢ Data -
= — HH+H+Bfit
z ofF — H + B component
20~ —
g - mvv ----- B component ]
- ok @m0 .
3 C+20 E
= | .
2 10 ¥l ]
] ., =
E L ..;_!‘t\ [ ]
& sf i | E

5 L ! L
%’ 0 Coovow o b o b by o BRI N H il il i‘a‘a"ll‘:!hhﬂ'm||"".Z|il.."
10 ;_'I T 17T I L '| T T 17 I T 11771 | T 1171 I LA . [ T 117 I T 171 f_;
5 :_ L ] —f

0 |' L SeL PAYESERe il

) e
10E H + B component subtracted 3
.1U_DI 11 I|1 1IUI 11 |1 2|U| 111 I | T | | 11 11 I 11 1 |1é0| 111 I 111 |1—8
m,, (GeV)

Jie Xiao

S/(S+B) Weighted Events / (4 GeV )

39

30

25

20

-10 H + B component subtracted
=00 I 1111 I ] | 1111 | I I 111 IJ_I 111 | 1111 I 1111 | 118
90 100 110 120 130 140 150 160 170 180

CMS

137 ' (13 TeV)

All Categories
S/(S+B) weighted
+ Data

— HH+H+Bfit

JJ ----- B component

Em:io
20

— H + B component

10 F

4
T'+'T++|
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Results

ver 1y B(HH = yybb) (fb)

10?

10

5 107" E

1072 S

Jie Xiao

C,y scan for Run2

CMS 137 tb™ (13 TeV)
E 95% CL upper limits — 3
E " Gbserved HH = yybb 7
E - Median expected -
E I 68% CL expected 3
B 95% CL expected

- — — Theoretical prediction —

1073 e

95% CL range
Observed: -1.3 < C,,< 3.5
Expected: -0.9 < C,, < 3.1

95% CL upper limits on the product of
the ggF HH production cross section
and B(HH — yybb ) for EFT benchmarks

O i B(HH = yybb) (fb)

10

107"

HIG-19-018

m\

F—

i)

|

1

NLL contours at 68 and 95%

CL in the (k,, k,) plane

5 CMS 137 b (13 TeV)
CMS 137 o' (13 TeV) ¥ I Observed /
E 95% CL upper limits HH — WbB E 15 |
® Observed § '
[ O Median expected T 1
= I 68% CL expected = -
- 95% CL expected ] 0.5
[ ] of
B . . C l : ] - % HH/at. Best fit
[ I l ] -1 — HH cat. 68% CL
I ......... HH cat. 95% CL
— — 15 HH+ttH cat. Best fit
- E “F —/ HH+ttH cat. 68% CL
AR T R R N I B IHH+tt|H cat.lgs% |CL 1 | |
1 2 3 4 5 8 9 10 11 12 R .
Shape benchmark K
A
HH categories HH+ttH categories
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Search for resonant X—=HH/HY—bbyy HIG21:011 |CM

9 <<b Motivated by multiple BSM theories

b+ Warped extra dimension (WED) model (X— HH)
. v * Next-to-minimal supersymmetric model (NMSSM)
Hﬁ,‘f; + Two-real-scalar-singlet model (TRSM) (X— YH)

-
----------------

g v ]
A CMS 138 fb (13 TeV)
10 ‘ - . ‘
my = 300 GeV mx-350 GeV mx-400 GeV
Fit to both m,, and m; | | — % .
CMS 138 fb! (13 TeV CMS 138 b’ (13 TeV) = . ‘ . .
Al e RSN A ;10 (s 0);( T T T T T = 10 FLCUN ¥ S 70
> 7|L (Spin-0) X = HY — yybb CATO 3 3 g (Spin0)X— “w E , ‘ : : - ‘
© | m =650 Gev 4 Data ] O o m=650Gev + Data -g_ My = 450 GeV my = 500 GeV my = 550 GeV/ ]
< 6Fm,=125Gev, | ... S+B fit 7 — “F my =126 GeV - S+B it E > . === e e COV S e LR —— T
@ gL My = 90 GeV — B component ] I“: T my =90 Gev — B component T ° i
§ E M:io 1 § 6c -i;U E W0 g0 20 B0 100 150 200 20 300 100 150 200 250 300
w 4+ — = 120 S e T T T T
: 20 ] w f; ] E fmy = 600'GeV Ty = 650 Gev my = 700 GeV ]
3 — — =
: R e (u v ]
21 E 3§ T 10 /
: L : 21§ é 10 1,60 15‘0‘260/2?MUUI35‘30 4(?0 700 T30 200" 250 300 ?50 a0 100 200 300 4001 500
il!lluﬂlnlllnunl'_;;-;--n.-.-.-,..-..... it DE m WMGeV r mX—BOO GeV mX_850 GeV 4
—_—~
A I B component subtracted ] 45 A w T v w 1
2 7 2p T 102
0 obL 00200300400 500 100200300 - 400500 G600 0070 F0 A0 500600
E o E | [m=900cev my = 950 GeV my = 1000 GeV | ]
] - 4 p—
A b i =N RSN NSNS MR ] “"WV y V'
100 110 120 130 140 150 160 170 180 80 100 120 140 160 180
mw [GeV] mjj [GeV] 107 00300200 500" 600" 700~ 700200~ 300" F00"500"600" 700" T00"200"300 400500607700 80[)
my [GeV]
1 1Fi Spin-0) X = HY — yybb
A local (global) significance of | pin0) W .
L. I Expected limit t10 Expected limit t2 o
38 (28) Standard deVIatlonS ----- Expected 95% upper limit —— Observed 95% upper limi
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Summary

* Present Run2 single and double Higgs measurements with one Higgs decays to diphoton
 Detailed Higgs properties studies and validation with theory predictions are performed

* HIG-19-075: SM H—yy signal strengths & STXS

« HIG-19-016: SM H—yy differential and fiducial cross sections
* Non-resonant HH productions with diphoton in the final state are useful to constrain couplings and

explore EFT settings
» HIG-21-074: Search for non-resonant HH—WWyy

* HIG-19-078: Search for non-resonant HH—bbyy
« Search for additional particles could benefit from resonant HH productions with diphoton in the

final state
* HIG-21-011: Search for resonant X—HH/HY—Dbbyy
 Analysis groups from China and France work together to make contributions on relevant

analyses
7-Nov-23
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Run2 STXS H—yy systematics ISELILENNCY

CMS H— vy 137 b (13 TeV)
H Hyer Ry, H

Integrated luminosity

ggH top

I
Photon identification ]
Photon energy scale and smearing|—_]
Per photon energy resolution estimate[——]
Jet energy scale and resolution [
Lepton ID and reconstruction
b tagging
MET
Other experimental uncertainties [
Branching fraction T————]
ggH scales
ggH p:' modelling [
ggH jet multiplicity /]
1
|
]
1
I
]

[oe
I OO0

ik

=TT

ggH VBF-like region

qqH scales and migrations

VH lep scales and migrations

Top associated scales and migrations

Ul

ggH in top associated categories
PDF and o, normalisation

Scales, PDF and o, shape
Underlying event and parton shower [

|

- U

1

|
Observed ] Expected
002  0.04 0.05 0.1 0.01 0.02 0.03 005 0.1
Uncertainty in W
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Results - STXS fit

« Fits performed to extract cross-sections (¢) in the STXS 1.2 bins

« Merging scenarios - minimal merging scenario

« 24 parameter fit, merges as few bins as possible to satisfy correlations £ 0.75

Gy B (o)

Ratio to SM

Jie Xiao
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— = =
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Results - Coupling modifiers I =

CMS 137 b (13 TeV) g
« Parameterize deviations from SM in Higgs couplings to other A |
particles oy
- Resolved k model s
« Scaling of ggH and H—yy loops resolved into SM components in terms OZ Resolved =
of other x parameters N + s
« 2D scan of k,, and kg universal coupling modifiers to vector J: ' Wb
bosons/fermions - other k parameters fixed to unity :

05 06 07 08 09 1 11 12

« Data still favors positive k;: - exclude negative x; with 1.0 (2.4) o o
confidence o NN T STY) e
2 1_4§_ o | -II-Bes;fit | :cl
* Unresolved x model e

¢ SM

 Parameterize deviations in ggH and H—yy loops using effective coupling
modifiers (x,, k)

 Other k parameters fixed to unity o5t
2 M 2 i1 .

Ki = Uj/o}'s or Kk = FJ/F”SM o7flUnresolved

0.6:— H—>'ry,mH=125.38GeV

;|||||||||||||||||||||||||x|1|||:|||1||||t||||u|
06 07 08 09 1 11 12 13 14

Ky
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Observables 19016 (O
BT
Diphoton Leading jet 2M jet, jj-System ::;:ik“ phase
Pr | Iyl pi A P |Adrz | pege]  m 2 jets,
. [An*#2[>3.5,
$ . Also measured i m"m>200
o1 | cos(e) | | lyn| jaymef ||| imens S| jawe yR] | ey
. ] Jet Rapidity ..
v _ Double differential Event-level
¢, =tan(®, /2) heervables observable V\eﬂ Sensitive to
* sech((nn,)/2) p, vs err Vs mis . Resummation
Py = W- AP N I Pr Blets & (theory slides)
Details: Jets &
JE? —p?
Higgs Tools NL I\JMts 7. = max 1 Pes
Handbook aprons i\ 2cosh(Y; —Yu)
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2/

Camasettauee Srianan

New observables HIG-19-016

e )=
fo,] 9 =tn(o../2 s 7%

* sech((nn)/2) ., = ":'_f? 703 = M 5 cosh (Y; — Yu)

a6 | -
g * Jet-p, weighted by a rapidity dependent function7y; = pr; f(y;) .
(b)

* Preserves theoretical interpretability
* Handle on |0W-p.r region of the HIggS * Binning in T does not spoil resummation

(a)

* Measures deviation from “back-to-backness” * — flat p; cut cannot be treated correctly when resumming logs
. Using [N/ < 4.7 Jets, as inclusive as possible
* Reordering jets in €

Minimizes the impact of experimental uncertainties

— using max of 7_. of 5 pt leading jets
* p;> 30 GeV, equivalent to T, > 15 GeV, i.e. O-jet PS equivalent to 7
< 15 GeV

120

e

100/

32
%
S
£

Source: theory siides.
arXiv:1412.4702
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HIG-21-014 CM

Analysis Strategy: Summary flowchart

For SM analysis:
Multiclass DNN
(Signal, SH, Other bkg) gt

* Exactly 1 lepton
Semi-Leptonic e 3 * >= 1- diPhoton Candidate with For EFT benchmark: Limit using combined
standard diPhoton pre-selection Binary DNN : Run-2 Data

(Signal, Other bkg)

Binary DNN

* Exactly O leptons (WWQQ Vs bkg) \)

Fully- B * >=4jets 3 Limit using combined
Hadronic * >=1- diPhoton Candidate with Citackiving Run-2 Data
standard diPhoton pre-selection g

Binary DNN
(bbgg vs bkg)

» Exactly 2 leptons

. * MET>20 e : Combine all
Fully-Leptonic (e 4 . >= 1 diPhoton Candidate with R Cut Based —p Lt ustng comined —p

standard diPhoton pre-selection Run-2 Data channel
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Event categories

Object Selection:

VBF HH

Photons, b-jets,
light quark jet ...

| Phase-space

HIG-19-018

ggHH L _

O

Vi (e — _ _ MX>500 GeV | | MX<500 GeV
My = 1t — (g — miyg) — (g — 1y "\ ) i
Training with mixed Training with mixed
/ signal (SM and C2V=0) signal (SM and C2V=0)
CMS 137 fb (13 TeV) J’ *
S 10°F \ >500Gev MVAO>a0 MVA1>a1
o F 3
~ 10°F ¢ Data Z1ggH [ VBF H Yes ! | Yes
£ 5L - SMggFHHX10° [ [VH [JfH ] / .__'f'l°__. \
I%’ 1ot —SM VBF HH x 10° 1 | VBFHHcat 0 ' VBF HH cat_1
¢, =0VBF HH x 10°
0%, E

T[T T T

Jie Xiao

1020304 050607080 9
VBF MVA (High MX)

Phase-space

Y

Training with
all ggHH signals

\ A

12 ggHH cats
based on MVA and MX

Total 14 categories

Simultaneous fit to M(gg) x M(jj)

ttH Phase-space:
4 leptonic &
4 hadronic cats

FCPPL2023: Higgs boson property measurements with H—yy at CMS

137 fb (13 TeV)

*for HH+H combination S 10of
° combinatio 1=} E 4 Data ggH E]VBF H
—~ F 3 -
P [ —SMggF HHx 10 VH [T]fH
c F
[
>
in]
107" i
0 0102 03040506070809 1
ttHScore
CMS 137fb (13TeV)
- :"“\""I"“"""“\""
S 10°E 4 Data ggH .VBFH_
% 10°F —SMggF HH x 10° VH OH
S ok E
S 10 g
10* ?' _
10° E
10°
1005
1071 et e o T ;";:C'x:/
0 01020304 050607 0809 1
ggF MVA
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