Latest combined Higgs boson measurements from €CMS
(H1¢gs boson pair + single Higgs production)

Yihui Lai (University of Maryland)
on behalf of the CMS collaboration

Higgs 2023 conference, IHEP CAS, Beijing
November 27, 2023



Introduction

® Higgs boson couplings to fermions and vector bosons compatible with SM
® Self-coupling (A) is a crucial missing element

. a probe of the Higgs field potential V(h)
. a fundamental test ot SM

® Significant etforts to better constrain the
® Deviation of /15 from SM is characterized by k; = A3/Agy
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How to probe the Higgs boson self-coupling (4)?

® HH: A3 can be directly accessed through the production of Higgs boson pair (HH)
Additional contributions also come from single Higgs (H) production via NLO EW corrections

goF production (ggHH) diagrams at LO 31 fb @13TeV @ NNLO
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VBF production (qqHH) diagrams at LO 1.72 tb @13TeV @ N3LO
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Trilinear self-coupling in Higgs boson pair (HH) production

®* The SM HH production is extremely rare, with only ~4000 events expected at Run 2
®* Modification of Higgs coupling atfect both total and differential cross section (XS)

. Total XS changes significantly with non-SM k;
. The myy spectrum also depends on k;

golF production (ggHH) diagrams at LO
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Trilinear self-coupling in single Higgs (H) production

®* At NLO EW correction, the single-H production includes processes sensitive to k;
® Both Higgs production and decay are dependent on k;

Modification of Higgs BR vs k;

Examples of k)-dependent diagrams Example of k;-dependent SBR[%]

for single-H prod. mechanisms O(k;) diagrams for Higgs decay O(x,)
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Trilinear self-coupling in single Higgs (H) production

* Additional sensitivity from kinematic dependence on k;, VH and ttH have the largest effect!

® For analyses with Simplified Template Cross Section (STXS) binning , the dependency on k; is
taken differentially

10M0d1f1cat10n of total XS vs K, Modification of differential XS for WH Modification of differential XS for ttH
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Why HH+H combination ?

® Ultimate precision on k; with the Run 2 data
® Simultaneous fit of k; and Higgs couplings to fermions and vector bosons

o Koy = 0 excluded at 6.6 s.d. in the HH combination (Nature 607, 60-68 (2022)) with the assumption that
other couplings are SM value — this HH+H combination allows more general statements!
o BSM phenomena affecting k; should reasonably introduce deviations in other H couplings

Koy = 0 is excluded with
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Combination input analyses

® Cover main single-H production channels and decay modes
® Analyses for HH production targeting g¢F, VBF and VHH
®* Comparing to combination in Nature 607, 60-68 (2022) wWw

bb B(HH—xx yy)

mpy = 125 GeV

o Update to STXS: H - WW -

o Newcomers: VHH(4b), HH — bbWW

o Notincluded: H — Zy, H — invisible (weak constraint on k; ) and " C]
HH — bbZZ(4l) (large overlaps with H — ZZ(41)) 27

®* Thorough study about the possible overlaps between single-H and vy [ .
HH analyses b 1 | 1 1

Single-H analyses

Analysis Int. luminosity (fb~') Max. granularity References HH analyses

H — 27 — 4l 138 STXS 1.2 Eur. Phys. J. C 81 (2021) 488 _ P ,

gg H(bD) 138 Inclusive THEP 12 (2020) 085 Analysis Int. luminosity (fb™") Targeted production modes References

VH — bb 77 Inclusive Phys. Rev. Lett. 121 121801 HH — bbyy 138 ggHH and qqHH JHEP 03 (2021) 257

tE H (bb) 36 Tnclusive " JHEP 03 (2019) 026 HH — bbrr 138 ggHH and qqHH Phys. Lett. B 842 (2023) 137531

ttH multilepton 138 Inclusive Eur. Phys. J. C 81 (2021) 378 HH — bbbb (resolved) 138 ggHH and qqHH Phys. Rev. Lett. 129 081802

H — pp 138 Inclusive JHEP 01 (2021) 148 HH — bbbb (boosted) 138 ggHH and qqHH Phys. Rev. Lett. 131 041803

H — vy 138 STXS 1.2 JHEP 07 (2021) 027 H H (leptons) 138 ggHH JHEP 2307 (2023) 095
JHEP 03 (2021) 257 HH — bbWW 138 ggHH and qqHH CMS-PAS-HIG-21-005

H — 77 138 STXS 1.2 Eur. Phys. ]. C 83 (2023) 562 VHH — bbbb 138 VHH CMS-PAS-HIG-22-006

H—>SWW 138 STXS 1.2 Eur. Phys. J. C 83 (2023) 667
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Overlap removal

® The single-H analyses orthogonal from each other based on the definition of signal regions

® Overlap study performed in Nature 607, 60-68 (2022) for the HH analyses
o Exceptions: VHH (4b),HH — bbWW

® Possible overlaps between single-H and HH analyses. Some overlaps excluded by orthogonal requirements on
multiplicity of leptons, photons, jets, b-jets, ....

o If that is not sufficient, comparisons are done event-by-event
Overlap(A, B) = events in (A & B) / max(events in A, events in B) — negligible if < 1%

* Optimized to maximize the expected sensitivity on k;, ks and k!

single-H / HH analysis HH — bbyy | HH — bbrt | HH — 4b | HH(leptons) | HH — bbWW

H — ~v X v v v v
H—WW v v v X X
tt H multi-leptons v X ve v X
H — uup v v v v v
H — ZZ — 4l v v v v v
H — bb(ggH,V H,ttH) Ve X X ve X
H— 11 v X v v v
VHH — bbbb v v X v v

v : Non overlapping analysis
X: Overlaps removable with negligible impacts on the combination
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Overlap removal - highlights by H decays

H — yy
* A dedicated ttH (yy) enriched region in HH — bbyy, so the ttH category in H — yy is removed
o Orthogonal selections by construction

® Some sub-leading STXS categories are removed from H — yy (high pr ¢¢H and VH hadronic events)

single-H / HH analysis HH — bbyy | HH — bbr7 | HH — 4b | HH(leptons) | HH — bbWW

H — vy @ v v v v
H—>WW v v X X
tt H multi-leptons v X v v X
H — uu v v v v v
H — ZZ — 4l v v v v v
H — bb(ggH,VH,ttH) v X X v X
H— 7T v X v v v
VHH — bbbb v v X v v
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Overlap removal - highlights by H decays

H - yy

* A dedicated ttH (yy) enriched region in HH — bbyy, so the ttH category in H — yy is removed

o Orthogonal selections by construction

® Some sub-leading STXS categories are removed from H — yy (high pr ¢¢H and VH hadronic events)

* Lepton veto used in HH — 4b, only potential overlap with ttH (bb) and VHH (4b) fully hadronic categories.
These tully hadronic categories are removed B
® The tt CR (1 lepton) in HH — bbWW and VH(bb) cover similar phase space, the one from VH(bb) is removed

single-H / HH analysis

HH — bbvyyy

H — vy

H—WW

tt H multi-leptons

H — pp

H— ZZ — 4l

H — bb(ggH,VH,ttH)
H — 11

VHH — bbbb

HH — bbrTr

HH — 4b

H H (leptons)

HH — bbWW

xxx&xx{]

CRRCARAS

XARCCNNS

CASNNARS

CARCCUR XS
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Overlap removal - highlights by H decays

H - 1T

* Both ttH multi-leptons and HH — bb1t have 2 leptons categories: 11 + 17, and 0l + 2t,. The one from ttH

multi-leptons is removed

® Sub-leading STXS bins targeting ¢¢H /VH events with >2 additional jets are also removed from H — 17

single-H / HH analysis

HH — bbvyyy

H — vy

H—WW

tt H multi-leptons

H — pp

H — ZZ — 4l

H — bb(ggH,V H,ttH)
H — 11

VHH — bbbb

\xxxx\{]

HH — bbrTt | HH — 4b | HH(leptons) | HH — bbWW
v v Ve ve
v v X X
C X D v v X
v Ve v v
v v Ve v
X X v X
C X D v v v
v X v v
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Overlap removal - highlights by H decays

H - 1T

* Both ttH multi-leptons and HH — bb1t have 2 leptons categories: 11 + 175, and 0l + 275. The one from ttH

multi-leptons is removed

® Sub-leading STXS bins targeting ¢g¢H /VH events with >2 additional jets are also removed from H — 77

H- WW

®* Both VH channel of H - WW and HH multi-leptons have 2 leptons and 3 leptons categories
o The 21 category of HH multi-leptons and 3! category ot H - WW are removed

* Categories with 2 opposite-sign leptons + 17, from ttH multi-leptons are removed due to overlaps with 21

category of HH — bbWW

single-H / HH analysis

H — vy

H—WW

tt H multi-leptons

H — pp

H— ZZ — 4l

H — bb(ggH,VH,ttH)
H — 11

VHH — bbbb

HH — bbyy | HH — bbrt | HH — 4b | HH(leptons) | HH — bbWW
@ v v - /) v
v v X X

SN

v v v v

v v v v v

v X X v X

Ve C X D v v v

Ve v X v v
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Combination results: k; constraint

®* Assuming BSM only affect k) and all the other Higgs couplings are set to be SM values
® Sensitivity on k is driven by HH categories

® The single-H expected to improve sensitivity around k) = 5

® Individual results consistent with previous combination Nature 607, 60-68 (2022)

Expected 95% C.L.: -2.0<k; <7.7 Observed 95% C.L.: -1.2< k; <7.5

_ 6C|\|I|S|Pre:lim{narly — 138 b (13 TIeV) ~ 6_C|\|/|S|Prellim{narly — 1381b" (13 TIeV?
§ " Expected SM — single-H comb, 1.0°* ] ‘g’u : Observed — single-H comb., 5.8">
< [ =R =Ry = —— HH comb., 1.0%%* < [ K=Ky =Ry = —— HH comb., 1.0%%2
N 5 BRET _ ~  5F 45 ’
’ single-H and HH comb., 1.0 : single-H and HH comb., 3.1°° ]
ki - T 1 ® The observed k; from HH
A ] A+ 1  comb. is very close to 1
[ : | ® The observed k; from single-
o . of {  Hcomb.>1
l [ 1 ® HH+H combined likelihood is
T ‘ ki ‘ flat around minima
O—-5 — 0 J — 5 - 10 - 1|5 0—5 - 1|5
CMS-PAS-HIG-23-006 " "
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Combination results: k) generic constraint

® Alternatively, other Higgs coupling modifiers can be floating
® The constraint on k is still strong

® Very consistent constraint compared to ATLAS combination results

& CMS Preliminary 138 fo™' (13 TeV) CMS constraint on K
j . | I I | | I 1 | I I I I | I I | | I | I I I I I | I 1 | I I | I 1 I I 1 | |
:36 - single-H and HH comb. g - Hypothesis Obs. 95% CL (20) Exp. 95% CL (20)
< [ Floating Ky, Kpy, Ky Kpyy Ko, Ky — Observed, 4.7, ] Single-H combination [—1.8,+12.0] [—4.5,+11.7]
“ 5  Observed 95% C.L.: -1.4 < k; < 7.8 5 . HH combination [—1.7,+7.0] [—2.3,+8.0]
I ] Only K, floating | HH+H, Other couplings fixed to SM [—1.2,+7.5 [—2.0, -|-7.7J
i ] HH+H, Floating (kv, kav, kF) —1.7,+7.7 [—2.2,+7.8
4 95% CL(20) ] Ky, Ky, ke Kp K; floating| HH+H, Floating (kv, k¢, Kb, K1) [—1.4,+7.8] [—2.3, -|—7.7:|
I - HH+H, Floating (kv , kay, Kt, Kb, Kz, K,) |—1.4, +7.8] |—2.3,+7.8]
ol . .
: ATLAS constraint on Kk,
o N Combination assumption Obs. 95% CL Exp. 95% CL
I HH combination —0.6 <k <6.6 -2.1<k3<7.8
- ol (1) Single-H combination —-40<ky; <103 -52<ky<11.5
kN | Only k; floating | HH+H combination -0.4 <k3 <6.3 -1.9<k3 <75 |
HH+H combination, «; floating —04<k3<6.3 -19<ky<7.6
P R U B B A I IR R R , Ky, K, Kp, K, floating| HH+H combination, k;, Ky, Kp, K floatin -13 <Ky <6.1 -2.1<k1<76
O T T e T e o e v floating] oLl £ a 4
CMS-PAS-HIG-23-006 3 Phys. Lett. B 843 (2023) 137745
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2D likelihood scan (xy, k¢ )

® Large degeneracy of the ggHH XS with respect to k,, kK, > weak constraint on k;
® Excellent constraint on k; from Single-H combination (e.g. ggH)
®* Complementarity of HH and single-H fully exploited

g o H Expected Observed
tb Y | 7 CMS Preliminary 138 fb™ (13 TeV) | 7 CMS Preliminary 138 fb™ (13 TeV)
/ . B I I I I I I I I I I I I I I I I I I I I I I I I ] - . B I I I I I I I I I I I I I I I I I I I I I I I I ]
/ - EXpecte — single-H comb. - “ - Observed — single-H comb. -
H Expected SM
t,b IC— - @K, 1.6 K, =K, =1 —I-!Hcomb. - 1.6 xy =k, =1 —I-!Hcomb. -
t,b \ - single-H and HH comb. - single-H and HH comb.
i b iR 1.5F ¢ Best it value - 150 ¢ Best fit value E
g OO ’ \ H K — 68% CL (10) ] : — 68% CL (10) ]
1.4F ---.95% CL (20) ] 1.4F eee._ ===95% CL (20) ]
0 o _H : | 5 : g | 5
t,b Kt,b 1 3 - ] 1 3 — "' “‘ —
120 3 1.2F -
t!b t,b :f'\ -------------- ," l‘, i B ! | 7
1.1j—| ' '; L =S N E
t’b Kt’b E I Thel N l'l ":‘ E E ':.--"" """""""""" : .
9 ®---H 1.0 i el < ' Pt 1.0 N Q —
F V¥ Single-H 7/ = i ' ] ; Ay S
0.9f e : . 0.9F- A —. z E
goHH production : | : : '
. 0.8 - 0.8 —
diagrams : . : :
B | | | | '1 | | | | I | | | | I | | | | ‘II I | | | | ] B | | | | I"' | | | | | | | | | | | ! | :
0'210 -5 0 ) 10 15 0'210 -5 0 ) 15
K K
" CMS-PAS-HIG-23-006 "
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2D likelihood scan (ky, koy)

® Constraint on k,y is driven by the qqHH production
® No sensitivity to k,; from single-H, but strong constraint on ky,

Expected

CMS 138 fb™" (13 TeV) CMS Preliminary 138 fb™! (13 TeV)

103 :— ] T T T I ] L] L] I I T T T L] I ] ] ] ] I L] ] ] 1 I 1 T ] L] —: a 3.5 -I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 |_
F Kk, =k,=k,=1 —— Observed - Median expected  * - Expected SM i i6-H comb. ¢ Best fit value '

i —— Theory prediction 8% 68% CL expected " 30 K== 1 — HH comb — 68% CL (10) _
----- 95% CL expected - I ' --- 95% CL (20) ]

N i 2.5:_ single-H and iHH comb. __ .99'99994%0'_} A

102:—

Excluded Excluded

—_
o

95% CL limit on o(pp — HH) fb

' I AR SN |
qqHH production diagrams 2 -1 0 ’C21v 2 3 4
Nature 607, 60-68 (2022) CMS-PAS-HIG-23-006
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2D likelihood scan (ky, koy)

® Constraint on k,y is driven by the qqHH production
® No sensitivity to k,; from single-H, but strong constraint on ky,
® First exclusion of K,y = 0 for any value of Ky at 50!

~ Observed |
CMS Preliminary 138 fb" (13 TeV)
> [ I I I I | I I I I | I I I I | I I | I I I I | I I I_
“ 3.5 Observed — single-H comb. ¢ Best fit value B
i Ky = K = 1 — % -
LT — HH comb. 68% CL (1o) E
3.0} --- 95% CL (20) ~
| single-H and HH comb. ___ 99.99994% CL (50) i
2.5F : :
2.0F E —
15;_/ i —_"”‘;/g‘/
10 :_. ————————— (;/ _’i/
| ' // __; ________
0.5 . aed e
- : b
s — :
0.0 — :
qqHH production diagrams 05k 5 5 E
- i | | | | | | | | EI II | | | | El | | | | | | | | | | | | I_
0.8 0.9 1.0 1.1 1.2 1.3
CMS-PAS-HIG-23-006 fv
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Summary

® First combination of HH and single-H production at CMS with full Run 2 dataset !
®* Most stringent constraint on the k; exclusion with general assumptions from the CMS experiment

o Exclusion of k,;, = 0 for any value of ky, at 5o for the first time!
o Constraints on k;:
Kp-only: —1.2 <k, <7.5 (Observed 95% C.L. )
K)-generic (Ky, Kay, K¢, Kp, K, K, floating): —1.4 <k, <7.8 (Observed 95% C.L.)

® Run 3 is underway and significant opportunity for further improvements. Stay

tuned for more exciting developments!
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Backup

® The Simplitied Template Cross Section (STXS) framework

_ — ggH + gg — Z(q@)H + bbH - = VBF + q4 — V(q@)H

p [0,200] | | | |
| — | pr [200, o0 = 0-jet || = 1-jet > 2-jet
[
ul = 0-jet = 1-jet > 2-jet 200 [ |
Pt m;; [0, 350]
0 e
m;; [0, 350] A
10 Pt
0
H rest
60 qq
120
200
] - o
0
p¥ qq — WH qq — ZH gg — ZH 60 tH
’ 120 '
75 p% tI—}q
200
150 tHW
300
250
oo
0




(kp, K¢ ) likelihood scan comparison

®* ATLAS (x, k¢ ) 2D likelihood scan

g 1 .4 B | | | | I | | | | | | | | | | I | | | | I | | | | _
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* CMS (K, k; ) 2D likelihood scan

CMS Preliminary

|
Expected SM

KV=K2V=1

¢

| | |
single-H comb.

HH comb.

single-H and HH comb.
Best fit value

68% CL (1o)

95% CL (20)
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I I | I I I I

CMS-PAS-HIG-23-006



https://www.sciencedirect.com/science/article/pii/S0370269323000795?via%3Dihub
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html

Compare to ATLAS

CMS HH+H comb. ATLAS HH+H comb.

Observed 95% C.L.: -1.2<k; <7.5 Observed 95% C.L.: -0.4 < k; < 6.3
. . _1
~ 6 _CI\IIISIPreII/m{narIy . . . . — - . . | |13|8 fbl (1|3 TleV§ < 1 O I | T T T T | T T T T | T T T T | T 1 T T
§ | Observed — single-H comb., 5.8:?: j i ATLAS H K only
4 [ Kp =Ky =Ky =1 39 ' ] | Vs=13TeV, 126—139 b~ |
— HH comb., 1.0’ - A —— HH K, only
o 5 | 8 Observed —
i — single-H and HH comb., 3. 1 i B w— HH + H K) only
: - HH 4+ H K) generic -
Jf [ oot o0 I HH + H K, only: A9 ]
] 5 95%: Ky € [-0.4,6.3] | i
] . HH + H k) generic: | -
af ] - 95%: K € [-1.4,6.1] / -
2 _' ) _
1 68% CL (1o - .
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CMS-PAS-HIG-23-006 Phys. Lett. B 843 (2023) 137745
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Previous CMS combination

® Caveat: constraint based on upper limit scan, not directly comparable to constraint from likelihood scan
—-1.24 < k) < 6.49 (Observed 95% C.L.)

0.67 < Ky <1.38 (Observed 95% C.L. )

CcMS 138 fo-1 (13 TeV)
| I 1 1 L] I 1 1 L L I I I 1 1 1 1 LI I

Ky =K =1 —e— Observed ~ ----- Median expected
oy = fepy = 1 B8 68% expected
----- 95% expected

CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV)
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----- 95% CL expected ] - ====- 95% CL expected -
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bb ZZ
Expected: 40
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bb 17
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102
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o
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Observed: 3.4
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Backup

e HH - bbyy

JHEP 03 (2021) 257

> 100 < m,, < 180 GeV

o p’T/l/mW >1/3 and p’T/Z/mW >1/4

o /70< mbb< 190 GeV
o JetpT >25GeV

Events /1 GeV

CMS 137 fb' (13 TeV)
6__‘"'!""! """""" I""I""I""__

10°E" 4 Data 7)ggH =] VBF H
- —SMHH-yybb x 10° [ |VH []tH

1 ’M}H
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L o
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107 b

1=
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L p#2 ¢t % [ & %@ r @ xq .8 B f ¥ ¥ RO '_E
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= — SM HH-yybb x 10° [ |VH [[]tiH
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140 160 180
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o Additional orthogonal categories targeting the ttH(yy) process are included in the analysis: ttH leptonic

and ttH hadronic

o ttH leptonic: at least one isolated electron (muon) with |n| <2.4 and pT > 10 (5) GeV, and at least one jet
with pT > 25 GeV are required
o ttH hadronic: at least three jets are required, one of which must be b tagged, and a lepton veto is imposed
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

Backup

e HH — bbbb resolved
Phys. Rev. Lett. 129, 081802

o At least 4 Jets are required and the four Jets with the largest DEEPJET output are selected
o At least 3 of the selected jets are required to satisty the medium WP of the DEEPJET discriminant
o Events are rejected if they contain an electron or a muon with pT > 15 and 10 GeV

Lepton veto! Only possible overlaps with ttH(bb) and VHH (4b) fully hadronic channels

 HH - bbWW

CMS-PAS-HIG-21-005 HiiGGn
HH(VBF)

o Single lepton channel: only a lepton satisfying tight e

selection criteria and have pT > 32 GeV. Either = 3 small-

Sub-Categories

Resolved 1b | Resolved 2b

Boosted

Resolved 1b | Resolved 2b

Boosted

Resolved

Boosted

Inclusive

radius jets or 21 large-radius jet + =1 small-radius which

Table 1: The summary of the categories of events according to the DNN based multiclassifica-
tion and H — bb topology for the single lepton channel.

Sub-Categories

Resolved 1b | Resolved 2b

Boosted

Resolved 1b | Resolved 2b

Boosted

Resolved

Boosted

is separated from the large-radius jet by AR > 1.2. Calegones
o Dilepton channel: two leptons that pass the tight HE(VER
selection criteria and have opposite charges. Either > 1 DY + Niult-boson

large-radius jet or = 1 small-radius jet, that is b-tagged.
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Table 2: The summary of the categories of events according to the DNN based multiclassifica-
tion and H — bb topology for the dilepton channel.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://cds.cern.ch/record/2853597

Backup

e VH(bb)
Physics Letters B 780 (2018) 501-532

Table 1
Selection criteria that define the signal region. Entries marked with “—" indicate Table 4

that the variable is not used in the given channel. Where selections differ for dif- Definition of the control regions for the 1-]ept0n channels. The HF control region is
ferent pr(V) regions, there are comma separated entries of thresholds or square divided into 1 d hich h in the table. The sienifi f
brackets with a range that indicate each region's selection as defined in the first lV! ed 1n 0 0“{' an - lg' '-mass ranges as shown in € table. € Slgnl cance o

row of the table. The values listed for kinematic variables are in units of GeV, and pt", o (p7"**), is pt*** divided by the square root of the scalar sum of jet pr where
jet pr > 30 GeV. The values listed for kinematic variables are in units of GeV,

for angles in units of radians. Where selection differs between lepton flavors, the
selection is listed as (muon, electron). : . . . .
except for o (p7"**) whose units are / GeV. For angles units are radians. Entries

Vaneyle i J=Spn 2-Icpmn marked with “—" indicate that the variable is not used in that region.
pr(V) >170 >100 (50, 150], > 150
M(¢8) - » (75, 105] Variable tt W+LF W+HF
p-fQ - (= 25,> 30) >20
PTglg >§(5) >§: >§g p'r(i]) >25 >25 >25
PtU2 > > > p
pr(i) >120 ~100 - prU2) >25 >25 >25
M(jj) [60, 160] (90, 150] (90, 150] pt()) =100 >100 >100
AV, jj) >2.0 >2.5 >2.5 ~100 ~100 ~100
v T el e ‘C’W CMVA CMVAL,CMV CMVA
CMVAmin >CMVAL >CMVAL >CMVAL Amax = T [ Ly Am] - T
Ny <2 <2 - N >1 - =0
:':3“ :(1)70 ~ _ Na = =0 =

miss e e .
A¢(§1mfss’j) | ~0.5 . . G(p%j'ss) - >2.0 >2.0
AGBF™, PP (trk) <05 - - A (pT™, £) <2 <2 <2
Ag(pr . 6) = <20 = M (jj) <250 <250 <90, [150, 250]
Lepton isolation - <0.06 (< 0.25, < 0.15)
Event BDT >—0.8 >0.3 >—0.8




Backup

® ttH multi-leptons

Eur. Phys. J. C 81 (2021) 378

Table 3: Event selections applied in the 0¢ + 27}, 1¢ + 173, 1£ + 271}, and 2¢ + 27, channels.
The pr thresholds applied to the lepton and to the T, of highest and second-highest py are

separated by slashes. The symbol “—” indicates that no requirement is applied.

Selection step 0 + 21}, 1£+ 114,
Targeted ttH decays t -+ bqq’, t — bqq’ with t — bqq’, t = bqq’ with
H— 17T > T} vTRHY H— 171 = lvvtyy

Trigger Double-t,, trigger Single-lepton

and lepton+T1,, triggers
Lepton pr - pr > 30 (e) or 25GeV (i)
Lepton 7 — 7] <21
Th PT pr > 40GeV pr > 30GeV
Th1] In| <21
T}, identification loose medium
Charge requirements Y. 9q=0 Y. q=0

Th f,‘l’h

Multiplicity of central jets >4 jets
b tagging requirements >1 tight b-tagged jet or >2 loose b-tagged jets

Dilepton invariant mass mgy > 12 GeV

e HH — bb1t

Triggers
H — bb candidate

9= 2 b-jet candidates with Medium b-tag
| 9VBF Jets (*):
| Ay >3
m;; > 500 GeV

™~

Has 2 VBF jet

}

candidates?

H — 77 candidate

/ 92 additional jets with p; > 30GeV and || < 4.7

| b-tag

Cuts ; } / \
VBF jet candidates pass e oFat Jet with
(Intermediate category) VBF tag? .

( Final category ] yesl
( Final discriminant ) ' DY '*[VBF Multiclassifier |[=»| TT

¥ N

VBF GGF
v v

candidates

92 2 b-jet candidates with Loose

msaf,dmp > 30 GeV

92 subjets matched to b-jet

[ Boosted ] [ Resolved ]

91(22) b-jet

candidates with
Medium b-tag

;i
=)

A\

[ DNN to extract signal ]

Borrow from Valeria’s slides

» Some overlaps are found between the HH — bb1t analysis and two sub-dominant categories of ttH multi-

leptons analysis targeting final states with 11 + 17, or 0l + 27,,. These two categories are removed from ttH

multi-leptons without any significant impact on the combination.
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https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x
https://indico.ijclab.in2p3.fr/event/7779/contributions/25205/attachments/19491/26464/HiggsHunting.pdf

Backup

* HH multi-leptons °* H > WW

JHEP 07 (2023) 095 Eur. Phys. J. C 83 (2023) 667
. Cat Number of lept Number of jet Subcategorizati
o 7 channels according to lepton multiplicity: Teeoy e o o TDeToJen  Swhedesorwton
ggH 2 - (DE, SF) x (0 jets, 1 jet, >2 jets)
4Th, 11 + 3Th, 21 + ZTh, 3l + 1Th, 3l, ZlSS, 4] VBE 5 - (DF. SP)
G ; ; VH2;j 2 >2 (DF, SF)
ategory 20ss 3 . .
Targeted HH decays WW*WW* WW*WW* WHSS 2 =1 (DF, SF) (1 jet, 2 jets)
. . . WH3/¢ 3 0 SF lepton pair with opposite or same sign
Trigger Single- and Single-, double- . .
double-lepton and triple-lepton ZH3¢ 3 >1 (1 Jet, 2 jets)
Lepton pr >25 / 15 GeV >25 /15 / 10 GeV ZHAL 4 - (DE, SF)
Lepton charge sum +2, with charge quality +1
requirements applied
Dilepton invariant mass |myy — my| > 10 GeV f Imyy — my| > 10 GeV *
Jets >2 small-radius jets or >1 small-radius jet or
>1 large-radius jet >1 large-radius jet
Missing pp pr issLD - 30 GeV * p%liss’LD > 30GeV |

o The 3l category, is the dominant category of the HH multi-leptons analysis and hence is

o Similarly, the 21ss category plays a sub-dominant role in HH multi-leptons and is dropped in favor of the
corresponding categories in H - WW. The removal of these categories does not impact significantly the
sensitivity of this combination
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https://link.springer.com/article/10.1007/JHEP07(2023)095
https://link.springer.com/article/10.1140/epjc/s10052-023-11632-6

Statistical procedure

* A profiled likelihood ratio g is used as test statistics to estimate the parameters of interest (POIs) & of the
model and their associated confidence interval, taking into account the systematic uncertainties as

9
individual nuisance parameters 6 :

® L is the likelihood function, which is built as the product of the likelihoods of the respective input analyses,
multiplied by constraint terms on the nuisance parameters o, A

® The POIs and nuisance parameter values maximizing the likelihood function are given by («, 5) , while 5(&) is
the set of nuisance parameter values which maximize the likelihood function for a given set of POI values

® The @ are taken as the best-fit values of the considered POls. For the one-dimensional measurements, the
intervals at 10 and 20 confidence levels are identified as the intervals of POI values for which g <1 and q <4,
respectively. Instead, for two-dimensional measurements the 10 and 20 surfaces correspond to the regions of
POI values which give q < 2.30 and q < 6.18, respectively
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Physics model

®* Combine model describe HH and single H XS’s w.r.t k) and Higgs coupling to fermions and vector bosons
® HH modeled at ditferential level w.r.t K, k¢, Ky, Koy

g ki Lk, .-H g “0000) ---H
t --&° ty
H . ki
& H g 70000 ---H

ok, k) ~ [A] =

e Vectorized:

e For three (x;, x,) guidance points:

e Invert to obtain morphing fractions:

ki kn T + k2 B
k2kz2|T)2 + k4|Bl2 + k3k |TB+ B*T|
ki k)2t + ki* b  + ki3 ky i
triangle box interference

with ¢ = (fof, Kt4, lef) and v=(t,b,i)

o1 cd 2 c}\ [t
oo | =t 2 3| |0
o3 c; 2 c) \i

o = c(K;,K,) - v

O0=C-V
— T -1
ok, k) = ¢ (k,k)-C - 0
cross sections vector of cross sections
at K, K; morphing fractions at guidance points

a = /A/2 , b= /Blz’ ¢ = /CIZ’
.iab = /A*B _I_ B*A/, ia,c - /A*C _IL C*A/, ibc = /B*C _’_ C*B/
e

Borrow from Marcel Rieger’s slides: Searches for non-resonant Higgs Boson Pair Production with CMS

LA = cvin A  + cv?B + covC
ok, cv, c2v)~ [A]? = cv2ki?a+ cvi b+ cav? c + cvdkilab + cvcavkadac + cv? cav b
e Vectorized: o = c(cy, Coy,Ky) * V
(G (0
. . C
e For three (x;,k,) guidance points: c=C¢C-V o(kx, Cy,Coy) = 032" .
v EX lab
CVIi?,\C2V iac
\ ¢2Cov ) \ine)
e Invert to obtain morphing fractions: o(Cys Coypk) = €H(cy,Cypnky) - C1 o
cross sections vector of cross sections
at k), K, morphing fractions at guidance points



https://indico.ijclab.in2p3.fr/event/7779/timetable/

Physics model

®* Combine model describe HH and single H XS’s w.r.t k) and Higgs coupling to fermions and vector bosons
® HH modeled at ditferential level w.r.t K, k¢, Ky, Koy
® SH modeled following the theory prescriptions

o Diftferential effects of k) up to STXS 1.2 granularity
o H coupling etfect on SH and HH BR also considered

Single H cross sections Higgs branching ratios
Kk, effect on single-H XS

: i
. (x, — 1/} | BRI w4+l —1)
i — [ Ki Pi(KVl Kf)] with BRf — g : .
T Ew S X, BRuy 65+ Clin = 1)

k-factor for NLO EW Kp, Ky Scaling from Wavefunction renormalization
corrections not factorizing k-framework JHEP12(2016)080
with Kk, effects

Eur. Phys. J. C (2017) 77: 887




