'l UCLouvain

Higgs self-coupling Measurements with the CMS Experiment

29th International Symposium-on Particles,-Strings and Cosmology (PASCOS)
ICISE, Quy Nhon (Vietnam) , July 7 - 13, 2024

ly 2C 2024
s | OUYNHON

*Université catholique de Louvain, Belgium




Introduction: Higgs self-coupling

Since the discovery, many precision measurements done on Higgs, all agree with the SM !
To test further...

UCLouvain
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1 .1 :
V(H) = EméHz AvH?

L 3

can directly be accessed by the HH
— production, and indirectly by the single H

- self-coupling 4 not yet measured - will help to understand the Higgs potential, but upper limits are in place

Recipe to access A at the LHC

1- gluon-gluon fusion: dominant mode - destructive Feynman diagrams . 2- vector boson fusion: 2nd dominant
oG5t (13TeV) = 31.05 fb oy of(13TeV) = 1.71 fb
9 2999999999998 > P o o o H 9 2009009009000999

g 9999999999999 - @---------- H 9 9990000000000 -

Rare VHH, ttHH and single H productions also contribute - diagrams in the next slides...
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nggs SElf-coupling in BSM . UCLouvain

3 BSM couplings: ¢; , ¢, , €y gy

(with 6 dim L expansion) (Higgs EFT at CMS)
which modify the cross section and
kinematic properties of Higgs

| | | | T ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) _

MadGraph5 aMC@NLO

Physics Letters B (2014) 142-149

Measurements are done on coupling
modifiers:
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1 JHEPOS:
- unsupervised machine learning

- identify shape variations in m

- 7 benchmarks
- JHEP03(2020)091

|2 - JHEPO4:

- distributions:

- Mpgg
- cosO between H and beam

- 12 benchmarks
- JHEPO4(2016)126
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benchmark | ¢ Chhh Ctt | Cggh | Cgghh
1 094 | 394 | —3 | 05 5
2 061 | 684 | = | 0.0 | —3%
3 1.05 | 221 | —% | 05 | 05
4 061 279 | 3 | —05| ¢
5 117 | 395 | —3 | & | —05
6 083 | 568 | 5 | —05| 3
7 094 | —0.10 | 1 g —3
Benchmark k) Ky Co Cq Cog
1 75 1.0 -1.0 0.0 0.0
2 10 10 05 -0.8 0.6
3 10 10 -15 00 -0.3
4 -35 15 -3.0 0.0 0.0
5 10 10 00 08 -1
6 24 10 00 02 -0.2
7 50 10 00 02 -0.2
8§ 150 1.0 00 -1 1
9 10 10 10 -06 0.6
10 100 15 -1.0 0.0 0.0
11 24 10 0.0 1 —1
12 150 1.0 1.0 0.0 0.0
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https://lpsc-indico.in2p3.fr/event/3268/contributions/7530/
https://www.sciencedirect.com/science/article/pii/S0370269314001828?via=ihub#ab0010
https://link.springer.com/article/10.1007/JHEP03(2020)091
https://link.springer.com/article/10.1007/JHEP04(2016)126

HH — 4b - boosted W UCLouvain

- Phys. Rev. Lett. 131, 041803 - 2023 138 fb™' (13 TeV)
_highest BR with GGF and VBF productions e
- particleNet (DNN) algorithm to identify & reconstruct AKS8 jets
- BDT used in GGF production with specific score categories
- CR used to estimate QCD multi-jet background

10*

10°

. . . 1.5 10°
- myy fitted in SR and CR to extract signal
~J
138 fb' (13 TeV) > - <
20 L L L ¥N 1 10 <]
1gf CMS : ' N
- ggF cat. 1 ] I
16 ¢ Data B aco. goF H, vBF H VH : .
> 14 .HH (w=23.5) .tf+jets ttH . v = Ois a!so 0.5 = 1
S 1of : excluded with =
N . V+jets, VV Total unc. B
o 10k B 6.30 ! X 1
@ A 0 =10
C - —
Z 6 N
41 -0.5 —102
2
0
3 2.0
S 10 Results
a 0% | Constraint on the k; :0Obs (Exp): -9.9 (-5.1) < k, < 16.9 (12.2)
0780 80 100 120 140 160 180 200 220 |
j, Mreg [GEV] Upper limit on 644 : Obs (Exp) 6/0¢;, < 9.9 (5.1)

D, sub leading jet reg. mass at the most sensitive BDT category
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019

HH — WWyy ' UCLouvain

- CMS PAS HIG-21-014 - 2022

-small BR but good resolution in m,,

MS Prelimi 138 fb' (13 TeV .
. . . 5 C] ]S Ll r'e l?”?a{y T T ] L} L) Ll Ll ] [} T T T ] T Ll L) 3'8 Ib 1 ( T3 T eT ) CMS : Prellmllnaw
- had Ffon |C, Seml/|eptOﬂIC 10 HH — WWyy —— Observed ~ ===-- Median expected - HH — WWyy
: = Theory prediction B8 68% expected — e Observed Limits

- - - Expected Limits
— [ =+ 1 std. deviation
[ =+ 2 std. deviation

----- 95% expected

- single H background - modelled by MC
while continuum BG - by data
- channels use either NN or cut-based analysis

—_
o
'S

95% CL limit on o(pp — HH) (fb)

-m,, fitted to extract signal

95% CL limits on o(gg — HH) [fb]

10° E -]
.. ] 2| i B =
CMS Preliminary 138 fb' (13 TeV) R . -
: LI l LI I L I L I L I L I L I L : : — -
go |- HH—=WWyy All Categories = ] |
- m, =125.0 GeV S/(S+B) weighted 7 ol i | | | | | | . | |
70 ¢ Data B 30 '_éol — '_110' — (l) — 110 — 210 73 1 1b 2 2 3 3 4 4 5 5 6 6b 7 7b 8 8 9 10 11 12

— HH + H + B fit

60 % = " EFT benchmark number
—— H + B component ]
50— e B component
' 1o

llllllllllllllllllll

i Results:

S/(S+B) weighted events / GeV

Constraint on the k; :0Obs(Exp): -25.8 (-14.4) < k; < 24.1 (18.3)
Upper limit on oy : Obs(Exp) 6/6¢,, < 97(53)

N W
o o
TTTTTTTTTTTTTIT]
- - -
- - :

o 3
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Upper limit on o with benchmark points: Obs(Exp): 1.7 to 6.2 (1.0 to 3.9) pb ';

o

Eanas aaz Y
_._ _
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H + B component subtracted ¥
11111 l L1 1 1 I | l L1 1 1 I | l L1 1 1 I | l I R e T B A e R R L A B S S T e e e A e e e R g T e o e T e e S e T s NSNS R RSNSOI NIRRT O RN GOTRE N
100 110 120 130 140 150 160 170 180

Oguz Guzel PASCOS 7-13 July 2024 - Quy Nhon, Vietnam


https://cds.cern.ch/record/2840773

HH - WWWW, WWrtr, rrrt (mUH:i-leptOn) . UCLouvain

- JHEPO7(2023)095 - 2023 - GGF production only - low BR and low bkg
- 2-3-4 leptons (e, u) along with 7,, 7 channels in total

- Bkgs by simulation

: i -1
- except fake leptons, taus and misID from data I 10 SMS AR = Multilepton 13810 (13 TeV)
. . et — =@®= Observed = = Median expected -
- WZ and ZZ bkgs constrained separately in two CRs T [ JHEPO4 Bl oo opectod [l 5% oxpected  JHEPO3 .
= ~ benchmarks I benchmarks 1 ~
. . . ° | |
- simultaneous fit of BDT scores to extract signal = | |
E =
-
Q.
2 _
. _1 frn —
_ osCMS__ HHMuliepton 138" (13 TeV) s | B | |
é E - 680/0 expeCted - Observed § 10 E_l | | | | | | | | | | | | I | | | | | | | I I—E
T 3F b o l i
I - 95% expected =~ === Median expected 12 3 45 6 7 8 9 1011128 1 2 3 4 5 6 7 SM
r T : Benchmark scenario
e 2.5 = Theoretical prediction 5
S i Results:
£ -
E 15 Constraint on the k, :Obs(Exp): -6.9 (-6.9) < k; < 11.7 (11.7)
5 , Upper limit on 64 : Obs(Exp) 6/6¢,, < 21(19)
;B: 0.5F - ;vf; Upper limit on o1, with benchmark points: Obs(Exp): 0.21 to 1.09 (0.16 to 1.16) ,\:.
- PR R I T TR S 1 T T T ST S A S S T’ : f pb
-10 -5 0 5 10 15
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https://link.springer.com/article/10.1007/JHEP07(2023)095

HH — bbtz ' UCLouvain

- Phys. Lett. B 842 (2023) 137531 - GGF and VBF - rel. large BG & distinct 7 signature
-ert,, ur,., 7,7, channels

- a special elliptical cut to increase S/B ratio —""

2 2
(m.” — 128 Gev) (mbb — 159 Gev)
- Bkgs estimated from MC, except QCD multi-jet from data

< 1| -> forresolved

2 2
_DNN to discriminate GGF, VBF and bkgs (60 GeV) (94 GeV)
- DNN scores used to extract signal (values by a random search which yields %90 signal eff.)

o 10° e 59.7 b7 (13 TeV) CMS bbt, 138 fo (13 TeV)
e = bb 7.7, Expected VBF HH x 150 Expected ggF HH x 5 :_é‘ L L L L L
g) . C res?b I Drell-Yan t g 10° K = Ky = Kpy =1 —— Observed ===~ Median expected
w 10 = E 8:;';3 , E:ti'e H g - ~ Theory prediction B8%8 68% expected

103 f_ Stat+Syst post-fit unc. % ----- 95% expected

= <
107 T Constraint on the k;
.......... T 102
ok T e 8 Obs(Exp): -1.7 (-2.9) < K, < 8.7 (9.8)
10~ E
C)l 10E
1072 o i Imi
5 Upper limit on oy
g g Obs(Exp) 6/0¢, < 3.3(5.2)
s 1 1}
S 0.5 : | | C 1 | |
oE 15 ~10 -5 0 5 10 15
- K
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https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub

HH — bbWW ' UCLouvain

- arXiv:2403.09430 - 2024, GGF and VBF, 2nd highest BR, higher bkg
- DL and SL channels from W decays

CMS Preliminary - 138|fb" (113 TeIV

- - g: ; : = T T T T T T 1 ]

- DNN multi-classification for signal and bkgs £ : :
_ T - —&®— Observed - 68% expected -

- DNN scores used to extract signal T [ JHEPO4 - Median expected  es+! 05% oxpected  JHEPO3 )
a 10t | benchmarks . benchmarks , _

S : E

S F | | :

CMS Preliminary 138 fb ' (13 TeV) 2 i I I T
i L L L L L - B 7

F K=Ky =1 — Observed  ----- Median expected - 10° I |

i —— Theory prediction [E¥%8 68% expected § = s

¥ SM prediction =~ =---- 95% expected j m

10°F - = O i

= Excluded \\ Excluded " - _

S 10°BEL_ 1 1 1111 ] I R B B I =

1 2 3 4 5 6 7 8 9 10111282 1 2 3 4 5 6 7 SM

95% CL upper limit on o(pp — HH) (fb)

Benchmark scenario
i Results:
- ' Constraint on the
Obs(Exp): -7.2 (-8.7) < k; < 13.8 (15.2)
jmit |
(0] = A B A R EP N SR AT N B ’ Upperlml OnGHH ;,‘
-20 -15 -10 -5 0 5 10 15 20 KiS ’ ObS(EXp) G/GSM < 14(1 8)

Upper limit on oy with benchmark points:
Obs(Exp): 0.»16 to 2.3 (0.2 to 2.2) pb o

i
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https://arxiv.org/abs/2403.09430

VHH — 4b ' UCLouvain

- CMS HIG-22-006 - 2023 - VHH production (no destructive contribution from diagrams) (0.36 fb)
- small BR, large bkg i/a W/Z

-SL, DL, FH and MET(Z — vv) channels

- BDT to separate k; and ky,y, regions,

W/Z

and sub-BDTs to discriminate S vs bkg

. . q H H
- BDT scores in CRs, and SRs use to extract signal
o MS Prelimin 138 fb' (13 TeV

.|c IMI Sl IPIrIeIIImII,TIaIWI I I I 1 I I | 1 ] 3 ...C' ] ISI I l ]e C I l allWl I I s I o I s 3 $ l p l '( l 3] l lel l)-- o : - - (,
.."E’_l 21 1 Kb | Ky =Ky = 1 Observed 7 Median expected ,\
S10°F ¢ Data —_ ] |
T : i ] T 10° £ Theory prediction R 68% expected =
UJ106EF — Background (postfit) : § : ry preaiction ... 95% expected Results:
55 \\\\\ Uncertainty (postfit) : ! 1 i {
10° i a f :
o > Constraint on the k; ]
107F E O i \

10%l S { Obs(Exp): -37.7 (-30.1) < k; < 37.2 (28. 9)
10%} ] E j" ,
5 ] |
10 K,-enriched region (-2 |
A P | Taal |
1F 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 ;m) ‘ Upper Ilmlt On GHH
9 1 I I | 1 1 I I I | 1 I I I I 1 I I I 1 LI ”’ O bs (EX p) 0/ USM < 294(1 2 4) \
5, |

© . I 1 ¢

= _ AT EPEFSTEE VST BT BT APATETErE IS I 3
a ov IR SN U AN T T T NS T T T S N ' -40 -30 -20 -10 0 10 20 30 40 % o 3

) 3 5 _; 0 : e

LVY
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https://cds.cern.ch/record/2853338?ln=en

Partial combination

- Nature 607 (2022) 60-68 - full Run2

-5 channels considered

CMS

138 fb~1 (13 TeV)

Ky =k =1 —e— Observed
Ky =Koy = 1

bb ZZ
Expected: 40

Observed: 32

Multilepton

Expected: 19
Observed: 21

bb yy
Expected: 5.5
Observed: 8.4

bb 11
Expected: 5.2

Observed: 3.3

bb bb
Expected: 4.0

Observed: 6.4

----- Median expected
IR 68% expected
----- 95% expected

Combined
Expected: 2.5

Observed: 3.4

1 10
95% CL limit on o(pp — HH)/o, o

Oguz Guzel

100

95% CL limit on o(pp — HH) fb

10

i Results:

-
o
N

'l UCLouvain

CMS 138 fb~! (13 TeV)
L DL N LRI IR S BN AL BNLENL L AL RNLEN RELENLENL BELENL RN B
- Kk =Ky =ky=1 ——Observed ----- Median expected -
—— Theory prediction 5% 68% CL expected
----- 95% CL expected -
10°F

'_llllllllll&\\l\:llIlllllllllllll:\\\\-|lllll_"
-6 -4 -2 0 2 4 6 8 10

Ky,

Constraint on the k; : -1.24 <k, < 6.49

Upper limit on 6y 1 6/0¢), < 3.4
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https://www.nature.com/articles/s41586-022-04892-x

Single Higgs Analyses

- LHCHWG-2022-002 - Nature 607 (2022) 60-68
- analyses considered are;

'l UCLouvadain

—
<

§ EII‘l]'ll]IIII[IIIIIIIIIIIIIIllllllhIII[§ -1
c  fo(pp — H(H)+X el ©
Bofaarer — « H—yy e J T
2 | g All other x = 1 $ Best fit
S 105k galiH - H — ZZ(4Z) ek
G 10°F qaHH B:1SD
1042:/ § - H—-> WW : + 2 SDs
T B — ’ | SM
Y s = + H = bb p xHE
o é,//’! 1; o H — TT Direct search
. L - 1tH — multilepton
1:.,1.11...1“..1..,.1....1....1...11”..: * H—>,l/t,l/t pp — H
-20 15 -10 —9 0 S 10 15 Kfo . .. Indirect interpretation
« H — invisible :
1-15:"'|""|""]""]'"']""] TN LR ] ] ] | | : ] ] 1 | ] ] ] 1 | ] ] ] 1 | ] ] ] ]
= o -5 0 5 10 15 20
CEw . —— H->WW
‘E 1_1; —— H->2Z sl K
o [ —— Howyy A
m : —_— H - ff
1.05f - " ) ’ ) " ) T3
: i Results:
0.95]- . Constraint on the k; : -3.55 < k; < 12.61 |
0.9L & { ) ) ) ) _—
0.85—"“'“"""'""‘1“""""“"1“":
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https://cds.cern.ch/record/2803606?ln=en#
https://www.nature.com/articles/s41586-022-04892-x

Projections to HL — LHC W UCLouvain

- CERN Yellow Report from 2018

-3000 fb~! and 14 TeV

- 5 channels considered

CMS Phase-2

3000 fb' (14 TeV)

10*

o (9g—HH) [fb]

10°

10°

IIIIIIII

|

llllllll

llllllll

L | I |

Simulation Preliminary

95% CL upper limits - Median expected

—=—bbbb —— b§n
—bbVV(lviv) ——Dbbyy
bbZZ*(4l) -e- Combination

# Theoretical prediction

Ll I | I—— I | I — l I —

Assumes no HH signal
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-4 -2 0 2

| Results:

-2AIn(L)

10

CMS Phase-2 3000 fb™' (14 TeV)

Simulation Preliminary Assumes SM HH signal
Ill'b . l' + bEbB l'l ?

'||| l| Il —— bgt‘t | |

\ ‘.l —— bbVV(lviv) .' |

+ |§ —= bbyy [

® | bbZZ*(4l) ‘

\ . 4| —= Combinationf :

llllllllllllll'llllllllllIlllllllllIlllllllll

UL

Constraint on the k; : -0.8 < k; < 3.6 at 95% CL

4 2 0 2 4 6 8
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https://e-publishing.cern.ch/index.php/CYRM/article/view/952/769

W UCLouvain

Results on Higgs self-coupling from CMS
EFT interpretations are discussed
CMS is improving its measurements
Partial combination with full Run2 data measures 3.4 times the SM value for cross section

Works are ongoing for a combination including other channels

Stay tuned !
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