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Introduction
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Search for Hopup decay

* Probe of Yukawa coupling to 2" generation of fermions

* Small branching ratio in the SM (2 - 10*) can be modified

by BSM physics

* Clean signature and excellent
mass resolution

* Major production mechanism
targeted : ggH, VBF, VH, ttH

* Main backgrounds : Drell-Yan,

top pairs and diboson events
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Search for Hopup (Run 2 results)

* Signatures of exploited production modes are targeted by dedicated
multivariate (BDT) event categorization
« Signal extracted from parametric fit of m . spectrum in all categories

JHEP 01 (2021) 148 | 57 4 (13 7ev) R P PP LR
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9322 oS : iData _ o 600 Y{s=13TeV, 139 fb" — Total pdf =
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CMS: " ATLAS :
* obs. (exp.) significance : 3.00 (2.50) * obs. (exp.) significance : 2.00 (1.70)
evidence for H—puu decay! * measured y =1.2+0.6

* measured u=1.19+0.43
Goal for Run2+Run3 combination : >50 observation




Search for H—-cc decay

* H—cc decay probes Higgs coupling to charm quarks

* BR(H-cc) = 2.8% (agger based on graph DN (used
can be modified by BSM physics CMS to identify boosted H->cc decay)
dramatic improvement in performance
. Charm_jet tagging is essential w.r.t. previously used tagger
PRL 131 (2023) 061801 (13 Tev)

- CMS DeepAK15

| Simulation —+— ParticleNet

* Inclusive search is impractical:
signal is overwhelmed by QCD
multijet background

1 §_ anti-k, R =1.5 jets
- p, > 300 GeV, | < 2.4
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* Most promising production mode: R
I 102
W(Z)H with W—lv, Z—ll,vv decays

----- H—cC vs. H—bb
— H—cC vs. V+jets

* Major backgrounds: e
V+JetS, VV, Top, V+H_>bb Signal efficiency
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Simultaneous re-analysis of VH(bb) and VH(cc) channels

Flavour

event categorization based on lepton i B Wwf,<

multiplicity and flavour, event kinematics o-tagoing W,

— covers resolved and merged topologies NG e

orthogonal selection based on b/c-tagging .. wa’;r<\ '\N\/ﬂi:r<‘

— form Higgs candidate Ny k.

— define multiple SRs (Hbb, Hcc) and CRs e T pern pomen ’p,v

complex statistical model

™ b-tagged
— 97 CRs and 59 SRs (27 Hbb and 32 Hcc) g o
_ . N % c-tight
main backgrounds: Top, V+jets, multijets, VV =
— suppressed with BDT in SRs g cloose
— shapes modeled with simulation @
— normalizations constrained in CRs é" untagged

simultaneous fit in all regions
— SRs : BDT score for VH(—cc)/VH(—bb) signals
— CRs : m(bb/cc), pT(V) or total yield

Higgs candidate jet 1
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L I e e e ey

* Analysis validated with standard
candles: VZ(cc) and VZ(bb)

* Dedicated BDT is trained with VZ as signal
(BDT score is used for signal extraction in SRs)

* Simultaneous extraction of VZ(cc) and

Events /0.25
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Vs =13 TeV, 140 fb™'

lepton, 2 jets, CTC-tag
> 250 GeV
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B VZ,Z - cC (1=0.97)
Diboson background
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W Z+hf
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Wt
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[”7] Uncertainty
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VZ(bb) : measurement compatible with

Data/(S+

SM predictions

significance > 100

BDT,, output

obs. (exp.) significance = 5.20 (5.30)

HL I L I L I L LI T T LI L L
ATLASPreliminary vz, z— bbicg, Ys=13 TeV, 140.0 b ATLASPreliminary vz, z— bb/ct, s=13 TeV, 140.0 fb"
—Total —Stat. Tot. ( Stat, Syst.) —Total —Stat. Tot. (Stat., Syst.)
Wz, Z— bb I—'—l—|—| 1.00 *920 (00, 0% WZ, Z—ct ——e——i 146 000 (102 0
22,2+ 05| et 0.81 ‘2 (2%, 01 22,2+ 5| e+ 071 BB (97,02
Comb. VZ, Z~ bb e 0.91 077 (062, 515)| Comb.VZ Z—ct| — H-aH 097 % (03, %%
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V(lep)H—bb/cc with ATLAS LY¥.CEeelN S IPZE[Y

* Simultaneous measurement of VH(bb) and VH(cc)

—eo— Data

ATLAS Preliminary I VH, H > bb (1=0.91)
s =13 TeV, 140 fo™' B Z+jets
All BB-tag SRs I W+jets
[ t, s+t chan
Top(boosted)

Events / 0.35
=)

Top(ba/qq)
[7 Top(bb)
Multijet
¥ Diboson
I VH, H - c¢ (u=1.0)

ubh, =0.917%16 = 0.91 + 0.10 (stat.)*q17 (syst.)
pyy = 10155 = 10749 (stat) '3 3 (syst.).

* VH(cc) signal strength < 11.2 (10.4) at 95% CL

. . 5]
strongest limit to date! <
5
o
ATLAS Preliminary E+o —
- y CJ+2 @ -e- Data
Vs=13 TeVL140 fb — Observed 2 4o"0E ATLAS Preliminary B Zemil
VH, H — bb/ct --- Expected £ 4F Vs=13Tev, 140 fo™ B Z+hi
& 10°F anc,cic Ntag SRs B Wamtit
0 lepton w408 I W+hf
Exp.= 17x SM 107 Top(.l.)q/qq)
Obs.= 14x SM Multijet
106 [ Diboson
5 Bl VH,H - OE_(}L=1.0)
1E Iept%n s 10 I VH, H - bb (1=0.91)
Xp.= 17X
Obs.= 20x SM 10*
10°
2 lepton 10?
Exp.= 18x SM
Obs.= 22x SM 10
Combination
Exp.= 10x SM =
Obs.= 11x SM g
E ) S B AL AU (I S IR SR AN
55 5 45 4 35 3 25 -2 -5
95% C.L. limit on uf/CH log, (S/B)
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V(lep)H—bb/cc with ATLAS YRR elel P21

« Signal strength modifiers parameterized via K, and k_, which

alter BRs of H—bb and H—cc decays

cc o _
Hypy =

2
K.

hbb

SM ¢,2 S
L+B5M (k2 1) + B}

M/ 2
cc(Kc

)

2
pbb _ Kb
VH — SM (2 SM 2
I+ Bhbb(Kb o l) + Bhrr(Kf - l)

* all other Higgs couplings are set to SM predictions

-A log(L)

1D scan OfKC,Kb=1
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25 =
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|k | <4.2at95% CL

2D scan of (K _, )

D

Observed 95% CL.

Expected 95% CL.

—— Observed 68% CL.

---- Expected 68% CL.

ATLAS Prellmlnary

Vs =13 TeV, 140 fb”
VH, H— bb/ct

'''''

o SM
+ Observed Bestfit
(K,Kc)=(0.90,0.93)

-A log(L)

1D scan of kK /K
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T
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C L, VH, H— bb/ct
4 } —
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ol ol L =
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6850 N e
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K/,

K /K | < 3.6 at 95% CL
c b
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PRL 131 (2023) 061801

Event selection and categorization based on

* number and flavour of leptons : target specific W/Z decays

* pT(V) and event topology : resolved vs. boosted

* cc-purity : score of dedicated cc-tagger (ParticleNet) in boosted category

* Major backgrounds
— V+Jets and multijets : constrained in dedicated CRs
— Top, VV and VH(bb) : constrained to SM predictions within uncertainties

138 b (13 TeV)
. . 'g 8_ Dat [Jvz@z-c3)
* Dedicated BDT to establish VZ(cc) g "1 CMS Sowe v
w 10 ( ) Ot [l single top
standard candle 10 s mo
10°
+0.23 o —.
J— N —
HVZ(ce) 1'Ol—().21 - =
10
1
. . T 2
Significance : 5.70 g 13 e e
I S - B -
Iogm(S/B)




PRL 131 (2023) 061801

138 b (13 TeV)

* Separate BDT with VH(cc) as signal 2 «fgys PR
: . : : S 107F VH(Hoc e e
* Signal extracted from distributions of <" "™ Sy B

— BDT score in resolved categories e
— m(cc) in boosted categories 10')

. 10°F
* Measured signal strength
10
L 7 7—|—3.8
MV Z(cc) = (-1_35 E
translated into constraints on [k_ :
log, (S/B)
-1
o — Y S——. T
oF serve qc) 1000_(_}'\[[8 +0b.served -VH(.H—mE), n=7.7 _|
- Supplementary e SM expected 3 T Merged-jet %f{'e‘s Eg;‘;‘:top ]
8:_ 3 [ All cat ( ] vv(other ] —cCC ]
-1.1<|k |<5.5 (|k |<3.4) at 95% CL £ 0 semweigned  vzewh v
7 :— C C ; g B $8% B uncertainty ]
- ; Z. 600 .
) C
& 400r, .
B —— ]
200 | — ]
i e e e B
0 — ‘ ‘ ‘ ‘
1001 B subtracted
50
"0'03’6 vvvvvvvvv A“““““ 1
7 508080 100 120 140 160 180 200
[icq| Higgs boson candidate mass [GeV]
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Search for H-Zy

* Loop induced decay £
probe BSM physics in loops

. B(H—-2y) = (1.6+0.1)- 103 :
B(Z—ee+uu) =6.8-10%

* Signature: Z—ee,upu + y with resonant m(#ly) peak around H mass
Major backgrounds : Drell-Yan with FSR y or jets

VBF H-Zy Candidate Both ATLAS and CMS performed
m(up) = 91.1, GeV

m(HKy) =,125:4 Gevx
-m(jj) = 965 GeV

search with full Run 2 dataset

* Event categories targeting major
production modes: ggH, VBF, VH

* Signal extracted from parametric fit
of m({f8y) spectrum in all categories
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* Evidence of signal with significance of 3.40
(1.60 exp.) from ATLAS+CMS combination

Weighted events / GeV

Data - Bkg

H—-Zy : ATLAS+CMS Combination

PRL 132 (2024) 021803

* Measured y = 2.2+0.7 x SM prediction

)- 107 (1.90 within SM prediction)

measured B(H-Zy) = (3.4+1.1

:{ I | LI I LI | I I | LI | I I | I I I | I I I | I I I i: < 20 C T T T T T T T T T T T T T T
- ATLAS and CMS 1 & sl ATLAS and CMS
80 LHCRun2 ¢ Data 4 T °F LHCRun2 —— ATLAS + CMS
sok- In(1 + S/B) weighted —— Signal + background - 16— —— CMS ]
- -- Background ] 14l —— ATLAS .
40 — -
- ] 12
30

N
(=}
N L

- 10}

N
1

o
T 1 11

|
N
T T

mgz, [GeV]

8

6
N
y

0

* Precision is statistics limited — clear prospect of scrutinizing

excess using Run 3 data
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b(b)H production with CMS ERSGEZRELE

* Yukawa coupling to b-quarks was established in H—bb decay.
Can we probe this coupling in production?

00QQQQ b
g

g
QQQQQ

* Contributions to inclusive b-quark ¢

associated Higgs production
— ggH with g—bb splitting ~ y ?

— via direct bbH coupling ~ v, ?

— interference ~y, -y,
— ZH, Z—bb (considered as bkgd)

* Analysis goals term | o (pb)
* measure cross section of i 1.()4’_L8jg JHEP 11 (2020) 036
b-quark associated production 7 0.487002 | JHEP 07 (2019) 054
involving y, and y, couplings: ye -y | 0.0370°01

« set constraintsony,
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b(b)H production with CMS

Targeted final states:

—H-11 (ep, et , pt, 1T

— selection requires at least one b-tagged jet

Estimation of major backgrounds:

* DY+b-jets : simulation calibrated with the
Z—uu+b-jets standard candle 10
* misidentified leptons: extrapolated from

sidebands with inverted lepton id
 TT, VV and Higgs bkgds: simulation

BDT multi-classifier
— b-tag information
— kinematics of jets

— kinematics of leptons :;

— missing ET

classes — constrain backgrounds and extract signal

arXiv:2408.01344
138 b (13 TeV)
£ 10° 3 ¢ Observed [ Z+jets
Q i CMS t j—T, misi
) and H_>WW (eIJ) ?, I =glectroweak =JH(155) ‘
T 104% Total Uncertainty
L% T,y Heesignalclass
10° :
102
5 !
g . PR !
~ 1 . ¢ |
(2] [
Q 08 L L L | L L L | L L L | L L L | L L L
o 0 0.2 0.4 06 08 1
BDT score
Channel ey ety Uty ThTh
. B DY, TT, DY, TT, DY, TT, I.)Y+H1gg's,. TT,
BDT Categories bbH (— WW), bbH (= 17) bbH (= T7) j— Ty, misid.,
bbH (— 17) bbH (— 17)

Combined fit to BDT score distributions in all background and signal
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b(b)H production with CMS ERGEFZIEIELY
« Measurement of o(pp—>be(yb, yt)) e o L

—e— Observed ~ ----- Median expected
. . 2 2 —— Theory prediction ----- 68% expected
templates associated withy *, y “andy-y | 95% expected
are all scaled with common rate modifier T e §
Observed: 7.8
e, a
0 —_— Expected: 12
* obs. (exp.) UL at95% CL =3.7 (6.1) x SM =5y | ; |
et,
,CMS 13801 (13TeV) AN :
Ko} L s — —
! B T el"’
/ Sse Expected: 19 \
I / b o’ 11 68% 95% CL Observed: 19
] EPJC 83(2023)562 inputs Expected Combined :
Combination Expected Expected: 6.1
4= Combination Observed Observed: 3.7 | : | | | | |
] * Bestil 0 10 20 30 40 50
¢ SMExpected 95% GL upper limit on 6(pp — bbH(y,.Y)) / Gryeory

scan of (k, k ) with k freely floating

"4 L 1 = combined with previous CMS analysis: STXS
’ | measurement in H-11 ( EPJC 83 (2023) 562 )

R R T T T R N — b-veto — orthogonality to this analysis

Best fit: (k . k ) = (-0.73.1.58) N — more stringent constraint on k.
(K, K, 73.1.

0.3 < |k |<5.5at 95% CL * constraints consistent with the SM at 95% CL
b

18



VBF WH with ATLAS ERGEZIyADEY]

VBF WH production

d
d
u
u
W w* +
W W %%
H u
) _\
_)\ u
u
2 2
~ K ~ Ky

2 2
ovarwr % Ky | Mz " + iy | Moy |* - ZKZKWS{[‘%;%W]

= K2 | M, + K0 | M| — 2 iy A RIAM L M )

* A,,> 0 — destructive interference : process rate is extremely low
« A, <0 — constructive interference : process rate is enhanced,
considerable change in event kinematics
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VBF WH with ATLAS arXiv:2402.00426

e Studied final state : W—lv, H—=bb decays + two VBF jets

* Two separate analyses targeting:
—signal with A _ = +1 ( probe SM-like scenario )

—signal with A = -1 ( probe BMS scenario )
both analyses exploit distinct signatures of VBF WH process

* Simple and robust cut-and-count approach : simultaneous

fit of yields in multiple analysis regions
— single signal region for A, _=-1:SR"

— two orthogonal regions for A, _ = +1: SR*(loose), SR™(tight)

— multiple control regions to constrain normalization of major
backgrounds: TTbar, W+top, W+Jets
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VBF WH with ATLAS arXiv:2402.00426

- High rate negative A  signal is well separable from background

T T T T T

T T T T

> 120~ ATLAS — E T T T T T T T T ™
& [ Vs=13TeV, 140 fo" * ver =1 ] 3 S0 ATLAS e Data A ATLAS ) e Data 3
s C b —‘ 0 s — VBFWH, 4,1 - S C Vs =13 TeV, 140 fo! —— VBF WH, 2,1 c Vs =13 TeV, 140 fb’ — VBF WH, A,,=—1
= foof oS! SR ] :;BF WH, hy=+1 & F Postit [ VBF WH, A=+1 2 Post-fit [ VBF WH, A,,=+1 7
2 r = % 40b mt s i B
§ I Ew £ F =w i mw E
o 80 = g:::s k- £ W W-iets B Wets -
r 3 i C [ Other [ Other ]

60 L Uncertainty 30 - Uncertainty Uncertainty —

40 r g

Data / Pred.

Prvy v v v o v VOO AR ANENEEN ENRANE IR |
bbbt e b b b b Iy

Data / Pred.

40 60 80 100 120 140 160 180 200 220 00
m,; [GeV]

PP [GeV]

- Positive A signal is more difficult to separate given its low rate

F T T T 7 T 71 T T T T T =

> 3 T A')'LASI T T T T . I:’|ala T T > 0 = ATLAS B e Data g 60 ATLAS B e Data A

1o} s=13TeV, 14017 [JVBF WH, 4,,,=+1 S £ fs=13Tev,1401b [ VBF WH, &,=+1 g 1s=13TeV, 140 fb [ VBF WH, hyp=+1 ]

& 30 Post-fit, u=0.9 mt 8 F Postdit, u=0.9 [l w Post-fit, p=0.9 [l B

P =w S TF \ mw mw =

S B W+jets € = I W+jets I W+jets ]

o \ \ [ Other E F Other Other =

ANV Uncertainty = Y Uncertainty R 3 \ Y Uncertainty |

i E t\\\\\\k\\\\\\ \ ]

= 30 RN YNNI —

= AN E

E_ 'NNANRNN AARRNARS

% i %

o o < El

& -|- - s 3T I e @ Igmmntmmmmzmmnpenee — '+' pntEULY CEEURLLLS B -3

£ zo0. %0 S 3

a ! O o.6F ) 3
40 60 80 100 120 140 160 180 200 220 240 800 1200 1600 2000 0 1 2 3 4

veto

M5 [GeV] m [GeV] Njets
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VBF WH with ATLAS arXiv:2402.00426

* No excess above background expectation

« Negative )\WZ analysis e

rules out opposite sign scenario (>50) for : -
experimentally allowed values of Kk, and K,

* Couplings of Higgs to W and Z bosons
have same sign!

{5=13 TeV, 140 fb"
, Vs.=13 TeV, 36.1-139 fb™'

.......................

« Positive A analysis s o R
sets upper limit on o(VBF WH)/o_ of 9.0 at 95 %CL (8.7 exp.)

N

1.051

1 uo yuy seddn %10 %G6
1 uo yuy seddn %19 %G6

0.95

0.9F
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* Rare Higgs decays and productions play crucial role in exploration of
Electroweak Symmetry Breaking and searches for BSM physics

* Highlights from LHC Run 2 presented in this talk
> 30 evidence of H—uu decay by CMS, 20 observation by ATLAS
> 3.40 evidence of H—Zy decay from combination of ATLAS and CMS searches

> Constraints on charm Yukawa coupling derived from V(lep)H(cc) analyses " :
1.1 <]k | <5.5at93% CL by CMS, [ | <4.2 at 95% CL by ATLAS

> First probe of bottom Yukawa coupling in production by CMS :
0.3 <[k |<93.5at95% CL

> Scenario of opposite sign Higgs couplings to W and Z bosons is excluded with
significance exceeding 50 in the study of VBF HW production by ATLAS

* Most of these analyses are statistics limited — bright prospect for
further exploration of these channels with Run 3 data

" Both ATLAS and CMS performed also searches for c+H(—yy) process with lower
sensitivity to k_(arXiv:2407.15550, CMS-PAS-HIG-23-010)
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