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CMS experiment at Large Hadron Collider (LHC)
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* CMS experiment is located at LHC, where protons
collided with each other at /s =~ 13 TeV during Run-2
( 2016-2018 ) - ==-Neutral hadron (e.g. neutron)
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Higgs boson decay measurements Observed | { Evidence

* Measured a wide range of Higgs boson decays Measurement (Nature 607 (2022) 60-68)
during Run-2 (2016-2018) at CMS. T— L 186 113 Tey
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« Will present rare Higgs decays (BR below 2x1073). ° % T 7% 2 20 8 rvaiue
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Searching for rare Higgs decays

* In the beautiful
scenery of QCD,
Electroweak (y, W, Z),
Di-boson, tt, and other
physics processes at
LHC, we search for the
pattern of Higgs. gy | U

»There is the pattern of = 3 & N AT DI bpson
ICISE in the picture. " Mt ek A S S ) "

TN
@iﬁ‘-“ .
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General method of searching for

Production

* Higgs are produced with several mechanisms
and decays into a range of particles.
NHiggs = Zi,j £intxo-production mechanismiXBdecay mode;

» Generally produced with GGF mechanism, but can
utilize signatures of VBF, VH, and ttH.

» Search by targeting Higgs decay mode(s) with

channels, and production mechanism(s) with

categories.

Simple example

A

cross section

g t,b
44 pb  tby  >----- H
g t,b

A

Decay channel | Reconstruction

Dominant decay | Sub-dominant decay

H(up) targeted | Two muons

H - pu H - Zy

Experiment category

Requirement

Dominant mechanisms

GGF targeted Ojetor1jet GGF
VBF targeted 2 jets GGF and VBF
VH, ttH targeted Additional leptons | VH and ttH

iggs bosons

At 13 TeV

Gluon gluon fusion
(GGF)

/

Vector boson fusion

4 pb W2 oeeeee H (vBF)
q 7
q H
Associated W,z
2pb  production >~w“‘\
(VH) 7 W,z
G 2099999000000 ——————— ¢
0.5 pb ttH | o

G 2099999999998 t -

Distinct signatur'e

e Extracting number of signal: Distributions (ex: reconstructed Higgs mass) are fitted.



Searchfor H = Zy

* Could discover new physics that hides in H — yy
but affects H — Zy.

»[JHEPO2 (2022) 029]: "New" particles (Loryons) that
couple to Higgs can affect a decay without us noticing
it. But would be noticed through different decays.

»[Phys. Rev. D 88, 075019 (2013)]: Certain composite
Higgs models show large modificationsto H — Zy,
but is suppressed in H — yy.

e [JHEP 05 (2023) 233]: Higgs reconstructed with
two leptons (electrons or muons) from Z boson
and a photon.

> Analyzed Run-2 (138 fb™1) data of CMS.
» Di-lepton triggers are used for analysis.

» GGF, VBF, VH-ttH targeted categories, with BDT score
sub-categories for GGF and VBF.

» Fit categories with smooth background with peaking
signal with reconstructed mass of Z(£?)y.

(JHEP 05 (2023) 233)

Signal
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Search for H = Zy: Results

CMS 138 b (13 TeV)
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e JHEP 05 (2023) 233 results:

>0 = 2.4198(stat

o3 (syst.)

» Observed (expected) significance: 2.70 (1.20).

_ BMeasurement
BTheory
CMS 138 fb™ (13 TeV)
VH-ttH targeted | Lepton-tagged a ——— 4 3"104 -
N H-Zy (m . > 50 GeV)
Untagged 1} e e , 0.17¢
T — ® BeSt flt +2.4
Untagged 2 |—  — 1.155
l Untagged 4 —— B —e .i 20 3.2,
Untagged combined |- . 2.5°00
T Dijet 1 i e '0-7t::g
VBF-targeted Dijet 2 | e commp—-— 1.157
l Dijet 3 |- | ——— 12.3777
Dijet combined [— e 1-812
Combined [ - 2.4'),
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* No evidence yet, but potential hints of the decay.
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Search for H = uu (JHEP01(2021)148)

* Most experimentally sensitive probe of the
Higgs boson couplings to second-
generation fermions at LHC.

* JHEP01(2021)148: Higgs reconstructed with
two opposite sighed muons.
> Analyzed Run-2 (137 fb™1) data of CMS.
»Muon triggers are used for analysis.

»GGF, VBF, VH, ttH targeted categories, with BDT
score sub-categories.
> Fit categories with smooth background with

peaking signal with reconstructed mass of £
OR fitting BDT score distribution.

Events / GeV

Data-Bkg.

Signal Main background
H-nmemees < Z/y"
Z q z
10° 137 b (13 TeV)
LT T T nrrri I LB L I LI I L L I LB | LB I LI I I
1o CMS ¢ Data ]
| ggH-cat4 —— S+B fit ]

—200}
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Search for H = uu: Results

35.9-137 fb™' (13 TeV)

137fb 13Tev CMS 137fb-1 (13Tev) >|> 1 | T T T T T LB LAY t
T T l ] T ] T T T ] T T T l q) ] ﬁ > g_ CMS '.—‘_i
CMS Combined fi = 1.19:%% 2 o Wi
7 — L = .
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B 682 CcL 9 v b
H +0.65 [ es%cL 10’2? f’,"" -
ggH-cat. | u=063 m, = 125.38 GeV 5
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- - re ¢ Muons
----- M Hi
VH<at. | n=548%% - W {30 104 F SM Higgs boson .
283 10 : . - —Ill L 1 Illllll L L lllllII L 1 lllllll
B BMeaSurement B E _Comblned _VBF-cat ] E 15 T T LY | T LAY | T LR
u= i Observed — ggH-cat. ttH-cat. c.g F - :
BTheory s VH-cat. ‘5 | REEE LT +- R L RL T -++ ----- -
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Particle mass (GeV)

e JHEP01(2021)148 results
>0 = 1.191320(stat) 912 (syst.)
»Observed (expected) significance: 3.00 (2.50)
* First evidence for decay of Higgs boson to second generation fermions.
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Search for H = py, H — ¢y, H - K*%y (CMS-PAS-HIG-23-005)
p

* Direct measurements of Higgs boson interaction with g T :

low-mass quarks (u,d,s) experimentally difficult. %

* Probe with a light vector meson and a photon. §1°1% E
m L —_—

S S | cc
ol 19 19 102 L2 =
pe O e S |
,y  77

-3

* Higgs reconstructed with two
charged tracks and photon  © T2, % el AT TP VTN

i I t 5 B -
H W K*O _ L 5

t d 10‘120 121 122 123 124 125 126 127 128 1é9 130
— M VvV
>p(77:+7'[ )y n [GeV]

K g
>¢(K+K )_y 1.6x107°| H - py
>K*O(Ktnt)y

* Use Photon+tau, Photon+di-jet, 23x10°¢ | H - ¢y

muon, electron triggers to
collect data. Strongly suppressed ¥ H = K™y



Search for H — py, H = ¢y, H - K*Yy: Baseline and fit

Baseline event selections

N, = 1 (Highest p; photon selected)

Opposite signed tracks

Meson mass window

Track isolation

* Backgrounds ° Signal categories:

»>y+jets »GGF

>W+jets >VBF with pf. > 75 GeV

>Z+jets >VBF with 38 < pl. < 75 GeV

>tt >»WH, ZH, ttH with at least
one lepton

* BDT used for GGF and VBF sub-categories.

* Signal measured by fitting reconstructed Higgs
mass distribution with smooth background and
peaking signal.
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Search for H — py, H - ¢y, H - K*%y: Uncertainties

e Systematic uncertainties on background-shape ows 05137
» Discrete profiling method. E 450p gg’H T -:

* Systematics uncertainties on signal 5 OF me=12s38 Gev 7 e E
=30 B component E

normalization. 2 0] = ;

— B(H— p%) =6.4 x 10"

> Trigger efficiencies: 5% 250¢
» Di-track efficiencies: 5% 200

> Pileup uncertainties: 5% 122

»Theory uncertainties: 4% 0} :
»Meson isolation efficiencies: 3% _ sg:_:::::::::::ff‘.“.:::::::i:::::::::::::::::::::::f
» Jet energy and resolution corrections: 3% % . Bt b
»Integrated luminosity: 2% 5 50++++
» Photon identification uncertainties: 2% 1O e T T 0 O AR 1(?559\}?0

l’{

Signals normalized to measured upper limit.
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Search for H - py, H = ¢y, H > K*%y: Results

CMS 39.5fb"-138.0 fo' (13 TeV)
CMS 39.5fb™ - 138.0 tb' (13 TeV) jg
} 195,38 GoV - my= 125.38 GeV
[N - my= . e T
' 8 Ge . 1 Bexo(H — ¢y) = 2.9 x 10
I 2l BeeH—p)=57x10 & 19°E B (H—¢)=30x10°% I
- - — =13 -
T 1O By — %) =37 x 10° c E Pows = 01 " .
c o ot B
o B *E‘ B
< - . o ] i
2 =
S 10°F = 5 107 =
7 . - = ]
2 . —e— Observed ] § —e— Observed 7
(Lg — - - -- Median expected ] o - === Median expected n
B [ 68% expected - [ 68% expected
[ 95% expected [ 95% expected ]
107 , — . 4
combined ggH VBF high-p! VBF low-p! VH 10

combined ggH VBF high-p! VBF low-p! VH

* Measured branching fraction upper limits at 95% CL
>H - py :3.74x107*
>H - ¢y :2.97x107%
>H - K*% :1.71x10™*
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Higgs boson production measurements

* Measured a wide range of Higgs boson production
cross sections during Run-2 (2016-2018) at CMS.

Theory (CERN Yellow Report 4)

Vs= 13 TeV 1

F] pbp — H (N3LO QCD + NLO EW)

LHC HIGGS XS WG 2016

[ pp—bbH (NNLO QCD in 5FS, NLO QCD in 4FS) .

107" .
1 ‘ 1 1 ‘ 1
124 126

128
M, [GeV]

122

120

* ggH, VBF, WH, ZH, and ttH

production mechanisms
have been observed.
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130

_ OMeasurement

OTheory I Observed I

Measurement (Nature 607 (2022) 60-68)

d
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Search for bbH production (CMS-PAS-HIG-23-003)

 bbH has not been observed yet, even with cross section that K;: Higgs coupling scale
is equivalent to ttH.

. _ _ _ _ factor for particle i
» Experimental signature is more challenging than ttH.

 bbH has several contributing Feynman diagrams g t b
» From Higgs Yukawa coupling to top (y;) Wkt b
» From Higgs Yukawa coupling to bottom (y;) ICTITY) B S q

» From Higgs trilinear coupling (HZZ) t
* Target to measure Higgs Yukawa couplings and consider Higgs g asna000800800 > },
trilinear coupling (HZZ) as background with Run-2 CMS data. | i
* Primarily targets tau channels to reconstruct the Higgs boson. g -7

Channels

H - 1T - 1Ty

H - 17 > 15 (fW) q>drf<b
H - 1t = (Yvv)($wv) -
H->WW - (Yv)(¥v) 1 H
e Use electron, muon, tau triggers thresholds to collect data.




Search for bbH production: Baseline and background

138 fb™' (13 TeV)

Baseline event selections .g 10° CMS ® Observed B zsiets
Nyp=1orN, =2 2 —S -
etu®, etti, ptT; ‘tﬁ‘t,f o 10° ut , Heesignal class ™
’ 14 ’ LL| bbHrtx50
AR(¢,t;,) > 0.50R AR(e,u) > 0.3 10°
mer = \/pr,p?iss(l — COS(,bp#,p’Irpiss) < 60 GeV 02
* Wide range of backgrounds 10
»QCD
. . . 1
» Electroweak: W+jets, Diboson, t+jets S i,
. L
> 7 +jets 5 !
PR 2 08 ] L | ]
> tt+jets © 0.2 0.4 0.6 0.8 1
»H: ttH, bbH (from Higgs trilinear coupling) BDT score

e Events are categorized with multiclass BDT targeting signal and background processes.

 bbH signal is extracted from combined fit of BDT scores across channel X category.
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Search for bbH production: Uncertainties

* Dominant systematic uncertainties

»BDT shapes of signal and background
‘*Experimental b tagging uncertainties: 10%
“*Z boson pr modeling uncertainties: 10%
“*Top p7 modeling uncertainties: 10%

“*j — 15, estimation uncertainties: 7%

» Normalization for bbH production
**Theory cross section uncertainties: 20%
**Experimental efficiency uncertainties: 5%

e Other systematic uncertainties

» Miss-identification of electron or muon to 7, for
normalization

» Theory variation effects on BDT shape
» Experimental energy scale uncertainty for BDT

shape

Jaebak (UCSB)
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Events / bin

Obs/Exp

138 fb” (13 TeV)
10°F
E CMS ® Observed |:|Z+jets
: i B, misid
10tk B ciectroweak Bl H(125)
§ . Total Uncertainty
1,7, Hrt signal class R
10° .
10°
10
1
1 .2 ..........................................................................................................................................................
0 ] B e R { Frrcrrtororen Cpa + ......
[ ]
0.8 ....... l ....... . o l ....... l ....... . . l ....... l ....... . l l ....... l ....... . l l ....... l ....... e o
0 0.2 0.4 0.6 0.8 1
BDT score
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Search for bbH production: Results

* Interpreted with signal strength (1) and k framework.

138 fb™ (13 TeV)

Thrh
Expected: 8.5
Observed: 7.8

e,
Expected: 12
Observed: 8.6

er,

Expected: 18
Observed: 10

eu
Expected: 19
Observed: 19

Combined
Expected: 6.1
Observed: 3.7

T I T T T ]
—e— Observed

—— Theory prediction

Median expected

68% expected
95% expected

l 1 1 1 1

201 —
95% CL limit on o(pp— bbH(y y)) /

40

50

Kk framework has a scale factor k for
each Higgs coupling. k = 1 when
measurement and theory agree.

Kk measured by combining results with H — 77 with floating ;, kj, Kk,
Considered processes not sensitive to sign of Yukawa coupling.

a b
X

N

'
N

CMS _

138fb~1 (13 TeV)
L AL

L

[ CZ7 EPJC 83(2023)562 inputs Expected
[ CZ7 Combination Expected
[ CZ7 Combination Observed

68% 95% CL

+ Best fit
¢ SM Expected

-1.5

RED: Previous CMS H(t1)
results.

: Combine with this
study.

* Observed signal strength upper limit at 95% CL is 3.7 times standard model prediction.

* K¢, Kp compatible within 95% CL with SM expectation.
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Currently seeing the
beautiful trees and
mountains of SM

As we walk forward
probing SM

Maybe we will see
more and more
hints of the ocean
of BSM

And then finally see
the ocean of BSM
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35.9-137 fb' (13 TeV)

E>|> 17"\ ! LR | T I A | t n
|||||| > 'Fcms
S U a ry CMS 138 o' (13 TeV) ‘f/ 12638 Gev Wi
[S) H™ '
. . w1 107E pvalue = 44% E
* With more data being ® Obsoved  [s18D (sta) 2 A |
collected becoming = +1 SD (stat ® syst) || +1 SD (syst) 02k
) F ]
o, o o — 12 SDs (stat ® syst) ! e 3 Vector bosons ]
senSItlve to nggs rare B : Stat Syst 103?“,:"" ; Z'd;enl;rationfermions 3
productions and decays. *' - Observed!ls13:000 o0 G
. Significance 77 E; Observed!|0.97/012 008 <009 % o ' T “
nggS decay H . (VY 011 007 -008 o Mptereeeeeeeeeee S ELEEECET T N---L -]
Observed | Expected — | & b
H - uu 3.00 250 pww '@‘ Observed!|0.97+000 005 008 Particle mass (GeV)
— : cMS 39.5tb" (13 TeV)
: > _""|""I""I""|""I""I""|""|""|""
H - Z]/ 2.70 1.20 e _@.._ Observed!|0.85:0.10 006 +0.08 8 :zz_ ggH cat0 + Data
* Recently searched for - Zasol T
H — py’ H - ¢y’ H RN oo —-E-— Observed!| 105022 015 0% LT>J’300* EB(;H, N
I ' 250F B~ %) =64 x
*() — E .
K"y decays and bbH " L Evidencel| o on
prOdUCtiOﬂ " DR iy
o — ' 100
. . . Zy —E 0 5gH107 4097 4045 50k
* Searches will continuein " | T T T ow om s 1 T
future with more data 0 05 1 15 2 25 3 35 4 & o ;
_1 Parameter value £ 4 ¢
»Run-3 Ly ~ 200 fb (2022-2025) T TR T T TS T oo
m, (GeV)

»HL-LHC L, ~ 3000 fb~1 (2029-2041)
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Backup
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Search for bbH production (CMS-PAS-HIG-23-003)
* Example: Fitted BDT distributions for euxH(WW) and 7,7, XH (77)

138 o™ (13 TeV)

-
..C_) 106 _ CMS @ Observed -Z +jets
~ : " [ [ aco
..(é) 10° i Bl electroweak Bl H2s)
Q>) o el.l, HWW Signal class Total Uncertainty
LIJ - == bbHrtx50 = bbHWWx50
10
10°
10°
10
1
S 12
L
~ 1
-8 0.8
O .

BDT score

Events / bin

Obs/Exp

-
o
(93]

101

138 o' (13 TeV)

C M S ® Observed - Z+jets
i [+, misid
B ciectroweak [ GRES)

Total Uncertainty

1,7,y Hrt signal class

= bbHrtx50

1 2 ..........................................................................................................................................................
1 L ® ¢ oy + .....

. ¢
08 .ll ............... llll ......................
0 0.2 0.4 0.6 0.8 1
BDT score

* Good agreement between background estimation and data.
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Search for H = py, H - ¢y, H - K*%y (CMS-PAS-HIG-23-005)

* Signal measured by fitting reconstructed Higgs mass distribution with smooth
background and peaking signal.

30

25

Events / GeV

138 fb™' (13 TeV)
I B

20}

15[

CMS 86.9 b’ (13 TeV) CcMS
I T T T T ] T T T T l T T T T ] T T T T l T T T T ] T T T T ] T T T T ] >
[ VBF high-p’ cat0 O 25F Y
- 9 pT ¢ Data O ]
[ P I
----- B component - "E 20
l B+ 1o b o [
[+ 20 i u>.| [
— B(H— p%) =24 x10° ] 15F

LAELELEL BN BB B N B LA B LB BN B BLNL N B BN BN B B

¢ Data
—— S+B fit
----- B component
B = 10
[ =20
— B(H— ¢y) =3.7x 10°

—

P PR

100 110 120
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Signals normalized to measured upper limit.
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Search for bbH production: Categorization and fit

* Events are categorized with multiclass BDT,
where each channel has a separate BDT.

<+ (Channels m—

|

Categorization

|

 bbH signal is extracted from combined fit
of BDT scores across channel X category.
»QCD estimated from data control regions
» Other background estimated using MC with

<+ (Channels =——>

Variable

il

ety

yTh

ThTh

el | eTp | UTh | TpTh
Z+jets O |0 O O
tt+jets O |O O 0
QCD X X X O
H-1t |0 |O O O
H-WW [0 |X X X

Data/MC scale factors
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mTT

Myis
Collinear mass

D,

An between lepton and 7},
Total transverse mass
Di-T pr
Electron py
Muon pt
pr of leading T,
pr of trailing T,
Transverse mass
Number of b-jets
pr of leading b-jet
pr of trailing b-jet
B-tag score for leading b-jet
An between di-7 p; and leading b-jet
B-tag score for trailing b-jet
Number of jets
pr of leading jet
pr of trailing jet
Di-jet invariant mass
Di-jet Ay

miss
P

X AXANNAX XXX AEANAX XX ANNSNAX AX AX

XX XX XX ANAAANAUX AX XX XAX AN N S

X XXX XX ANANANANAXAX XX XAX ANSNASNAS
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