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Background image: H—J/wy—puy candidate event display with CMS detector


https://cms3d.web.cern.ch/SMP-22-012/

Motivation and content of this talk

CMS 138 b (13 TeV)
> 1ET AL E ALY ) AL ]
£ |; F m,=125.38 GeV wz.o ]
E pSM=37.5% "'.,o i
s 107 E
g2 )
“ o2k S
E ,"‘ Leptons and neutrinos Quarks
_ . lll Ill
10°F 0 7 c? . III E
E ',"“ Force carriers Higgs boson E
| BAOllE O
107 E | Pa s il Ll P el E
= 1-4:"| T T Uy A T
UO) 1.2¢ 1.05 *l E
T 10Efees }+ -------------------- o0 -+l
= 0.8f 035 ]
o 0.6:"' pul vl 0 v el
107 1 10 10°

Particle mass (GeV)

Figure: Higgs to fermions/gauge bosons coupling modifiers, as a
function of the fermion/gauge boson mass [Nature 607 (2022) 60-68]

CMS and ATLAS measurements of couplings to Higgs

Couplings to 3rd generation of fermions measured
and consistent with SM

Focus on couplings to 2nd generation

Discrepancies? = Hint to Physics Beyond the SM
and info on mechanism behind fermion masses
hierarchy

CMS experiment searches with Run-2 data set

H—py [JHEP 01 (2021) 148]

H—2Zy [JHEP 05 (2023) 233, PRL 132 021803]
H—py, by, K*Oy [PAS-HIG-23-005]

H—J/py, w(2S)y [PAS-SMP-22-012]

H-ZJ/y, J/wl/y, YY [PLB 842 (2023) 137534]
H—Zp, Zé JHEP 11 (2020) 039]



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803
https://cds.cern.ch/record/2894541/files/HIG-23-005-pas.pdf
https://cds.cern.ch/record/2882656/files/SMP-22-012-pas.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-012/index.html
https://www.nature.com/articles/s41586-022-04892-x

Higgs boson decay to a pair of muons



H decay to up [JHEP 01 (2021) 148]

Bs | CMS Experiment at the LHC, CERN
| Data recorded: 2018-Oct-03 01:19:17.320393 GMT

Run / Event / LS: 323940 / 44997009 / 65
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Figure: VBF candidate event dlsplay (top), m., distribution for the weighted combination
of all event categories (bottom-left) and 95% CL upper limits on p (bottom-right)

CMS search for H—pp using Run-2 data (137 fb™?)

Sensitive to Yukawa coupling to muons
Br(H—pp) = 2.18 x 107 (+ 1.7%)
Trigger: single muon

Categorization based on Higgs production
mode

Most sensitive channels: ggH, VBF

Measurement from combination of categories

First evidence (3.00)
= 1.19+o.44

-0.42

0.85 < K, < 1.29


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

Higgs boson decay to a Z and a photon
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Data/Simulation

H decay to Zy [JHEP 05 (2023) 233, PRL 132 021803]

Z Z
Z
W
q W
H---- ¢ H---- W H---
q W
W s
gl £

Figure: Feynman diagrams for H—Zy decay
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Loop induced process = New physics in loops?

Br(H—Zy) = (1.57 + 0.09) x 1073
Br(Z—ee, py) ~ 6.8 x 1072
Final state: photon + pair of leptons (ee, pp)

CMS search performed with Run-2 data (138 fb?)

Trigger: dielectron / dimuon
Backgrounds: Drell Yan with ISR y or jets
Signal: narrow peak in Mg, around H mass
8 mutually exclusive categories

o Lepton tag: presence of additional leptons

o  Dijet events (VBF): MVA discriminant D, .

o Untagged (ggH): MVA discriminant D . for m
system

Ly


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803

H decay to Zy [PRL 132 021803]

e Evidence: significance of 3.4 std dev from combination with ATLAS!
o pn=2.2=+0.7 (observed)
e Br(H-Zy)=(3.4+1.1) x 103 (1.9 std dev within SM prediction)

e Dedicated poster by Yu-Hsuan Chou with more details here!
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Figure: Zy invariant mass distribution of from CMS+ATLAS data combination Figure: Negative profile log-likelihood scan of the signal strength modifier


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803
https://indico.cern.ch/event/1291157/contributions/5888307/

Higgs boson decays to light mesons
and a photon



H decay to p,  or K*° and a photon [PAS-HIG-23-005]

Direct and indirect processes predicted by SM

Direct Indirect

e Sensitive to Yukawa couplings of H to 1st/2nd
generation quarks
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o  pY: Info on coupling tou and d

o  ¢y: Info on coupling to s

o  K*y: flavour violating couplings of s and d

e SM predicted Br [JHEP 08 (2015) 017]

N o o Br(H—py) = (1.68 + 0.08) x 10
H Yu K*0 o  Br(H—¢y)=(2.31+0.11) x 10°
_____ d o Br(H—K*%y) ~ 1.0 x 10*° (suppressed)

w
z; e Subsequent decays of the light meson
14

o p—mm (Br ~ 100%)

Figure: Leading-Order diagrams for H—»(l)/K*0 + y processes, with direct and indirect o ¢—>K+K_ (Br ~ 49%)

contributions

o  K*K*rm (Br ~ 100%)


https://cds.cern.ch/record/2894541/files/HIG-23-005-pas.pdf
https://link.springer.com/article/10.1007/JHEP08(2015)012

H—p/db/K*° + vy : overview
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Figure: m , invariant mass distributions for H—¢y
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Triggering on these processes is fundamental and challenging
e CMS Run-2 analysis targeting different Higgs production
o VH: lepton triggers (138 fb™?)
o VBF:single photon (E; > 75 GeV) + a VBF jet pair (86.9 fb?)

o ggF: single photon (E; > 35 GeV) + 1-like jet (p; > 35 GeV) with two tracks
(39.5 fb})

e Meson candidate reconstruction from tracks with kinematic
vertex-constrained fit
e MVA classifier to improve signal selection

o  Discriminate from y+jet and multijet backgrounds for ggF and VBF

o  Splitin two sub-categories of different purity (cat0/1) depending on MVA
score threshold

e Combine photon to meson candidate and perform fit on final state
invariant mass distribution

10



H—p/b/K*° + vy : upper limit results

95% CL upper limit on B(H— p%)

95% CL upper limit on B(H— ¢y)

95% CL upper limit on B(H— Ky)

395 b"- 138.0 fb' (13 TeV)

H—py

CMS Preliminary
 m,=125.38 GeV

| BaplH— p%) =57 x 10*
107E B (H— p%) =37 x 10°*

—e— Observed
= === Median expected
[ 68% expected
[0 95% expected

10 ;
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 m,=125.38 GeV

Bo(H = 07) = 2.9 x 10
Byps(H — 0v) =3.0 x 10*
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Figure: Upper limits summary plots

Upper limits on branching fraction set at 95% CL

No significant excess/discrepancy found w.r.t. SM prediction

Most stringent experimental limits to date on the py and ¢y decay

channels

Dedicated trigger for ggF category deployed in 2018, thus expected

significant improvement from Run-3 data set

U.L. B(H — p%)

U.L. B(H — ¢7)

UL. B(H — K*%y)

category Exp.(107%) Obs.(107%) Exp.(107%) Obs.(107%) Exp.(107%) Obs.(107%)
VH 62.37555 737 3737193 450 2537148 485
low-p} VBF 49.61322 356 331731 279  18878% 12.3
high-p] VBF 229745 16.0 160722 107 91375323 6.66
ggH 6.0173-33 437 3.087)33 346 220°0% 1.93
combined 571133 374 2887033 297 2107920 1.71
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Higgs boson decays to heavy mesons
and a photon



H decay to J/y or @’ and a photon [PAS-SMP-22-012]

Figure: Leading-Order diagrams for Z,H—-y(nS)y
processes, with direct and indirect contributions

Direct and indirect processes predicted by SM

e Sensitive to Yukawa coupling of H to charm

e Departures from SM = Anomalous coupling, BSM physics

e Similar Z decay likely to be observed before H decay = benchmark

for theoretical prediction method

e SM branching fractions (J/y=w(1S), g’=w(2S)) [PRD 100 054038]
o  Br(H-w(1S)y) = (2.99 + 0.15) x 10°¢
o  Br(H—w(2S)y) = (1.03 + 0.06) x 10°°
o  Br(Z—w(1S)y) = (8.96 + 1.51) x 108
o  Br(Z—w(2S)y) = (4.83 + 1.02) x 108

e Consider subsequent meson decays
o  W(1S)—p*y (Br~ 5.9%)
o W(2S)—u*y (Br~ 0.8%)

e upy final state = Very clean, low/reducible SM backgrounds

13


https://cds.cern.ch/record/2882656/files/SMP-22-012-pas.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.054038
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Z,H—-w(nS)y : overview
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Figure: Control Region and Z FSR peak

Analysis performed using CMS Run-2 data set (123 fb!)
e Signal: two resonances (Z/H and y(nS) meson)
e Backgrounds: QCD multijet, H/Z—ppy
e Trigger: single muon + photon
e Meson candidate: py pair closest in AR, compatible m,,
e Control Region (CR): inversion of m,, window cut
Categorization
e Z—-y(1S)y = Angular Likelihood Discriminator
o Based on main angular variables = Low/High Purity
e H—-w(1S)y = H production mode
o VBF (2 forward jet), Heavy Flavour (b-tag jet, ttH+bbH)

o Inclusive (ggH), High/Low Purity based on angular vars

Combine photon to meson candidate and perform fit on
final state invariant mass distribution



Z,H—-w(nS)y : upper limit results

123 b (13 TeV)

9.9 x 10

CMS
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Figure: Upper limits summary plot

This analysis (123 fb )

Process
Oobs (Uexp) [ Pb]

I’lobs(l’lexp) Bobs(Bexp)

Z — ¥(1S)y
Z — ¥(2S)y
H — ¥(1S)y
H — ¥(25)y

72 (86'41) 38 (4413) x 102 06 (0.7703) x 107
29 (6873) 8 (19*) x 102 (3 1434) x 10°¢
88 (62139) 14 (1.0793) x1072 2.6 (1.8%07) x 107*

970 (7817417) 55 (44733) x 1072 99 (8 0+42) x 107

Upper limits on branching fraction set at 95% CL

No significant excess/discrepancy found with
respect to SM prediction

2.20 downward fluctuation for Z—y(2S)y

Most stringent experimental limits to date on

Z—y(nS)y and H-y(2S)y

Constraints on Z—ppy from Control Region
U(Z—puy) =1.18+0.12

Interpretation of results in K-framework
provides constraints on K_/ K, at 95% CL

K./ K, € (-157, +199) (observed)
K./ K, € (-121, +161) (expected)

=g /oM

Dedicated poster with more details here!
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https://indico.cern.ch/event/1291157/contributions/5888305/

Conclusions



Conclusions

137 b (13 TeV)

PRSP e Higgs rare decays searches at CMS
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| -0.61 - 68% CL | fé g ---- Background g . . . . .
attoat | ne0s0 W ;g,o: discrepancies with SM (e.g. loop contributions)
o | ne20257 oo N .4 e Upper limits on branching fraction at 95% CL
Vcat | u-s4gi) |y bt 1 e No significant excess/discrepancy (for now!)
N A T I T TN .
o L momememewewww Probes presented today, searched by CMS with
-4 -2 0 4 6 8
Bestfit . Run-2 data set
- eMS preliminary N ‘39.5f|b"(1\:iTeV) . . . | iz 3Ty ® H—>|JIJ ”HEP Ol (202 1) 148]
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=~ my = 125. e —— S4B fit E E 1, inclusive HP -~ Power-law (3 par.).
2 w0 .. B compont eI Bemeien 8 par) e H-Zy[JHEP 05 (2023) 233, PRL 132 021803]
i C+20 i r z H Z=ly . . .
2 30 — B =34x10* 1 20 hgan o  Evidence of 3.4 std dev, compatible with SM

o Hoplp/K*® +y [PAS-HIG-23-005]
o  probe coupling to u,d,s quarks

e H (and Z)—y(nS)y [PAS-SMP-22-012]

L L
10
t

g %%W%mwwm o Probing coupling to ¢ quark

5 ¢ o § 3 . . . .

S o0 e S we T w010 TR0 200 o  Significantly improved previous CMS analysis
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021803
https://cds.cern.ch/record/2894541/files/HIG-23-005-pas.pdf
https://cds.cern.ch/record/2882656/files/SMP-22-012-pas.pdf

Summary of most recent results

Search Code and reference Results Comments
p= 1. 19+O 44
H— pp JHEP @1 (2021) 148 -0.42 Evidence of 3.0 std dev significance
0.85 <k, <1.29
=(3.4+1.1)-1073 1.9 std dev within SM prediction
H— Zy Phys. Rev. Lett. 132 (2024) 021803
p=22=+07 Evidence of 3.4 std dev significance
H— pO B=374(571237)x 104
H— ¢y CMS-PAS-HIG-23-005 8=297(2.88")33) x 107
H — K*Oy B=171(210703) x 10
H— Zp B =1.04-1.31% (0.63-0.80%) 740-940 times the SM expectation
JHEP 11 (2020) 039
H— Z¢ B =0.31-0.40% (0.27-0.36%) 730-950 times the SM expectation
R = +0.9 -4 ; -
H — y(1S)y CMS-PAS—SMP-22-012 B=26 (1'8—0.6) x 10 88 (62) times the SM prediction
H — w(2S)y B8=99 (8.0*4‘2) x 1074 970 (781) times the SM prediction
H— Z/y B8=19 (2. 6Jr1 1) x 1073 826 times the SM prediction
H — Zy(2S) B=66(7. 1+2 8) x 1073
H — Jlhy B8=38(4. 6+2 0) x 1074
H — w(2S))hy Phys. Lett. B 842 (2023) 137534 B8=21(1. 4+0 6) x 1073
H — yw(2S)y(2S) 8=30(3. 3+1 5) x 1073
H — Y(nS)Y(mS) 8=35 (3. 6+0 2) x 1074 5.8 times earlier SM predictions
H — Y(1S)Y(1S) B8=17(1 7+O 1) x 1073
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H—p/db/K*° + vy : overview

CMS Preliminary 39.5 b (13 TeV)
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Figure: m__(top) and m, (bottom) invariant mass distributions

for H—p/$ + y searches by CMS experiment
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Triggering on these processes is fundamental and challenging

CMS Run-2 analysis targeting different Higgs production
o VH: lepton triggers (138 fb?)
o VBF:single photon (E; > 75 GeV) + a VBF jet pair (86.9 fb?)
o ggF:single photon (E; > 35 GeV) + 1-like jet (p; > 35 GeV) with two
tracks (39.5 fb?)
Meson candidate reconstruction
o  Tracks from PV and satisfying “high-purity” reco requirements

o  Meson decay vertex determined with a kinematic
vertex-constrained fit and track momenta recalculated accordingly

o Assume K/t mass in m__, invariant mass calculation

2trk
o Dedicated isolation of the candidate from particle-flow momenta

MVA classifier to improve signal selection

o  Discriminate from y+jet and multijet backgrounds for ggF and VBF
categories

m,, . sideband region for MVA training (ggF) or validation (VBF)

o  Splitin two sub-categories of different purity (cat0/1) depending on
MVA score threshold



H—p/d/K*° + vy : event modelling

Combine photon to meson candidate and perform fit on final state invariant mass distribution
e Background parameterization using Chebyshev/Bernstein polynomials and Exponentials
e Use discrete profiling method to handle systematic uncertainty from the choice of the bkg model
e Signals modelled using Double-Sided Crystal Ball

CMS Preliminary 39.5 b (13 TeV) CMS Preliminary 39.5 b (13 TeV) CMS Preliminary 39.5 b (13 TeV)
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Figure: H—py search (catO, ggH) Figure: H—¢y search (catO, ggH) Figure: H—K*% search (cat0, ggH)



Z,H—-w(nS)y : overview

Analysis performed using CMS Run-2 data set (123 fb™!) and looking for ppy final state

Excellent reconstruction performance of the final state particles

Signal expected to appear with two resonances (Z/H and y(nS) meson)

Main background: QCD multijet with and without a y(nS) meson

Resonant backgrounds: Z—puy Final State Radiation (FSR) and H—pupy “Dalitz” decays

Strategy: reconstruct the invariant mass distributions m,, and My where the signal is expected to
peak unlike the SM backgrounds

Event selection

“Single muon + photon” trigger with p_ threshold of 17 (30) GeV on the muon (photon)

Muons: p(4,) > 18 GeV, p,(Y,) > 18 GeV, “medium prompt” identification and tight isolation from
hadronic activity

Photon: p_(y) > 32 GeV, multivariate identification at 80% efficiency + pixel seed veto
Y(nS) candidate as the one with pair of OS muons with closest angular distance AR
Signal regions: m, € [3.0, 3.2] GeV (SR1), m, € [3.6, 3.75] GeV (SR2)

Control Region (CR): inversion of m., window cut
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Z,H—-w(1S)y : categorization

z
ofis

p~ plane A

Likelihood Discriminator (LD) for Z—y(1S)+y search
we e Built using main angular variables of process
L o  cos 8*: cos of angle Y(nS)-z in H/Z rest frame

o cos 0,: cos of angle p*-y(nS) in Y(nS) rest frame

________ o @,:angle between the normals of p*p” and yz planes

e Train LD on Control Region data to discriminate
L. % main QCD background from signal

e “Low Purity” (LP) category: LD < 0.5

e “High Purity” (HP) category: LD > 0.5
Categorization for H—>y(1S)+y search based on H production mode

e VBF: require at least two jets in the forward region with m; > 350 GeV

e Heavy Flavour (HF): targeting ttH and bbH, requiring at least 1 b-tag jet
([ J

e

Figure: Process topology and main angular variables 8%, 6, ¢,

ggF: inclusive category including events to entering in the previous regions. Splitted based on |cos 6|
o ggF “High Purity”: |cos 6% > 0.5
o ggF “Low Purity”: |cos 8% < 0.5
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Z,H—-w(nS)y : event modelling

Combine photon to meson candidate and perform fit on final state invariant mass distribution

Events/ (1 GeV)
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Figure: H—y(1S)y search, ggF HP category
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Signal parametrized using Gaussian + Double-Sided Crystal Ball
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Figure: Z—y(1S)y search, HP category
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Parametrize QCD background with Power-laws, Exponentials, Bernstein functions: discrete profiling!

Constrain Z—ppy background from control region (and measure Z—upuy signal strength)

123 fb! (13 TeV

i S
 CMS
£ Preliminary

—Control region

|||||!|||\|

LI

LA N B S B B S |

. ——— H-> ¥(18) 7 (x100)

—=3%— Data (4671 events)
Bernstein (4 par.)
-------- Power-law (3 par.)
————— Exponential (3 par.)
H-ly
Z-ly

—— Bkg. sum

[N N N R A Fuwn Py Ew Aen AR A

; 3 2 i

160 180 200

m,,.y (GeV)

Figure: Control Region and Z FSR peak



