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Search for the Higgs boson decay in
charm quarks at the CMS experiment
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Higgs boson physics at LHC
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Couplings to weak bosons and third generation fermions
measured with 10-20% precision —» compatible with the SM

Couplings to charm quarks out of reach
extremely challenging: small rate and overwhelming QCD background
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CMs,

Charmed jets

Heavy flavour jets (b/c):

displaced " ”
. charge
jet/ - /) tracks [¢]

> Displaced tracks from secondary vertex (SV)
> Heavy hadron decay products with large py
> Soft electrons/muons

2018 JINST 13 P05011

jet |

1.27 Gev/c’

% c-tagging more complex than b-tagging: ]
o | discriminating variable distributions intermediate between b and light-jet ones

Fat Jets: Jets produced by the decay of a highly
energetic Higgs boson (pt >200 GeV) are
collimated and can be reconstructed as a merged
large radius jet (AK8 or AK15).

Heavy flavour tagging performed by
combining many discriminating
variables by means of MVA techniques
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https://iopscience.iop.org/article/10.1088/1748-0221/13/05/P05011
https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063

VH P roduction mode (1/4) @ e

https://cds.cern.ch/record/2682635?In=it

> Most sensitive channel to the H->cc decay:
QCD background suppressed by targeting
the leptonic decays of the Z/W boson

> Three analysis categories:
oL: Z - vv
1L W - v
2L:Z > [T~
> Dominant background:
Z+jets, W+jets, tt (1L), VZ, QCD (OL)

> Data collected during the Run-2 of the LHC: 138 fb1

Boosted analysis (pt > 300 GeV)

Higgs boson reconstruced as a single
large radius AK15 jet (AR=1.5)
—> 2-jets topology —> Single-jet topology

Resolved analysis (p7 < 300 GeV)

Higgs boson reconstruced from 2
c-tagged AK4 jets (AR =4)

https://arxiv.org/abs/2205.05550 CMS-PAS-HIG-21-008
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https://cds.cern.ch/record/2682635?ln=it
https://arxiv.org/abs/2205.05550
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html

VH production mode (2/4) —_—

, CMS simulation 2017 (13 TeV)

> Higgs boson candidate reconstructed from 2 AK4 jets . \\ % &
tagged as charmed by means of the Deeplet algorithm : A &
e 3T aiy \\\

}

c

Resolved analysis

Light-flavour jet mistag rate
o
T

2022 JINST 17 P03014
https://arxiv.org/abs/2008.10519

FoHS g
10 Supplementary I vH(H-bb) [ vzzoed) D Boosted DeCISIOn Tree (BDT) 102

[ vv(other) Il single Top

= L trained in each category for et

Y <0 SR Uncerany signal/background discrimination

Events

b jet mistag rate
pT(Z) > 150 GeV J 9

> V+jets and tt bkgs extracted from data in dedicated
control regions (CR)

> Signal strentgh modifier u extracted from a maximum
likelihood fit to data of the BDT output score

_ (9B)ops

o_ 01 02 03 04 05 06 07 08 09 _1 =
BDT (6B)sm
Post-fit distribution of the BDT score in the
2L (ee) category in 2017 data
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VH production mode (3/4)

Boosted analysis

> Higgs boson candidate (H.,.4) reconstructed as a single
AK15 jet tagged through the Run-2 state-of-the-art

A. Zaza

ParticleNet algorithm (graph neural network)

BDT trained to discriminate signal from main bkg (V+jets, tt)

input variables not correlated with H,,,4 mass

S/(S+B) weighted events

138 fo™' (13 TeV)
LLLACTE LLEL)
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 Merged-jet O [l single top
[ All categories [ vV(other) [ vzz-co)
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Background efficiency

> &

<R

Istituto Nazionale di Fisica Nucleare

(13 TeV)
- CMS DeepAK15
I Simulation - ParticleNet
E anti-k, R=1.5 jets
F p, >300 GeV, Inl <2.4
b .‘x.‘.
R H—cT vs. H-bb
H — H—cC vs. V+ets
Y AT A I e
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Signal efficiency

> Signal extracted from a fit of the H_,,y mass in each
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https://doi.org/10.1103/PhysRevD.101.056019

VH production mode (4/4) Sl e

Combination Best result
up to date!
> Simultaneous fit of the two analyses 2> e 1BR(3Tev)
improved sensitivity CMS e v oetied
----- 95% expected
> Upper limit on the signal strength pyy ) at combied |1
95% CL.: Framesioy
oWH)B(H-D) 4,
G(VH)SM ‘B (H _>CE)SM II;!Xesol\;e:ig-{)et il
pecte .
Observed 13.9
> Constraints on the Higgs-charm Yukawa o
coupling modifier k_: Omerved 183 |1
1L
1.1 < |k.| < 5.5 oot ||
2L
> Validation on Z=>cc: oy B | R
. . . . 0 5 20 25 .3.0 35 40
first time observed at a hadron collider with a 95% CLlimitonp, =~
significance of 5.7¢0
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[ ]
F production mode (1/2) , .omssmae
z 10 T T TT T T T T
% 450 < pr < 1200 GeV f
2 40 < mgp < 200 GeV g
g ‘5- 101 DeepDoubleX discriminator /,/
c 2 — DDGvL, AUC = 93.3% o ~
H E -~ DDCVB, AUC = 95.2% __ =
- Q 2 N
g 102 R . o
c ' S /’, T
3 %
T 2
T
& S
103/ . O
I,I
. 1
> Only boosted analysis:
1

Higgs boson reconstructed from a single 1055 ‘**"**2”'&*3“'f*“"%i%gi;:;};‘;n'gfi;f;g’:';;;"
AKS jet (pr>450 GeV), tagged with

CMS Preliminary 138 fb~!, (13 TeV)
ey ACCALMERLLE LA

3 i ata  mE W(qd)
DeepDoubleX grtlwo s & o
g 10*F-  Passing Region - b [gj HECZ)r E
> Soft-drop algorithm applied to the jet mass E s - 5_6;‘55&(06;0:8& i
(msp) to remove soft and wide-angle o] b 10 b -85

radiation Moa;
> VBF and VH (orthogonal to VH analysis)

are considered as signal . .. |
§D Oi | l 1 1 1 —-\.-‘5*-:’-_"_;
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-012/index.html

ggF production mode (2/2)

CMS Prelimina 138 fb~!, (13 TeV)
Ep=2109 08 > Signal strength uy extracted from a
Obs=413 x SM . . . . .
binned (msp, p7) maximum likelihood fit to data
o017 > Upper limit on the signal strength pyy () at
o 137 x o 95% expected 95% CL:
N 68% expected
--- Expected o(ggH)-B(H—cC) < 45
2018 ~#- Observed o0(9gH)sm-B(H->cC)sm
Exp=88 x SM . .
b > Validation on Z=>cc:
observed with significance >> 5¢
Exp=3§§<jgs
Obs =45 x SM
0 100200 300 400 500
95% CL upper limit on p(ggF, H — cc)
A. Zaza SM@LHC2024 9



]/ final state

Istituto Nazionale di Fisica Nucleare
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Searches performed by CMS: H- J/y+ y, H-> J/Y+Z, H->J/Y /Y

> Target]/y — pp

H- J/Y+y

2016 data: 36 fb!
ggF, VBF, VH, ttH
production considered

clusive catogory

Expoctod resonantbackground:20

900 105 110 115 120 125 130 135 140 145 150
m,,, (GeV)

B(H-]/Yy)

— < 260
B(H=] /Y V)sm

https://doi.org/10.1140/epjc/s10052-01 9-6562-5/
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H- J/Yy+2Z
2016-2018 data: 138 fb™"
ggF and VBF considered

Iy J ;
B(H-] /Y Z)
B(H-] /Y Z)sy < E

https://doi.org/10.1016/j.physletb.2022.13753

/)
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H-J/y ]/

2016-2018 data: 133 fb"
ggF and VBF considered

11 ;

) I
B(H - J/YJ/¢P) <3.8 -107*
https://doi.orq/10.1016/i.phvs|etb.2022.137534J
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https://doi.org/10.1016/j.physletb.2022.137534
https://doi.org/10.1016/j.physletb.2022.137534
https://doi.org/10.1140/epjc/s10052-019-6562-5

CMS

Summary

CMS 138 fb! (13 TeV)
> Search for H — c¢ extremely challenging: EL e W.-Zt’ B
- Small Branching Ratio (~3%) 5 10 §
- c-tagging more difficult than b-tagging €l o =
oo $ Vector bosons ;
> Two Higgs production mechanisms explored: woby § s enraton omirs |
- VH (highest sensitivity) Best result e ¥ seeonasmamonremers | 3
HvH(cc) < 14 @95%CL, 1.1 <|[k;| < 5.5 up to date! J R e
- ggF R & S— R —r T
UggH(cc) < 45 @ 95% CL & 3;2‘.1..0_1 T ':"'1'62 E
Particle mass (GeV)
> During Run-3 of LHC (started in 2022) it would be possible to furtherly
improve this result by investigating other production mechanisms and by
increasing the statistics
A. Zaza SM@LHC2024 11


https://doi.org/10.1038/s41586-022-04892-x

Thank you
for listening!
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