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Motivation of H — pp

Since the Higgs discovery in 2012, CMS and ATLAS have measured Higgs mass,
width, couplings, and CP properties with steadily improving precision.

Next frontier; Probe Higgs couplings to second generation fermion via H—=u.

Experimentally challenging search:

e Relatively rare decay mode:

BH-—p p)=218x10"*

 Very large DY background = very small S/B with inclusive selections.



Datasets and Selections

* Dataset: 137 fb™ of 13 TeV pp collisions (2016-2018 CMS Run-2)

* FEvent selections

* Single-muon triggers
* Required to contain two identified and isolated muons with opposite charge
* Mass window cut 110 < Mpu < 150 GeV

* Dimuon mass resolution improvements:
* Track-fit correction using interaction point — 3-10% better dimuon mass
resolution
* FSR photon recovery — +2% signal efficiency, ~3% mass resolution gain



Run-ll Analysis Strategy

* FEvents are categorized according to Higgs production processes to improve sensitivity
* Signal is extracted with a simultaneous fit across all categories to observables chosen for

each category

ttH channel

* Phase-space containing at least
one medium or two loose
b-tagged jets

* Based on the presence of
addition leptons (u,e)
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ttH hadronic | | ttH leptonic

VH channel

VBF channel

ggH channel

» Targeting leptonic decays of W/Z

* Veto events with b-jets already
belonging to the ttH channel
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WH leptonic| |ZH leptonic
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» Veto ttH events

» Veto VH events

- Select events with two jets
with VBF-like kinematics

pl > 35 GeV

pJT'2 > 25 GeV

my; > 400 GeV
| A | > 2.5

Collects all the events
not selected by the
other channels

Phase-space
dominated by events
with zero or one
additional jet and no
extra leptons apart from
the H(up) candidate




VBF Channel

e Select the events with neither additional charged leptons nor b-tagged Jets and a
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* Analysis Strategy
o Signal extraction is fully based on MC 1

o Low signal event statistic
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Data/Bkg.

o Reliable background modeling (DY +jets, VBF Z) %
VBF DNN bin
o Train a DNN to distinguish signal from background g P
. . . . :>-I,1o75= Post-fit Bzjew [Joy "
iIncluding the dimuon mass as input. o oronnnn - Hreuen Bome

o VBF H—uu signal is extracted by fitting DNN output score
In data directly to background shape predictions from

simulation
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https://link.springer.com/article/10.1007/JHEP01(2021)148

ggH Channel

* Phase space dominated by 0-1 jet events with only the pu pair and multi-jet events

are kept If not VBF-like.
* Analysis Strategy

o Extract the signal by fitting dimuon invariant mass

- Signal: sharp peak at 125 GeV; Background: smooth, falling distribution
— Enables data-driven background estimation via analytical fit

137 b (13 TeV)
'k cms poe @ 1 O BDT used to separate Higgs
2 Diboson []Other bkg.

— VBF

signals from expected

—ggH

backgrounds
1 O Divide event in categories
characterized by different S/B

B ————— S

08 06 -04 -02 0 02 04 06 08
ggH BDT output

Events / GeV

10° 137 fo" (13 TeV)
L I I I I IR IS I
50 CMS ¢ Data
ggH-cat2 — S+Bfit
40 Mi=12538Gev ... Bkg. component
-110
30 l:IiZG
JHEP(2021)148
20
10
P IR I P I I IR N e

|||||||||||||||||||||||||||||

l%lllIIlllllllllIlllllllllllllllllII

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

Signal model: m(up) described with
a Double Crystal-ball function.
Background modeling: Core-PDF
method

Core background function built as
discrete profile of two physics-
inspired (Breit-Wigner, FEWZ) and
an agnostic (sum of exponentials)

function. /


https://link.springer.com/article/10.1007/JHEP01(2021)148

VH and ttH Channel

Analysis strategy for the two channel in Run-Il i1s similar to ggH channel.
VH: Select one (two) additional lepton(s) consistent with W(Z) boson leptonic
ttH: At least one (two) additional jet(s) passing the DeepCSV medium (loose) WP

Background fit with BWZ function (VH), simple exponential (ttH-lep) and
polynomial (ttH-had)
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https://link.springer.com/article/10.1007/JHEP01(2021)148

Run-Il Analysis --- Results

Measurement of H—uu combines four separate
analyses targeting ggH, VBF, VH, and ttH production.

Final results are obtained from combination with CMS
Run-1 H—uu search.

Measured signal strength
n = 1191235 (stat (syst)

0.39
Observed (expected) significance I1s 2.980 (2.480).

+0.15
—0.14

Higgs coupling to muons relative to SM Ku Is
constrained at 95% CL to [0.59, 1.50].

Observe evidence for Higgs boson decay to muons.

490" (7 TeV) +19.7fb" (8 TeV) +137 fo™ (13 TeV)
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https://link.springer.com/article/10.1007/JHEP01(2021)148
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HL-LHC Prospects: Higgs — pu Decay

* HL-LHC & Detector Upgrades
O HL-LHC conditions: Vs =14 TeV, Lup to 3 ab™
O CMS Phase-2 upgrades -> ~30% improved dimuon mass resolution

 HL-LHC Extrapolation Strategy O  Two uncertainty scenarios considered:
O Use Run-2 H—uu analysis Strategy - Sl: systematic uncertainties stay like Run-2.
O Extrapolate yields to Vs =14 TeV and 3 ab™® include ~ S2: experimental systematics scale down with

V L (until some floor), theoretical

Cross-section changes and acceptance gains. o
uncertainties halved.
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HL-LHC will make it possible to measure Higgs—muon coupling with high precision. i


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html

Summary

First experimental evidence of H — uu decay

Observed significance: 30 with CMS Run-2 dataset (13 TeV, 137 fb™1)

Results consistent with the Standard Model Higgs—muon Yukawa coupling
Run-3 analysis ongoing, aiming for improved precision and potential discovery

HL-LHC era will enable precision Higgs flavor physics, probing Yukawa
couplings at the few-percent level.

Thanks a lot for your attention!
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VBF Channel

* Run 2 DNN use 4-fold training strategy and DNN structure as below

train train validation test test
train validation test train test
validation test train train test
train train validation
TRAINING APPLICATION

D= 3-4 layers DNN

Higgs mass +
resolution (3)

VBF variables +
event topology (18)

Steps:
1. Signal vs VBF 2
2. Signal vs DY
3. SvsB-"“nomass”
4. SvsB-

“mass+resolution”
Merge: second to last
layers of all the above
nets are used as inputs
a.  All upstream weights
fixed
b. Unfreeze weights
upstream

«o

Mass only I
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Large Hadron Collider (LHC)

CERN Accelerators * Accelerator with the largest energy

(not to scale)

il - 900GeV — 7TeV — 8TeV —13TeV —13.6TeV
- 27km ring, locates at CERN

Peak Instantan
- 4 large detectors installed: ATLAS, CMS, LHCb,

Luminosity :

1034 cm-2s-1

Number off bunch:

o 5 ALICE

- p-p, p-P,,, P,-P,, collisions
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CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0m
Overalllength  :28.7m

Magnetic field :3.8T

SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 um) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

I 1 1 1 1 1 1 1
om im 2m im 4m 5m 6m 7m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— = — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

'//1%
) Electromagnetic
f )m ]l Calorimeter
Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenoid

Iron return yoke interspersed
with Muon chambers

Five types of particles interact with each sections of the

detector

* CMS is 21 meters long, 15m in diameter, and weighs about 14,000 tonnes.
* Consist of Inner tracker; Electromagnetic Calorimeter; Hadronic Calorimeter; Magnet; Muon chamber
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Higgs Production and Decay at LHC
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O Main production model and its cross section at 13TeV and Higgs mass of 125GeV

Gluon-Gluon Fusion: 48.58 pb
VBF: 3.782pb

VH: 1.373pb(WH); 0.8839pb(ZH)
ttH: 0.5071pb

O H rare decay channel H —pup is our interest in Run I
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

Object selections

 Muons: pt > 20 GeV, |n| < 2.4, Medium Id, Loose iso
 Electrons: pt > 20 GeV, |n| < 2.4, mvalsoWP90, ECal gap veto
o Jets: pr > 25 GeV, |n| < 4.7, Pass POG Tight ID

No overlap with PF muons or electrons (AR < 0.4)

Using jet veto maps

MC corrections: PU reweighting, MuonScaRe Correction, JEC,
Muon Medium ID SF, Muon Loose PF Iso SF,

Z-pT reweighting, Event by event mass resolution
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