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Higgs production at LHC and its 
decays
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gluon fusion Vector Boson fusion
V = W or Z boson

so far, sensitivity comes from:
Production 

Proces
Observed 

Significance (σ)
Expected 

Significance (σ)
VBF 5.4 4.7
Wh 2.4 2.7

Zh 2.3 2.9

V(W+Z)h 3.5 4.2

ttH 4.4 2.0

not yet “observed”

* Higgs is produced at LHC mainly 
through the gluon fusion and Vector 
Boson fusion

DIS 12th April ’16

Measurements of the Higgs boson production and decay rates and constraints on its couplings from a 
combined ATLAS and CMS analysis of the LHC pp collision data at √s = 7 and 8 TeV

Higgs production at LHC and its 
decays
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Higgs dimuon decay
- why is it interesting? - 

* dimuon channel gives us access to 
the 2nd lepton generation coupling

* allows ratio of 2nd and 3rd 
generation lepton couplings:

— are we talking about the same 
mass generation mechanism for the 
2nd and 3rd generation lepton?

— what about the 2nd and 3rd 
generation quarks?

1st
2nd

3rd

DIS 12th April ’16
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at the LHC

* under Swiss and France, 100 m deep

CMS

ATLAS
DIS 12th April ’16
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with the Compact Muon Solenoid

• coverage: |η| < 2.4, η = - ln [tan(θ/2)] 
• transverse momentum resolution: 
σ pT /pT  ≈ 0.015% pT   +  0.5%

* Muons in CMS:
track segment reconstructed in the muon chambers matched 
with the track in silicon tracker (both ways)

DIS 12th April ’16
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                    CMSduring the shut down
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VBF jet

VBF jet

VBF jetVBF jet

main signal production 
mechanisms:

• gluon fusion
• Vector-Boson fusion
• too low statistics for 
dedicated W and Z associated 
production

•  discrimination against Drell-Yan is limited if we do not use the spin 
information – and we do not plan to use it until we see a signal

Higgs dimuon decay 
— signal vs. background —
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main background processes:
• Drell-Yan (irreducible background)
• tt pair
• WW
• WZ, ZZ, W + jets



Pre-Selection Cut 
Leading Jet pT>40 & Sub-leading Jet 

pT>30 & pT(Missing) < 40 GeV 

Non-VBF Categories VBF Categories

PassFail

Tight 
pT(µµ) > 10 GeV

VBF Tight 

M(jj) > 650 GeV 
&  

|Δη(jj)| > 3.5

Loose 
pT(µµ) ≤ 10 GeV gg fusion 

Tight 

Non-VBF Tight 
&

M(jj) > 250 GeV 
&

pT(µµ) >50 GeV

Loose 

remaining 
events

Geometrical 
Categories: 

Barrel-Barrel (BB) 
Barrel-Overlap (BO) 
Barrel- Endcap (BE) 
also OO, OE and EE

Geometrical 
Categories: 

Barrel-Barrel (BB) 
Barrel-Overlap (BO) 
Barrel- Endcap (BE) 
also OO, OE and EE

• we need to reduce 
the mass window for 
our search: events 
categorization 
according to μ 
pT resolution

• VBF tight: gain  
discrimination using 
the gap size and dijet 
mass
• gluon fusion: jets 
from IR partons 

Higgs dimuon decay: Run I analysis
- event selection -

• single muon trigger (pT > 24 GeV) 
• two opposite charged isolated muons 
with: pT > 25 GeV and | η | < 2.1 
• anti-kT jets with pT > 30 GeV
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“money”          plots

Phys. Lett. B 744 (2015) 184 
expected @ 125 GeV

6.5+2.8-1.9

* in Barrel region we have the best resolution 
regarding reconstruction
* this category and VBF are the most sensitive

* achieved sensitivity to SM
* fit bias gives to highest systematic uncertainty

DIS 12th April ’16



where is Higgs dimuon decay mode 
standing?
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reduced coupling

dimuon decay mode just 
made it on the overview table
- last place, but on the table

DIS 12th April ’16

Couplings vs mass 

Wouter Verkerke, NIKHEF

and combined with ATLAS



beyond SM
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main signal production mechanisms: 
• gluon-gluon fusion 
• associated b-quark production 

main background processes: 
• VBF Drell-Yan (use b-tagging) 
• bb Z/γ* (irreducible background) 
• tt pair (use missing energy in transverse plane) 
• WW  (use b-tagging) 
• WZ, ZZ

• better discrimination against Drell-Yan (relative to SM search) 
• we do not use the spin information (not yet)

background ttbackground: bb Z/γ* 

Higgs dimuon channel: MSSM
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!

main background processes: 

• VBF Drell-Yan (use b-tagging) 

• bb Z/γ* (irreducible background) 

• tt pair (use missing energy in transverse plane) 

• WW  (use b-tagging) 

• WZ, ZZ

• better discrimination against Drell-Yan (relative to SM search) 

• we do not use the spin information (not yet)

signal: associated b-quark production 
ttbb Z/γ* 

_
_

MSSM: Φ0 (h0, H0, A0), H±  
• Higgs sector can be described by: tanβ and mA 

• tanβ = v1/v2 where v1 and v2 are vacuum expectation values

SM breaking via MSSM

DIS 12th April ’16
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• when fitting, one needs to take into account 
the expected double peak structure shape 
which depends on tanβ and mA

• dimuon channel has the needed mass 
resolution to distinguish between h/H/A

“money”          plots beyond SM

DIS 12th April ’16

• we reached a sensitivity similar 
to the Higgs bb decay channel

MSSM: Φ0 (h0, H0, A0), H± 

• Higgs sector can be described by: tanβ and mA

• tanβ = v1/v2 where v1 and v2 are vacuum 
expectation values

Phys. Lett. B 752 (2016) 221 
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• we reached a sensitivity similar 
to the Higgs bb decay channel

“money”          plots beyond SM

Institute of Experimental Particle Physics (IEKP)27
 

MSSM and THDM?

For                   :                       (coupling to down-type fermions enhanced 

by          ).

● Watch out for 2 charged    

(      ) + 3 neutral (              

  ) Higgs bosons.

● Rigid mass correlations 

governed by       and     

(at LO).

● Well developed proxy for 

more general THDM.

Subm. to PLB

DIS 12th April ’16
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Figure 10: The 95% CL limit on the cross section times the decay branching fraction to two
muons as a function of mA obtained from a model-independent analysis of the data. The results
refer to the b-associated (a) and the gluon-fusion (b) production mechanisms, and are obtained
using data collected at

p
s = 8 TeV.

Acknowledgments383

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-384

mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS385

institutes for their contributions to the success of the CMS effort. In addition, we gratefully386

acknowledge the computing centres and personnel of the Worldwide LHC Computing Grid387

for delivering so effectively the computing infrastructure essential to our analyses. Finally, we388

acknowledge the enduring support for the construction and operation of the LHC and the CMS389

detector provided by the following funding agencies: BMWFW and FWF (Austria); FNRS and390

FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,391

MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus);392

MoER, ERC IUT and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and393

CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NIH394

(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Re-395

public of Korea); LAS (Lithuania); MOE and UM (Malaysia); CINVESTAV, CONACYT, SEP,396

and UASLP-FAI (Mexico); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland);397

FCT (Portugal); JINR (Dubna); MON, RosAtom, RAS and RFBR (Russia); MESTD (Serbia);398

SEIDI and CPAN (Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCenter,399

IPST, STAR and NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR (Ukraine);400

STFC (United Kingdom); DOE and NSF (USA).401

Individuals have received support from the Marie-Curie programme and the European Re-402

search Council and EPLANET (European Union); the Leventis Foundation; the A. P. Sloan403

Foundation; the Alexander von Humboldt Foundation; the Belgian Federal Science Policy Of-404
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assumptions:
• ϕ0 produced entirely via bb associated production or only via gluon-gluon fusion
• single mass resonance search with detector efficiency obtained from A0 at tanB = 20: 
- bias from kinematics is negligible
- mass resolution much larger than the expected signal width

• with 13/14 TeV data we can extend the mass range

“money”          plots beyond MSSM
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before the END… prospects for future
— Higgs dimuon decay — 

10.1. Exploitation of the Higgs boson 295

for the decay of a Higgs boson in two muons with a branching fraction of 2.2 ⇥ 10�4 expected
in the SM. The channel has been studied using the Run-I data reaching a sensitivity of 6 times
the SM prediction [235]. Projections of the analysis to the HL-LHC era show that the coupling
of the Higgs boson to muons can be measurement with a precision of about 8%, still limited by
the statistical uncertainty.

In H ! µ

+
µ

� events the kinematics of the Higgs boson can be fully reconstructed. The signal
will consist of a small bump over a large di-muon background from Drell-Yan events, hence an
excellent di-muon mass resolution is crucial. This puts constraints on the required performance
of the new tracking system. Special attention will be given to the study of the vector-boson
fusion channel that exhibits experimental advantages compared to the gluon fusion one, due
to the reduced backgrounds and lower theoretical uncertainties in the Higgs production cross
section.

Figure 10.6 shows a fit to the signal di-muon mass distribution for Higgs boson events sim-
ulated with the Phase-I and Phase-II detectors. The distributions are normalized to both the
acceptance of each di-muon category and selection efficiency of events in each di-muon cate-
gory.

Due to the reduction of material and better spatial measurements of the upgraded Phase-II
tracking detector, the mass resolution is 40 % better and the efficiency to reconstruct the muon
pair is 20 % larger with respect to an aged Phase-I detector. The measurement of the Higgs
boson coupling to muons is expected to improve with the square-root of the improvement in
resolution and efficiency. Based on previous projections, an uncertainty in the Higgs boson
coupling to muons of about 5 % is expected.

Figure 10.6: Di-muon mass distributions for Higgs boson events simulated with the Phase-I
(nominal and aged) and Phase-II detectors. The distributions are normalized to take the relative
selection efficiency of different detectors into account.

10.1.3 H ! tt analysis

Projections of the Run-I H ! tt analysis show that the coupling modification of the Higgs
boson to tau leptons with respect to the SM expectation can be measured with a precision of 2–
5 %. Modifications of the Higgs boson couplings to fermions of this scale or larger are expected

* new detectors design will make possible
to improve dimuon mass resolution considerably

* SM sensitivity will be reached before LS2 

* observation (> 5σ) expected during HL‐LHC

hopefully some of us
will still try to answer the 

questions mentioned before 

before LS2

to exclude or 
not to exclude

σ/σSM = 1

if lucky:
μ > 1

DIS 12th April ’16
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Higgs couplings after 3000 fb-1 
— where would we like to go —

we’ll remain biased by the SM expectation
for some while

Couplings vs mass 

Wouter Verkerke, NIKHEF

present future

DIS 12th April ’16
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Higgs dimuon decay
- why is it interesting? - 

1st
2nd

3rd

* dimuon channel gives us access to 
the 2nd lepton generation coupling

* allows ratio of 2nd and 3rd 
generation lepton couplings:

— are we talking about the same 
mass generation mechanism for the 
2nd and 3rd generation lepton?

— what about the 2nd and 3rd 
generation quarks?
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MSSM: Φ0 (h0, H0, A0), H±  

• Higgs sector can be described by: tanβ and mA 

• tanβ = v1/v2 where v1 and v2 are vacuum expectation values
• A0 (CP odd): mA 

•  H±: mH=(mA
2+mW

2)1/2

• h0, H0 (CP even):  

mH,h={1/2{mA
2+mZ

2 ± [(mA
2+mZ

2)2 - 4mA
2mZ

2cos22β ]1/2}}1/2
 mh mod+ and mod – scenarios: not excluded as mh max 
M. Carena et al. http://arxiv.org/pdf/1302.7033v1.pdf

constrained MSSM (phenomenological MSSM): 

• all soft SUSY-breaking parameters are real  
- no new source of CP-violation 
• no FCNC at tree level  
• soft SUSY-breaking masses and trilinear couplings of the 1st  
and 2nd  sfermion generations are the same at low energy 

• free parameters: reduced from 104 SUSY breaking terms to 22  

• in most MSSM there is no soft SUSY-breaking scenario 
(mSUGRA, AMSB, GMSB, …) considered 
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