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Outline 

•  Accelerator	and	Detectors	
–  LHC	
–  CMS	and	ATLAS	
	

•  Study	of	Higgs	Proper0es	using	ATLAS	and	CMS	data	
–  Mass	of	Higgs	
–  Produc0on	Mechanisms	
–  Branching	Frac0ons,	Coupling	
–  Cross	Sec0ons	

•  Fiducial	Cross	Sec0on	
•  Differen0al	Distribu0ons	

•  BSM	Searches	mediated	by	Higgs	

02	Dec.	2016	 Shashikant	Dugad,	CKM2016	 2	



Higgs Boson… GIGANTIC	DIGITAL	CAMERA
• Very heavy digital camera

– 40 million pictures per second
– Almost 100 million pixels
– 3D pictures

• >100’000 of CPUs used to quickly 
filter data
– 10’000 pictures selected each second

• Only 1000 pictures stored on disk 
for detailed analysis
– pictures selected within 100 ms

• 22 million GigaByte of data each year 
(>1 million DVD)
– Data hosted and analysed at 

computing centers worldwide
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•  Higgs	Boson	predicted	in	1964					
•  Discovery	of	new	boson	by	ATLAS	and	CMS	detector	announced	in	2012	followed	by	its	

Higgs	like	nature	confirma0on	in	2013	
•  Noble	prize	awarded	for	their	predic0ons	to	P.	Higgs	and	F.	Englert	in	2013	
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Detectors at LHC 
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F.	Englert	@	ATLAS	 P.	Higgs	@	CMS	

ATLAS and CMS Detectors at LHC 
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Outstanding  Performance  of  LHC 
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SM Higgs Production at the LHC 

Gluon Fusion Vector-Boson 
Fusion 

Higgs-strahlung Top Fusion (tt H) 

LHC in 2012 at record luminosity (7 x 1033
 cm-2s-1) and energy (8 TeV) was 

producing SM Higgs bosons (MH = 125 GeV) at a rate ~𝟕𝟓𝟎/hr 

SM Higgs Production at the LHC 

Gluon Fusion Vector-Boson 
Fusion 

Higgs-strahlung Top Fusion (tt H) 

LHC in 2012 at record luminosity (7 x 1033
 cm-2s-1) and energy (8 TeV) was 

producing SM Higgs bosons (MH = 125 GeV) at a rate ~𝟕𝟓𝟎/hr 

Vector Boson Fusion 
7.1% 

SM Higgs Production at the LHC 

Gluon Fusion Vector-Boson 
Fusion 

Higgs-strahlung Top Fusion (tt H) 

LHC in 2012 at record luminosity (7 x 1033
 cm-2s-1) and energy (8 TeV) was 

producing SM Higgs bosons (MH = 125 GeV) at a rate ~𝟕𝟓𝟎/hr 

W/ZH (Higgs-strahlung) 
4.9% 

SM Higgs Production at the LHC 

Gluon Fusion Vector-Boson 
Fusion 
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LHC in 2012 at record luminosity (7 x 1033
 cm-2s-1) and energy (8 TeV) was 

producing SM Higgs bosons (MH = 125 GeV) at a rate ~𝟕𝟓𝟎/hr 

Top Fusion (ttH) 
0.6 % 

Gluon-Gluon Fusion 
87.4% 

7	TeV	 8	TeV	 13	TeV	

Luminosity	(CMS+ATLAS)	 ~12	b-1	 ~45	b-1	 ~80	b-1	

Cross	Sec0on	 19.1	pb	 24.3	pb	 55.1	pb	

#	of	Higgs	(x	106)	 0.23	 1.09	 4.41	

			SM	Higgs	boson	produc)on	@	LHC	

B.	LAFORGE	-	Higgs	Studies	with	ATLAS	 2	04/08/16	

Run	2	data	brings	more	sensi)vity	to	SM	Higgs	boson	physics	

4	leading	produc)on	processes	with	different	signatures	:	
-  Sensi)ve	to	different	Higgs	couplings	

-  ggF,	VH	:	fermions	(t,b)	
-  VBF,	VH	:	bosons	(W,Z)	

-  Sub-dominant	modes	have	cleaner	final	states	that	help	
improve	S/B	:	
-  VBF	:	two	jets	with	large	Mjj	and	rapidity	gap	
-  WH,ZH	:	V	boson	final	state	(lν,	ll,	qq’)	
-  VH	:	VàWbWb,	Wàlν	or	qq’	:	many	b-jets,	l,	ETmiss.	
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Higgs Production Mechanisms 
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Simon Regnard (LLR / École polytechnique) ICHEP - Chicago - August 4th 20162
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 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

The H→ZZ*→4l (l=e,μ) channel at the LHC:
‣ Large S/B ratio, excellent resolution, complete reconstruction of the final state.
‣ ‘Golden channel’ for discovery and property measurements.

Overview

In this talk = new CMS Run II results  
from 12.9 fb-1 collected in 2016
‣ similar sensitivity to H(125) as Run I dataset

New w.r.t. previous (Moriond’16) results:
‣ search for the 5 main production modes  

using improved event categorization,
‣ measurements of mass and fiducial cross 

section,
‣ tests for width and anomalous HZZ couplings  

➔ talk by Ulascan Sarica

+ search for a new high-mass resonance. 
        ➔ talk by Benedikt Vormwald

ggH VBF

WH, ZH ttHSupporting note: CMS-PAS-HIG-16-033

x2.2

x2.4
x2.0
x2.1
x3.9
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Higgs Production Cross Sections 



Decay	Mode	 B.R.	(%)	 Effec0ve		
B.R.	(%)	

Mass	
Resolu0on	

	(%)	

Detec0on	
Sensi0vity	

(S/B)	

H	à	ϒ	ϒ	 0.228	 0.228	 1-2	 <1	

H	à	Z	Z*	à	4l	 2.67	 0.0136	 1-2	 >1	

H	à	W	W*	à	2l	2ν	 21.6	 1.01	 30	 <1	

H	à	τ	+	τ	-	 6.30	 6.30	 10-20	 <1	

H	à	μ+		μ-		 0.022	 0.022	 1-2	 <<1	

H	à	b	bbar	 57.5	 57.5	 X	 <<1	

H	à	c	cbar	 2.90	 2.90	 X	 X	

H	à	g	g	 8.56	 8.56	 X	 X	

Higgs Decay Modes 
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Fiducial Cross Section 
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•  Cross	 sec0ons	measured	 in	a	phase	 space	 covered	by	observa0ons	are	
sensi0ve	 to	 the	 kinema0cs	 of	 produc0on,	 decay	 mechanism,	 detector	
acceptance	etc.	

•  Theore0cal	 calcula0ons	 of	 cross	 sec0ons	 (fiducial	 cross	 sec0on)	
es0mated	 at	 par	 with	 phase	 space	 covered	 by	 experimental	 data	
reduces	systema0c	uncertain0es	on	calcula0ons	

	
A	:	kinema0c	and	geometric	acceptance	in	the	
fiducial	volume	
	
B:	Branching	Frac0on	
	
C	:	detector	correc0on	factor	(reco.,	trigger	and	
iden0fica0on	efficiency,	resolu0on	etc.)	
	
Ns	:	number	of	measured	signal	events	(ater	
background	subtrac0on)																								
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Higgs àΥ Υ   

Vertex	ID	
•  Vertex	assignment	crucial	for	di-photon	mass	resolu0on	

–  |Zchosen	-	Ztrue|	<	1	cm	
Photon	ID		
•  ATLAS:	

–  photon	direc0on	uses	calorimeter	data	
–  Shower	shape,	isola0on	
–  pT(Υ)	>	25	GeV,	|η(Υ)|	<	2.37,	excluding	1.37<|η(Υ)|<1.52		
–  pT(Υ1)	>	0.35mΥΥ,		pT(Υ2)	>	0.25mΥΥ	

•  CMS:		
–  MVA	based	classifier	to	dis0nguish	between	prompt	photons	and	fake	photons	
–  Shower	shape,	par0cle	flow,	isola0on	
–  pT(Υ1)	>	30	GeV,	pT(Υ2)	>	20	GeV,	|η(Υ)|	<	2.5),		
–  excluding	1.44<|η(Υ)|<1.57,		pT(Υ1)	>	0.33	mΥΥ,		pT(Υ2)	>	0.25mΥΥ	

•  Di-photon	mass:		
	
Backgrounds:			Υ-Υ,	Υ-jet,		jet-jet	
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Vertex ID and  
photon/diphoton ID

 Louie Corpe, Imperial College 5

Vertex ID

Photon ID
• Photon ID selects prompt photons against 

electrons and fakes from π0/η 
• Multivariate approach combining shower shape 

and isolation variables 

• A further BDT is used to identify signal-like 
diphoton pairs: kinematics, high photon ID scores 
and good mass resolution (including correct 
vertex probability)

• Vertex assignment important for mɣɣ resolution  
|zvtxchosen- zvtxtrue|<~1 cm ⇒ angular contribution 
negligible wrt energy resolution 

• Vertex ID uses Multivariate approach (BDT): 
exploits tracks recoiling from ɣɣ system and 
conversion tracks. Estimate of vertex probability 
extracted for use in diphoton classification

H→ɣɣ analysis strategy

Diphoton classification

ɣ1

ɣ2

α
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Systema0c	Errors	dominated	by	photon	energy	scale,	resolu0on	
and	background	bias		
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Run 2: Di-photon mass distribution 
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•  Observed	significance	5.6σ	(Expected:	6.2σ	for	the	SM	Higgs	
boson	at	mH=125.09	GeV)		

•  The	maximum	observed	significance	is	6.1σ	at	mH=126	GeV		
•  Observa0ons	consistent	with	Expected	(σ	x	BR)	SM	

P-value  
and signal strength

 Louie Corpe, Imperial College 9

• We report an observation with significance 5.6σ where 6.2σ was expected 
for the SM Higgs boson at mH=125.09 GeV  
The maximum (observed) significance is 6.1σ at 126 GeV 

• Best fit signal strength (XS*BR) relative to SM, for profiled MH, is found to be:
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Inclusive results from 12.9 fb-1 of 13 TeV data
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Run 2 CMS: p-value and Signal 
Strength  for  HàΥ Υ 

CMS-PAS-HIG-16-020	



µ
2− 0 2 4 6 8
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Per-process 
signal strengths

 Louie Corpe, Imperial College 10

• Best fit signal strength split into fermionic and bosonic production modes: 

• Signal strengths of individual production modes consistent with SM

ggH,ttH
µ
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Best Fit
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γγ→H

TeV)  (13-112.9 fb

 ProfiledHm

Inclusive results from 12.9 fb-1 of 13 TeV data

CMS:	
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Fermionic and Bosonic Production  
Modes of HàΥ Υ  
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ATLAS:	Robs=σVBF/σggF	=	0.25+0.15-0.10				RSM=0.079±0.004	



02	Dec.	2016	 Shashikant	Dugad,	CKM2016	 16	

CMS Run 1: Differential xSec for 
HàΥ Υ 
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ATLAS Run 2: Differential xSec 
for HàΥ Υ 
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Fiducial σ: 
Event yields corrected for 
detector inefficiency and 
resolution for minimal 
theoretical modeling 
 
 
 
 

Higgs!γγ 
•  Measurements of fiducial cross section 

 13 TeV Fiducial σ (fb) SM prediction (fb) 

ATLAS (13.3 fb-1) 43.2±14.9(stat)±4.9(syst) 62.8+3.4
-4.4 (N3LO+XH) 

CMS (12.9 fb-1) 69+16
-22(stat)+8

-6(syst)  73.8±3.8  

Differential cross section measurements  
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)Hbest-fit mData (

syst. uncertainty
)=125.09 GeVHmSM (

-  norm. LHC Higgs XSWG YR4
MC@NLOA-  acc. 

σ i =
ν i
sig

ci L dt∫

Δσ/σ ~30 % 

~20 % 

CMS-PAS-HIG-16-020 

Important to improve MC 
generators and calculations 
" reduce systematic 
uncertainties 

Florencia Canelli - University of Zurich 13 

ATLAS –CONF-2016-067 
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Fiducial Cross Section: HàΥ Υ 

Δσ/σ	~30%	
Δσ/σ	~20%	
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ATLAS	

H!ZZ : Fiducial Cross-section

Arun Kumar                                                      CMS Results : H!VV                                        HC 2016 : Nov. 9, 2016
9'

"  Fiducial volume closely matches the reconstruction 
level.
"  Minimal dependence on theoretical model


"  Maximum likelihood fit to the uncategorized 
m4l distribution, assuming mH = 125.0 GeV

"  SM Expectation : 

Requirements for the H ! 4` fiducial phase space

Lepton kinematics and isolation
Leading lepton pT pT > 20 GeV
Next-to-leading lepton pT pT > 10 GeV
Additional electrons (muons) pT pT > 7(5) GeV
Pseudorapidity of electrons (muons) |h| < 2.5(2.4)
Sum of scalar pT of all stable particles within DR < 0.4 from lepton < 0.4 · pT

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 GeV < mZ1 < 120 GeV
Inv. mass of the Z2 candidate 12 GeV < mZ2 < 120 GeV
Distance between selected four leptons DR(`i, `j) > 0.02 for any i 6= j
Inv. mass of any opposite sign lepton pair m`+`0� > 4 GeV
Inv. mass of the selected four leptons 105 GeV < m4` < 140 GeV

CMS	
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ATLAS, CMS: Selection Criteria's  
for Hà ZZ à 4l 



ATLAS	
Expected	Background:	9.7	±	0.9	
Observed	Events:	44	

CMS	
Expected	Background:	13.8	±	1.4	
Observed	Events:	33			
Significance:6.4σ			
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Run 2: Hà ZZ* à 2µ+µ-, µ+µ-e+e-, 
2e+e-  
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Probing Production Modes

Arun Kumar                                                      CMS Results : H!VV                                        HC 2016 : Nov. 9, 2016
8'

"  Combined Signal strength at mH = 125.09 GeV

Signal strength from 2 parameter model
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Fermionic and Bosonic Signal 
Strength using HàZZ*à4l 
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ATLAS-CONF-2016-079	
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

24
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Signal Strengths using HàZZ*à4l 
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Hà ZZ* à 2µ+µ-, µ+µ-e+e-, 2e+e-  
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CMS	at	13	TeV	
Observed	2.29+0.74-0.64	(stat)	+0.30-0.23	(syst)	b	
SM:	2.53	±	0.13	b	

ATLAS	at	13	TeV	
Observed	59.0+9.7-9.2	(stat)	+04.4-3.5	(syst)	pb	
SM:	55.5+9.7-9.2	b	
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Run 1 ATLAS: Differential xSec 
for HàZZ*, WW* 
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2015	data	(2.3	b-1)	data	analyzed	for	HàWW*	

ATLAS-CONF-2016-112	
	

2016	data	analysis	for	this	channel	is	under	progress	
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Differential xSec for  
H à ZZ * and H à W W* 
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ATLAS:	VH(àbb)	

CMS	Run	1+2:				
μ	=1.3+1.2-1.1	
μ	<	3.4	at	95%	CL

CMS:	VBF	H(àbb)	

Run 2: H à b b 
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•  Probing	 Yukawa	 coupling	 between	 top	 and	 Higgs	 is	 very	
important		
–  via	ggF	with	no	BSM	par0cles	in	the	loop		
–  ~H	provides	direct	access	at	 tree	 level,	via	associated	produc0on	

of	~bar	
–  σ13	TeV(~H)	~	508	b	~	4σ8	TeV(~H)	
	

•  ~H(bb),	~H(W	W*),	~H(Z	Z*),	~H(τ	+	τ	 -),	~H	(àγγ)	topologies	
targeted	 with	 mul0-leptons,	 displaced	 b-jets	 etc.	 in	 final	
states		

Towards Discovery - ttH 
•  Probing the Yukawa coupling between top and Higgs at LHC: 

–  via gluon fusion cross section, assumes no BSM particles running in 
the loop 

–  directly at tree level, via associated production:  
 

Higgs decay 
mode 

BR 
(%) 

H!bb 58.1 

H!WW 21.5 

H!ττ 6.3 

H!ZZ 2.6 

H!γγ 0.23 

ttH(!bb): Uses H!bb with one or two W bosons   
decaying to e or µ (and ttH (hadronic) with both W 
bosons decaying hadronically) 

ttH(multileptons): targets H! WW, ZZ, ττ (τ decaying 
leptonically and hadronically), and additional leptons 
from top quark decays 

ttH(γγ): included in H!γγ analyses 

Florencia Canelli - University of Zurich 18 

Towards Discovery - ttH 
•  Probing the Yukawa coupling between top and Higgs at LHC: 

–  via gluon fusion cross section, assumes no BSM particles running in 
the loop 

–  directly at tree level, via associated production:  
 

Higgs decay 
mode 

BR 
(%) 

H!bb 58.1 

H!WW 21.5 

H!ττ 6.3 

H!ZZ 2.6 

H!γγ 0.23 

ttH(!bb): Uses H!bb with one or two W bosons   
decaying to e or µ (and ttH (hadronic) with both W 
bosons decaying hadronically) 

ttH(multileptons): targets H! WW, ZZ, ττ (τ decaying 
leptonically and hadronically), and additional leptons 
from top quark decays 

ttH(γγ): included in H!γγ analyses 

Florencia Canelli - University of Zurich 18 
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Probing ttH Production Mechanism 



ttH à Multileptons + Jets 
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H	à	τ	+	τ	-	(BF:	6.3%)						H	à	ZZ*	(BF:	2.67%)						H	à	WW*	(BF	21.6%)		



ttH Signal Strength 
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~H	(àbb),	~H	(à	WW*),	~H	(à	ZZ*),		~H	(à	τ+τ-),		~H	(àγγ)	targeted	

CMS:	μ	<	3.4	at	95%	CL	
CMS:	~H(γγ)				μ=1.9+1.5-1.2		

ATLAS	Combined	(7,	8,	13	TeV):	μ=1.7	+0.7-0.8	
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Run 2: ttHàbb Signal Strength 
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CMS:	μ	<	1.5	(1.7)	at	95%	CL	

CM
S-
PA
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N
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20
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-0
80
	

ATLAS:	μ	<	4.0	at	95%	CL	
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Higgs à τ+ τ- 

R.Lane (I.C.)

Searching for H → ττ

409/11/16

τh = hadronic 
tau decay

Leptonic tau 
decays

→ For 2 taus, 6 possible final 
states: μτh eτh τhτh eμ μμ and ee 

We often refer to these as 
"channels" - generally they have 
different background composition 
and are optimised separately

Additionally events are separated 
into "categories" based on other 
properties of the signal being 
searched for

W/Z

W/Z

q

q

q

H

q

e.g. for the SM, VBF tagging 
using 2 forward jets, for MSSM 
analysis b-tagging to target bbH 
production....
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•  SM	 Higgs	 has	 both;	 bosonic	 and	
fermionic	coupling	

•  Higgs	à	τ+	τ-	is	most	sensi0ve	fermionic	
decay	channel	of	Higgs	

•  An	 important	 channel	 to	 test	 SM	
behavior	of	Higgs	

•  Possible	final	states	of	τ	decay	
•  ee,	μμ,	eμ,	eτh,	μτh,	τhτh			



Run 1 CMS: Higgs à τ + τ - 

02	Dec.	2016	 Shashikant	Dugad,	CKM2016	 35	

•  >	3.2	σ	evidence	for	H	→	τ	+	τ	-	decays	with	CMS	data	
•  >	5σ	evidence	for	H	→	τ	+	τ	-	decays	with	ATLAS	and	CMS	data	combined	
•  Run	2	data	analysis	under	progress	

R.Lane (I.C.)

Interpretation of results

909/11/16
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Run 1 ATLAS: Higgs à τ + τ - 
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•  Evidence	for	H	→	ττ	decays	at	4.5σ	(3.5σ	expected)	with	ATLAS	data	
•  Run	2	data	analysis	under	progress	

Tomas Davidek, Charles Uni, CZ 11Higgs Coupling'16

H  → ττ results

● ATLAS observed H  → ττ decay 

with significance of 4.5σ (3.5σ 

expected), signal strength

● Combined ATLAS+CMS Run-1 

results report significance 5.5σ 

(5.0σ expected)
ATL-CONF-2015-044

CMS-PAS-HIG-15-002

μ=1.43−0.26

+0.27 (stat )−0.25

+0.32 (syst )±0.09(theor )

JHEP 04 (2015) 117

VHà	τ	+	τ	-		

AT
LA

S:
	JH

EP
	0
4	
(2
01
5)
	1
17
	

AT
LA

S:
	P
RD

	9
3,
	0
92
00
5	
(2
01
6)
	



•  A	very	rare	decay	in	the	SM	(BF:	2.2	x	10-4)	
–  Probe	Yukawa-coupling	to	2nd		genera0on	

fermions	and	mass	dependence		

–  Test	of	the	Higgs	coupling	to	leptons		
	

•  Clean	signature	from	dimuon	final	state	
		
•  Overwhelming	irreducible	background					

Z/ɣ*→μμ	

•  Analysis	strategy:	
–  Search	for	peak	in	di-muon	mass	spectrum	

over	smoothly	falling	background	
	

•  Categorize	events	according	to	VBF	and	
ggF	signature	enriched		

02	Dec.	2016	 Shashikant	Dugad,	CKM2016	 37	

Higgs à µ+µ-  
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Higgs!µµ 
•  A very rare decay in the SM 

–  Probe Yukawa-coupling to 2nd-
generation fermions and mass 
dependence 

–  Test of the Higgs coupling to leptons  

•  Signature: Very clean signature from 
dimuon final state but Z/�*�µµ 
overwhelming irreducible background 

•  Analysis strategy:  

Search for peak in mµµ spectrum over 
smoothly falling background 
–  Categorize events according to VBF 

and ggF signature enriched  

ATLAS-CONF-2016-041 

Florencia Canelli - University of Zurich 30 

 ATLAS Upper limit x SM 
(expected) 

Run 1 7.1 (7.2) 

Run 2 4.4 (5.5) 

Combined Run 1 
and Run 2 

3.5 (4.5) 
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Run 2 ATLAS: Higgs à µ+µ-  
ATLAS-CONF-2016-041	
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Direct Search for H à Invisible 

•  A	standard	model	Higgs	decaying	to	invisible	par0cles	
–  Higgs	mediated	Dark	Ma~er	
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Direct Search for H à Invisible 

•  BF(àInvisible)	à	Width	à	Coupling	àCross	Sec0on	for	Higgs	
mediated	DM	produc0on	
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The agreement between the data and the background expectations in SR1 is also expressed as a model-
independent 95% CL upper limit on the fiducial cross section

�fid = � ⇥ BF ⇥A, (3)

=
N
L ⇥ ✏ , (4)

where the acceptance A is the fraction of events within the fiducal phase space defined at the MC truth
level using the SR1 selections in Section 4, N the accepted number of events, L the integrated luminosity
and ✏ the selection e�ciency defined as the ratio of selected events to those in the fiducial phase space.
Only the systematic uncertainties on the backgrounds and the integrated luminosity are taken into account
in the upper limit on �fid, shown in Table 10. In SR1, the acceptance and the event selection e�ciency,

Table 10: Model-independent 95% CL upper limit on the fiducial cross section for non-SM processes �fid in SR1.

SR1 Expected +1� �1� +2� �2� Observed
Fiducial cross section [fb] 4.78 6.32 3.51 8.43 2.53 3.93

estimated from simulated VBF H ! ZZ ! 4⌫ events, are (0.89 ± 0.04)% and (94 ± 15)% respectively.
The uncertainties have been divided such that the theory uncertainties are assigned to the acceptance and
the experiment uncertainties are assigned to the e�ciency.

8 Model interpretation

In the Higgs-portal dark-matter scenario, a dark sector is coupled to the Standard Model via the Higgs
boson [9, 10] by introducing a WIMP dark-matter singlet � that only couples to the SM Higgs doublet.
In this model, assuming that the dark-matter particle is lighter than half the Higgs boson mass, one would
search for Higgs boson decays to undetected (invisible) dark-matter particles, e.g. H ! ��. The upper
limits on the branching fraction to invisible particles directly determine the maximum allowed decay
width to the invisible particles

�inv
H =

BF(H ! invisible)
1 � BF(H ! invisible)

⇥ �H , (5)

where �H is the SM decay width of the Higgs boson. Adopting the formulas from Ref. [10], the decay
width of the Higgs boson to the invisible particles can be written as

�inv
H!S S =

�2
HS S v

2�S

64⇡mH
, (6)

�inv
H!VV =

�2
HVVv

2m3
H�V

256⇡m4
V

 
1 � 4

m2
V

m2
H
+ 12

m4
V

m4
H

!
, (7)

�inv
H! f f =

�2
H f f v

2mH�3
f

32⇡⇤2 , (8)

for the scalar, vector and Majorana-fermion dark matter, respectively. The parameters �HS S , �HVV ,
�H f f /⇤ are the corresponding coupling constants, v is the vacuum expectation value of the SM Higgs
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doublet, �� =
q

1 � 4m2
�/m2

H (� = S , V , f ), and m� is the WIMP mass. In the Higgs-portal model, the
Higgs boson is assumed to be the only mediator in the WIMP–nucleon scattering, and the WIMP–nucleon
cross section can be written in a general spin-independent form. Inserting the couplings and masses for
each spin scenario gives:

�SI
S N =

�2
HS S

16⇡m4
H

m4
N f 2

N

(mS + mN)2 , (9)

�SI
VN =

�2
HVV

16⇡m4
H

m4
N f 2

N

(mV + mN)2 , (10)

�SI
f N =

�2
H f f

4⇡⇤2m4
H

m4
Nm2

f f 2
N

(m f + mN)2 , (11)

where mN is the nucleon mass, and fN is the form factor associated to the Higgs boson–nucleon coupling
and computed using lattice QCD [10]. The numerical values for all the parameters in the equations above
are given in Table 11.

Table 11: Parameters in the Higgs-portal dark-matter model.

Vacuum expectation value v/
p

2 174 GeV
Higgs boson mass mH 125 GeV
Higgs boson width �H 4.07 MeV
Nucleon mass mN 939 MeV
Higgs–nucleon coupling form factor fN 0.33+0.30

�0.07

The inferred 90% CL branching fraction limit for H ! invisible, translated into an upper bound on
the scattering cross section between nucleons and WIMP, is shown in Figure 8 compared to the results
from direct detection experiments. The WIMP–nucleon cross-section limits resulting from searches for
invisible Higgs boson decays extend from low WIMP mass to half the Higgs boson mass, and are com-
plementary to the results provided by direct detection experiments that have limited sensitivity to WIMP
with mass of the order of 10 GeV and lower [35, 37–41, 43]. This is expected as the LHC has no limit-
ations for the production of low-mass particles, whereas the recoil energies produced in the interactions
of sub-relativistic WIMP with nuclei in the apparatus of a direct detection experiment are often below
the sensitivity threshold for small WIMP masses. The aforementioned correlation between the branching
fraction of Higgs boson decays to invisible particles and the WIMP–nucleon cross section is presented in
the e↵ective field theory framework, assuming that the new physics scale is O(a few) TeV, well above the
scale probed at SM Higgs boson mass. Adding a renormalizable mechanism for generating the fermion
and vector WIMP masses could modify the correlation between the WIMP–nucleon cross section and the
branching fraction of Higgs boson decays to invisible particles [94].

9 Conclusions

A search for Higgs boson decays to invisible particles is presented. The search uses data events with
two forward jets and large missing transverse momentum, collected with the ATLAS detector from 20.3
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Direct Search for H à Invisible 
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CMS:	
BF(H	à	Invisible)	<	0.24	(0.23)	at	
95%	CL	
	
ATLAS:	
BF(H	à	Invisible)	<	0.23	at	95%	
CL	
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ATLAS:			
JHEP	03	(2015)	088				
ATLAS-CONF-2016-088					
ATLAS-CONF-2016-089			
Phys.	Le~.	B	759	(2016)	555-574	
Eur.	Phys.	J.	C,	73	6	(2013)	2465	
JHEP	11	(2015)	206	
	
CMS:			
CMS-PAS-HIG-2016-030			
CMS-PAS-HIG-2016-031	
JHEP	12	(2015)	1	



Search for Charged Higgs 
•  2	Higgs	Doublet	Model	predicts	5	scalar	Higgs	boson	(h,	H,	A,	H±)		
•  Charged	Higgs	can	decay	into	τντ,	tb,	cb,	cs	depending	on	the	

parameters	of	the	model	
–  Cos(β-α)à0	è	dominant	decay	into	τντ	
–  Type	II	2HDM	èdominant	decay	into	tb	
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Search for Charged Higgs 
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Search for Charged Higgs 
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Search for Charged Higgs 
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LHC @13 TeV Beyond 2016… 
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Phase	I		

Phase	II		

Nominal	HL-LHC		≃	140	p-p	collisions/evt	 Ul0mate	HL-LHC		≃	200	p-p	collisions/evt	

40-45	b-1	41	b-1	4.1	b-1	



Summary 

•  Explora0on	of	SM	Higgs	proper0es	begun	with	Run-2	data	
	
•  Various	 Produc0on	 mechanism	 and	 Decay	 modes	 of	 Higgs	

have	been	probed	extensively	using	Run-2	data	
	
•  Results	presented	using	~1/3rd	of	2016	(13	TeV)	data	
	
•  Accurate	 measurements	 of	 BF,	 couplings,	 correla0on	

between	 bosonic	 and	 fermionic	 coupling	 with	 more	 data	
from	Run-2	would	be	accomplished	
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ggF@NNLO 
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Run 1 ATLAS: Signal Strength  
using HàΥ Υ 



Mass:	125.09	±	0.24	GeV	
	
Spin:	0,	Parity:	Even	
	
Consistency	of	SM	expecta0on	
with	μ=1	with	a	p-value	of	40%	
	
Mild	excess	in	~H	and	ZH	
produc0on	modes	

Run 1: Combined Coupling Strengths 
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Run 1: Production Mechanism and 
Decay Modes 
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ATLAS:	μ=1.20	+0.15	-0.14						CMS:	μ=0.97	+0.14-0.13							
Combined:	μ=1.09	+0.11	-0.10	
	



Reference	channel:				
•  ggF	à	H	à	Z	Z		à	4l	
•  Small	background	
•  Smallest	uncertain0es	

Stefan Guindon   University at Albany      Higgs Couplings 2016Nov 9, 2016

Model Independent Parameterizations

9

Overall	SM	compa.bility	of	this	model:	16%

�ttH

�ggF
= 3.3+1.0

�0.9

l Ratios of cross sections and of decay branching ratios 
can be extracted with minimal assumptions.  

l Largely model independent

l The ggF → H → ZZ channel is chosen as the reference 
because it has very little background and is one of the 
channels with the smallest overall and systematic 
uncertainties

�ZH

�ggF
= 3.2+1.8

�1.4

Mild excess in ttH multilepton channels

Mild excess in ZH, H ->WW

Bbb

BZZ = 0.19+0.21
�0.12 Deficit in VH, H->bb

(	rela.ve	to	SM)

Run 1 Relative Couplings 
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Mid	excess	in	~H	in	mul0-lepton	channel	
Mild	excess	in	ZHàWW	
Deficit	in	VHàbb	
	
Overall	SM	Compa0bility:	16%	
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Run 1: Global Signal Strength 



Angular Distribution 

Hà γγ

•  Landau-Yang theorem strongly 
disfavors spin-1 particle decay to γγ.  

•  Sensitive to a possible spin-2 state 
•  Log-likelihood ratio test statistic 
•  cosθ* used to discriminate between 

the spin hypotheses   

Hàgama	gama	
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