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Exactly a year ago...

J. Anderson’s talk
@ 2012 FNAL Users Meeting
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So we looked further

From Symmetry mag contest

symmetry mag

Text
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until...



until... July 4th, 2012
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We’re not 
going to

Disneyland !



A triumph for HEP
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[http://goo.gl/49c0c] [http://goo.gl/suJzZ] [http://goo.gl/ShJJG] 



LHC performance
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pp collisions
2011: ~6 fb-1 @ 7 TeV
2012: ~23 fb-1 @ 8 TeV

Peak instantaneous lum
7.7 x1033 cm-2 s-1

Integrated luminosity “pileup”



LHC performance
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pp collisions
2011: ~6 fb-1 @ 7 TeV
2012: ~23 fb-1 @ 8 TeV

Approx. 250 Higgs evts/hr

Peak instantaneous lum
7.7 x1033 cm-2 s-1

Integrated luminosity “pileup”



Not without challenges
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Detectors designed to be robust against pileup
but still a great challenge:

trigger, reconstruction, algorithms, analyses

78 reconstructed collision vertices in 
one bunch crossing @ CMS



Detectors performance
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CMS muons ATLAS data recorded
ATLAS % live channels

CMS electrons ATLAS calorimeter
CMS missing ET res.



The Big Question
How compatible is H125 with the SM Higgs ?



What we’ve learned so far

Highlights up to ~LHCP-2013

Landscape

Main channels studied

Compatibility with SM Higgs

Production mechanisms

Intrinsic properties

Interactions w/ others
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i.e. the road from “Higgs-like” to “a Higgs” to ... ?
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[Krämer (’02)]

t
t

t
H

q

q
V

H
V

W

q H

q
_

, Z

q

t

_
t

q
_

H

Gluon fusion
87%

Vector Boson 
Fusion (VBF)

7%

Associated VH
6%

ttH
0.6%

Decay
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We have access to a 

plethora of production 
x decay modes that 
have allowed a very 

quick and rich 
exploration of [yes!] 

the Higgs Sector

Lucky !
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Channels studied
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Note:  “Tags” refer to what else, other than the Higgs, is identified explicitly in the event

Text
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+VBF-tag

In more detail

Main channels
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Example CMS [similar for ATLAS]
+VBF-tag



+VBF-tag

In more detail

Main channels
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Example CMS [similar for ATLAS]
+VBF-tag

Many teams, lots of people...



Key: understand SM well
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Amazing results
See earlier presentation by J. G. da Costa
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Key: understand SM well
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Amazing results

Many teams, lots of people...

See earlier presentation by J. G. da Costa

H
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It is also all Higgs background...



H => Z*Z => 4l
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μ
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H => Z*Z => 4l
Main signature

H=>Z*Z=>4l (e,mu)
Allow Z* for more acceptance

Advantages
Fully reconstructed final state

Great m4l  resolution (1-2 %)

Higgs spin/parity measurements

Great S/B
In situ candle: Z=>4l

Challenge
Small S
Keep high lepton efficiency

Key in analysis
Inclusive & dijet tag split

Backgrounds
ZZ (dominant)
fake leptons

16
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ATLAS 6.6 σ        /          CMS 6.7 σ



H =>
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γγ

γ

γ



H =>
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γγ

Main signature
Two isolated photons
Hard pT spectrum

Advantages
Fully reconstructed final state

Great mγγ resolution (1-2%)

Large S (~500 evts vs ~20 ZZ)            

Challenge
Small S/B
Collision vertex assignment
Modeling background
Photon calibration

Key in analysis
Split in tag categories 
Split in resolution and S/B categories



H =>
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γγ

Main signature
Two isolated photons
Hard pT spectrum

Advantages
Fully reconstructed final state

Great mγγ resolution (1-2%)

Large S (~500 evts vs ~20 ZZ)            

Challenge
Small S/B
Collision vertex assignment
Modeling background
Photon calibration

Key in analysis
Split in tag categories 
Split in resolution and S/B categories

ATLAS 7.4 σ        /          CMS 3.9 σ



H => WW => lnu,lnu
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H => WW => lnu,lnu

20

Main signature
Two high pT isolated leptons
Missing transverse energy: MET

Advantages
OK S
OK S/B
Kinematical handles (Mll, MT)

Challenge
No sharp mass peak (MET)
Some 20% resolution on MT

Key in analysis
Split in jet categories 
Split in lepton flavors

Backgrounds
WW, tt, W+jets, DY+jets, dibosons

MTMll



H => WW => lnu,lnu
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Main signature
Two high pT isolated leptons
Missing transverse energy: MET

Advantages
Large SxBR
OK S/B
Kinematical handles (Mll, MT)

Challenge
No sharp mass peak (MET)
Some 20% resolution on MT

Key in analysis
Split in jet categories 
Split in lepton flavors

Backgrounds
WW, tt, W+jets, DY+jets, dibosons

ATLAS 3.8 σ        /          CMS 3.9 σ



H => ττ
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VBF candidate with H=>τ(e)τ(μ) 

μ

e

j

j



H => ττ
Main signature

H=>ττ (with τh and leptonic decays)

Advantages
Test down-type f couplings w/ H=>bb

Only direct H=>leptons probe

Challenge
Very small S

Control τh ID

Reconstruct ττ mass

Key in analysis

Can calibrate with Z=>ττ

Split by Nj, pT(j) and VBF

Backgrounds

Z=>ττ, QCD

23

mττmττ



H => ττ
Main signature

H=>ττ (with τh and leptonic decays)

Advantages
Test down-type f couplings w/ H=>bb

Only direct H=>leptons probe

Challenge
Very small S

Control τh ID

Reconstruct ττ mass

Key in analysis

Can calibrate with Z=>ττ

Split by Nj, pT(j) and VBF

Backgrounds

Z=>ττ, QCD

23

mττ

ATLAS 1.1 σ        /          CMS 2.8 σ

mττ



H => bb
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μμ

b

b



H => bb
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Main signature
ZH/WH with Z(ll,νν)/W(lν)

ttH(bb) and VBF H(hh) also!

Advantages
Largest Higgs BR
Direct coupling to down quark sector
Measure VZ(bb) !

Challenge
Poor S/B

Key in analysis
Sensitivity through boosted H/V
B-tagging
Improve bb mass resolution (~10%)
Multi-variate analysis

Backgrounds
top, V+jets, V+HF, dibosons, QCD

Mbb

MVA

Mbb

Mbb



H => bb
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Main signature
ZH/WH with Z(ll,νν)/W(lν)

ttH(bb) and VBF H(hh) also!

Advantages
Largest Higgs BR
Direct coupling to down quark sector

Challenge
Poor S/B

Key in analysis
Sensitivity through boosted H/V
B-tagging
Improve bb mass resolution (~10%)
Multi-variate analysis
Measure VZ(bb) !

Backgrounds
top, V+jets, V+HF, dibosons, QCD

ATLAS -0.4 σ        /          CMS 2.1 σ



Significance summary 
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- Higgs decays to bosons are the smoking gun

- The fermionic decays start to show up

!!"

#!"

Rencontres de Blois, May 2013 a.david@cern.ch 
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Combined p-values <10-20 are telling us to make 

Significance 
 

Obs. 
(pre-fit exp.) 

H!ZZ H!γγ H!WW H!bb̅ H!ττ 

ATLAS 
6.6σ 
(4.4σ) 

7.4σ 
(4.1σ) 

2.5σ 
(1.6σ) 

-0.4σ 
(1.0σ) 

1.1σ 
(1.7σ) 

124.3 GeV 126.8 GeV 125 GeV 

CMS 
6.7σ 
(7.1σ) 

3.9σ 
(4.2σ) 

3.9σ 
(5.6σ) 

2.1σ 
(2.1σ) 

2.8σ 
(2.7σ) 

125.7 GeV 

bosonic decays fermionic decays

a.david@cern.ch

Where we stand today 

Rencontres de Blois, May 2013 a.david@cern.ch 
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!  Combined p-values <10-20 are telling us to make 
measurements… 

Significance 
 

Obs. 
(pre-fit exp.) 

H!ZZ H!γγ H!WW H!bb̅ H!ττ 

ATLAS 
6.6σ 
(4.4σ) 

7.4σ 
(4.1σ) 

3.8σ 
(3.7σ) 

-0.4σ 
(1.0σ) 

1.1σ 
(1.7σ) 

124.3 GeV 126.8 GeV 125 GeV 

CMS 
6.7σ 
(7.1σ) 

3.9σ 
(4.2σ) 

3.9σ 
(5.6σ) 

2.0σ 
(2.1σ) 

2.8σ 
(2.7σ) 

125.7 GeV 

mailto:a.david@cern.ch
mailto:a.david@cern.ch


Signal strength (μ) summary

28

μ = 1.30 ±0.20 μ = 0.8 ±0.14

Consistency across decay modes, within uncertainties

Note:  μ is the measured process rate relative to SM prediction
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Mass measurements
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Precision measurements from H=>γγ and H=>ZZ=>4l

CMS:	  	  	  	  125.7	  ±	  0.4	  GeV
ATLAS:	  125.5	  ±	  0.6	  GeV

Precision to 0.3-0.5 %
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Más mass
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From the CMS fermionic channels 
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VHbb mBDT combination

CMS Preliminary
-1 = 7 TeV, L = 5.0 fbs

-1 = 8 TeV, L = 19.0 fbs

Most	  likely	  mX	  ~	  125	  GeV

VH(bb)

mX	  =	  120	  +9-‐7	  	  GeV

H=>ττ



Test of SM couplings
Production x decay:

Can be described by 8 
independent parameters

31

! (xx! H ) "BR(H ! yy)  #   
$ xx "$ yy

$TOT

Define scale factors κ as the ratio with respect to SM couplings: 

=(κZ)2e.g.
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! (xx! H ) "BR(H ! yy)  #   
$TOTmodes contributing to coupling tests



Framework

LHC HXSWG interim recommendations to explore the coupling 
structure of a Higgs-like particle: arXiv:1209.0040

32



S & B yields/shapes,
uncertainties, correlations,
assumptions, constraints

The “combine” machine

33

Run it all through the machine

The size of the current 
dataset is insufficient to 

quantify meaningfully all 8 
phenomenological 
parameters. A set of 

combinations with more 
limited # of d.o.f is 

presented. Other d.o.f are 
either constrained or 

profiled in the likelihood 
scans

Look at different
parameter subsets



Boson and fermion couplings
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κV vs. κf

P(SM) ~ 8% for ATLAS P(SM) < 1σ for CMS



Look for new physics in loops
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κg vs. κγ

So far ~consistency with κg = κγ = 1 



BR to undetected particles

36

BS(BSM) < 0.60 (95% CL) BR(BSM) < 0.52 (95% CL)

H => [   ]



Tests on the fermion sector
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CMS
λdu = (κd/κu)  => [0.74, 1.95] (95% CL)   
λlq = (κl/κq) => [0.57, 2.05] (95% CL)

up-type / down-type quark / lepton



Summary of coupling tests
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CMS-PAS-HIG-13-005 ATLAS-CONF-2013-034

It couples to bosons, couples to fermions, couples the same to W &Z,
to up & down families, to leptons and quarks, no [much] new physics 

in loops, and no large invisible decays 
all as expected - within the measured uncertainties -



Couplings vs mass ?
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λf = κf (mf/vev)

(gV/2vev)1/2 = κV1/2 (mV/vev)

Scale SM couplings by measured K
plot reformulated couplings vs mass
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=>	  C5	  model	  



Couplings vs mass ?

39

λf = κf (mf/vev)

(gV/2vev)1/2 = κV1/2 (mV/vev)

Scale SM couplings by measured K
plot reformulated couplings vs mass

Quite a Higgs-like statement...
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Spin & parity
SM prediction is JP = 0+

Can be tested in different ways with ZZ, γγ, WW 

Reconstruct angles and inv. masses where possible

40

for example, J=0 vs J=2 in γγ

spin = 0 is favored



Spin & parity
SM prediction is JP = 0+

Can be tested in different ways with ZZ, γγ, WW 

Reconstruct angles and inv. masses where possible

40

for example, J=0 vs J=2 in γγ

spin = 0 is favored

example 0+ vs 0- in ZZ

P(0+)
P(0-)
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Spin from H→WW 

!"#$%#&$!"' !"#()*+,-'.,/012'(34(5'5.'67889'46:;&$!"'

Spin 0 favoured.  

•  Combine several variables in a multivariate discriminant 
 (boosted decision tree) 
•  Variables  used: mll, PT

ll, !"ll, mT 

0+ 2+ 

Spin from H→ZZ 

!"#$%#&$!"' !"#()*+,-'.,/012'(34(5'5.'67889'46:;&$!"'

Sensitive to parity and spin. Spin 0+ favoured. 

Combine several variables using a boosted 
decision tree 
Variables used: !, "1, "2, m12, m34, "*, !1 

Spin & parity

spin = 0 is favored

and parity

JP = 0+ is favored

0+ vs 2+ 0+ vs. 0- / 1+



Spin & parity summary
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It also prefers to be JP = 0+



“A Higgs”
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“A Higgs”
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HIGGS

H

?



What’s next
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very briefly...



LHC schedule :)

physics

beam commissioning

45



Meanwhile

Measure/search everything possible:
More Higgses, companions to this one

Other production modes & decays

Connections to New Physics

Prepare for 2015 run @ ~13 TeV

46
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We reached a deeper 
understanding of Nature

Conclusions

can’t remember where this came from, sorry 

C. Mariotti - CERN seminar

A new research area 
opened up...
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(self-inflicted) Mission: impossible 

Rencontres de Blois, May 2013 a.david@cern.ch 

!  Present a coherent view of present-day results of 
Higgs properties from the LHC and Tevatron 
experiments. 
! Any omission or mistake are the speaker’s fault. 
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SM Higgs
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1. The Higgs in the SM: EWSB

To generate particle masses in an SU(2)×U(1) gauge invariant way:
introduce a doublet of scalar fieldsΦ=(Φ

+

Φ0 ) with 〈0|Φ0|0〉 $= 0

LS =DµΦ†DµΦ−µ2Φ†Φ−λ(Φ†Φ)2

v = (−µ2/λ)1/2 = 246 GeV

⇒ three d.o.f. forMW± andMZ

For fermion masses, use sameΦ:
LYuk=−fe(ē, ν̄)LΦeR + ...

The residual degree corresponds to the spin–zero Higgs particle, H.
• The Higgs boson: JPC = 0++ quantum numbers.
• Masses and self–couplings fromV : M2

H =2λv2,gH3 = 3
M2

H

v
, ...

• Higgs couplings∝ particle masses: gHff = mf

v
,gHVV = 2

M2
V

v

Since v is known, the only free parameter in the SM isMH (or λ).

Padova 4/05/2011 The Higgs: status and perspectives – A. Djouadi – p.2/27

τH ≈ 10-22 s

 Width
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The 6 billion dollar plot 

Self-consistency of the theory told us 
the Higgs couldn’t be too heavy 

Experimental 
measurements 
from Fermilab 

Theory predictions 

Inferred values of 
MW and Mt from 
other 
experiments 

Mtop (GeV) 

M
W

(G
eV

) 

S. Dawson 4 

After Discovery 
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Hadron colliders exploration

An important point to keep in mind

Collisions at Ecm of the machine are very rare

Need vast amounts of data to exploit the tail 
of the high-energy parton collisions. 
That takes years

One cannot claim that there is nothing to be 
discovered until the edge of the E reach has 
been fully explored

At 8 TeV (with 20 fb-1) we have barely covered up to 2-3 TeV 

So “just” integrating luminosity, is like having 
higher and higher E colliders in a pipeline --that 
kick in as time goes on... [already built !]
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See presentation by P. Tang
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Pablo	  García-‐Abia,	  

ttH Results: bb and gg!

ttH, H ! bb 

ttH, H ! gg!

Using 10/fb, bb achieves an 
expected limit of 5.2 x SM 

Update on full dataset coming 

With full 8 TeV data, ttH(gg) 
has similar sensitivity to bb (~5 

x SM) 
Combining additional channels 

and full dataset, should reach < 2 
x SM for the combined ttH limit 
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ZH!!!+invisible 

Rencontres de Blois, May 2013 a.david@cern.ch 

40 

!  MET > 90 GeV. 
!  2D sideband on: 

!  |MET-pT
!!|/pT

!! 

! Δ (MET, p T
miss. ) 

!  Not yet sensitive to 
standard candle: 
ZH!ZZZ!2!4ν 

!  At mH=125 GeV, 
BRinv. < 0.65 (0.84) 
(95%CL), obs.(exp.). 

[ATLAS-CONF-2013-011] 
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Search for H→Zγ 

!"#$%#&$!"' !"#()*+,-'.,/012'(34(5'5.'67889'46:;&$!"'

• Reconstruct Z!ll and photon 
• Take mass difference between H and Z 

Observed limit at MH=125 GeV is 18.2 " SM cross section 
(95% CL) 

Search for H→μμ 

!"#$%#&$!"' !"#()*+,-'.,/012'(34(5'5.'67889'46:;&$!"'

Observed limit at MH=125 GeV is 9.8 ! SM cross section 
(95% CL) 

• Look for a peak in µµ mass spectrum 
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ATLAS
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H. Pernegger,  LHCP 2013!ATLAS detector upgrade! ! ! ! ! ! ! page 2!

2
5

 m
!

Detector Overview 

!!
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+

+

vs.

µ(VBF+VH) / µ(ggF+ttH) = 1.2 (+0.7,-0.5)
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Potential performance 
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3

•  Higgs decay modes and searches in 1975: 

From J. Ellis @ 2011
Higgs Hunting Workshop

3 GeV1 MeV
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H => Z*Z => 4l  - the movie



H => Z*Z => 4l  - the movie



H => Z*Z => 4l  - the movie



H => Z*Z => 4l  - the movie


