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Outline

• Starting with the Higgs lamp post
- What does it tell us experimentally
- How it influences our physics program going forward

• WV (where V= W or Z) production
- Production mechanism  
- Connection to Higgs & new physics searches

• Measurements in the post-Higgs-discovery world 
- Anomalous gauge boson couplings
- Higher mass Higgs states
- VV scattering

• Summary

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
References (I will point to CMS public doc #)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Discovery of a Standard Model like Higgs Boson

H�ZZ�e+e-µ+µ- candidate 

2013 Nobel Prize in Physics awarded jointly to François 
Englert and Peter Higgs, “for the theoretical discovery of 
a mechanism that contributes to our understanding of the 
origin of mass of subatomic particles, and which recently 
was confirmed through the discovery of the predicted 
fundamental particle, by the ATLAS and CMS 
experiments at CERN’s Large Hadron Collider”.
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What the Higgs observation tells us immediately

Given H mass, the SM predicts cross section & BR precisely.

H (125) branching fraction

And its quantum numbers: JP = 0+

Mass: mH = 125.7 ± 0.4  GeV
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p-value= 
0.65  w.r.t. 
µ=1 

p-value= 
0.52  w.r.t. 
µ=1 

Combined signal strength: µ=0.80±0.14

Consistent with SM Higgs in all production & decay modes

At LHC can only measure production rate x BR 
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Spin-parity quantum numbers

Observation of Higgs signal in various decay 
modes already tells us something about its spin ! 

*Landau-Yang theorem → still worth testing in decays as there are caveats

          
          

          
          ~Yes ~Yes

*
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More JP hypotheses have been 
tested in a similar way 

Evidence for scalar nature 
0+ but CP admixture not 
completely excluded

Have also measured spin-parity explicitly

CMS HIG-13-002
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Any CP violation in Higgs sector?

  Fraction of CP-odd contribution

3000 fb−1

300 fb−1

                               
all systematic 
uncertainties left 
unchanged

68% CL

95% CL
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CMS Preliminary -1 = 8 TeV, L = 19.6 fbs; -1 = 7 TeV, L = 5.1 fbs 

95% CL

68% CL

  Fraction of CP-odd contribution

Significant CP odd contribution allowed by current data

CP violation probe down to 
1−10% possible by 2017−20
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One more thing ....

Natural Weak Scale 
SUSY e.g. MSSM,was 
wounded by LHC with 
new, severe direct limits. 
Models with a few % 
fine-tuning still allowed.
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"The Higgs boson changes everything. We're obligated to understand 
it using all tools." - Chip Brock (MSU, co-chair Energy Frontier) in 
the wrap-up talk at Snowmass 2013

Goal 1: Under the Higgs lamp post
•Couplings to fermions & bosons

-Invisible width ⇒ couples to dark matter

•Higgs self coupling 
•Anomalous gauge & Higgs couplings 
•WW scattering ...

Now firmly in the post-Higgs era ...

IMO there are two obvious goals for HEP going forward 
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Goal 2: Search for dark matter particle or NP with natural 
DM candidates at cosmic, energy, and intensity frontiers

Now firmly in the post-Higgs era ...

"We have now completed the Standard Model. It is high time for us to 
go on to the dark universe." - Rolf Heuer (CERN DG, at ECFA 2013)

3

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

involves only Standard Model fields and O⇥ involves only dark matter, so that the matrix element ⇧N |OSM|N⌃ can
be extracted [18]. An operator like Ot, which is not in this form, can be converted into it by a Fierz transformation.
This leads to a sum of several operators that can all contribute to the interaction. Typically, for direct detection, one
of these operators will dominate, but at colliders there can be considerable interference. For instance, we can rewrite
equation (3) as

1

�2
(⌅̄PRq)(q̄PL⌅) + (L ⇤ R) =

1

4�2
[(⌅̄�µ⌅)(q̄�µq)� (⌅̄�µ�5⌅)(q̄�µ�5q)] =

1

4�2
(OV �OA) . (5)

If ⌅ is a Dirac fermion both the OV and the OA components contribute to ⌅ production at colliders, but in direct
detection experiments, the spin-independent interaction induced by OV dominates over the spin-dependent interaction
due to OA. For Majorana dark matter, of course, OV would vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the following subsection
we will compare the reach of several mono-jet searches, a low luminosity (36 pb�1) CMS search and three ATLAS
searches with varying jet pT cuts using 1 fb�1 of data.2 For simplicity we will make this comparison only for the
vector operator OV , with dark matter coupling only to up quarks. We will find that the highest jet pT cuts are most
e⇥ective in setting bounds on this dark matter interaction. In the next subsection we will proceed to use the analysis
based on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels for dark matter searches
at hadron colliders [3, 4]. The signal would manifest itself as an excess of jets plus missing energy (j + /ET ) events
over the Standard Model background, which consists mainly of (Z ⇥ ⇤⇤)+ j and (W ⇥ ⇣inv⇤)+ j final states. In the
latter case the charged lepton ⇣ is lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final
states have been performed by CDF [25], CMS [26] and ATLAS [27, 28], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [28] which looked for mono-jets in 1 fb�1 of
data, although we will also compare to the earlier CMS analysis [26], which used 36 pb�1 of integrated luminosity.
The ATLAS search contains three separate analyses based on successively harder pT cuts, the major selection criteria
from each analysis that we apply in our analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⇥(j1)| < 2, and events are vetoed if they
contain a second jet with pT (j2) > 30 GeV and |⇥(j2)| < 4.5.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [24].
3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and since they would not
have a large impact on our results.

Undetected 
DM particles 



Kalanand Mishra, Fermilab  / 4212

This is where most 
of the action is !

I will describe measurements towards goal #1

•Does the newly observed 
Higgs boson unitarize WW 
scattering?

•Is the electroweak force 
merely the remnant of a 
stronger, shorter-ranged 
force?

-e.g., probe couplings, 
dipole & quadrupole 
moments of W

Diboson production touches 
on all of these issues.

Make measurements to 
tackle the sort of questions
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Gauge boson couplings

At LHC, can test these with unprecedented precision. 
Observations of anomalous couplings would be an 
indication of new physics. 

A non-Abelian gauge theory will exhibit gauge boson self-
interactions. For example

γ, Z

In the case of electroweak theory the self interaction could be 

• trilinear (WWγ, WWZ) or 
• quartic (WWγγ, WWZγ, WWZZ, WWWW)
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Production of W boson with another heavy boson

•Rate is a mix of TGC process and ISR/FSR 

   
t-channel 

  W

  W  

 

 q’−

q   

s-channel 
            

                        W+

W−

            
            

  

  

W

W

 

 

q

q−

     γ*/Z
TGC

Similar diagrams for WZ

i.e., WV, where W decays to lν and V = W or Z
I will mostly focus on the case where V→qqbar
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✦Interaction between W and e.m. field 
completely determined by three numbers:

-W’s electric charge
•Effect on the E-field goes like 1/r2  

-W’s magnetic dipole moment
•Effect on the H-field goes like 1/r3 

-W’s electric quadrupole moment
•Effect on the E-field goes like 1/r4 

✦Measuring Triple Gauge Couplings (WWγ) 
≡  measuring the 2nd and 3rd numbers

-Because of ∝ 1/rn, largest at small distances
-Small distance = high energy (ŝ)

Understanding W interaction in semi-classical theory

γ

W

W

Sensitivity to new physics is at short distances/ high ŝ



Kalanand Mishra, Fermilab  / 4216

In quantum mechanics ...

nine$other$terms$that$do$evil$things$$
(violate$CP$and/or$EM$gauge$invariance)$+$

( ) ( ) ( )νρµ
νρµ

γµν
νµγ

µν
νµ

νµ
µν

λ
κ FWW

M
FWWWAWAWWgL

W

†
2

††† )1( +Δ++−=

three$similar$terms$for$the$Z$+$(with)$

Example: 
A Scalar Doublet...

Consider theory valid below UV cutoff Λ:

(Note “scaling dimension” of operators) SM as an Effective Field Theory: Wilsonian approach

Theory of anomalous couplings  Nicolas Greiner, MPI München                      Dresden, 1.10.2013 

Effective Field Theory

This features can be realized by an effective quantum field theory [Weinberg '79]

Construction:

● Add additional operators to the SM Lagrangian. (SM contains operators up to dim 4 
 coupling constants dimensionless)→

● Operators are constructed by defining particle content, e.g:

● Coupling constants inverse powers of mass, mass scale    .

● Operators are suppressed if accessible energy low compared to mass scale.

       Lower dimensional operators more important.
       (relevant: dim 6, for complete list, see [Buchmueller, Wyler '86])

       

E<<Λ"
For the case WWγ and WWZ couplings
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•The	
  conven)on	
  is	
  that	
  every	
  parameter	
  you	
  
see	
  (e.g.	
  Δg1Z,Δκγ,	
  λγ)	
  is	
  zero	
  in	
  the	
  SM.

•Dimension	
  4	
  operators	
  alter	
  Δg1Z,Δκγ	
  and	
  
ΔκZ:	
  effects	
  grow	
  as	
  ŝ½	
  

•Dimension	
  6	
  operators	
  alter	
  λγ	
  and	
  λZ	
  :	
  
effects	
  grow	
  as	
  ŝ.

Connecting the two together 

 Much more constrained at LHC than at previous colliders

W
W M

e
2

2 γγ λκ
µ

+Δ+
=

2

1

W
W M

eQ γγ λκ −Δ+
−=

Jackson Eq. 5.59, 3rd ed. 

Jackson Eq. 4.9, 3rd ed. 

Think of these parameters as ≣ muon “g-2”
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Let’s look at the data

CMS 

Mont Blanc 

255 CMS papers
Exotica
SUSY
QCD
Top
Higgs
Heavy Ion
B physics

N
um

be
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of
 p

ap
er

s

2010 2013

• LHC: proton-proton and lead-lead 
collider at CERN (near Geneva, 
Switzerland)
-Run I: 2009-13, energy: 7-8 TeV 

• CMS: collaboration of over 3000 
scientists from 42 countries
-Over 30% from US
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Limits on charged trilinear couplings*

E.g., W charge & dipole moment in WZ events

CMS SMP-12-006

W pT Z pT

•Very little background, good for illustration
•Not the most sensitive probe of gauge couplings

This%region,%however,%is%
sensi.ve%to%the%higher%
(magne.c%dipole%and%
electric%quadrupole)%
moments%of%the%W,%and%is%
where%new%physics%can%
show%up.%

This%region%is%dominated%by%the%
dipole%radia3on%from%the%W�s%
mo3on.%%It�s%essen3ally%a%not8very8
good%measurement%of%the%W%charge.%
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W(→lν) + W/Z(→qq) 

µ pT 
60 GeV

MET
87 GeV

Jet1
112 GeV

Jet2
54 GeV

   Signature:
one high pT lepton 
two high pT jets 
large missing ET

   Background:
W+jets (dominant)
        top 
Z+jets, multijet

  SM WW signal
qq→WW + gg→WW
   no resonance 

  H→WW signal
resonant mass peak

CMS SMP-12-015
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Very sensitive to new physics

New physics can enhance WW 
or WZ production rate or produce 
a new particle.  

SUSY: chargino 
pair production
arXiv: 1206.6888

LSP

Technicolor,
Z’, W’, RS graviton A new 

particleBuckley, Hooper, Kopp, 
Martin, Neil;  arXiv: 1107.5799

One of the most interesting 
SUSY searches these days
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Following CDF 2011 result increased mjj window

(GeV)jjm
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100 WW/WZ
data
Uncertainty
CDF-like Signal

TeV= 7s,-1fbdt = 5.0L�CMS,



after 
background 
subtraction

      

No 
excess

CDF 
bump

95% CL 
exclusion

99.9% CL 
exclusion

CMS EWK-11-017

Excluded several classes of BSM models such as low 
scale technicolor, leptophobic Z’, ... etc.
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Probe of anomalous couplings

Anomalous couplings can show up at large W pT. 
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aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

γκΔ
γW -0.410 - 0.460 -14.6 fb
γW -0.380 - 0.290 -15.0 fb

WW -0.210 - 0.220 -14.9 fb
WV -0.110 - 0.140 -15.0 fb
D0 Combination -0.158 - 0.255 -18.6 fb
LEP Combination -0.099 - 0.066 -10.7 fb

γλ
γW -0.065 - 0.061 -14.6 fb
γW -0.050 - 0.037 -15.0 fb

WW -0.048 - 0.048 -14.9 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit
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Putting it all together: WWγ couplings

Dipole moment of 
W constrained at 
O(10−2), quadrupole   
moment at O(10−4). 

Compare this to  
muon “g−2” which 
differs by 0.1% from 
the SM value (=3.4 
sigma effect) !!!

Only includes 7 TeV published results. (8 TeV results are in preparation)
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC


aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

ZκΔ
WW -0.043 - 0.043 -14.6 fb
WV -0.043 - 0.033 -15.0 fb
LEP Combination -0.074 - 0.051 -10.7 fb

Zλ
WW -0.062 - 0.059 -14.6 fb
WW -0.048 - 0.048 -14.9 fb
WZ -0.046 - 0.047 -14.6 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

1
ZgΔ WW -0.039 - 0.052 -14.6 fb

WW -0.095 - 0.095 -14.9 fb
WZ -0.057 - 0.093 -14.6 fb
D0 Combination -0.034 - 0.084 -18.6 fb
LEP Combination -0.054 - 0.021 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit
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Constraints on WWZ couplings

Only includes 7 TeV published results. 

�Z = �gZ1 ��� · tan2 ✓W

�Z = �� = �

Obtained assuming 
equal coupling 
parametrization 

The CMS limits 
shown here and on 
the previous slide 
are the most 
stringent in the 
world, to date.
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Quartic gauge couplings involving W boson

•In the SM, the allowed couplings are:  
WWγγ, WWZγ, WWWW, WWZZ

•Observable in two topologies at the LHC
-Triple gauge boson production (e.g., Wγγ, 
WWγ, WWW, WWZ: very rare processes)
-Scattering process (γγ → WW, WW → WW)

This is a high priority – we need to understand QGCs to tell 
if the Higgs unitarizes the process WW→WW

W+ 

W- 

W+ 

W- 

•Anomalous couplings
-­‐Should	
  use	
  the	
  linear	
  realiza)on	
  with	
  light	
  Higgs
-­‐aQGCs	
  for	
  SM	
  allowed	
  processes	
  introduced	
  at	
  dimension	
  6
-­‐However	
  they	
  are	
  the	
  same	
  operators	
  as	
  aTGC	
  (very	
  constrained	
  now)

•Lowest	
  independent	
  aQGC	
  interac)ons	
  are	
  dimension	
  8
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Linear realization of EWK symmetry breaking

All dimension-8 operators 
(includes light Higgs)

hep-ph/0606118
Eboli et. al.

LM have D6 
equivalents 
(a0, ac),  
LT are 
novel to D8
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•In the two realizations
-Linear: all lowest order independent aQGCs are dimension 8
-Nonlinear: a number of dimensions, QGCs involving γ are dim 6

•Consider WWγγ, the largest contributing nonlinear terms are
-Non-linear: limits set on a/Λ2

-Equivalent linear terms LM0, ..., LM7, limits set on q/Λ

Straightforward conversions

•Adopt linear approach for setting aQGC limits
•However, in order to easily compare with the existing results 

-use D6 equivalent for operators that exist in both approaches 

Burden 
of legacy

Non-linear realization (old idea, w/o a light Higgs)

hep-ph/9304240, 
two-parameter chiral 
Lagrangian for QGC
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Quartic couplings in γγ→WW process
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via QED 
radiation 
from WW via TGC + 

QED radiation

via QGC 

1.) Yang et al, arXiv:
1211.1641
2.) LEP combination, 
hep-ex/0612034

•SM production highly suppressed
-By a factor of 103 compared to WW 

•aQGC at WWγγ and WWγZ vertices 
can enhance production for high photon 
pT events by several factors 

3.) Bozzi et al, arXiv:
0911.0438

References:

Leading order diagrams

Probing quartic couplings via WVγ production

(anomalous)
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Cross section for WVγ 
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 bkgγ →jets 
+JetsγZ

top
+jetsγW

 γWV

Muon Data
MC Uncertainty
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0SM + a

Muon Data
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Not sensitive yet to SM rate. 

CMS SMP-13-007

σ(WVγ)   <   241 fb  
                   i.e,   3.4x σSM

(for photon ET threshold 5 GeV)

Set limits on anomalous 
quartic couplings.
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Observed Limits Expected Limits
-21 (TeV − 2) < aW0 / Λ 2 < 20 (TeV − 2) -24 (TeV − 2) < aW0 / Λ 2 < 23 (TeV − 2)
-34 (TeV − 2) < aWC / Λ 2 < 32 (TeV − 2) -37 (TeV − 2) < aWC / Λ 2 < 34 (TeV − 2)
-25 (TeV − 4) < fT ,0/ Λ 4 < 24 (TeV − 4) -27 (TeV − 4) < fT ,0/ Λ 4 < 27 (TeV − 4)
-12 (TeV − 2) < κW0 / Λ 2 < 10 (TeV − 2) -12 (TeV − 2) < κW0 / Λ 2 < 12 (TeV − 2)
-18 (TeV − 2) < κW / Λ 2 < 17 (TeV − 2) -19 (TeV − 2) < κW / Λ 2 < 18 (TeV − 2)

Observed Limits Expected Limits
-77 (TeV − 4) < fM ,0/ Λ 4 < 81 (TeV − 4) -89 (TeV − 4) < fM ,0/ Λ 4 < 93 (TeV − 4)

-131 (TeV − 4) < fM ,1/ Λ 4 < 123 (TeV − 4) -143 (TeV − 4) < fM ,1/ Λ 4 < 131 (TeV − 4)
-39 (TeV − 4) < fM ,2/ Λ 4 < 40 (TeV − 4) -44 (TeV − 4) < fM ,2/ Λ 4 < 46 (TeV − 4)
-66 (TeV − 4) < fM ,3/ Λ 4 < 62 (TeV − 4) -71 (TeV − 4) < fM ,3/ Λ 4 < 66 (TeV − 4)

Limits on WWγγ and WWZγ couplings 

Order of magnitude improvement over LEP, but less stringent than 
γγ→WW. In the dipole units, these limits are probing QGC O(100 %) !!

The first ever limit on WWZγ couplings κ0W and κcW. The first limit on dim 
8 parameters fM.

SMP-13-007
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110210310410510 1 10 210 310 410 510

July 2013

s Quartic Coupling limits @95% C.L.            Channel             Limits               L                   γγAnomalous WW

LEP L3 limits
D0 limits

 limitsγCMS WW
 WW limits → γγCMS 

-2 TeV2Λ/W
0a

-2 TeV2Λ/W
Ca

-4 TeV4Λ /T,0f

γWW     0.20 TeV-1[- 15000, 15000]   0.43fb

 WW→ γγ     1.96 TeV-1    [- 430, 430]       9.70fb

γWW     8.0   TeV-1      [- 21, 20]       19.30fb

 WW→ γγ     7.0   TeV-1[- 4, 4]           5.05fb

γWW     0.20 TeV-1[- 48000, 26000]   0.43fb

 WW→ γγ     1.96 TeV-1  [- 1500, 1500]     9.70fb

γWW     8.0   TeV-1      [- 34, 32]       19.30fb

 WW→γγ     7.0   TeV-1      [- 15, 15]         5.05fb

γWW     8.0   TeV-1      [- 25, 24]       19.30fb

Many studies of QGC done: now some complete analysis!
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✦ H→WW→ℓνjj has the 
largest BR × σ over most of 
the mass range

Using W mass 
constraint, the decay is 
sufficiently reconstructed 
to produce a mass peak

✦ Principal drawback is the 
large W+jets background
• Employ data-driven 

techniques to 
understand and control 
this process.

Can also search for any high mass Higgs state
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Phenomena of merged jet from boosted W
•  A partially merged boosted top results in 

a W jet and a b jet 

•  W jets can be identified using jet and 
subjet properties: 

-  Jet mass = W mass 

-  Two subjets 

-  Subjet mass << jet mass 

-  Both subjets should have similar 
momentum 

 

Example: boosted tt events−

Pure sample of hadronic W decaying to 
a single jet (Cambridge-Aachen, R=0.8) 
in tt (→ ℓ+MET + fat-jet + 2b-jets) events−
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Now probe WW mass spectrum

MH = 800 
GeV signal
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CMS HIG-13-008



 (GeV)HM
150 200 250 300 350 400 450 500 550 600

SM
σ

 / 
ex

cl
ud

ed
σ

0

0.5

1

1.5

2

2.5
95% C.L. Observed Limit
95% C.L. Expected Limit

 Expected Limitσ1±
 Expected Limitσ2±

 = 7TeV/8TeVs)e(-1)/16.9 fbµ(-1 dt = 17.0 fbL ∫CMS preliminary

)2Higgs boson mass (GeV/c
600 650 700 750 800 850 900 950 1000

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

0

1

2

3

4

5

6

7

8

9

10

95% C.L.Observed Limit

95% C.L.Expected Limit

 Expected Limitσ1 ±

 Expected Limitσ2 ±

SM Expected

µ = 8 TeV, e+s at -1CMS Preliminary, 19.3 fb

Kalanand Mishra, Fermilab  / 42

Limits on higher mass Higgs states

WW with 
hadronic W→jj

38

WW with hadronic 
W→merged jet

Reconstruct hadronic W from two 
resolved jets for mH < 600 GeV, 
as a merged jet for mH > 600 GeV

Find no new states up to 600 GeV. 
Interesting territory above 600 GeV.

CMS HIG-12-046
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CMS HIG-12-045

WW & ZZ modes 
combined 
(before including 
the boosted 
channel result)

Combining with other channels

•No heavy Higgs (or 
VV resonance) up to 
800 GeV
•The idea of an SM-
like Higgs gets fuzzy at 
high mass b/c the 
width ~ mH

-So, also present the 
result in terms of  a 
narrow particle with 
modified couplings   
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CMS HIG-13-008

The heavy Higgs cross 
cross-section and width 
are modified as

In the BSM interpretation, 
search for an electroweak 
singlet scalar, where a 
heavy Higgs boson mixes 
with H(126)

BSM interpretation
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Some projections for VV scattering CMS FTR-13-006

Projections done for WZ (all 
leptonic) scattering at 14 TeV
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Summary 

It has been just a year since a new boson was discovered. Thanks 
to the outstanding performance of the LHC, we now know a 
great deal more about the nature of this Higgs boson.

WV events continue to play important roles in the study of 
electroweak symmetry breaking
• Probe high mass Higgs states,VV resonances 
• Sensitive to New Physics @TeV scale
Constrain gauge and Higgs boson couplings
• Trilinear gauge couplings @ few % level
• The first γγ→WW and VVV results on quartic couplings
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Where to find Higgs: LHC at CERN 

6 miles

Geneva airport

Switzerland

France
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Where to find Higgs: LHC at CERN 

6 miles

Geneva airport

Switzerland

France

CERN
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Instrument to detect Higgs decay chain

Analyses presented today rely most critically on

CMS detector
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For a mass of mH = 125.7 ± 0.4  GeV

3.4 σ   combined! 

bb: includes VH and VBF, WW: includes ggF, VH, VBF

bosons

fermions

Higgs boson observation in a nutshell
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Side note: why spin-2 can decay to bb but not ττ
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Enough events to measure spin-parity 

In H→ZZ* full final state 
reconstruction sensitive to JP  

•2 masses (MZ1, MZ2), 5 angles
•Form a matrix-element based 
discriminant
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-1 = 8 TeV: L = 19.6 fbs     
-1 = 7 TeV: L =   5.1 fbs     

In the mass window 
110−160 GeV, expect

21 Higgs signal
47 background
Observed = 71

CMS HIG-13-002
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Interesting Q: how much CP odd allowed by data?

Measure fraction of CP-violating contribution
Most general spin-0 H → VV amplitude

a3f
0 0.2 0.4 0.6 0.8 1

 ln
L

Δ2

0

2

4

6

8

10

CMS Data
Expected

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs; -1 = 7 TeV, L = 5.1 fbs 

95% CL

68% CL

  Fraction of CP-odd contribution

At LO, SM a1 = 1, a2 = a3 = 0 

A3 : CP odd amplitude

Fit for fa3 = |A3|2 / |A1|2 + |A3|2

- check presence of CP violation (assume 
a2=0, interference term negligible)

= A1 + A2 + A3

fa3 = 0.00 +0.23

fa3 <0.58 @95%CL
−0.00
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Large NLO & radiative corrections (≳50% of LO)

Box diagrams
Plus VBF, 
MPI, ...  
diagrams

H(125) can 
contribute up 
to 5% for WW*
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Born

QCD	
  Real	
  emission

One-­‐loop	
  QCD

Some representative diagrams @NLO
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Cross section for WVγ 
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3.4x σSM

Not sensitive yet to 
SM rate. Set limits 
on anomalous 
quartic couplings.

CMS SMP-13-007
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Triggers 

✦All analyses shown here use single or di-lepton triggers

✦ Typical single lepton triggers require
•one isolated lepton 
•threshold: 24 GeV for muon, 27 GeV for electron
•MET > 20 GeV in case of electron

✦Typical dilepton triggers require
•two leptons, at least one isolated
•each with threshold that varies between 5−20 GeV

✦Offline analysis-level thresholds are higher than that in 
trigger. Simulation is corrected for trigger & selection 
efficiency.
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Dealing with pileup: subtract its contribution

✦Pileup affects jet energy, MET, and lepton isolation 
• Example: pileup contribution to jet pT per primary vertex.
• Measure in data using several methods. Get consistent results.

Can be 
removed
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Good understanding of detector performance

✦An example: jet energy scale 
•Well calibrated

Within 3% for jets 
with pT> 30 GeV

1% for central 
jets
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Peep inside the merged jet, use grooming

Comparison of grooming algorithms at particle level (GEN), 
reconstructed simulation (RECO) and data

Pruning is the 
most aggressive, 
filtering is the 
least aggressive

bimodal structure 
provides good 
separation for qq 
signal
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CMS analysis

Efficiency x Acceptance for a few typical models

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK11017
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•α  and β  are consistent between muon and electron data
•Data prefer smaller value for ME-PS threshold than 20 GeV

W+jets shape uncertainty

Two relatively unknown parameters in W+jets shape
•Factorization/renormalization scale (µ)  
•Matrix Element − Parton Shower matching threshold (q)

Need to vary them in the fit to get a good modeling of data: 

where 0 < α < 1,  0 < β < 1
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Fit to extract diboson signal

•Diboson contribution floated completely
•QCD constrained using data (i.e., fit to MET distribution)
•Other backgrounds constrained using the most state of the 
art theory predictions (NLO or NNLO)

Channel Observed Expected (NLO)
Muon 1900 ± 400 1700
Electron 800 ± 300 870

Fit results

Theory has 
about 5% 
uncertainty 
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Modeling of dijet mass spectrum
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Good modeling of data. 
Same procedure as in semi-
leptonic WW+WZ analysis.
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excluded excluded

Also excluded several new physics models

Exclude 
several classes 
of BSM models
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γ, Z

Weak interactions at high energy

Without Higgs boson, WW scattering becomes divergent

unitarity violated: 
grows as E2

 Higgs exchange needed to prevent unitarity violation in WW 
scattering at high energies or New Phenomena possible. With 
20/fb, lνjj sensitive to weakly produced NP at 1 TeV.

With Higgs boson

Ballestrero et al, JHEP 1205, 083 (2012) [arXiv:1203.2771]
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γ, Z

no problem now!

Weak interactions at high energy

Without Higgs boson, WW scattering becomes divergent

unitarity violated: 
grows as E2

 Higgs exchange needed to prevent unitarity violation in WW 
scattering at high energies or New Phenomena possible. With 
20/fb, lνjj sensitive to weakly produced NP at 1 TeV.

With Higgs boson

Ballestrero et al, JHEP 1205, 083 (2012) [arXiv:1203.2771]
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Signal over noise …. 

W
W

l

ν

j

j

W+2jets+2tag jets: ~10 pb

tt+2 tag jets: ~10 pb−

Signal: probes the quartic coupling background

WW+2tag jets: ~1 pb
•Δη between tag jets > 4
•Invariant mass > 600 GeV
•Standard WW selection

Already have a few hundred 
interesting events to analyze. 
Aim for a result by Moriond.
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Analysis strategy: improve S/B, systematics !!!

{θ1, θ2, θ*, ϕ, ϕ1, 
(pT)WW, yWW, lepton 

charge}

Likelihood discriminant using uncorrelated variables
•Higgs boson kinematics is fully described 
by → {mWW, mjj, θ1, θ2, θ*, ϕ, ϕ1}

-mWW is the variable we use to           
extract limit, so it is not included

-mjj used to estimate background       
normalization, so it is not included

•the 5 angular variables are included

•Lepton charge is a good variable since 
signal is charge-symmetric, W+jets is not

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12046TWiki
http://cdsweb.cern.ch/record/1494573

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12046TWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12046TWiki
http://cdsweb.cern.ch/record/1494573
http://cdsweb.cern.ch/record/1494573
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Examples of likelihood output

MH = 190 GeV MH = 500 GeV

Optimize 48 likelihoods: 12 mass points (MH:170, 180, 190, 200, 
250,.., 600 GeV) x 2 lepton flavors x 2 Njets (i.e., =2 or 3)



 [GeV]jjm
0 20 40 60 80 100 120 140 160 180 200

a.
u.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
 = 8 TeVsCMS preliminary,  = 8 TeVsCMS preliminary, 

H500
H300
H190

 (GeV)jjm
50 100 150 200

Ev
en

ts
 / 

G
eV

0

50

100

150
WW/WZ
W+jets
top
multijet
Z+jets
data

10×H(500)

WW/WZ
W+jets
top
multijet
Z+jets
data

10×H(500)

 = 8 TeVs, -1 dt = 12.0 fbL∫CMS preliminary, 

Kalanand Mishra, Fermilab  / 4266

Use mjj fit to obtain background normalization 
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Now plot mWW spectrum in signal region
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dominated by 
interference btw 
gg→WW and 
gg→H→WW

Use data sidebands to model W+jets background shape
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Next: reconstruct H→bb peak
arXiv: 0802.2470

  

Butterworth, Davison, 
Rubin, Salam 

This is what we aim to do with 2012 
data. Reconstruct hadronic decays 
of boosted Higgs along with W/Z

Started with hadronic W 
in boosted top events

http://cdsweb.cern.ch/record/1370237

“BDRS”

In the boosted regime the two 
jets from W/Z/Higgs merge.

https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsSMP12019
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