
Workshop On Why M_H = 126 GeV?, IFT Madrid, September 25-27, 2013

Making the most of the Higgs

Joseph Lykken
Fermilab



Joseph Lykken                                                                      Workshop On Why M_H = 126 GeV?, IFT Madrid, September 25-27, 2013

Outline

2

• The challenge of Higgs precision measurements

• Why m_H = 126 GeV? Why not 125.9?

• The Higgs Golden Channel mass extraction

• The importance of using all the information in the final state

• Optimizing parameter extraction in the Golden Channel

Collaborators:                                                                                                          
Yi Chen, Emanuele DiMarco, Maria Spiropulu, Roberto Vega-Morales



The Challenge of Higgs Precision Measurements
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• Most (!) of us are hoping that the 126 GeV Higgs boson is not “just” the 
Higgs boson of the Standard Model

• The most direct way to demonstrate this is an LHC discovery of some 
other new particles

• These particles may be produced directly, in which case their quantum 
numbers and masses may already allow to compute their effects on Higgs 
properties, e.g. light staus or stops affect (at one loop) Higgs couplings to 
diphotons or digluons

• This is probably the best-case scenario in terms of matching relatively 
straightforward capabilities of the LHC to an extended sector of new 
Higgs-related physics
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The Challenge of Higgs Precision Measurements
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• Likely to be more challenging are extended Higgs sectors with extra heavy 
electroweak doublet, triplet, and singlet scalars that couple directly to, and 
may mix with, the 126 GeV Higgs.

• These other Higgses may be difficult to observe directly because 

• they are heavy

• they have suppressed couplings

• their main decay modes have large SM backgrounds

• they are almost mass-degenerate with the 126 GeV Higgs (!)

• Some of these particles might also occur in Higgs decay, e.g. Higgs decay 
to pairs of dark matter particles, but this will be hard to pin down
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The Challenge of Higgs Precision Measurements
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• A lot of work is going into defining a comprehensive program to observe 
the 126 GeV Higgs in as many different decay and production modes as 
possible, and compare this data to, e.g. a general d=6 Higgs Lagrangian

• Part of the hope here is that future LHC running will produce some 
reasonably large (and therefore believable) discrepancy with SM Higgs 
expectations

• This is a good hope and an important program

• Another good hope is that somebody will build a new e+e- collider, greatly 
improving both the precision and robustness of our ability to characterize 
Higgs properties 
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See talks at this workshop by Chiara Mariotti, Adam Falkowski,
José-Ramón Espinosa, and Christophe Grojean



Higgs Factories?
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• However Nature has 
already decreed that 
we will never have a 
“Higgs Factory” in the 
same sense that LEP 
was a Z Factory

• Roughly speaking we 
can get our hands on 
about 10 to 100K 
Higgs events in the 
cleaner channels that 
have the smallest 
systematics

Joseph Lykken                                                                      Workshop On Why M_H = 126 GeV?, IFT Madrid, September 25-27, 2013

6

TABLE I: Summary of collider options considered for the production of a Higgs boson with the mass of 125 GeV. Collider
center-of-mass energy, integrated luminosity, cross-sections for relevant production modes and decay channels are shown.
Reconstructed efficiencies are estimated using selection criteria described in the text and relate the number of produced and
reconstructed events (Nprod and Nreco). In several cases we also show fractions fjet of events with two associated jets with
pT > 30 GeV and ∆Rjj > 0.5.

collider energy
∫

Ldt (fb−1) production σ (fb) decay σ × B (fb) Nprod Nreco fjet

pp 14 TeV 3000 gg → H 49850 H → ZZ∗ → 4" 6.23 18694 5608 0.1

pp 14 TeV 3000 V ∗V ∗ → H 4180 H → ZZ∗ → 4" 0.52 1568 470 0.6

pp 14 TeV 3000 W ∗ → WH 1504 H → ZZ∗ → 4" 0.19 564 169 0.5

pp 14 TeV 3000 Z∗ → ZH 883 H → ZZ∗ → 4" 0.11 331 99 0.5

pp 14 TeV 3000 tt̄ → tt̄H 611 H → ZZ∗ → 4" 0.08 229 69 1.0

pp 14 TeV 3000 V ∗V ∗ → H 4180 H → γγ 9.53 28591 8577 0.6

pp 14 TeV 3000 Z∗ → ZH 883 H → bb̄, Z → "" 34.3 102891 690 –

e+e− 250 GeV 250 Z∗ → ZH 240 H → bb̄, Z → "" 9.35 2337 1870 –

e+e− 350 GeV 350 Z∗ → ZH 129 H → bb̄, Z → "" 5.03 1760 1408 –

e+e− 500 GeV 500 Z∗ → ZH 57 H → bb̄, Z → "" 2.22 1110 888 –

e+e− 1 TeV 1000 Z∗ → ZH 13 H → bb̄, Z → "" 0.51 505 404 –

e+e− 250 GeV 250 Z∗Z∗ → H 0.7 H → bb̄ 0.4 108 86 –

e+e− 350 GeV 350 Z∗Z∗ → H 3 H → bb̄ 1.7 587 470 –

e+e− 500 GeV 500 Z∗Z∗ → H 7 H → bb̄ 4.1 2059 1647 –

e+e− 1 TeV 1000 Z∗Z∗ → H 21 H → bb̄ 12.2 12244 9795 –

LHC and at a future e+e− collider we note that each of the two LHC experiments will collect 300 fb−1 of integrated
luminosity at pp collision energy of about 14 TeV. Beyond that, a high-luminosity upgrade is planned where 3000 fb−1

per experiment are expected to be collected [45, 46]. Among future facilities, an e+e− collider operating at the center-
of-mass energies of 250 GeV and above with either linear [47] or circular [48] design could deliver a luminosity that
ranges from several hundred to several thousand fb−1. At an e+e− collider the ZH production dominates at lower
energies while at higher energies WW or ZZ fusion dominates. However, although e+e− → νν̄W ∗W ∗ → νν̄H cross
section exceeds the cross section for e+e− → e+e−Z∗Z∗ → e+e−H by about an order of magnitude, no angular
analysis is possible in final states with neutrinos.
The resulting numbers of a 125 GeV Standard Model (SM) Higgs bosons expected at the LHC and at an e+e−

collider are summarized in Table I. We calculalte the number of produced signal events Nprod using SM Higgs boson
cross-sections and branching fractions from Ref. [10]. The cross-sections at an e+e− collider are calculated with the
JHU generator for e+e− → ZH process and MadGraph for e+e− → e+e−H VBF-only process. The selection criteria
described above are used to find the number of reconstructed Higgs bosons Nreco. We assume only small contributions
of anomalous couplings which would not change this number significantly. The LHC experiments are expected to
collect sufficient statistics to study HV V tensor structure both in production and in decay of a Higgs boson. At
the same time, the e+e− machines are in a much better position to study the HV V tensor structure in production,
especially at high energy. However, considerations based entirely on event yields are insufficient since both kinematics
and relative importance of various tensor structures’ contributions change depending on the process and collision
energies. To illustrate this, in Table II we show examples where cross-sections σi, defined below Eq. (2), are computed
for several processes.
As evident from Table II, relative cross-sections corresponding to scalar (g1) and pseudoscalar (g4) couplings are

different in various HV V processes. For example the ratio σ4/σ1 is 0.153 in the H → ZZ decay, 8.07 in e+e− → ZH
production at

√
s = 250 GeV and grows linearly with increasing

√
s. This is caused by the different dependence

of the scalar and pseudoscalar tensor couplings in Eq. (1) on the off-shellness of the vector boson, which leads to
an asymptomatically energy-independent e+e− cross-section in case of CP -odd higher-dimensional operator. This
feature means that, for a fixed ratio of coupling constants |g4/g1|, it is beneficial to go to highest available energy
where the production cross-section due to g4 is kinematically enhanced [28]. Therefore, the same fraction of events
for CP -odd contributions at different collider energies translates into different sensitivities for effective couplings gi.
To compare different cases, we express the results of the analysis in terms of fdec

a3 , defined for the Higgs decay to two
vector bosons since in this case the kinematics are entirely fixed and this choice determines the ratio of the coupling
constants uniquely.

I. Anderson, S. Bolognesi, F. Caola, Y. Gao, A. Gritsan, C. Martin,         
K. Melnikov, M. Schulze, N. Tran, A. Whitbeck, Y. Zhou, arXiv:1309.4819



Why m_H = 126 GeV?   Why not 125.9?
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• At this workshop we have seen that achieving the maximum precision on 
the extracted Higgs mass may be one of the most important things that 
we do with future data

• Looking at how this is done in current data, and how we might improve it 
in the future, is also a good way of seeing how we might get the most out 
of the future data for other important Higgs properties

• As you might imagine, the basic idea is to exploit all of the information that 
you have in channels with the smallest systematics
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The CMS 4-lepton “Golden Channel” mass extraction is the best: why?
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The mass 
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    H !ZZ!4l:  
Very small systematics due the very good control of the leptons scale and resolution.  
In CMS: Mass estimation with *+,-&./&$01&!(*+,2. 
   H !"": 
Systematics on the  extrapolation from  the  Z!ee to H!""   
 (0.25% from e to ", 0.4% from Z to H) 

Why m_H = 126 GeV?   Why not 125.9?



leptonic final states at the LHC
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• Higgs decays into purely leptonic (e or mu) final states are much better 
measured at LHC than decays involving jets or hadronic taus

• Higgs decays to diphotons and leptons + photons are also special, but still 
cannot compete with the purely leptonic modes on systematics
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h → ZZ∗ → 4� h → WW∗ → 2�+ 2ν

h → γγ h → Zγ → 2�+ γ



the Higgs Golden Channel
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• It has been known since the dawn of the Standard Model that the rare 
decay mode                is both the cleanest decay and the one containing 
the most information in the final state

• It was an unimpeachable discovery channel, especially at 126 GeV where 
the SM background is both small and flat:
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h → 4�
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• At CMS electrons and muons are measured with 
exquisite precision, leading to a small systematic 
on observables such as the reconstructed 4-lepton 
invariant mass

• Don’t believe it? Look at the extracted mass of  the 
Z boson from its rare 4-lepton decays!

• Compare to PDG value MZ = 91.188 +- 0.002
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Electrons and Muons 
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• If you show the soft 
tracks and zoom in, 
even the Golden 
Channel looks like a 
mess

• But (so far!) this 
doesn’t matter

• If we spend 
enough money on 
HL-LHC upgrades, 
it also won’t matter 
in the future
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“Its the Systematics, Stupid”
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• The CMS Higgs mass from diphotons is already systematics limited

• The CMS Higgs peak in 4 leptons currently has an estimated systematic of 
only 200 MeV, and is statistics limited

• In fact the CMS 4-lepton Higgs peak is only 20-30 events, depending on how 
tight you make the selections

• So how can you extract the Higgs mass to 0.5% accuracy?
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Strong Evidence in decays to ZZ!

26-Aug-13! Sridhara Dasu (Wisconsin)! 11!

Boost using angular information from 4.7 to 6.7 sigma!
•  Reduce background, while keeping signal-like events!

CMS HIG-13-002!

125.8 ± 0.5 ± 0.2 GeV 



Using more information
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• This is an event-by-event estimate of the mass error from the lepton track 
fits and (for electrons) the ECAL measurements
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The mass 
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Using more information
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• This is a 1D kinematic discriminant based on how signal-like is each event
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Higgs Golden Channel kinematics
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What is the Golden Channel?: Kinematics

Ignoring production there are 8 observables in CM frame per event
(s,M1,M2,Θ, θ1, θ2,Φ1,Φ) (N. Cabibbo, A. Maksymowicz, Phys. Rev. 137 (1968))

!

(Y. Chen, N. Tran, RVM: 1211.1959)

All angles defined in 4� CM frame (or X in case of signal)
Correlations between lepton angles studied for some time

J.F. Gunion, Z. Kunszt (1986); Matsurra, J.J. Van Der Bij (1991), + many others

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 5 / 60Slide from Roberto Vega-Morales

M4�,MZ1 ,MZ2
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Higgs Golden Channel kinematics
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See A. De Rujula, JL, M. Pierini, C. Rogan, M. Spiropulu, arXiv:1001.5300

• For a 126 GeV Higgs, one of the Z’s in the 
decay is always badly off shell, and the 
other one can be pretty off shell too

• Also about 1% of the time the signal event 
is actually from Higgs decays to 4 leptons 
through       or       , not 

• The two “Z” masses reconstructed event 
by event are important discriminators

• This was not noticed until recently!

γγ ZZZ γ



What can we do with ALL of the decay information?
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• The 0.5% CMS mass measurement uses a 
3D fit, where all 8D of the kinematics is 
processed into a 1D discriminator KD

• But in principle you could do a 9D fit, using 
ALL of the (decay) kinematic information

• Of course this presupposes that what you 
have is in fact a SM Higgs...
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CMS preliminary -1 = 8 TeV, L = 19.6 fbs  -1 = 7 TeV, L = 5.1 fbs
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Objectives

Build an analysis framework to fully utilize the power of the golden

channel in a model independent manner which takes into account

detector effects and systematic uncertainties

Set up a likelihood analysis based on the analytic fully differential

cross sections in order to perform (multi-) parameter extraction of the

various scalar-tensor couplings including any correlations

Construct a continuous detector level likelihood as a function of

underlying lagrangian parameters

Utilizing all 8 possible decay observables in minimal computing time

Directly extract the Higgs couplings (ratios of couplings) to neutral

electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60

What can we do with ALL of the decay information?
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• Use the general spin 0 tensor structure, parameterized by form factors

• With derivative expansion, need to extract at least 3 or 4 coupling 
constants each for                    , more if you allow phases

• Of course all of the couplings besides             are probably small or tiny

• The whole game is looking for small deviations and trying to establish that 
they are from new physics
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Scalar Signal Parametrization

Parametrize scalar couplings to vector boson pairs as the following,
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FIG. 12. Here we Plot the relative partial widths for each possible combination of operators in Eq.(3) for the 2e2µ final state.
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FIG. 13. PLACE HOLDERS
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The Anij in principal complex and ij = ZZ ,Zγ, γγ (A1Zγ = A1γγ = 0)
k , k � momentum of vector bosons (or lepton pair system)
Can for example be derived from the following Lagrangian,

3

!

FIG. 1. Definition of angles in the four lepton CM frame X.

as we are aware, none consider the contributions from the
Zγ and γγ intermediate states. There are also interfer-
ence effects between the intermediate state which are not
present when γ is not allowed to decay. As we will see,
these effects can manifest themselves in the kinematic
distributions. Of course for a SM Higgs, the Zγ and γγ
contributions to the golden channel are expected to be
small, but this need not be true for a general scalar or
if the discovered resonance turns out to have enhanced
couplings to Zγ or to γγ. How large these effects are
once one takes into account detector and acceptance ef-
fects deserves careful study, but we leave this for ongoing
work.

The most general couplings of a spinless particle to
two gauge bosons with four momenta k1 and k2 can be
expressed as,

iΓµν
ij = v−1

�
A1ijm

2
Zg

µν +A2ij(k1 · k2gµν − kν1k
µ
2 )

+A3ij�µναβk
α
1 k

β
2

�
(1)

where ij = ZZ,Zγ, or γγ. The A1,2,3 are dimensionless
arbitrary complex form factors and v is the Higgs vacuum
expectation value (vev), which we have chosen as our
overall normalization. For the case of a scalar coupling
to Zγ or γγ electromagnetic gauge invariance requires
A1 = 0, while for ZZ it can be generated at tree level
as in the SM or by higher dimensional operators. We
have chosen to write the vertex in this form to make
the connection with operators in the Lagrangian which
may generate them more transparent. For example the
following list of operators may generate a coupling as in
Eq.(1),

L ∼ 1

v
ϕ
�
ghm

2
ZZ

µZµ + gZZ
µνZµν + g̃ZZ

µν �Zµν

+ gZγF
µνZµν + g̃ZγF

µν �Zµν

+ gγF
µνFµν + g̃γF

µν �Fµν + ...
�

(2)

where Zµ is the Z field while Vµν = ∂µVν−∂νVµ the usual

bosonic field strengths. The dual field strengths are de-
fined as �Vµν = 1

2�µνρσV
ρσ and the ... is for operators of

dimension higher than five. For a given model many of
these are of course zero. If ϕ is the Standard Model Higgs,
then gh = i, while gZ , gZγ and gγγ are �= 0, but loop in-
duced and small. Detailed studies of the ZZ contribution
to the golden channel mediated through the operators
with coefficients gh, gZ were conducted in [4, 6, 22]. The
operators corresponding to gZγ were studied in [8] for the
golden channel final state and in [23] for the �+�−γ final
state and both were shown to be useful discriminators.
Other recent studies of these operators, though not

only through the golden channel final state, have also
been done. The pseudo scalar couplings g̃Z , g̃Zγ , g̃γ were
studied recently in the context of the newly discovered
resonance in [24] where it was shown that a purely CP
odd scalar is disfavored as the new resonance. The anal-
ysis of [25] shows that with a fit of the γγ, ZZ∗, and
WW ∗ rates, as well as the absence of a large anomaly in
continuum Zγ, that the scenario of the four lepton de-
cays being due to gZ or gZγ is strongly disfavored. While
these statements contain few assumptions, they are still
model dependent and should be confirmed by direct mea-
surements.

Even if the newly discovered resonance appears to be
‘SM like’, it is still possible that it can have contributions
to the 2e2µ channel coming from operators other than gh
which are slightly enhanced relative to the SM prediction.
Here we are motivated by asking what information can
be extracted from this channel with out any a-priori ref-
erence to other measurements or theoretical input. In
addition, there still exists the possibility that another
scalar resonance will be discovered which can also decay
to EW gauge boson pairs. In this case it may have com-
parable contributions from the various operators. Thus
we allow for all operators in Eq. (2) to contribute simul-
taneously including all interference effects between the
ZZ, Zγ, and γγ intermediate states. Because the vertex
in terms of arbitrary complex form factors is more gen-
eral than the Lagrangian, for purposes of the calculation
we use Eq.(1) explicitly. Below we summarize the details
of the calculation.

A. Calculation

To compute the process ϕ → ZZ + Zγ + γγ → 4� we
include the diagrams shown in Fig. 2 and parametrize the
scalar coupling to gauge bosons as in Eq. 1. The total
amplitude can be written as,

M = MZZ +MZγ +MγZ +Mγγ (3)

which upon squaring gives,

|M|2 = |MZZ |2 + |MZγ |2 + |MγZ |2 + |Mγγ |2

+2Re
�
MZZM∗

Zγ +MZZM∗
γZ +MZZM∗

γγ

MγγM∗
Zγ +MγγM∗

γZ +MZγM∗
γZ

�
.

(4)

All operators included in our calculation to form signal pdf
In differential cross section, pairs of operators will form ‘partial widths’
Depending on interference effects between vertex structures (or
operators) some of these can be negative
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The relevant (and difficult) CP question about the Higgs
A 0+ Higgs can have CP violating couplings

fermionic sector marginal operators (dim-4) phase of VCKM matrix!

bosonic sector irrelevant operators (dim-6) only
!

!

!

edm’s
Higgs signal strengths 
Higgs kinematical distribution

Among the 59 irrelevant directions, 3 of them induce CP Higgs couplings in the EW bosonic sector

Notice that Eqs. (B.94) and (B.95) are directly implied by Eq. (3.53), which follows from

custodial invariance. It is simple to verify that the identities (3.47) and (3.48) are satisfied

by the couplings appearing on the left-hand sides of respectively Eq. (B.94) and (B.95).

The above discussion shows explicitly that every operator in Eq. (3.46) can be dressed

up with NG bosons and made manifestly invariant under local SU(2)L ×U(1)Y transforma-

tions.
26

The part of Eq. (B.86) which does not depend on the Higgs field h coincides with the

non-linear chiral Lagrangian for SU(2)L × U(1)Y [79], in the limit of exact custodial sym-

metry. This latter assumption can be relaxed by specifying the sources of explicit breaking

of the custodial symmetry, i.e. its spurions, in terms of which one can construct additional

operators formally invariant under SU(2)L ×U(1)Y local transformations. For example, the

list of operators that follows in the case in which custodial invariance is broken by a field

with the EW quantum numbers of hypercharge has been recently discussed in Ref. [55].

Since the choice of quantum numbers of the spurions is model-dependent (and in fact the

strongest effects are expected to arise from the breaking due to the top quark, rather than

hypercharge), we do not report here any particular list of operators, and prefer to refer to

the existing literature for further details.

C Relaxing the CP-even hypothesis

If one relaxes the hypothesis that h is CP-even, there are six extra dimension-6 operators

that need to be added to the effective Lagrangian (2.2):

∆LCP =
ic̃HW g

m
2
W

(D
µ
H)

†σi
(D

ν
H)W̃

i

µν +
ic̃HB g

�

m
2
W

(D
µ
H)

†
(D

ν
H)B̃µν

+
c̃γ g

�2

m
2
W

H
†
HBµνB̃

µν
+

c̃g g
2
S

m
2
W

H
†
HG

a

µνG̃
aµν

+
c̃3W g

3

m
2
W

�ijkW i ν
µ
W

j ρ
ν W̃

k µ

ρ +
c̃3G g

3
S

m
2
W

f
abc

G
a ν
µ
G

b ρ
ν G̃

c µ

ρ ,

(C.96)

26Notice that h is invariant under SU(2)L × SU(2)R (hence SU(2)L × U(1)Y ) transformations. In the

case in which h belongs to an SU(2)L doublet H, this follows from the fact that h parametrizes the norm of

the doublet: H†
H = (v + h)2/2.
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3

∼ hFF̃ ψ

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the

two-loop diagram that leads to fermion EDMs in the model involving a VL lepton, ψ, coupled to a singlet, S, that mixes with

the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar

potential.

of ỸS , θ, and mψ:

df = d
(2l)
f ×Q

2
ψỸS

v

mψ
sin(2θ)

�
g(m

2
ψ/m

2
h)− g(m

2
ψ/m

2
S)
�
,

(13)

where the loop function is given by

g(z) =
z

2

� 1

0
dx

1

x(1− x)− z
ln

�
x(1− x)

z

�
, (14)

which satisfies g(1) ∼ 1.17 and g ∼ 1
2 ln z for large z. We

show the Feynman diagram responsible for this contribu-

tion on the right of Fig. 1.

It is instructive to consider different limits of

(13). When mh � mψ,mS , to logarithmic accuracy

g(m2
ψ/m

2
h)− g(m2

ψ/m
2
S) → 1

2 ln(m
2
min/m

2
h), where mmin

is the smaller of mS and mψ. In this limit, the heavy

fields can be integrated out sequentially, with S and ψ
first, and h second. The first step is simplified by the

use of the chiral anomaly equation for ψ, ∂µψ̄γµγ5ψ =

2iψ̄γ5ψ+
α
8πQ

2
ψFµν F̃µν . This leads to the following iden-

tification:

c̃h

Λ̃2
=

αQ2
ψ

4π

ỸSA

m2
Smψ

; ΛUV � min(mS ,mψ). (15)

Apart from a smaller value for the logarithmic cutoff,
the result in this limit differs little from the contact op-

erator case above. Even if the value of the logarithm is

not enhanced, ln(m2
min/m

2
h) ∼ O(1), the corrections to

the Higgs diphoton rate will be limited to at most the

sub-percent level unless a fine-tuned cancellation of de is

arranged with some other CP -odd source.

We now consider a different near-degenerate limit,

|mh − mS | � mh, which turns out to be more inter-

esting as it allows the EDM constraints to be bypassed.

If the difference between the masses is small, we can ap-

proximate

sin(2θ)(m2
S −m

2
h) → 2Av, (16)

and the EDM becomes

df = d
(2l)
f ×Q

2
ψỸS

2Av2mψ

m4
h

g
�
(m

2
ψ/m

2
h) (17)

−→ d
(2l)
f ×Q

2
ψỸS

Av2

m2
hmψ

, (18)

where in the final step we made use of the large mψ limit.

The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be

very small, comparable to the mass splitting between h

and S or less. An O(1 GeV) mass splitting would nat-

urally place Av2/(m2
hmψ) in the O(10

−2 − 10
−3

) range,

suppressing the EDM safely below the bound.

At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h → γγ rate can be significant, and

enhancement can come from the Fµν F̃
µν

amplitude. Un-

like corrections to the FµνF
µν

amplitudes that can en-

hance or suppress the effective rate, the CP -odd chan-

nel always adds to Rγγ . Assuming that the mass differ-
ence between the singlet and the Higgs is small enough

that they cannot be separately resolved (which requires

|mS −mh| ∼< 3 GeV with current statistics [5]), the ap-

parent increase in the diphoton rate in this model is

R
eff
γγ(ỸS) = cos

2 θ × Brh→γγ

Br
SM
h→γγ

+ sin
2 θ × BrS→γγ

Br
SM
h→γγ

. (19)

If θ is in the range

�
ΓŜ→γγ

Γĥ→γγ

Br
SM
h→γγ ∼< θ ∼<

�
Γĥ→γγ

ΓŜ→γγ

(20)

and Γĥ→γγ ∼ ΓŜ→γγ then Rγγ simplifies to a θ-
independent expression,

R
eff
γγ(ỸS) � 1 +

ΓŜ→γγ

Γĥ→γγ

. (21)

The rate for the weak eigenstate Ŝ to decay to two pho-

tons via its pseudoscalar coupling to the VL fermions is

ΓŜ→γγ =
α2Q4

ψỸ
2
s m

3
S

256π3m2
ψ

����A
P
1/2

�
m2

S

4mψ

�����
2

, (22)

γ operator: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12

Higgs rates? 
poor constraints 

since no interference with SM 
effects !  dim-8 CP-even operators

!

!!

need to look for CP-odd observables 
that are linear in the CP Wilson coeffs. 

Z operator(s):
studied in the kinematical distributions 

for h " ZZ " 4l

see the fa3 CMS study

already bounded by flavor physics

Higgs CP violation?
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Even here you need to 
close the circle, since 
EDM constraints 
assume 1st gen Higgs 
couplings that you 
can’t measure



Parameter extraction in the Golden Channel
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Signal pdf

The signal pdf is formed out of fully differential cross section for

h → V1V2 → 4� where 4� = 2e2µ, 4e, 4µ and V1,2 = Z , γ
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-

graph vs Eq.(49) results for the azimuthal angles Φ and Φ1for

the range 4 GeV ≤ M1,2 and assuming M1 > M2. We take

the four lepton system invariant mass to be
√
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)

we show in Fig. 12 the relative ‘partial widths’ for every

possible combination of operators labeled by AnijAn̄īj̄ which

contribute to the 2e2µ differential cross section. The cou-

plings Anij have been separated into their real and imaginary

components as Anij = AnijR + iAnijI and we have set all

AnijR,I = 1. The partial widths have been normalized to the

SM value which we take equal to unity. All of the |AnijR,I |
2
sit

along the diagonal whith the various interferonce terms mak-

ing up the off-diagonal terms. We have obtained these partial

widths by integrating the fully differential cross section and

taking for our phase space 4 � M1,2 and
√
s = 125 GeV as

well as pT � > 2 GeV and η� < 2.4. Note that many of the

interference terms are negative. In Fig. 13 we show the same

plot for the 4e final state. The blank entries indicate terms

which are identically zero after integration. In Sec. VIIA

of the Appendix we also show the same partial widths for a

‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute

value of the fully differential cross section over the same phase

space. This gives a clearer indication of the discriminating

power of the distributions in the fully differential cross section
which uses differences in the shapes of the distributions to

distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the

golden channel is sensitive to the Zγ and γγ couplings of ϕ as-

suming it is the recently discovered resonance at ∼ 125 GeV.

Since it has been firmly established that this resonance cou-

ples to ZZ through the ZµZ
µ
operator with a strength consis-

tent with the SM prediction [19] it may perhaps be difficult

to extract the Zγ and γγ couplings since they only occur

through higher dimensional operators and will have couplings

∼ O(10
−2 − 10

−3
) thus suppressing the partial widths cor-

responding to those operators in Figs. 14-15. Determining

whether this is in fact impossible requires a detailed analysis

including detector effects which is beyond the scope of this

paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our

framework, we perform a simplified generator level analysis

neglecting any detector effects and at center of mass energy.

To do this we construct a MEM using the fully differential
cross sections in Eqs.(19) and (49) to build the signal plus

background pdf from which the total likelihood will be con-

structed. Thus we have,

PS+B(O|f,�λ) = f × PB(s,M1,M2, �Ω) (50)

+(1− f)× PS(m
2
h,M1,M2, �Ω|�λ).

where O = (s,M1,M2, �Ω) is our final set of observables to

be used in the construction of the likelihood and f is the

background fraction, for which we also fit. We can now write

the likelihood of obtaining a particular data set containing N
events as,

L(f,�λ) =
N�

O

PS+B(O|f,�λ). (51)

Λ = L(λa)/L(λb) −→ σ (52)

PS(m
2
h,M1,M2, �Ω|�λ) =

dσh→4�

dM2
1 dM

2
2 d�Ω

(53)

∂L(�λ)

∂�λ

���
λ̂
= 0 (54)

where N is the number of events observed in a particular ex-

periment. With L(f,�λ) in hand we maximize with respect to

f and �λ to extract the values which maximize the likelihood.

We repeat this for a large number of pseudo experiments to

obtain distributions for the best fit value of the various pa-

rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point �λ =

(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Zγ = 0.05, A3Zγ =

−0.1, A2γγ = 0.07, A3γγ = −0.08).

Can also contain production spectrum for �pT and Y
Many possible couplings between Higgs and neutral gauge boson pairs

We assume only Lorentz invariance between a spin-0 scalar and vector

boson pairs and allow for general CP mixtures and phases

Would like to directly extract as many of the parameters as possible

(even if they are zero)

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 14 / 60

(see next slide)

Slide from Roberto Vega-Morales



production information?
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• In principle spin 0 decay information is decoupled 
from production information

• This is good since the theoretical and experimental 
uncertainties on production are pretty large

• But the finite phase space acceptance of the 
detector means you care about the boost to the CM 
frame, and thus decays know about production 

• Fortunately this is a small effect and even smaller if 
you normalize all the extracted parameters to 
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FIG. 5: Distributions showing systematic biases for a subset

of the reconstructed variables �X for a resonance with mass

145 GeV/c2. Only events that survive the signal selection are

included. All biases are negligible.

results concerning the discovery of a resonance in these

final states with respect to the background-only hypoth-

esis, since different backgrounds need to be considered

for electron and muon final states.

C. Fit definition and signal extraction

The H → ZZ signal events can be discriminated from

SM backgrounds using an extended and unbinned ML

fit. Since there is no resonant 4µ background in the SM,

the fit can use as a discriminating variable the 4µ mass

distribution. In the presence of a sizable background due

to fake Z candidates (such as top decays) the 2µ mass

distributions can be included in the likelihood. Since

this is not a conceptually different situation, we ignore

this possibility and assume for simplicity that the only

relevant background is given by events with two real Z

candidates. We write the likelihood function as:

L =
1

N !
exp

�
−
�

j

Nj

�
(28)

N�

i=1

�
NSPS [m

i

4µ] +NBPB [m
i

4µ]

�
,

where Nj (j=S,B) represents the yield of each compo-

nent, m
i

4µ is the 4µ candidate mass for the event i, and
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FIG. 6: The variables �X used in this analysis for a 145 GeV/c2

resonance. The off-shell MZ∗ is required to lie a window be-

tween 20 and 50 GeV/c
2
. The shaded histograms are the

1D distributions using a constant matrix element (i.e. no an-

gular correlations included). The overlaid histograms show

the same distributions for reconstructed events passing the

pT and η signal selection after the detector parameterization.

All distributions are normalized to unit integral.

PS [m] (PB [m]) is the signal (background) distribution for

the variable m. The pdfs for the signal and background

components are described using the template distribu-

tions from the simulation, as shown in Fig. 9 formH=250

GeV/c
2
. This fit configuration is appropriate for the HLL

characterization.

D. Background subtraction

In order to establish if a newly-discovered resonance

is indeed the Higgs boson or not, a hypothesis test

A1ZZ

See A. De Rujula, JL, M. Pierini, C. Rogan, M. Spiropulu, arXiv:1001.5300
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24

• Want also to include the fully differential decay amplitudes for the 
non-Higgs SM backgrounds, and the signal-background 
interferences

• Want to include the detector effects, since the crucial point is to show 
that you can discriminate a small BSM effect from systematics

• Then make the full 8D (well, 7D for now) likelihood distributions by 
running pseudoexperiments

• Do not try this at home (unless you have a big cluster...)
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FIG. 14. One dimensional results for the extraction of the six parameters for a large set of pseudo experiments containing
1000 events each of a pure signal sample. We have explicitly fit to the ratios of couplings Rij

n = Anij/|A|. Here we choose the
normalization to be |A| = |A1ZZ | which fixes RZZ

1 = 1. The distribution for the extracted parameters obtained for the set of
pseudo experiments is shown in blue with the true value indicated by the red vertical line.

Yi Chen, Emanuele DiMarco, JL, Maria 
Spiropulu, Roberto Vega-Morales, to appear
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FIG. 14. One dimensional results for the extraction of the six parameters for a large set of pseudo experiments containing
1000 events each of a pure signal sample. We have explicitly fit to the ratios of couplings Rij
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normalization to be |A| = |A1ZZ | which fixes RZZ

1 = 1. The distribution for the extracted parameters obtained for the set of
pseudo experiments is shown in blue with the true value indicated by the red vertical line.

Talk by Adam Falkowski

!We Want More!

[6D likelihoods]: For each decay, provide 
likelihoods separated into all 5 production 
modes (ggF, VBF, WH, ZH, ttH). 

[Tensor structure]: For decay channels 
sensitive to tensor structure for Higgs 
couplings provide likelihood separated into  
each allowed form factor (expanded in 
momentum).   

[Fiducial cross sections]: Asymptotically, 
publish a set of cross sections and 
acceptances. 

Boudjema et al.
1307.5865 

0

1

2

3

4

5

6

7

8

9

10

ggH+ttH
µ

-1 0 1 2 3 4

qq
H

+V
H

µ

-1

0

1

2

3

4
Best Fit

!1

!2

CMS Preliminary -1=8TeV L=19.6fbs

-1=7TeV L=5.1fbs

 =  1.48 
qqH+VH
µ

 =  0.52 
ggH+ttH
µ

Figure 3: An example from CMS [49] of the likelihood in the µ(ggF + ttH, γγ) −
µ(VBF + VH, γγ) plane. The color indicates the value of the likelihood, which conveys more

information than just the contours. Preferably this information would be directly available in

numerical form via INSPIRE [50].

significant step could be taken towards a more precise fit in the context of a given BSM theory.

Note that the signal strengths’ dependence onmH is especially important for the high-resolution

channels (γγ and ZZ, also Zγ in the future). While the signal strengths seem to form a plateau

in the case of H → γγ (at least in ATLAS), there is a very sizable change in the H → ZZ

channel if we change mH by 1 or 2 GeV.

The likelihood could be communicated either as a standalone computer library or as a

large grid data file. This choice is mostly meant to be an intermediate step between a full

effective Lagrangian parameterization (which would be difficult to communicate) and simple

2D parameterizations which unfortunately do not cover all the theoretical possibilities. Having

the full likelihood shape and not just some contours would allow the community to overcome

the Gaussian limitation.

4 Tensor structure of Higgs boson couplings

Apart from the Higgs production and decay rates, experiments can probe differential distri-
butions of decay products in Higgs n-body decays with n > 2 which carry valuable information

about the tensor structure of the Higgs couplings. For example, in the case of H → V V
∗ → 4f

decays (assuming massless fermions), the Higgs boson H couplings to the SM gauge bosons can

be parametrized as

A(H → V
1
µ
V

2
ν ) =

1

v

�
F1(p

2
1, p

2
2)2m

2
V
ηµν + F2(p

2
1, p

2
2)p1νp2µ + F3(p

2
1, p

2
2)�µνρσp

ρ
1p

σ
2

�
, (5)

with some form factors F1,2,3. At the zeroth order in the vector boson momentum expansion,

the first form factor is a constant, F1 = a1 and F2,3 = 0. Note that (F1, F2, F3) = (1, 0, 0)

6

fiducial cross section become available, to make a proper fit for parameters of interest, it is
important that experiments provide a complete covariance matrix of uncertainties between the
measured fiducial cross sections.

A parallel effort is required also from the theory community to develop the tools necessary
for computing, with adequate precision, fiducial cross sections or “fiducial volume” acceptances
with the associated uncertainties and their correlations for the SM Higgs boson, for a variety
of BSM theories, for an effective Lagrangian approach, or for any other theoretical framework
one might want to entertain.

The ultimate measurements of an “over-defined” set of fiducial cross sections σfid
i can be

unravelled into total cross sections associated with specific production mechanisms σtot
j via a

fit of the following set of linear equations:

σfid
i =

�

j

Ath
ij × σtot

j , (7)

where Ath
ij are theoretical acceptances of “fiducial volumes”, in which fiducial cross sections σfid

i

are measured.
The beauty of the concept of fiducial cross sections is that experimental uncertainties asso-

ciated with measurements of fiducial cross sections σfid
i and theoretical uncertainties associated

with “fiducial volume” acceptances Ath
ij are nicely factorized. Therefore, updates of theoret-

ical acceptances/uncertainties or a confrontation of emerging new models with experimental
results do not require a re-analysis of experimental data. One can also treat the total cross
sections σtot

j as nuisance parameters and fit data for theoretical acceptances Ath
ij (e.g., a 0-jet

veto acceptance), if it is these quantities that one is primarily interested in.
We would like to advocate that experiments do measure fiducial cross sections even at 8 TeV

in as many final states as feasible, however small this number might be. The future LHC center-
of-mass energies will be higher and no more updates for the 8 TeV fiducial cross sections will
be likely.

Finally, we note that measurements of differential fiducial cross sections, when they become
possible, will be even more powerful (in comparison to just total exclusive fiducial cross sections)
for scrutinizing the SM Lagrangian structure of the Higgs boson interactions, including tests
for new tensorial couplings, non-standard production modes, determination of effective form
factors, etc.

10

what have the experimentalists ever done for  us ?
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FIG. 15. Here we examine the correlations between pairs of parameters. We conduct a large set of pseudo experiments with

1000 events for each and assuming a pure signal sample. The true value is indicated by the intersection of the two solid black

lines and again we have fit to the ratios Rij
n = Anij/|A| and take the normalization to be |A| = |A1ZZ |.

Yi Chen, Emanuele DiMarco, JL, Maria 
Spiropulu, Roberto Vega-Morales, to appear

• Now you can start to 
investigate issues such as to 
what extent systematics can 
fake or hide a particular kind 
of BSM effect



Conclusions

28

• We have the Higgs. Let’s make the most of it

• The Golden Channel is golden. Let’s make the most of it

• Even with non-infinite statistics hadron colliders produce precision 
measurements (e.g. Tevatron surpassed LEP in some cases)

• But you need to work hard to optimize your sensitivity... 

• Theorists are useful for this part!
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