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The Higgs Golden Channel

•  It has been known since the dawn of the Standard Model that 
the rare decay h -> 4l is both the cleanest mode and the one 
containing the most information in the final state

•  Even with low statistics, it was an unimpeachable discovery 
channel in 2012, especially since at 126 GeV the SM 
background is both small and flat	  
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Golden channel angles and masses

A gold mine of information, since the decay 
amplitudes depend on 5 angles and the two 
dilepton invariant masses

Production effects are decoupled modulo small 
effects from phase space acceptance	  
A. De Rujula, JL, C. Rogan, M. Pierini, M. Spiropulu,  arXiv:1001.5300
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Golden Channel and pileup

•  If you zoom in and show 
the soft tracks, even the 
Golden Channel looks 
like a mess

•  So far this has not been a 
problem

•  But emphasizes the need 
for the phase 2 upgrades 
to keep this performance 
through 3 ab-1
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Higgs Factories?

Not quite LEP 
scale numbers

But we can do 
a lot by making 
the most of the 
information in 
the events	  
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Golden channel precision

•  At CMS (and even ATLAS) electrons and 
muons are measured with exquisite precision

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

•  Compare to PDG value MZ = 91.188 +-0.002	  

Talk	  by	  Chiara	  MarioN	  
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A question for the HL-LHC era

Can we extract the signs of Higgs couplings?	  

This sounds hard, since it requires sensitivity to either

•  Interference of tree-level SM couplings with loop-level SM 
couplings

•  Interference of tree-level SM couplings with BSM couplings	  

The rest of this talk is showing you two examples where 
this can be done in the Golden Channel with HL-LHC	  
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Golden channel is not just ZZ



8.10.2016 Joe Lykken | CPAD 201610

Golden channel beyond tree level
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The Custodial Nature of the Higgs Boson
I To a very good approximation, we have at tree level:

⇢tree ⌘ m2
W

c2
Wm2

Z
= 1

I Implies a ‘custodial’ global SU(2)C symmetry of the EW gauge
boson mass matrix and Higgs scalar sector (P. Sikivie, L. Susskind, et. al (1980))

I Restricts �WZ = gW /gZ to two possibilities (I. Low, J. Lykken, 1005.0872):

�WZ = +1 (custodial singlet), �WZ = �1/2 (custodial fiveplet)

I Custodialy violating effects occur at NLO, but too small to generate
O(1) corrections needed to change overall sign

I Thus simply establishing the sign effectively tells us the custodial
representation of the Higgs boson

I Custodial fiveplet can be found in custodial Higgs triplet models
(H. Georgi and M. Machacek (1985), S. Gori, M. Quiros, et.al: 1308.4025, 1409.5737)

A W/Z boson transforms as a triplet under custodial symmetry, 
so a pair of W’s or Z’s transforms like:

3⇥ 3 = 1+ 3+ 5
Taking into account parity, custodial symmetry thus requires 
that any 0+ boson that couples to WW/ZZ is either in a singlet or 
a 5-plet of SU(2)C (or a mixture)



8.10.2016 Joe Lykken | CPAD 201614

Nonstandard custodial properties affect both the magnitude 
and sign of 	  

I. Low, JL,  arXiv:1005.0872

ATLAS and CMS already constrain 
the magnitude of                           
but how can we measure the sign?	  
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Loop effects in Higgs to four lepton decays

I The W and top loops
contribute to effective hVV
couplings which mediate
h ! 4` decays

I dominated by tree level hZZ
mediated amplitude

2

corrections [48, 49, 51] to �WZ induced via hypercharge
interactions at one loop, as well as Yukawa interactions
at one or two loops depending on the electroweak rep-
resentation of h, they are much too small to give the
O(1) corrections needed to change the sign of the tree
level predictions in Eq. (3). Therefore, a determination
of the sign of �WZ e�ectively establishes the custodial
representation[? ] of the Higgs boson.
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FIG. 1. Relevant contributions to the hV V e�ective couplings
mediating h � 4� decays (top). In the middle left is the tree-
level ZZ contribution, while in the middle right and bottom
are example one-loop diagrams mediated by the W boson and
top quark, respectively.

In this study, we utilize the h ! 4` framework devel-
oped in [18, 25, 27, 35, 37, 39, 42] which uses all kine-
matic observables in the normalized fully di�erential de-
cay width to perform a matrix element analysis of the
sensitivity to �WZ . We perform a likelihood analysis to
estimate how much data will be needed to establish the
overall sign of �WZ independently of the top Yukawa sec-
tor. Since we are only interested in a ratio of couplings,
we can take advantage of this to use only shape infor-
mation. Thus, while rate information is not used, our
analysis is largely independent of the uncertainties and
assumptions associated with Higgs production e�ects.

Under minimal assumptions about the top Yukawa sec-
tor, we estimate that a 13 TeV LHC will begin to become
sensitive to the overall sign of �WZ in h ! 4` decays with
� 1300 signal events corresponding to O(800) fb�1 of
data assuming SM production and decay rates. We also
perform hypothesis testing to estimate how much data
is needed to distinguish between the two predictions of
custodial symmetry given in Eq. (3) as well as give an
estimate for the ultimate LHC sensitivity in h ! 4` to
the magnitude of �WZ . In general we find that h ! 4`
decays should serve as a unique and complementary, but

independent, probe of EWSB and custodial symmetry at
the LHC and beyond.

PROBING ELECTROWEAK SYMMETRY
BREAKING AT THE LHC

We now examine various ways of probing �WZ with
h ! 4` decays at a 13 TeV LHC. We first perform a
likelihood shape analysis of h ! 4` decays to estimate
how much data will be needed to establish the overall sign
of �WZ . We then perform hypothesis testing to assess
the ability to distinguish between the two predictions of
custodial symmetry for �WZ shown in Eq. (3). We also
give an estimate of the ultimate LHC sensitivity to |�WZ |
in h ! 4` . An in depth discussion of how �WZ enters
into the h ! 4` amplitude through the hV V e�ective
couplings as well as details on how the top Yukawa sector
and dominant 4` background are incorporated into our
analysis can be found in [39, 42, 55]. More details on the
discussion and statistical analysis procedures presented
here can also be found in [18, 25, 27, 35, 37, 39, 42, 55]
to which we refer the interested reader.

Pinning down the sign of �WZ

Our first exploration begins with assessing how much
data will be needed to pin down the overall sign of
�WZ . As discussed, rate measurements can not deter-
mine this sign and furthermore, under the assumption of
custodial symmetry it e�ectively establishes the custodial
representation of the Higgs boson.

Following the procedure described in [42] we construct
the likelihood from the (normalized) signal and back-
ground fully di�erential cross sections. This likelihood
is a function of the couplings (gZ , gW ) as well as the
top Yukawa coupling, yt which is treated as a nuisance
parameter. A full likelihood is built for each pseudo-
dataset, and integrated[? ] over yt to obtain the pos-
terior likelihood as a function only of �WZ . When gener-
ating pseudodatasets we consider two possibilities. The
first is the SM as the true underlying model which pre-
dicts �WZ = 1. As a second case we also consider
the other allowed possibility by custodial symmetry of
�WZ = �1/2. An example of the posterior likelihood is
shown in Fig. 2 for one pseudodataset containing O(2000)
signal events assuming the true underlying model is the
SM.

We treat the normalized posterior likelihood as a prob-
ability density of the extracted true value of �WZ . Given
the observed pseudodataset, we obtain from the posterior
likelihood a p-value that the true value of �WZ is nega-
tive by taking the ratio of the area on the negative side of
zero (shaded in turquoise in Fig. 2) to the total area. For
each p-value we define a corresponding ‘e�ective’ � by

I Can study the nature of the top and W couplings to the Higgs
(for study focusing on top couplings see Y. Chen, D. Stolarski, R. Vega-Morales: 1505.01168)

Directly Probing the Higgs’ Custodial Nature

Yi Chen a, Daniel Stolarski b,c, Roberto Vega-Morales d Joe? Maria?
aLauritsen Laboratory for High Energy Physics, California Institute of Technology, Pasadena, USA

bTheory Division, Physics Department, CERN, CH-1211 Geneva 23, Switzerland
cOttawa-Carleton Institute for Physics, Carleton University,
1125 Colonel By Drive, Ottawa, Ontario K1S 5B6, Canada

dDepartamento de F́ısica Teórica y del Cosmos and CAFPE, Universidad de Granada,
Campus de Fuentenueva, E-18071 Granada, Spain �

We examine the possibility of using Higgs to four lepton decays to directly establish the custodial
nature of the Higgs boson. This is accomplished by exploiting the fact that h � 4� decays are
sensitive, via tree level/1-loop interference e�ects, to the ratio of the tree level Higgs couplings to
WW and ZZ pairs. This ratio, �WZ , is well known to be a measure of the custodial symmetry
possessed by the gauge boson mass matrix and Higgs sector. We point out that simply establishing
the overall sign of �WZ e�ectively establishes the custodial representation of the Higgs boson. We
then show that using the full kinematic information from each event in h � 4� decays allows for
discrimination between ±�WZ at the 95% confidence level with O(X) signal events which should
be achievable with X � Y fb�1 of data at the LHC depending on production and experimental
uncertainties. We then examine other possibilities for testing custodial symmetry via h � 4� decays
under various assumptions about the top quark Yukawa sector. We find that by end of LHC running,
h � 4� decays may be able to simultaneously establish both the custodial nature of the Higgs boson
and the CP properties of its couplings to the top quark independently of other measurements.

INTRODUCTION

The Standard Model (SM) Higgs sector has an ap-
proximate SU(2)L �SU(2)R symmetry which after elec-
troweak symmetry breaking (EWSB) is broken to its di-
agonal subgroup SU(2)V , the famous custodial symme-
try [1]. This global symmetry of the gauge boson mass
matrix implies the following tree level relation,

�tree ⌘ m2
W

c2
W m2

Z

= 1, (1)

a fact which confirmed experimentally to within an
O(1%) precision [2]. If there are contributions to EWSB
beyond the SM, this implies either that the full Higgs sec-
tor respects custodial symmetry as in the SM, or there
are percent-level cancellations unmotivated by symmetry
arguments. Taking symmetry as our guide, any scalars
which contribute to EWSB must transform in (NL,NR)
representations of the global SU(2)L�SU(2)R symmetry
possessed by the Higgs sector before EWSB [3].

Under the symmetry breaking pattern SU(2)L �
SU(2)R ! SU(2)V , the (NL,NR) scalars decompose
into custodial SU(2)V representations as [3],

(NL,NR) = 1 � 3 � 2N � 3 � 2N � 1, (2)

where scalars in the (4k+1) representations are CP–even
and those in the (4k+3) representations are CP–odd. The
SM prediction is of course N = 2 while for the well known
Georgi-Machacek (GM) model [4–7] we have N = 3.

Since the W± and Z transform (approximately) to-
gether as an SU(2)V triplet, for pairs of W and Z bosons
one can form the tensor products of two triplets which
decomposes under the custodial symmetry as,

3 � 3 = 1 � 3 � 5, (3)

If we assume CP conservation, it is clear that pairs of W
and Z bosons can only couple at tree level to custodial
singlets and fiveplets [3]. As can be seen from Eq. (3),
the singlet state is always present for N � 2 while the
fiveplet is also generally present whenever N � 3.

All signs indicate that the neutral Higgs-like boson re-
cently discovered at 125 GeV [9, 10] couples to pairs of
gauge bosons at tree level via,

LZW � h

v

�
gZm2

ZZµZµ + 2gW m2
W Wµ+W�

µ

�
. (4)

These couplings are generated during EWSB and are re-
sponsible for the W and Z boson masses. As we will
review in more detail below, the ratio of couplings,

�WZ = gW /gZ , (5)

is determined by the custodial representation of the Higgs
boson, which as discussed can only be a singlet or five-
plet. This allows two possibilities for �WZ [3]:

�WZ = +1 (singlet)

�WZ = �1/2 (fiveplet). (6)

While there are custodial symmetry breaking (radiative)
corrections to �WZ via hypercharge and Yukawa cou-
plings, these corrections are in general much to small []
to give the O(1) corrections needed to change the sign of
the tree level predictions in Eq. (6). Therefore, a measure-
ment of the sign of �WZ should e�ectively and robustly
determine the custodial representation of the Higgs.

Measurements by ATLAS and CMS of h ! WW and
h ! ZZ decay rates for the 125 GeV resonance indicate
|�WZ | � 1 [12, 13], thus favoring the singlet representa-
tion, they are not sensitive to the overall sign. Combined
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FIG. 1. Schematic representation of the hV V corrections to
the h � 4� amplitude where V1,2 = Z, � and � = e, µ.

PROBING CUSTODIAL SYMMETRY IN h � 4�

We parametrize the Higgs couplings to ZZ and WW
vector boson pairs as,

LZW � h

v

�1

2
gZZm2

ZZµZµ + gWW m2
W W+µW�

µ

�
, (3)

where mZ and mW are the Z and W pole masses and
gZZ = gWW = 2 in the SM. The top Yukawa couplings
are parametrized as,

Lt � mt

v
ht̄(yt + iỹt�

5)t, (4)

D�� = 1.282
�
|1 � 0.21875

ct

cV
|2 + |0.335938

c̃t

cV
|2

�
(5)

ghtt = �i
mt

v
(ct + ic̃t�

5), (6)

where mt is defined to be the pole mass found in the
top quark propagator with yt = 1, ỹt = 0 at tree level in
the SM. We will also define the following ratios,

�W =
gWW

gZZ
, �t =

yt

gZZ
, �̃t =

ỹt

gZZ
. (7)

To be more explicit, we can write the h ! 4` amplitude
up to one loop as follows,

M4� = M0
ZZ + M1

W + M1
t . (8)

There are also real non-Higgs backgrounds, whose leading
contributions must be accounted for as well and will be
discussed below.

As discussed above, the sensitivity to the higher di-
mensional hZZ e�ective couplings is significantly weaker
than for the hZ� and h�� e�ective couplings [43]. Fur-
thermore, though the hZZ e�ective couplings receive
contributions from top and W loops, there are also a
number of other one-loop contributions involving Z and
Higgs bosons. The already weak sensitivity to these hZZ
couplings makes disentangling the top contribution from

other contributions di�cult. We therefore simply will
model these with the set of dimension 5 operators:

LZZ � h

4v

�
AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 4AZZ
4 �µZ�Zµ�

�
, (9)

where the AZZ
n are taken as real and constant. To study

the potential e�ects of these contributions we treat AZZ
n

as nuisance parameters in our parameter extraction pro-
cedure allowing them to vary along with the top quark
Yukawa. As we will see, the e�ects of the operators
in Eq. (9) do not greatly a�ect our sensitivity to the top
Yukawa via the Z� and �� e�ective couplings, especially
once su�cient statistics are accumulated.

There is of course a non-Higgs background which
comes dominantly from the continuum qq̄ ! 4` pro-
cess [46] and can have important e�ects. As discussed
in [43] this background enters almost entirely due to de-
tector resolution e�ects. If detectors had perfect energy
resolution the signal region would essentially be a delta
function centered at the Higgs mass leading to an e�ec-
tively background free sample. However, imperfect de-
tector resolution has the e�ect of widening the signal re-
gion, thus introducing more non-Higgs background into
the sample and degrading the sensitivity to the hV V ef-
fective couplings [43].

For this qq̄ ! 4` background we utilize the analytic
expressions computed in [31, 39] and follow the pro-
cedure in [22, 43] to build a signal plus background
likelihood which includes the parton distribution func-
tions (pdfs) as well as crude modeling of detector reso-
lution e�ects. More details on this implementation can
be found in [22, 31, 39, 43]. For a more realistic anal-
ysis, careful treatment of detector resolution and addi-
tional background e�ects can be done with the frame-
work in [42, 46, 47], but is left to future work. However,
these detector e�ects are not expected to qualitatively
change the results obtained here.

TESTING CUSTODIAL SYMMETRY
AT THE LHC AND BEYOND

µ(h ! ��) � (0.64 gWW � 0.28 yt)
2 + (0.43 ỹt)

2 (10)

µ(h ! Z�) � (0.53 gWW � 0.06 yt)
2 + (0.09 ỹt)

2,

Show � vs. L/NS , money plots, etc. for yt, ỹt (or
Yt, �). Perhaps a Yt vs. mt money plot.

CONCLUSIONS
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I Interference between tree level hZZ amplitude and loop diagrams
allows us to probe top CP properties and the ratio �WZ = gW /gZ
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Pinning the Sign Down at the LHC

I Can perform a likelihood shape analysis to perform a ‘sign test’

(Y. Chen, J. Lykken, M. Spiropulu, D. Stolarski, R. Vega-Morales: 1608.02159)
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Pinning the Sign Down at the LHC
I Crucially, can establish the sign independently of top quark sector

(Y. Chen, J. Lykken, M. Spiropulu, D. Stolarski, R. Vega-Morales: 1608.02159)
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I Does not rely on combining multiple measurements to establish sign
I Rate information not used in likelihood ) largely independent of

production uncertainties
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Conclusion

•  There is a lot more that can be done with the Higgs golden 
channel, and many groups are exploring the possibilities

•  The prospect of measuring Higgs interference effects directly 
at HL-LHC is exciting

•  This prospect relies on maintaining detector performance 
through the high luminosity era	  


