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Why heavy Flavors ?

• Heavy Flavor Physics allow an efficient exploration of the dynamics related to Electroweak 
Symmetry Breaking

• Bottom-Quarks, Charm-Quarks and Tau-Leptons have relevant couplings to the Higgs and 
provide some of the most relevant decay modes in Higgs Physics

• They appear as relevant decay modes also in models with singlets, which couple to quark 
and leptons via the mixing with the SM Higgs

• They provide the most relevant decay modes on heavy Higgs bosons in models with two 
Higgs-doublets in large regions of parameter space 

• Models with heavy vector like quarks or leptons tend to present relevant mixing with heavy 
SM quarks and leptons and therefore these SM particles appear in their decays

• In Supersymmetry, we expect the superpartners of the bottom and top to be among the 
lightest scalars and they decay in modes rich in bottom quarks and leptons. 

• The mixing and rare decays of bottom and charm mesons are the most efficient way of 
exploring the new physics associated not only with the origin of mass but also the origin of 
flavor. 



Higgs Couplings to heavy Flavor

Although progress is being made, we have no information
on the charm coupling and the bottom coupling remain 

rather uncertain, even though H to bb is the dominant decay mode



Test of SM relations



Very little is known about charm couplings

• How to obtain information on charm

• Use charm tagging ! 

 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC
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2 slides about an experimental break through
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FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase
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Higgs Decay to Quarkonia

Bodwin, Chung, Ee, Lee, Petriello, Stoynev, Velasco’14
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� Bottom line: can use existing data to constrain Higgs-quarks univ..

GP, Soreq, Stamou & Tobioka (Feb/15)

(i) Direct constraint: recast VH(bb),  taking advantage of 2 working point cc < 250. 

 (ii) the recent ATLAS search to h → J/ψγ (see later) yield cc < 210 ;

         (assumes Higgs coupling to two photons and/or four leptons is not significantly modified by new physics); 

 (iii) the direct measurement of the total width yield cc < 150 (ATLAS),120 (CMS).; 

(iv) Global fit to the Higgs signal strength, cc < 6. 

(v) tth data =>  ct > 0.9 (equivalence to cc > 280). 

Constraining Higgs-quark universality #2+3 

GP, Soreq, Stamou & Tobioka (Feb/15)
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� Width bound:                          (ATLAS),                        (CMS) =>   

The relation between the total width and h ! J �
bounds to charm Yukawa

January 27, 2015

1 Naive averaging of ATLAS and CSM

The recent Higgs mass from ATLAS [1] and CMS [2] is

mATLAS

h = 125.36± 0.37± 0.18GeV , (1)

mCMS

h = 125.02± 0.27± 0.15GeV , (2)

where naive average leads to

mavg

h = 125.14± 0.25GeV . (3)

Below we use mh = 125GeV.
The signal strengths Higgs to ⌧ ⌧̄ [3, 4], to bb̄ [5, 6] and the Higgs production in association

with top-pairs [7, 8] are given by

µATLAS

⌧ ⌧̄ = 1.43+0.43
�0.37 , µCMS

⌧ ⌧̄ = 0.78± 0.27 , µavg

⌧ ⌧̄ = 0.98± 0.22 , (4)

µATLAS

b¯b = 0.52± 0.40 , µCMS

b¯b = 1.0± 0.5 , µavg

b¯b
= 0.71± 0.31 , (5)

µATLAS

t¯th = 1.7± 1.4 , µCMS

t¯th = 2.76± 0.99 , µavg

t¯th = 2.41± 0.81 , (6)

where the µavg

XX is naive averaging of ATLAS and CMS results.

2 Bounds from the total width

Both ATLAS and CMS give model independent bound on the Higgs total width from the in-
variant mass distribution of h ! 4` and h ! ��. These bounds are limited by the experimental
resolution of around 1GeV. Under the assumption of no interference with the background the
upper limits by ATLAS [1] are

�h < 5.0GeV from h ! �� ,

�h < 2.6GeV from h ! ZZ⇤ ! 4` . (7)

The corresponding CMS bounds are [2]

�h < 2.4GeV from h ! �� ,

�h < 3.4GeV from h ! ZZ⇤ ! 4` ,

�h < 1.7GeV combined , (8)
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�   Interpretation of ATLAS recent h ! J/ � (1501.03276): 

4 Interpretation of h ! J/ �

Recently, ATLAS put the first bound on the Higgs exclusive decay to J/ � [12]

�(pp ! h)⇥ BRh!J � < 33 fb , (19)

under the assumption of SM Higgs production this can be interpreted as bound of BR(h !
J/ �) < 1.5⇥ 10�3 .

The partial width of h ! J/ � at mh = 125GeV can be extrapolated from Eqs. (16)–(17)
of [13]

�h!J/ � = 1.32 (� � 0.13c)
2 ⇥ 10�8 GeV . (20)

Ref. [14] includes relativistic corrections and gives the result for mh = 125.9± 0.4GeV

�h!J/ � = |(11.9± 0.2)� � (1.04± 0.14)c|2 ⇥ 10�10 GeV

=1.42 (� � 0.087c)
2 ⇥ 10�8 GeV , (21)

see Eqs. (53) of [14]. The result for Note that we should evaluate this partial width at mh =
125.1± 0.3GeV using the formalism of [14].

The dependence on the production mechanism and the Higgs total width can be canceled
to good approximation in the ration between the bound (or measurement in the future) of the
pp ! h ! J/ � rate and one of the other Higgs rate measurements with inclusive production,
for example h ! ZZ⇤ ! 4` . We define

RJ/ ,Z =
�(pp ! h)⇥ BRh!J/ �

�(pp ! h)⇥ BRh!ZZ⇤!4`
=

�h!J/ �

�h!ZZ⇤!4`
= 2.79

(� � 0.087c)2

2V
⇥ 10�2 , (22)

where perfect cancellation of the production is assumed (correct for leading order) and BRSM

h!ZZ⇤!4` =
1.26⇥10�4 . By using Eq. (19) and the ZZ⇤ signal strength µZZ⇤ = 1.44+0.40

�0.33 [15] we can extract

RJ/ ,Z =
33 fb

µZZ⇤�SMBRSM

h!ZZ⇤!4`

< 9.32 . (23)

Combine the last with Eq. (22) leads to

�210V + 11� < c < 210V + 11� . (24)
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(LEP: cV = 1.08± 0.07)

cc < 150, 120 .
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Branching Ratios and Widths of Non-Standard Higgs Decays into Staus
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FIG. 6: Production rate of �+�� induced by the presence of heavy CP-even and CP-odd scalars,

with mA ⇥ 1 TeV, normalized to the rate obtained in the maximal mixing scenario used by the

CMS collaboration [78].

significantly alleviate the experimental constraints on mA coming from the decay to taus.

However, note that large values of A� > 1 TeV lead to problems with vacuum stability in

this region of parameters.

V. LIGHT STAUS AND HIGGS SEARCHES

Light staus remains the smoking gun signal of the MSSM scenario considered in this

paper. In Ref. [5], we studied the possibility of searching for them in the channel (pp �

�̃� ⇥̃1 � W ⇥ ⇥̄ + 2⇤0) at the LHC using a straight cut and count method. We specifically

analyzed the final state signature consisting of one lepton, 2 hadronic taus and missing

energy. We showed that this is a challenging search channel for both the 8 TeV and the 14

TeV runs, due to low statistics.

Here we will briefly mention another possibility of probing our framework at the LHC.

We note that the final state mentioned above is the same as the one arising in the Higgs

search channel (pp � Wh) followed by (h � ⇥ ⇥̄). Therefore, it is interesting to see whether
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FIG. 5: Left : Branching ratios of the heavy Higgs bosons, H and A. Dashed red lines: BR(A �

�̃1�̃2), solid blue lines: BR(H � �̃1�̃1), solid green lines: BR(H � �̃2�̃2). Right : Total width of the

heavy Higgs bosons in GeV. Mass of the lightest stau is fixed to 95 GeV and mA = 1 TeV.

decay rate into staus. The right panel shows the corresponding increase in the total width

with increasing A� and fixed m�̃2 , which implies a decrease of the branching ratio of the

heavy Higgs decay into � leptons. On the other hand, for a fixed value of A� , the value of

µ increases with m�̃2 , which leads to an increase in �b and a more negative �� . Since the

width of the decay into bottom quarks is the dominant one, this causes the total width to

decrease. However, note that negative �� leads to an increase of the width of the decay

into � leptons, and hence to an increase of the branching ratio of the decay of the heavy,

non-standard Higgs bosons into these particles. On the other hand, the production cross

section of non-standard Higgs bosons is inversely proportional to (1 +�b)2 and hence there

is a compensating e⇥ect on the total rate of these Higgs bosons decaying into taus, Eq. (17).

Fig. 6 shows the variation of the production rate of taus as a function of m�̃2 and A� with

respect to the maximal mixing scenario [53] used by ATLAS and CMS [78]. We use the

same set of parameters as for Fig. 5. For a fixed value of A� , as a result of the compensation

of e⇥ects discussed above, only a small variation of the rate of �� production is observed

in the region of parameters under analysis. On the other hand, for a given value of m�̃2

and increasing values of A� , the �� production rate decreases due to an increase of the

width of the decay into stau leptons. Therefore, only for large values of A� can we hope to
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Decay branching
ratio of heavy non-standard 

Higgs boson to staus

Total heavy Higgs
boson width

Decay branching
ratio into taus,

compared to the 
mhmax scenario.

M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, arXiv:1303.4414 
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FIG. 5: Left : Branching ratios of the heavy Higgs bosons, H and A. Dashed red lines: BR(A �

�̃1�̃2), solid blue lines: BR(H � �̃1�̃1), solid green lines: BR(H � �̃2�̃2). Right : Total width of the

heavy Higgs bosons in GeV. Mass of the lightest stau is fixed to 95 GeV and mA = 1 TeV.

where the term proportional to (M2
W +M2

Z) is the approximate contribution from the decay

into light charginos and neutralinos. Similar to the case with heavy staus, Eq. (14), the

branching ratio is increased due to negative values of �⇥ and positive values of �b. However,

comparing Eqs. (14) and (17), we see that this increase is partially compensated for by the

stau decays, quantified by the last term in Eq. (17). Let us stress that Eq. (17) is only valid

when the stau, chargino and neutralino masses are much smaller than mA and should be

modified by the appropriate phase space factors if this is not the case.

As before, the production cross section is proportional to the product of the branching

ratio times the bottom Yukawa squared, giving

⇥(pp � (H,A) � ⇤+⇤�) ⇤ m2
b tan

2 �⇧⇤
3
m2

b
m2

�
+

(M2
W+M2

Z)(1+�b)2

m2
� tan2 �

⌅
(1 +�⇥ )2 + (1 +�b)2

�
1 + A2

�

m2
A

⇥⌃ .

(18)

The ⇤⇤ production rate again increases due to negative �⇥ and decreases due to positive

�b. However in addition, there is also a decrease in the rate due to the decays into the light

staus.

Let us now compare the ⇤ branching ratio in the light stau scenario with the one that

is obtained for heavy staus and small values of �b ⇥ 0.25 and �⇥ ⇥ 0, as happens at
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⇥(bb̄A)⇥BR(A! bb̄) ' ⇥(bb̄A)SM
tan2 �

(1 + �b)
2 ⇥

9
(1 + �b)

2 + 9

⇥(bb̄, gg ! A)⇥BR(A! ⇤⇤) ' ⇥(bb̄, gg ! A)SM
tan2 �

(1 + �b)
2 + 9

• Searches at the Tevatron and the LHC are induced by production channels 
associated with the large bottom Yukawa coupling.

• There may be a strong dependence on the parameters in the bb search 
channel, which is strongly reduced in the tau tau mode.

Searches for non-standard Higgs bosons
M. Carena, S. Heinemeyer, G.Weiglein,C.W, EJPC’06

Validity of this approximation confirmed by  NLO computation by D. 
North and M. Spira, arXiv:0808.0087
Further work by Mhulleitner, Rzehak and Spira, 0812.3815

Tuesday, November 19, 2013

Below*the*top*threshold*or*at*moderate*or*large*tanβ*(last*term*associated*with*light*staus)*:*

�(pp ! H,A ! ⌧⌧) / tan2 �h⇣
3
m2

b
m2

⌧
+

(M2
W+M2

Z)(1+�b)2

m2
⌧ tan2 �

⌘
(1 +�⌧ )

2 + (1 +�b)
2
i

• If charginos are light, they contribute to the total with, suppressing the BR.



  

A full picture for EW symmetry breaking?
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fermions                       fermions                       bosonsbosons

SupersymmetrySupersymmetry

electron                        electron                                      sselectronelectron

quark                              quark                                              ssquarkquark

photphotinoino                                                                      photonphoton

gravitgravitinoino                                                              gravitongraviton

Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

Particles and Sparticles share the same couplings to the Higgs. Two superpartners

of  the two quarks (one for each chirality) couple strongly to the Higgs with a 

Yukawa  coupling of order one (same as the top-quark Yukawa coupling)

Two Higgs doublets necessary � tan� = v2
v1

Friday, November 2, 2012



Depending on the  values of  μ and tanβ different search strategies must be applied.

Heavy Higgs Bosons :  A variety of decay Branching Ratios
Carena, Haber, Low, Shah, C.W.’14

Heavy Supersymmetric Particles

At large tanβ, bottom and tau decay modes dominant.
As tanβ decreases decays into SM-like Higgs and wek bosons become relevant
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FIG. 5: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 10 and for different values

of the Higgsino mass parameter µ.

the width beyond the bottom-quark and tau-lepton ones, the hZ channel being the most

relevant one. As we discussed before, this is in sharp contrast with what happens in the

heavy CP-even Higgs boson, for which at mA ≃ 300 GeV the BR(H → ττ) is only of a few
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Carena, Haber, Low, Shah, C.W.’14

Light Charginos and Neutralinos can significantly modify M the                                                                 
CP-odd Higgs Decay Branching Ratios

At small values of tanβ,  and small μ,  heavy Higgs  decay into top quarks and 
electroweakinos  become dominant. Still, decays into pairs of Higgs very relevant.
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FIG. 6: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of the

respective Higgs mass in the malt
h and mmod

h scenarios for tan β = 4 different values of the Higgsino

mass parameter µ.

percent, only a factor of two larger than in the low µ scenario. This difference between the

CP-even and CP-odd Higgs bosons has important phenomenological consequences that will

be discussed below.

Another thing that may be observed from Figs. 6 and 7 is that at low values of tan β,

the top contribution to the decay width of the non-standard Higgs bosons is sufficiently

large to strongly suppress all other relevant branching ratios for mA > 2Mt, where Mt is

the top quark mass. Hence, in the following, we shall mostly connectrate in the region of

mA < 350 GeV.

For stop masses of one TeV, the mhmod and mhalt scenarios fail to reproduce the proper

lightest Higgs mass, mh = 125 GeV at values of tanβ ≤ 6. Hence, the stop masses must

be raised in order to obtain the proper Higgs mass. In our work, we keep the ratio of

the trilinear mass parameter At to the overall stop mass scale, as defined in Ref. [], but

vary the value of the stop soft supersymmetry breaking parameters until mh ≃ 125 GeV is

obtained. The corresponding values of the stop soft breaking mass parameters MSUSY = mQ

21



Large μ and small tanβ
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FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The

22

! "

!
"

Μ " # Β "

ΤΤ

(a)

!
"

Μ " # Β "

ΤΤ

(b)

! "

!
"

Μ " # Β "

ΤΤ

Χ Χ

(c)

!
"

Μ " # Β "

ΤΤ

(d)

FIG. 7: Branching Ratio of the heavy CP-even Higgs and CP-odd Higgs decays as a function of

the respective Higgs mass in the mhalt and mhmod scenarios for tan β = 4 different values of the

Higgsino mass parameter µ.

are displayed in Fig. 8 with the values of At defined in the on-shell scheme. Observe that

for the mhalt scenario larger values of mQ are necessary for smaller values of µ. On the

contrary, in the mhmod scenario, larger values of mQ are obtained for larger values of µ. The
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Decays into gauge and Higgs bosons become important. Observe, however 
that the BR(A  to τ τ) remains large up to the top-quark threshold scale
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Change in bound of tan� due to variation of µ

Carena, Haber, Low, Shah, C.W.’14

The CP-odd Higgs contribution is unsuppressed at low values of tanβ
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Complementarity between different search channels
Carena, Haber, Low, Shah, C.W.’14

Limits coming from measurements of h couplings

become weaker for larger values of µ

Limits coming from direct searches of H,A ! ⌧⌧
become stronger for larger values of µ

Bounds on mA are therefore dependent on the scenario

and at present become weaker for larger µ

With a modest improvement of direct search limit one would
be able to close the wedge, below top pair decay threshold 



Reach in different channels. Energy Dependence
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Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs
bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), H → WW + ZZ (green), H/A → tt̄
(red), A → hZ (brown) and H → hh (yellow). The projection is made for the LHC with 7+8 TeV
and the full 25 fb−1 of data collected so far. The radiative corrections are such that the lightest h
mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H± state can be

produced in top decays. In this case, the decay channel H± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tan β. In the low tan β region, two other

channels can be considered: H+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [89] and H+ → cb̄. The branching ratio

for the latter channel is significant for tan β <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [35]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H+b at low mass and pp → btH± at high mass with

H± → Wh can have large rates at sufficiently low tan β. The cross section times branching

fraction is displayed in Fig. 11 in the [tan β,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1, 5 and 10 fb which, for a luminosity of 300 fb−1 would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tan β region is reopened.

– 29 –
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FIG. 12: Product of production cross section and decay branching fraction for H ! ZZ (upper left), H ! WW (upper centre),
H ! hh (upper left), A ! hZ (bottom right), H ! tt̄ (bottom centre) and H ! SUSY particles (bottom left), at 14 TeV in
the [MA � tan�] parameter plane. The colour coding is given in the legend and it is the same as in Figure 10.

H ! hh ! bbbb events are reconstructed by requiring
at least three b-tagged jets. The pairing of four b jets, or
three b jets with any of the reconstructed jets, which min-
imises the mass di↵erence of the two di-jet pairs and their
di↵erence from the h mass of 126 GeV is selected. The
di-jet invariant mass distribution is shown in Figure 14.
The invariant mass resolution obtained with the fast sim-
ulation is comparable to that reported for the H

SM

! bb̄
search. The four-jet invariant mass, Mbbbb shows a clear
peak corresponding to the generated H mass as shown in

FIG. 13: Combination of the expected constraints on the
[MA � tan�] parameter plane from the ⌧⌧ , ZZ and tt chan-
nels as in Figure 11, extrapolated to 150 fb�1 at 14 TeV. The
colour scale gives the fraction of pMSSM points excluded at
each MA and tan� value. The grey region has no accepted
pMSSM points after the Bs ! µµ, direct DM searches and
Mh constraints.

Figure 14. The e�ciency of this selection for the signal
mass region of 300< Mbbbb < 500 GeV is ' 16% at both
values of MH .

FIG. 14: Reconstruction of H ! hh ! bbbb events at 14 TeV
for MH = 400 GeV: distribution of the b-jet transverse energy
ET (upper right) and energy E (lower left), invariant mass of
bb pairs (lower left) and bbbb invariant mass (lower right). A
BR(H ! hh) = 0.12 has been assumed.

For the Zh ! ``bb we select events with two, oppo-
sitely charged, electrons or muons with two or more jets,
of which at least one b tagged. The `` invariant mass
is required to be consistent with that of the Z within
the resolution. If the event contains exactly two b-tagged
jets, the invariant mass of the pair is required to be con-

14 TeV, 150 fb�1

10

FIG. 15: Reconstruction of A ! Zh ! ``bb events at 14 TeV
for MA = 400 GeV: distribution of the lepton transverse
energy pT (upper left), b-jet transverse energy ET (upper
right), bb (lower left) and bbll (lower right) invariant mass.
A BR(A ! Zh) = 0.12 has been assumed.

sistent with 126 GeV within the resolution. If there is
only one b-tagged jet, but it has a mass consistent with
126 GeV, this is also accepted. The final mass is com-
puted by combining the di-leptons with the di-jet pair
or the single b jet. The resulting distribution is shown
in Figure 15 for an integrated luminosity of 150 fb�1.
The selection e�ciency for the loose signal mass region
of 300< Mbbll < 500 GeV is ' 25% at both values of MA.

FIG. 16: Regions on the [MA � tan�] parameter plane where
the H ! hh and A ! hZ process yield 50 reconstructed
events for 150 fb�1 at 14 TeV, compared with the coverage
provided by the combination of ⌧⌧ and ZZ shown in dark
blue. The grey region has no accepted pMSSM points after
the Bs ! µµ, direct DM searches and Mh constraints.

Since we base this preliminary characterisation on the
reconstruction of signal only event and have not consid-
ered the backgrounds, we cannot define here exclusion
contours. Instead, we simply plot the regions of the
[MA�tan�] plane where we register more than 50 recon-
structed events for 150 fb�1 of data at 14 TeV. The result
is shown in Figure 16, where the region covered by the

hh and hZ final states is compared to that of expected
sensitivity for the combination of the ⌧⌧ , ZZ and tt chan-
nels, considered above. We notice that the hh channel
covers the full tan� range of interest from threshold up
to MA ' 400 GeV and up to 550 GeV at low tan� val-
ues, beyond the ZZ sensitivity. In this important region
of small to intermediate values of tan�, the hh and hZ
channels provide redundancy to the coverage o↵ered by
the ⌧⌧ and tt̄ modes.

C. E↵ect of QCD Uncertainties and SUSY
Particles

The limits derived above do not account for the ef-
fects of theoretical uncertainties, a↵ecting the Higgs pro-
duction cross section and decay branching fractions, and
of SUSY contributions. First, the gg ! H/A and
bb̄ ! H/A cross sections have sizeable QCD uncertainties
from the factorisation and renormalisation scales, par-
ton distribution functions (PDFs) and parametric sys-
tematics from ↵s and the heavy quark masses. We es-
timate the parametric systematics on the cross section
for ↵s = 0.118± 0.0012, m̄b(m̄b) = (4.19±0.05) GeV, mt

= (172.9±1.5) GeV and those from the PDFs by taking
the largest di↵erence between di↵erent sets of functions.
The latter is the dominant contribution. The combina-
tion of the uncertainties on the quark masses, PDFs and
↵s leads to an estimated systematic uncertainty on the
pp ! H/A rate of ⇡ ±24% at 8 TeV and ⇡ ±20% at
14 TeV, dominated by the PDFs and scale, and compa-
rable to those for pp ! H

SM

production [61, 62].
In order to evaluate their impact on the exclusion con-

tours in the [MA�tan�] plane, we repeat our study while
changing the production cross section by ±25% and com-
pare the constraints obtained to that corresponding to
the central values for the production cross sections. Fig-
ures 17 and 18 show the fractions of excluded points in
the [MA�tan�] plane and their projections as a function
of MA for the fixed value of tan� = 15 at 8 and 14 TeV,
respectively, and includes the e↵ect of the ±�

QCD

change
of the cross sections by the QCD uncertainties. The ef-
fect is a shift of the excluded MA mass by ±45 GeV at
8 TeV and by ±55 GeV at 14 TeV at tan�=15 and larger
for higher values of tan�.
Then, we observe that, there is a significant smear-

ing of the curve giving the fraction of excluded pMSSM
points as a function of MA, even if the systematics on the
production cross section are ignored. In fact, the exclu-
sion curve goes from 10% to 90% of the points excluded
over a range of MA values spanning ⇠90 GeV at 8 TeV
and ⇠150 GeV at 14 TeV, as a result of the variation
of other pMSSM parameters. This range, which is com-
parable to that corresponding to the QCD uncertainty
obtained above, is intrinsic to the pMSSM and includes
contributions such as the loop e↵ect through the �b term
discussed in section II.B.
Finally, we consider quantitatively the region of the

These latest channels are only open away from 
the  Alignment region.   Here μ is mostly sizable, 
but sufficiently small so alignment not obtained

Arbey, Battaglia, Mahmoudi’13Djouadi, Quevillon’13

14 TeV, 150 fb�1



Double Higgs Production in SUSY Models

Squark Mediated Diagrams suppressed if stops are heavy



H ! hh

H ! hh, h ! bb̄, h ! ��



Naturalness and Alignment in the NMSSM

• It is well known that in the NMSSM there are new contributions to the lightest CP-
even Higgs mass,

• It is perhaps less known that it leads to sizable corrections to the mixing between 
the MSSM like CP-even states. In the Higgs basis, 

• The last term is the one appearing in the MSSM, that are small for moderate mixing 
and small values of 

• So, alignment leads to a determination of lambda,

• The values of lambda end up in a very narrow range, between 0.65 and 0.7 for 
allvalues of tanbeta, that are the values that lead to naturalness with perturbativity 
up to the GUT scale
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see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13



Alignment in the NMSSM (heavy or aligned singlets)(i) (ii)
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing 
job in aligning the  MSSM-like 

CP-even sector, provided
lambda is of about 0.65

Carena, Low, Shah, C.W.’13



Values of the Singlet, Higgsino and Singlino Masses
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In this limit, the singlino mass is equal to the Higgsino mass. 

 So,  the  whole Higgs and Higgsino spectrum remains light, as anticipated

mS̃ = 2µ


�

Carena, Haber, Low, Shah, C.W.’15



Decays of SM and Heavy Higgs Bosons into Higgses

  

Lessons from LHC8 recasts                      
                                     

23/31                                                                                                                                                              S.Gori

Prospects depend in detail on the particles in the 
final state, and range from spectacular to very hard

Higgs exotic decay review, 1312.4992
Curtin, Essig, SG, Jaiswal, Katz, Liu, Liu, McKeen, Shelton, Strassler, Surujon, Tweedie, Zhong

multiple resonant leptons multiple EW object
but 

poor mass resolution

all hadronic

Easy Moderate Hard

  

Lessons from LHC8 recasts                      
                                     

23/31                                                                                                                                                              S.Gori

Prospects depend in detail on the particles in the 
final state, and range from spectacular to very hard

Higgs exotic decay review, 1312.4992
Curtin, Essig, SG, Jaiswal, Katz, Liu, Liu, McKeen, Shelton, Strassler, Surujon, Tweedie, Zhong

multiple resonant leptons multiple EW object
but 

poor mass resolution

all hadronic

Easy Moderate Hard

A modified J. Shelton’s Original

Hk Hk

Hi
Hi

Hj Hj

Heavier Higgs Bosons can Decay into Lighter Ones
Decays into Charginos and Neutralinos also allowed.

Rich Higgs Signatures. 



Flavor Violating Higgs Decays (tau mu)
and CP-odd Component

Check of CP-odd Component may be done in the h to tau tau mode

Testable CP-odd Components may appear, for instance, in the MSSM

Bing Li,C.W.’15

Harnik et al, Bernreuther et al’14



Stop Searches

Charm
Tagging

b + W
+ Miss. ET

top +
Miss ET

Monojet

Carena, 
Freitas, 
C.W.’08



Stau Searches

Direct stau decay into taus quite difficult. No bounds

2 taus +
Miss. ET

Alternative :

Stau-sneutrino
production

2 taus + W
+ Miss. ET

Carena, Gori,
Sha, Wang, C.W’13



Sbottom Searches

Small excess observed in 2 bottoms plus 
equal sign leptons or tripleptons

2 b + 4 W + Missing ET



2 3 Data and simulation samples
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Figure 1: Examples of leading-order Feynman diagrams for ttH production at pp colliders,
followed by Higgs boson decays to tt, ZZ⇤ and WW⇤ (from left to right). The first, second, and
third diagrams are examples of the two same-sign lepton signature, the three lepton signature,
and the four lepton signature, respectively.

2 The CMS detector

The CMS detector [11] consists of different components. A superconducting solenoid in the
central region of the detector provides an axial magnetic field of 3.8 Tesla parallel to the beam
direction. The silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL)
and the brass/scintillator hadron calorimeter (HCAL) are located in concentric layers within
the solenoid. These layers provide coverage out to |h| < 2.5, where pseudorapidity is defined
as h = � ln

⇥
tan

�
q
2
�⇤

, and q is the polar angle of the trajectory of the particle with respect
to the beam direction. A quartz-fiber Cherenkov calorimeter (HF) extends the coverage to
|h| < 5.0. Muons are detected by gas detectors embedded in the iron return yoke outside the
solenoid. The first level of the CMS trigger system, composed of custom hardware processors,
is designed to reduce the input rate by a factor of 1000 by selecting the most interesting events
in less than 3 µs using information from the calorimeters and muon detectors. The High Level
Trigger processor farm further decreases the event rate to a few hundred Hz for data storage.
All of these components are used for the ttH search.

3 Data and simulation samples

We use the 2012 CMS dataset, corresponding to a total integrated luminosity of 19.6 fb�1. The
events are selected by the trigger requirement of the presence of either two leptons (electrons
or muons), or a triplet of electrons. The minimal transverse momenta of the first and second
lepton are 17 and 8 GeV for the double lepton triggers, and 15, 8, and 5 GeV for the triple
electron trigger.

Simulated samples for the SM Higgs boson signal and for background processes are used to op-
timize the event selection and to evaluate the acceptance and systematic uncertainties. The ttH
signal is modeled with the PYTHIA generator [12]. The background processes ttW, ttZ, tt+jets
(which includes ttg+jets), Drell-Yan (DY) + jets (DY+g+jets), W+jets (W+g+jets), the diboson
ZZ+jets, WW+jets, WZ+jets and the rare WWZ, WWW, and ttWW process are all simulated
with the MADGRAPH [13] tree-level matrix element generator, combined with PYTHIA for the
parton shower and hadronization. Single top production is modeled with the NLO generator
POWHEG [14–19] combined with PYTHIA.

CMS-Hig13-020
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requirement on the Emiss
T LD is not applied.

The four-lepton candidate selection requires exactly four leptons that each pass the lepton pre-
selection and the loose working point of the lepton MVA discriminant.

In both the three-lepton and four-lepton selections, the veto of same-flavor opposite-sign lepton
pairs near the Z mass introduces an inefficiency for the ttH, H ! ZZ⇤ with Z ! ⇤⇤ events, but
these events represent a small fraction of the expected signal.

The observed event yields in data for each final state and the expectations from the different
physical processes are summarized in Table 1. The details of the calculations of the signal and
background yields are discussed in the next sections.

µµ ee eµ 3⇤ 4⇤
ttH, H ! WW 2.0 ± 0.3 0.9 ± 0.1 2.7 ± 0.4 3.2 ± 0.6 0.28 ± 0.05
ttH, H ! ZZ 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.09 ± 0.02
ttH, H ! tt 0.6 ± 0.1 0.3 ± 0.0 0.9 ± 0.1 1.0 ± 0.2 0.15 ± 0.02
tt W 8.2 ± 1.5 3.4 ± 0.6 13.0 ± 2.2 9.2 ± 1.9 -
tt Z/g⇤ 2.5 ± 0.5 1.6 ± 0.3 4.2 ± 0.9 7.9 ± 1.7 1.25 ± 0.88
tt WW 0.2 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.4 ± 0.1 0.04 ± 0.02
tt g - 1.3 ± 0.3 1.9 ± 0.5 2.9 ± 0.8 -
WZ 0.8 ± 0.9 0.5 ± 0.5 1.2 ± 1.3 4.2 ± 0.9 -
ZZ 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.4 ± 0.1 0.45 ± 0.09
rare SM bkg. 1.1 ± 0.0 0.4 ± 0.0 1.5 ± 0.0 0.8 ± 0.0 0.01 ± 0.00
non-prompt 10.8 ± 4.8 8.9 ± 4.5 21.2 ± 8.1 33.2 ± 12.3 0.53 ± 0.32
charge flip - 1.9 ± 0.6 2.4 ± 0.8 - -
all signals 2.7 ± 0.4 1.2 ± 0.2 3.7 ± 0.6 4.4 ± 0.8 0.52 ± 0.09
all backgrounds 23.7 ± 5.2 18.0 ± 4.7 45.9 ± 8.6 58.9 ± 12.7 2.28 ± 0.94
data 41 19 51 68 1

Table 1: Expected and observed yields after the selection in all five final states. The rare SM
backgrounds include triboson production, tbZ, W±W±qq, and WW produced in double-parton
interactions. A ’-’ indicates a negligible yield. Non-prompt and charge-flip backgrounds are
described in Sec. 8.

6 Signal extraction

After the event selection described in the previous section, the overall yields are still dominated
by background. It is not optimal to infer the presence of a ttH signal on the basis of the yields
alone. The strategy adopted in this search is to fit for the amount of signal from the distribution
of a suitable discriminating variable.

In the dilepton analysis, a boosted decision tree (BDT) is used as discriminating variable. The
BDT is trained with simulated ttH signal and tt background events, with six discriminating
variables: the pT and |h| of the trailing lepton, the minimal angular separation between the
trailing lepton and the closest jet, the transverse mass of the leading lepton and Emiss

T , HT,
Hmiss

T . The same training is used for the ee, eµ and µµ final states, as the gain in performance
from dedicated trainings in each final state is found to be negligible.

In the trilepton analysis, a BDT is also used for the final discrimination. The BDT is trained
with simulated ttH signal and a mix of tt, ttW and ttZ background events, with seven discrim-
inating variables: the multiplicity of hadronic jets, the pT of the jet with the highest b-tagging
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Figure 4: Results of the searches in the three final states and their combination, in terms of the
signal strength parameter µ = s/sSM. Left panel: 95% CL upper limit on µ, observed (solid
markers), median expected under the background-only hypothesis (hollow markers), and in-
tervals containing 68% and 95% of the expected outcomes under that hypothesis (green and
yellow bands). Right panel: best fit values of µ and ±1s uncertainties, for the five individual
final states (solid markers with red error bars) and the full combination (vertical line and green
band). The signal strength in the four-lepton final state is not allowed to be below approxi-
mately 6 by the requirement that the expected signal-plus-background event yield must not be
negative in any of the two bins of jet multiplicity.

10 times greater than the rate of charge mismeasurement for electrons in order to explain the
excess. Detailed studies of various single- and dimuon distributions did not reveal any poten-
tial additional source of background. Moreover, the analysis of the dimuon final state has been
repeated with different lepton selections, using looser working points for the multivariate dis-
criminator and also with traditional cut based selections. These approaches have sensitivities
10-50% worse than the nominal analysis and give compatible results.

The results obtained with the cross-check analysis relying on the multiplicity of hadronic jets
instead of the multivariate discriminator for the dilepton and trilepton final states are in good
agreement with the ones of the nominal analysis: the expected and observed upper limits are
3.0 and 6.9, respectively, and the best fit signal strength is µ = 3.9+1.7

�1.5.

10 Conclusions

A search for the standard model Higgs boson produced in association with a top-quark pair
has been performed at the CMS experiment using the full 2012 data sample, corresponding
to an integrated luminosity of 19.6 fb�1 at

p
s = 8 TeV. Events are considered where the top-

quark pair decays to either one lepton+jets (tt ! ⇤nqq0bb) or dileptons (tt ! ⇤+n⇤�nbb), ⇤
being an electron or a muon. The search has been optimized for the H ! WW⇤, H ! ZZ⇤, and
H ! t+t� decay modes.

Combining the results from the same-sign dilepton, three lepton, and four lepton channels, the
observed and expected upper limits at 95% CL on the cross section for Higgs boson production
in association with top-quark pairs for a Higgs boson mass of 125.7 GeV are 6.6 and 2.4 times
the standard model expectation, respectively. The best-fit value for the signal strength µ is
3.7+1.6

�1.4 (68% CL).

ttH,H ! WW

Most relevant channels : 2 bottom-quarks and equal sign leptons/trileptons

Work correlating these signals in progress :
S. Gori, A. Ismail, P. Huang, I.Low, C.W.’15
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Any evidence of SUSY ? 
• But imagine we go back in time and you only new about the electron, the 

positron  and the photon.  

• You design a electron-positron collider and you suddenly produce muons ! 

• You observe that the muons decay into an electron and something invisible, 
which is not a particle.  The invisible invariant mass distribution has an end 
point at the mass difference of the muon and the electron. 

• You go back to your particle physics notes and you discovered that there 
must be two neutral particles (you call them neutrinos).   

• You also realize that there must be some massive particle mediating the 
decay.  If you are at Chicago, you call it W, after the last name of the guy who 
taught you particle physics. 

You discovered
three particles

at once !
(actually four)



Edge in the invariant mass distribution of leptons
10 7 Summary
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Figure 2: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the SF (left) and OF (right) event samples. The combined fit shape is shown as a blue,
solid line. The individual fit components are indicated by dashed lines. The flavor-symmetric
background is denoted as ”FS” and is displayed with a black dashed line. The Drell–Yan con-
tribution is denoted as ”DY” and is displayed with a red dashed line. The extracted signal
component is denoted as Signal and is displayed with a green dashed line.
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b̃ ! b �0
2

b̃ ! b �0
2 ! b e+e��0

1

mb̃ ' 390GeV

m�̃0
2
' 340GeV

m�̃0
1
' 260GeV

2 jets with pT > 40 GeV

2 leptons with pT > 20 GeV

Missing ET > 150 GeV

(or Njets > 3 and Miss. ET > 100 GeV)



Event Counting
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Figure 3: Comparison between the observed and estimated SM background dilepton mass
distributions in the (left) central and (right) forward regions, where the SM backgrounds are
evaluated from control samples (see text) rather than from the fit. The vertical lines indicate
the boundaries of the signal and the on-Z regions.

Table 3: Results of the counting experiment for event yields in the signal regions. Statistical and
systematic uncertainties are added in quadrature, except for the flavor symmetric backgrounds.

Central Forward

Observed [SF] 860 163

Flav. Sym. [OF] 722 ± 27 ± 29 155 ± 13 ± 10
Drell–Yan 8.2 ± 2.6 1.7 ± 1.4

Total estimates 730 ± 40 157 ± 16

Observed – Estimated 130+48
�49 6+20

�21

Significance [s] 2.6 0.3

SUS-12-019
2 jets with pT > 40 GeV

2 leptons with pT > 20 GeV

Missing ET > 150 GeV

(or Njets > 3 and Miss. ET > 100 GeV)



Heavy Top Quarks

VectorZLike&T&Quark&

•  T&(aka&t�)&couples&to&
bW,&tZ&and&tH&
–  Vector&couplings&to&W&
and&Z&evade&electroweak&
constraints&

•  Inclusive&analysis&
•  Consider&states&where&
at&least&one&W&boson&
decays&leptonically&

January&28,&2015& 5&

There are many more 
Feynman diagrams 

VectorZLike&Quarks&

•  See&JHEP&04:004,&2013&for&a&detailed&theoreLcal&
descripLon&

•  Can&appear&in&a&singlet&or&in&a&fourplet:&

&

•  T5/3&and&T2/3&are&the&lightest&
•  T5/3&decays&exclusively&to&tW&
•  T2/3&decays&to&bW,&tZ&and&tH&
•  B1/3&decays&to&bZ,&tW,&and&bH&

–  Some&branching&raLos&may&be&0&depending&on&the&model&

January&28,&2015& 3 

@8&TeV:&VectorZLike&T&Results&

•  Exclude&T&masses&between&687&and&782&GeV&
–  Inclusive&analysis&allows&a&novel&interpretaLon&

•  BR(bW)&+&BR(tH)&+&BR(tZ)&=&1&&&&→&&&Triangle&
•  Results&available&for&any&branching&fracLon&

•  Similar&results&from&ATLAS&(Phys.LeV.,&B718:1284–1302,&2012;&Phys.LeV.&B718&
(2013)&1284Z1302)&
January&28,&2015& 8&



Rare B Decays

Bs ! µµ
as estimated by the Heavy Flavor Averaging Group for E� > 1.6 GeV [65], and

BR(Bs ! µ+ + µ�) = (2.9± 0.7)⇥ 10�9

as recorded by LHCb and CMS analyses [66] are in somewhat good agreement with the SM

predictions [67],[68],[70] given by

BR(B ! Xs�) = (3.15± 0.23)⇥ 10�4

(see Ref. [69] for an alternative calculation of this rate) and

BR(Bs ! µ+µ�) = (3.65± 0.23)⇥ 10�9.

In our analysis, we performed a small rescaling of the values of B ! Xs� given by CPsuperH

in order to obtain the proper SM results [68] for large squark and charged Higgs masses.

FIG. 12: The branching ratio values of the decay channels Bs ! µ++µ� and channel B ! Xs+�,

computed in CPsuperH, are displayed for points allowed by all experimental constraints considered

in this article. The points are colored by the CP-odd component of H1. The red pentagram marks

the current experimental values. The red triangle in the plot displays the prediction by Standard

Model. The regions allowed at the 68% and 96% C.L. are displayed by dashed lines.

In Figure 12 we show with dashed lines the regions allowed at the 68% and 96% confidence

level (C.L.). We see that under the above assumptions, for the maximal CP-violating e↵ects

25

(Bs ! µµ)SM = (3.65± 0.23)⇥ 10�9
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B
s
→μ+μ–

Killer app. for new physics discovery

Very rare in Standard Model due to
● absence of tree-level FCNC
● helicity suppression
● CKM suppression

… all features which are not necessarily 
reproduced in extended models

Tim Gershon
Heavy Flavour @ LHC

B(B
s
→μ+μ–)SM = (3.2 ± 0.3) x 10–9       B(B

s
→μ+μ–)MSSM ~ tan6β/M4

A0

Buras et al,  EPJ C72 (2012) 2172
N.B. Should be corrected up by 9% since measurement is of 

the time-integrated branching fraction (PRL 109 (2012) 041801)Higher Precision may probe new physics contributions



Bing Li, C.W.’15



Conclusions

• Heavy Flavor Physics is exciting and must 
be pursued at the LHC


