
Carlos E.M. Wagner

EFI & KICP,  University of Chicago
Argonne National Laboratory

La Thuile Conference on Results and Perspectives in Particle Physics
La Thuile, Italy, March 6, 2015

Supersymmetry :
Theory vs Experiment



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)
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Supersymmetry and Higgs Physics



Lightest SM-like Higgs mass strongly depends on: 

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and 
quartic dep. on the stop mixing parameter  Xt.  [ and on sbotton/stau sectors for large tanbeta] 

For moderate to large values of tan beta and large non-standard Higgs masses  

Analytic expression valid for  MSUSY~ mQ ~ mU 

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 

*the stop masses and mixing 
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Figure 2. Comparison of the diagrammatic two-loop O(m2
t h

2
t αs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ + m2

t )
1/2 = 1 TeV for the cases of tan β = 1.6 and tanβ = 30, respectively.
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Standard Model-like Higgs Mass

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.’00

Xt = At � µ/ tan�, Xt = 0 : No mixing; Xt =
�

6MS : Max. Mixing

Long list of two-loop computations:  Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling, 
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.W., Weiglein, Zhang, Zwirner

mt = 180 GeV.

For mt = 173 GeV,

the maximum mh

shifts to 127 GeV.

SM-like MSSM Higgs Mass 

At~2.4 MS 

At=0 

2 -loop corrections:      

Many contributions to two loop corrections computations:  
Brignole, M.C., Degrassi,  Diaz, Ellis, Haber, Hempfling, Heinemeyer, Hollik, Espinosa,  Martin, 
 Quiros, Ridolfi, Slavich,  Wagner, Weiglein, Zhang, Zwirner, …  

M.C, Haber, Heinemeyer,  
Hollik,Weiglein,Wagner’00 

! 

mh "130 GeV

Saturday, December 14, 2013

For masses of order 1 TeV, diagrammatic and EFT approach agree well, once the 
appropriate threshold corrections are included
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as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⇥
�
mt̃1mt̃2

⇥1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� � 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⌅ ±

⇧
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⌅ 125 GeV, we must have

tan� � 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⇤ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⌅ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⌅ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

Large Mixing in the Stop Sector Necessary

P. Draper, P. Meade, M. Reece, D. Shih’11
L. Hall, D. Pinner, J. Ruderman’11

M. Carena, S. Gori, N. Shah, C. Wagner’11
A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, J. Quevillon’11

S. Heinemeyer, O. Stal, G. Weiglein’11
U. Ellwanger’11

...

Tuesday, November 19, 2013This puts strong constraints on, for instance,  Gauge Mediated 
SUSY breaking models, where one expects Xt < Ms, unless
the overall scale of stop masses is much larger than 1 TeV. 
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The analysis of the three-loop corrections show a high degree of  cancellation 
between the dominant and subdominant contributions

Draper, Lee, C.W. ’13

This is a SM effect, since this is the effective theory we are considering.  

This shows that a partial computation of three loop effects is not justified

Harlander, Kant, Mihaila, Steinhauser’08,’10 

Feng, Kant, Profumo, Sanford’13

Higher loop effects and the Stop Mass Scale
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FIG. 5. Plots of central (solid), 1� (dashed), and 2� (dotted) contours of the Higgs mass Mh in

the tan� vs. MS plane for values of bXt = 0,
p
6 (top, bottom rows) and µ = MS , 200 GeV (left,

right columns).

plane for bXt = 0,
p
6 and µ = MS, 200 GeV. For bXt = 0 and µ = MS (200 GeV), we see again

that for large tan � > 20, we require MS ⇠ 18 (7) TeV to achieve Mh ⇠ 125.6 GeV, although

within uncertainties, this scale can vary by a few TeV. For a fixed value of moderate to large

tan � & 10, the relatively large spread in MS required to obtain Mh ⇠ 125.6 ± 0.7 GeV

corresponds to the shallow slope of Mh in Fig. 1 at large MS; the central value, however,

22

Necessary stop mass values to get the proper Higgs mass for 
Small  mixing in the stop sector

Draper, Lee, C.W. ’13

Such heavy stops would be out of the reach of the LHC
A higher energy collider necessary to investigate stop sector
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FIG. 5. Plots of central (solid), 1� (dashed), and 2� (dotted) contours of the Higgs mass Mh in

the tan� vs. MS plane for values of bXt = 0,
p
6 (top, bottom rows) and µ = MS , 200 GeV (left,

right columns).

plane for bXt = 0,
p
6 and µ = MS, 200 GeV. For bXt = 0 and µ = MS (200 GeV), we see again

that for large tan � > 20, we require MS ⇠ 18 (7) TeV to achieve Mh ⇠ 125.6 GeV, although

within uncertainties, this scale can vary by a few TeV. For a fixed value of moderate to large

tan � & 10, the relatively large spread in MS required to obtain Mh ⇠ 125.6 ± 0.7 GeV

corresponds to the shallow slope of Mh in Fig. 1 at large MS; the central value, however,
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Necessary stop mass values to get the proper Higgs mass 
for Maximal  mixing in the stop sector

Draper, Lee, C.W. ’13

Light Stops at the reach of the LHC for large mixing 
in the Stop sector and moderate values of tanβ



Soft supersymmetry Breaking Parameters

Large stop sector mixing 
  At > 1 TeV

No lower bound on the lightest stop 
  One stop can be light and the other heavy   

 or
in the case of similar stop soft masses. 

both stops can be below 1TeV

At large tan beta, light staus/sbottoms can decrease
       mh by several GeV’s via Higgs mixing effects 
           and compensate tan beta enhancement 

Intermediate values of tan beta lead to
 the largest values of mh for the same values 

of stop mass parameters 

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

Monday, August 26, 2013

Splitting the Two Stop Masses



mQ � mU ; m2
t̃1

' m2
U +m2

t

 
1� X2

t

m2
Q

!

Lightest stop coupling to the Higgs approximately
vanishes for Xt ' mQ

Higgs mass pushes us in that direction
Modification of the gluon fusion rate milder
due to this reason.

Light stop coupling to the Higgs

Tuesday, November 19, 2013



Stop Searches

Charm
Tagging

b + W
+ Miss. ET

top +
Miss ET

Monojet

Provided the lightest neutralino (DM) is heavier than about 250 GeV, there 
are no limits on stops.  Even for lighter neutralinos, there are big holes.



Large Variations of Higgs couplings are still possible

But we cannot determine the Higgs couplings very accurately

As these measurements become more precise, they constrain possible 
extensions of the SM, and they could lead to the evidence of new physics.

It is worth studying what kind of effects one could obtain in well motivated 
extensions of the Standard Model, like SUSY.

Monday, August 26, 2013

The properties of the recently discovered Higgs boson are close to the SM ones

(for an extensive review, see Christensen, Han and Su’13) 



Low Energy Supersymmetry :   Type II Higgs doublet models

In Type II models, the Higgs H1 would couple to down-quarks and charge leptons, 
while the Higgs H2 couples to up quarks and neutrinos.  Therefore,

If the mixing is such that

then the coupling of the lightest Higgs to fermions and gauge bosons is SM-like. This 
limit is called decoupling limit.  Is it possible to obtain similar relations for lower values 
of the CP-odd Higgs mass ? We shall call this situation ALIGNMENT

Observe that close to the decoupling limit, the lightest Higgs couplings are SM-like, 
while the heavy Higgs couplings to down quarks and up quarks are enhanced 
(suppressed) by a             factor.   We shall concentrate on this case. 

It is important to stress that the coupling of the CP-odd Higgs boson

gdd,llhff =

Mdiag
dd,ll

v

(� sin↵)

cos�
, gdd,llHff =

Mdiag
dd,ll

v

cos↵

cos�

guuhff =

Mdiag
uu

v

(cos↵)

sin�
, guuHff =

Mdiag
uu

v

sin↵

sin�

tan�

sin↵ = � cos�,

cos↵ = sin�

gdd,llAff =
Mdd

diag

v
tan�, guuAff =

Muu
diag

v tan�

sin(� � ↵) ' 1

(cos(� � ↵) = 0)



Then at leading order in �, the Higgs couplings become

ghV V ⇥
⇤
1� 1

2
t�2
⇥ �2

⌅
gV , gHV V ⇥ t�1

⇥ � gV , (44)

ghdd ⇥ (1� �) gf , gHdd ⇥ t⇥(1 + t�2
⇥ �)gf , (45)

ghuu ⇥ (1 + t�2
⇥ �) gf , gHuu ⇥ �t�1

⇥ (1� �)gf . (46)

We see � characterizes the departure from the alignment limit of not only ghdd but also gHuu.

On the other hand, the deviation in the ghuu and gHdd are given by t�2
⇥ �, which is doubly

suppressed in the large t⇥ regime. Moreover, terms neglected above are of order �2 and are

never multiplied by positive powers of t⇥, which could invalidate the expansion in � when

t⇥ is large.

There are some interesting features regarding the pattern of deviations. First, whether

the coupling to fermions is suppressed or enhanced relative to the SM values, is determined

by the sign of �: ghdd and gHuu are suppressed (enhanced) for positive (negative) �, while

the trend in ghuu and gHdd is the opposite. In addition, as � ⌅ 0, the approach to the SM

values is the fastest in ghV V and the slowest in ghdd. This is especially true in the large t⇥

regime, which motivates focusing on precise measurements of ghdd in type II 2HDMs.

Our parametrization of c⇥�� = t�1
⇥ � can also be obtained by modifying Eq. (39), which

defines the alignment limit, as follows:
⇧

⌥ s2⇥ �s⇥c⇥
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⌃
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The eignevalue equation for mh in Eq. (40) is modified accordingly,

v2
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c⇥

⌃

� . (48)

From the above, taking � ⇤ 1 and expanding to first order in �, we obtain the “near-

alignment conditions”,

(C1⇥) : m2
h = v2L11 + t⇥v

2L12 + �
�
t⇥(1 + t�2

⇥ )v2L12 �m2
A

⇥
, (49)

(C2⇥) : m2
h = v2L22 + t⇥

�1v2L12 � �
�
t�1
⇥ (1 + t�2

⇥ )v2L12 �m2
A

⇥
. (50)

We will return to study these two conditions in the next section, after first analyzing solutions

for alignment without decoupling in general 2HDMs.
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More explicitly, since s� = �c⇥ in the alignment limit, we can re-write the above matrix

equation as two algebraic equations: 3

(C1) : m2
h = v2L11 + t⇥v

2L12 = v2
�
⇥1c

2
⇥ + 3⇥6s⇥c⇥ + ⇥̃3s

2
⇥ + ⇥7t⇥s

2
⇥

⇥
, (41)

(C2) : m2
h = v2L22 +

1

t⇥
v2L12 = v2

�
⇥2s

2
⇥ + 3⇥7s⇥c⇥ + ⇥̃3c

2
⇥ + ⇥6t

�1
⇥ c2⇥

⇥
. (42)

Recall that ⇥̃3 = (⇥3 + ⇥4 + ⇥5). In the above mh is the SM-like Higgs mass, measured to

be about 125 GeV, and Lij is known once a model is specified. Notice that (C1) depends

on all the quartic couplings in the scalar potential except ⇥2, while (C2) depends on all the

quartics but ⇥1. If there exists a t⇥ satisfying the above equations, then the alignment limit

would occur for arbitrary values of mA and does not require non-SM-like scalars to be heavy!

Henceforth we will consider the coupled equations given in Eqs. (41) and (42) as required

conditions for alignment. When the model parameters satisfy them, the lightest CP-even

Higgs boson behaves exactly like a SM Higgs boson even if the non-SM-like scalars are light.

A detailed analysis of the physical solutions will be presented in the next Section.

B. Departure from Alignment

Phenomenologically it seems likely that alignment will only be realized approximately,

rather than exactly. Therefore it is important to consider small departures from the align-

ment limit, which we do in this subsection.

Since the alignment limit is characterized by c⇥�� = 0, it is customary to parametrize the

departure from alignment by considering a Taylor-expansions in c⇥�� [7, 8], which defines the

deviation of the ghV V couplings from the SM values. However, this parametrization has the

drawback that deviations in the Higgs coupling to down-type fermions are really controlled

by t⇥ c⇥��, which could be O(1) when t⇥ is large. Therefore, we choose to parametrize the

departure from the alignment limit by a parameter � which is related to c⇥�� by

c⇥�� = t�1
⇥ � , s⇥�� =

⇤
1� t�2

⇥ �2 . (43)

3 The same conditions can also be derived using results presented in Ref. [8].

11

Deviations from Alignment

The couplings of down fermions are not only the
ones that dominate the Higgs width but also tend

to be the ones which differ at most from the SM ones

�Sign(M2
12)(M2

22 � m2
h)/c� and B = |M2

12|/s�. Further, mh is the mass of the lightest

CP-even Higgs boson and M2
ii �m2

h > 0, i = {1, 2} by Eq. (20). Therefore Eq. (72) implies

A ⇥ 0 and B ⇥ 0 (74)

at the alignment limit.

Now in the near-alignment limit, where the alignment is only approximate, one can derive

ghdd =
A

B
�
1� (1�A2/B2)c2�

gf (75)

=

⌥
1� s2�

⇧
1� A

B

⌃
+O

�
(1�A/B)2

⇥�
gf , (76)

which, when comparing with Eq. (45), implies

⇥ = s2�

⇧
1� A

B

⌃
= s2�

B �A
B . (77)

Therefore, the ghdd coupling is enhanced (suppressed) if B�A < 0 (> 0). It is easy to verify

that the above equation is identical to the near-alignment condition (C1⇥) in Eq. (49). The

condition (C2⇥) could again be obtained using Eq. (22).

It is useful to analyze Eq. (76) in di�erent instances. For example, when ⇤6 = ⇤7 = 0,

one obtains

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3s2� � ⇤1c2�

⌅
v2

B

⌦

� gf . (78)

Hence, for ⇤̃3 > ⇤SM > ⇤1, a suppression of ghdd will take place for values of t� larger than

the ones necessary to achieve the alignment limit. On the contrary, for ⇤1 > ⇤SM > ⇤̃3,

larger values of t� will lead to an enhancement of ghdd.

On the other hand, for ⇤7 ⌅= 0 and large values of t�, one obtains

ghdd ⇤

 

↵1 + s�

⇤
⇤SM � ⇤̃3 � ⇤7t�

⌅
v2

B

⌦

� gf , (79)

which shows that for ⇤SM > ⇤̃3 and ⇤7 positive, ghdd is suppressed at values of t� larger than

those necessary to obtain the alignment limit, and vice versa.

One can in fact push the preceding analysis further by deriving the condition giving rise

to a particular deviation from alignment. More specifically, the algebraic equation dictating

the contour ghdd/gf = r, where r ⌅= 1, can be obtained by using Eq. (75):

m2
A =

1

R(�)� 1

A� B
s�

+
m2

h

s2�
� v2⇤5 � ⇤1v

2t�2
� � 2⇤6v

2t�1
� , (80)
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C. Departure from Alignment

So far we have analyzed solutions for the alignment conditions (C1) and (C2) in general

2HDMs. However, it is likely that the alignment limit, if realized in Nature at all, is

only approximate and the value of t⇥ does not need to coincide with the value at the

exact alignment limit. It is therefore important to study the approach to alignment and

understand patterns of deviations in the Higgs couplings in the “near-alignment limit,”

which was introduced in Section III B.

Although we derived the near-alignment conditions (C1�) and (C2�) in Eqs. (49) and

(50) using the eigenvalue equations, it is convenient to consider the (near-)alignment limit

from a slightly di�erent perspective. Adopting the sign choice (I) in Eq. (16) and using the

expression for the mixing angle, �, in Eq. (21), we can re-write the ghdd and ghuu couplings

as follows

ghdd = �s�
c⇥

gf =
A⇧

A2c2⇥ + B2s2⇥

gf , (68)

ghuu =
c�
s⇥

gf =
B⇧

A2c2⇥ + B2s2⇥

gf . (69)

where

A = �M2
12

c⇥
=

�
m2

A � (⇥3 + ⇥4)v
2
⇥
s⇥ � ⇥7v

2s⇥t⇥ � ⇥6v
2c⇥ , (70)

B =
M2

11 �m2
h

s⇥
=

�
m2

A + ⇥5v
2
⇥
s⇥ + ⇥1v

2 c⇥
t⇥

+ 2⇥6v
2c⇥ �

m2
h

s⇥
. (71)

Again it is instructive to consider first taking the pseudo-scalar mass to be heavy: mA ⇥ ⇤.

In this limit we have A ⇥ m2
As� and B ⇥ m2

As�, leading to �s�/c⇥ ⇥ 1 and c�/s⇥ ⇥ 1. We

recover the familiar alignment-via-decoupling limit. On the other hand, alignment without

decoupling could occur by setting directly

A = B , (72)

where, explicitly,

B �A =
1

s⇥

⇤
�m2

h + ⇥̃3v
2s2⇥ + ⇥7v

2s2⇥t⇥ + 3⇥6v
2s⇥c⇥ + ⇥1v

2c2⇥

⌅
= 0 , (73)

is nothing but the alignment condition (C1) in Eq. (41). The alignment condition (C2)

would be obtained if the representation in Eq. (22) is used instead, leading to A =

17
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For small departures from alignment, the parameter η can be determined     
as a function of the quartic couplings and the Higgs masses

,
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At moderate or large values of tan�, it is clear that the only relevant deviations

will be in the bottom coupling
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ

All vector boson branching
ratios suppressed by enhancement

of the bottom decay width
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Ũ Ũ

H1

H2

(a)

H1

H1

Ũ
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3
βcβX

3
t Yt for (a) and (b); h4t s

3
βcβX

2
t for (c) and (d); and

h4t s
3
βcβXtYt for (e) and (f).

where we have used Eq. (46) to write v2s4βh
4
t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
tXt(Yt −Xt)

4π2v2M2
S

(
1−

X2
t

6M2
S

)]
. (57)

At large tβ we have Xt(Yt−Xt) ≃ µ(Attβ −µ) and X3
t (Yt−Xt) ≃ µA2

t (Attβ − 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

6M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
.

(58)
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A full picture for EW symmetry breaking?
                                     

CMS-HIG-12-033

ATLAS-HIGG-2013-31

Neutral
Higgs 
bosons

Charged
Higgs 
bosons

14/30                                                                                                                                                              S.Gori
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Non-Standard Higgs Searches
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Complementarity between different search channels
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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 



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

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

tan�

�2
=

m2
h �M2

Z cos 2�

v2 sin2 �

Carena, Haber, Low, Shah, C.W.’15 

M2
S(1, 2) '

1

tan�

�
m2

h �M2
Z cos 2� � �2v2 sin2 � + �t̃

�

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



Stop Contribution at alignment

��� ��� ��� ��� ������

���

���

���

���

WDQ b

l

lDOW� 06
H�� �L= �� 06

H�� �L=��� *H9

0 6
H�� �L WUH

H = �
��
*H
9

0 6
H�� �L WUHH =

���
*H
9

06
H�� �L WUHH =

���
*H9 ;W=�

;W=06

��� ��� ��� ��� ���

���

����

����

����

����

WDQ b

0
6
H*H

9
L

lDOW� PK=��� *H9

For moderate mixing, It is clear that low values of  
lead to lower corrections to the Higgs mass parameter at the alignment values
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Interesting, after some simple algebra, one can show that
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the QED effective Lagrangian at one-loop order is given by

Lγγ = −
1

4
FµνF

µν
∑

i

bie2

16π2
log

Λ2

m2
i

+ · · · , (6)

where mi is the mass of the ith particle, Λ is an ultraviolate cutoff, and the beta function

coefficients bi are [1, 2]

b =
4

3
NcQ

2 for a Dirac fermion , (7)

b = −7 for the W boson , (8)

b =
1

3
for a charged scalar . (9)

From the limiting behavior of the analytic expression we find full agreement with Eq. (2).

The −7 coefficient for the W boson can be understood as the sum of 22/3, which is the beta

function coefficient for non-abelian gauge bosons, and −1/3, which comes from the scalar

(longitudinal) components of the massive gauge bosons [1, 2].

Since we are interested in an enhanced γγ width without changing the Higgs production

rate, we only consider new particles carrying no color charges and set Nc = 1 henceforth.

Moreover, if the mass of the new particle depends on the Higgs expectation value,1 mi →

mi(h), and is much heavier thanmh, we can integrate out the heavy new particle and describe

the Higgs coupling to two photons using an effective Lagrangian in a 1/mi expansion. In the

end the hγγ coupling is readily obtained by making the substitution h → h + v in Eq. (6)

and expand to linear order in h:

Lhγγ = −
α

16π

h

v

[

∑

i

2bi
∂

∂ log v
logmi(v)

]

FµνF
µν . (10)

In terms of the notation in Eq. (5),

ghWW

m2
W

=
∂

∂v
logm2

W (v) ,
2ghtt̄
mt

=
∂

∂v
logm2

t (v) . (11)

When there are multiple particles carrying the same electric charge, one can write down a

slightly more general expression

Lhγγ = −
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
iMi

)

]

FµνF
µν , (12)

1 The new particle does not have to receive all of its mass from the Higgs expectation value, but only some

of it is suffice.
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where in the Standard Model

This generalizes for the case of fermions with contributions to their masses independent 
of the Higgs field. The couplings come from the vertex and the inverse dependence on the 
masses from the necessary chirality flip (for fermions) and the integral functions.

For bosons one simply replaces the square of the mass matrix by the mass matrix of the 
square masses !  Since the Higgs is light and charged particles are   constrained 
by LEP to be of mass of order of, or heavier than the Higgs, this expression provides a good 
understanding of when particles could lead to an enhanced diphoton rate.
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Ellis, Gaillard, Nanopoulos’76,     Shifman, Vainshtein, Voloshin, Zakharov’79

In the limit of heavy masses, the exact result in Eq. (4) is in full agreement with Eq. (10).

When there are multiple particles carrying the same electric charge, one can write down

a slightly more general expression

Lhγγ =
α

16π

h

v

[

∑

i

bi
∂

∂ log v
log

(

detM†
F,iMF,i

)

+
∑

i

bi
∂

∂ log v
log

(

detM2
B,i

)

]

FµνF
µν ,

(12)

where MF,i and MB,i are the mass matrices of all particles carrying the same electric charge

and spin, and F and B denote fermions and bosons. This expression allows for the possibility

that there could be mass mixing between particles. In particular, we will be focusing on

scenarios where the mass mixing is induced after the electroweak symmetry breaking, which

occurs in many theories beyond the SM.

The form of the effective Higgs coupling to two photons in Eq. (12) makes it straight-

forward to understand the pattern of deviation from SM expectations in the presence of

extra particles running in the loop. As a simple example, we consider the addition of two

new fermions. The same consideration applies to scalars by simple substitutions of mass

matrices. In this case, the mass matrix is a 2× 2 matrix,

M†
fMf =

⎛

⎝

m2
11 m2

12

m∗ 2
12 m2

22

⎞

⎠ , (13)

from which the hγγ coupling is determined from Eq. (12) by

α b1/2
16π

∂

∂v
log

(

detM†
fMf

)

=
α b1/2

16π
(

m2
11m

2
22 − |m2

12|
2
)

(

m2
11

∂

∂v
m2

22 +m2
22

∂

∂v
m2

11 −
∂

∂v

∣

∣m2
12

∣

∣

2
)

. (14)

A few comments are in order. First we assume no mass mixing, m2
12 = 0. In this case it

is interesting to consider the situation where both particles receive all of their masses from

electroweak symmetry breaking, m2
ii = div2, where di > 0 as required by the condition of

positivity of the mass. Then the first two terms in Eq. (14) contribute with the same sign.

This argument suggests that adding a fourth generation quark and/or lepton would always

amplify the effects of SM quarks and/or leptons in the loop-induced decay of the Higgs,

which implies a reduction in the diphoton decay width.2 When turning on the mixing

2 One can apply the same argument to gluon fusion production of the Higgs and arrive at the well-known

7

M. Carena, I. Low, C.W., arXiv:1206.1082,
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Loop Induced Couplings

They may be efficiently computed using effective theory methods

Similar expressions may be obtained for the gluon coupling



Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

For a more generic discussion of modified diphoton width by new charged particles,                        
see M. Carena, I. Low and C. Wagner, arXiv:1206.1082 

Higgs Decay into two Photons in the MSSM
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Decrease for heavy staus explained by stop contribution to gluon fusion process



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,
Shah, Wang, C.W’13



SUSY and Experimental Anomalies



SUSY and (not very significant) Experimental Anomalies



Search Dataset Max Significance Reference
Dilepton mass edge CMS 8 TeV 2.6σ CMS-PAS-SUS-12-019
WW cross section CMS 7 TeV 1.0σ EPJC 73 2610 (2013)
WW cross section CMS 8 TeV 1.7σ PLB 721 (2013)
3�+ET

miss electroweak SUSY CMS 8 TeV ~2σ EPJC 74 (2014) 3036
4�+ET

miss electroweak SUSY (see backup) CMS 8 TeV ~3σ PRD 90, 032006 (2014)
Higgs⟶μ" (lepton flavor violation) CMS 8 TeV 2.5σ CMS-PAS-HIG-14-005
1st generation leptoquarks (eνjj channel) CMS 8 TeV 2.6σ CMS-PAS-EXO-12-041
ttH with same-sign muons CMS 8 TeV μttH = 8.5+3.5 arXiv:1408.1682v1 [hep-ex]
Dijet resonance search CMS 8 TeV ~2σ arXiv:1501.04198 [hep-ex]
3�+ET

miss electroweak SUSY ATLAS 8 TeV 2.2σ PRD 90, 052001 (2014)
Soft 2�+ET

miss strong SUSY ATLAS 8 TeV 2.3σ ATLAS-CONF-2013-062
WW cross section ATLAS 7 TeV 1.4σ PRD 87, 112001 (2013)
WW cross section ATLAS 8 TeV 2.0σ ATLAS-CONF-2014-033
Monojet search ATLAS 8 TeV 1.7σ arXiv:1502.01518 [hep-x]
H�h(bb)h(γγ) ATLAS 8 TeV 2.4σ arXiv:1406.5053 [hep-ex]

Summary of Excesses

Feb 11, 2014 Chicagoland Workshop 20
(items in blue were not covered in these slides)

-2.7

Summary of LHC Experimental Anomalies
B. Hooberman’15



appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ≫ 1,
the supersymmetric contribution is approximately given by

δaµ ≃
α

8π sin2 θW

m2
µ

m̃2
tan β ≃ 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ≫ 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ ≃ mt/mb ≫ 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is

δaχ0

µ =
mµ

16π2

∑

mi

⎧
⎨

⎩−
mµ

6m2
µ̃m

(1 − xmi)
4

(
NL

miN
L
mi + NR

miN
R
mi

)

×
(
1 − 6xmi + 3x2

mi + 2x3
mi − 6x2

mi ln xmi

)

−
mχ0

i

m2
µ̃m

(1 − xmi)3
NL

miN
R
mi(1 − x2

mi + 2xmi ln xmi)

}

(12)

δaχ+

µ =
mµ

16π2

∑

k

{
mµ

3m2
ν̃ (1 − xk)

4

(
CL

k CL
k + CR

k CR
k

)

×
(
1 + 1.5xk + 0.5x3

k − 3x2
k + 3xk ln xk

)

−
3mχ±

k

m2
ν̃ (1 − xk)

3 CL
k CR

k

(

1 −
4xk

3
+

x2
k

3
+

2

3
ln xk

)}

(13)

where xmi = m2
χ0

i
/m2

µ̃m
, xk = m2

χ±

k

/m2
ν̃ ,

NL
mi = −

mµ

v1
UN

3i U
µ̃
Lm +

√
2g1U

N
1i U

µ̃
Rm

NR
mi = −

mµ

v1
UN

3i U
µ̃
Rm −

g2√
2
UN

2i U
µ̃
Lm −

g1√
2
UN

1i U
µ̃
Lm

CL
k =

mµ

v1
Uk2

CR
k = −g2Vk1 (14)
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– 5–

where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming

July 30, 2010 14:34

Muon Anomalous Magnetic Moment

Present status:  Discrepancy between Theory and 
Experiment  at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !

7

QCD, excellent agreement between data and theory is
found [18].
A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-
order hadronic contributions together yields the estimate
(this and all following numbers in this and the next para-
graph are in units of 10�10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-
specific systematic, the third common systematic, corre-
lated between at least two exclusive channels, and the
fourth and fifth errors stand for the narrow resonance
and QCD uncertainties, respectively. The total error
of 4.2 is dominated by experimental systematic uncer-
tainties. The new result is �3.2 · 10�10 below the pre-
vious one [26]. This shift is composed of �0.7 from
the inclusion of the new, large photon angle data from
KLOE, +0.4 from the use of preliminary BABAR data
in the e+e� ⇥ ⇥+⇥�2⇥0 mode, �2.4 from the new high-
multiplicity exclusive channels, the re-estimate of the un-
known channels, and the new resonance treatment, �0.5
from mainly the four-loop term in the QCD prediction of
the hadronic cross section that contributes with a nega-
tive sign, as well as smaller other di�erences. The total
error on ahad,LOµ is slightly larger than that of Ref. [26]
owing to a more conservative evaluation of the inter-
channel correlations.
Adding to the result (12) the contributions from higher

order hadronic loops, �9.79± 0.09 [44], computed using
a similar dispersion relation approach, hadronic light-by-
light scattering (LBLS), 10.5 ± 2.6 [46], estimated from
theoretical model calculations (cf. remark in Footnote 5),
as well as QED (7), and electroweak e�ects (10), one
obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-
der hadronic, and other contributions, respectively. The
result (13) deviates from the experimental average (4) by
28.7± 8.0 (3.6⇤).5

A compilation of recent SM predictions for aµ com-
pared with the experimental result is given in Fig. 7.

Update of � -based g�2 result. Since the majority
of the analysis in the aµ analysis also a�ects the ⌅ -based
result from Ref. [22], a reevaluation of the correspond-
ing ⌅ -based hadronic contribution has been performed
in Ref. [18]. In the ⌅ -based analysis [47], the ⇥+⇥�

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2⇤.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10�11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e� based, including
BABAR and KLOE 2010 �+�� data), Davier et al. 09/1 [22]
(⇥ -based), Davier et al. 09/1 [22] (e+e�-based, not including
BABAR �+�� data), Davier et al. 09/2 [26] (e+e�-based in-
cluding BABAR �+�� data), HMNT 07 [44] and JN 09 [45]
(not including BABAR �+�� data).

cross section is entirely replaced by the average, isospin-
transformed, and isospin-breaking corrected ⌅ ⇥ ⇥�⇥0��
spectral function,6 while the four-pion cross sections, ob-
tained from linear combinations of the ⌅� ⇥ ⇥�3⇥0��
and ⌅� ⇥ 2⇥�⇥+⇥0�� spectral functions, are only eval-
uated up to 1.5 GeV with the ⌅ data. Due to the lack
of statistical precision, the spectrum is completed with
the use of e+e� data between 1.5 and 1.8 GeV. All the
other channels are taken from e+e� data. The complete
lowest-order ⌅ -based result reads [18]

ahad,LOµ [⌅ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is ⌅ experimental, the second esti-
mates the uncertainty in the isospin-breaking corrections,
the third is e+e� experimental, and the fourth and fifth
stand for the narrow resonance and QCD uncertainties,
respectively. The ⌅ -based hadronic contribution di�ers
by 9.1 ± 5.0 (1.8⇤) from the e+e�-based one, and the
full ⌅ -based SM prediction aSMµ [⌅ ] = 11 659 189.4 ± 5.4
di�ers by 19.5±8.3 (2.4⇤) from the experimental average.
This ⌅ -based result is also included in the compilation of
Fig. 7.

6 Using published ⌅ � ⇥�⇥0�� spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).
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3.6� Discrepancy

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tan� ' 10 (50), values of m̃ ' 230 (510) GeV would be preferred.

Friday, November 2, 2012

Grifols, Mendez’85,  T. Moroi’95, 
Giudice, Carena, C.W.’95,  Martin and Wells’00 ....



Trilepton Excess ?CMS 3� Cross-check
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –
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•  CMS search for !+!0⟶WZ+ET
miss

–  Search in WZ⟶3� and WZ⟶(jj)(��) channels

no excess here

… but there is an excess here (in 3�)

B. Hooberman’15



WW Excess ?

WW Excess
•  Measured σ(pp⟶W+W-) exceeds theory prediction for both 

CMS and ATLAS, at 7 TeV and 8 TeV
–  W, Z, WZ, ZZ rates ~agree with theory
–  Explanation from higher order corrections (to jet veto acceptance) [1-4]?

Feb 11, 2014 Chicagoland Workshop 14

WW Production 
Di-boson production: This should not be a problem for theory, no? 

Bizar:  all measurements so far gave a systematically higher value! 
          Less the case for ZZ and WZ as far as we can see…  

WW Production 
Di-boson production: This should not be a problem for theory, no? 

Bizar:  all measurements so far gave a systematically higher value! 
          Less the case for ZZ and WZ as far as we can see…  

ATLAS 7 TeV

CMS 7 TeV

CMS 8 TeV (3.5 fb-1)

Combining the three measurements, the measured total WW cross section is

s tot
WW = 71.4 +1.2

�1.2(stat) +5.0
�4.4(syst) +2.2

�2.1(lumi) pb,

where the statistical uncertainty is determined from a likelihood fit where all nuisance parameters are
fixed to their fitted values; the luminosity uncertainty is obtained by fixing the luminosity nuisance
parameter to ±1 standard deviation and finally the systematic uncertainty is obtained by the quadratic
difference of the total, statistical and luminosity uncertainties. The total uncertainty for the combined
total cross section is ⇠ 7.5%.

 [pb]WW
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10 20 30 40 50 60 70 80 90 100

SM Prediction
 WW: MCFM NLO CT10→qq/qg 

 WW: MCFM LO CT10→gg 
 WW: NNLO MSTW2008→ H →gg 

WW
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cross sections

-e+e

-µ+µ

±µ±e

Combined

ATLAS Preliminary
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 = 8 TeVs

 [pb]WW
totσ

50 60 70 80 90 100

 tot.)± stat. ±Data (
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 total error)± PDF ± (

CT10

MSTW2008

NNPDF2.3

ATLAS-epWZ12

ATLAS Preliminary
-1 Ldt = 20.3 fb∫

 = 8 TeVs
WW

Figure 7: Left: Comparison between predicted WW production cross section using CT10 PDF and the
measured cross section in eµ , ee, µµ and combined channels. The yellow and green shaded bands
represent the PDF and total theoretical uncertainties respectively. The filled symbols show the measured
total cross section with the statistical and total uncertainty. Right: Comparison between the measured
combined WW production cross section (red+blue line with gray shading) and the predictions using
different PDF sets. The filled symbols show the theoretical prediction with different PDF sets for the
total cross section with the statistical and total uncertainty.

The left hand side of Figure 7 shows the cross sections measured in the individual channels as well
as the combined cross section and compares them to the standard model prediction obtained using the
CT10 PDF. As can be seen, the individual channels are compatible within their uncertainties. All mea-
surements lie above the standard model prediction. The statistical significance of the observed enhance-
ment of the cross section is +2.1s for the e±µ⌥ channel, +1.1s for the e+e�channel and +1.3s for the
µ+µ�channel. The measured combined cross section differs from the SM prediction computed using
CT10 PDF by +2.1s using the standard PDF and scale uncertainties.

On the right hand side of Figure 7, the combined cross section is compared to theoretical predictions
obtained with different PDF sets, namely MSTW2008, CT10, NNPDF2.3 and ATLAS-epWZ12. The
predicted cross sections using different PDF sets can differ by up to 5%. This was already shown in
Table 3, where the predictions for different PDFs are listed. The choice of PDF can have an effect on the
total theoretical cross section ranging from +0.7% to +5% compared to the value obtained using CT10.

There are further effects that can enhance the measured cross section with regard to the SM pre-
diction. As already discussed in Section 2, various contributions to the total cross section have been
neglected here and might cause an increase of a few percent to the predicted cross section.
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[1] Baglio et al, “Massive gauge boson pair production at the LHC: a next-to-leading order story”
[2] Dawson et al, “Threshold Resummed and Approximate NNLO results for W+W- Pair Production at the LHC”
[3] Jaiswal and Okui, “An Explanation of the WW Excess at the LHC by Jet-Veto Resummation”
[4] Monni and Zanderighi, “On the excess in the inclusive W+W-⟶�+�-νν cross section”

+1.4σ

+1.0σ 

+1.7σ  

ATLAS 8 TeV ATLAS-CONF-2014-033

+2.0σ  

See K. Bachas, J. Gao and M. Grazzini talks
NNLO Effects relevant, reduce effect to one σ

WW Excess
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[1] Curtin, Jaiswal, Meade, “Charginos Hiding in Plain Sight
[2] Curtin et. al, “Casting Light on BSM Physics with SM Standard Candles”
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Figure 10: Various distributions are shown for the same flavor (ee + µµ) channels for the selected WW
candidates. These are from top to bottom: The distributions of leading (left) and sub-leading lepton
pT (right), the distributions of the dilepton system pT (left) and Df(ll) (right) and the distributions
of mT (left) and pT (right) of the dilepton+Emiss

T system. The points represent data and the stacked
histograms the signal expectation and background estimates. The histogram shapes are MC-based except
for the W+jets background contribution, which is obtained from a data-driven method. The WW signal
contribution is scaled to match the measured cross section. The statistical and the total (stat � syst)
estimated uncertainties are indicated on the plots with a coloured band. The systematic uncertainties
include the total systematic uncertainties of the different backgrounds and the experimental uncertainties
on the signal.
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[3] Rolbiecki and Sakurai, “Light stops emerging in WW cross section measurements?”
[4] Kim et. al, “’Stop’ that ambulance! New physics at the LHC?”

•  The shapes agree, but the rates are high by ~20%:

•  Possible SUSY explanations [1-4] ⟶ light charginos, sleptons or stops?
�

�
� 

ν  

Extracting SUSY Particle Masses
•  Perform likelihood analysis of several CMS/ATLAS searches 
⟶ extract most likely SUSY particle masses

Feb 11, 2014 Chicagoland Workshop 17Figure 3. The distribution of �2 lnL as a function of the masses of the stop, mt̃1 , and lightest
neutralino, m�̃0

1
. All of the signal regions given in the W+W� measurements, di-lepton and tri-

lepton searches, table 1 are included in the fit. Also shown are the 95% CLs exclusion lines given
by the dedicated Atlas di-lepton [25], tri-lepton [24] and stop [28] searches.

fluctuation, one would expect the point to be ruled out in the forthcoming Lhc run at

14 TeV. The breakdown of signal regions with significant contributions from our model

point is given in table 3 of appendix A.

Finally we also note that at the best fit point our model has a mass di↵erence m�̃±
1 ,�̃0

2
�

m�̃0
1
⇠ 50 GeV. Consequently, our model contributes negligibly to W±Z0 measurements

since the invariant mass of the leptons produced in the �̃0

2

decay lies outside the normal

mass window defined for the Z0.

4.3 Combined analysis

One should already notice that the best-fit points for both t̃
1

t̃⇤
1

production and �̃±
1

�̃0

2

production lie very close and well within the 1-� regions. We therefore perform a combined

fit again as a function of m
˜t1 and m�̃0

1
whilst keeping the mass splitting m

˜t1 �m�̃±
1 ,�̃0

2
=

7 GeV.

– 11 –

Study SR Obs Exp SM Best Best

s.d. fit exp fit s.d

Atlas W+W� (7 TeV) [5] Combined 1325 1219± 87 1.1-� 119 0.1-�

Cms W+W� (7 TeV) [7] Combined 1134 1076± 62 0.8-� 89 0.4-�

Cms W+W� (8 TeV) [6] Combined 1111 986± 60 1.8-� 83 0.6-�

Atlas Higgs WW CR 3297 3110± 186 0.9-� 374 0.9-�

[27] Higgs SR 3615 3288± 220 1.4-� 501 0.6-�

Atlas q̃ and g̃ Di-muon 7 1.7± 1 2.5-� 2.7 1.2-�

(1-2 `) [23]

Atlas Electroweak SR0⌧a01 36 23± 4 2.1-� 2.8 1.6-�

(3 `) [24] SR0⌧a06 13 6.6± 1.9 1.9-� 1.5 1.4-�

Table 2. Significant excesses present in the dataset under investigation. We give the signal region
(SR) of interest, the observed number of events (Obs), the expected number of events (Exp) along
with the associated systematic error. The SM standard deviation (s.d.) for each signal region is also
given along with the expected number of events for our model best fit and the associated standard
deviation. We only show the systematic error on the signal regions but the statistical errors are
also included in the fit.

The result is shown in figure 3 and we find the best fit point for our model to be,

m
˜t1 = 202+35

�25

GeV, (4.8)

m�̃0
1
= 140+25

�15

GeV. (4.9)

Comparing with the SM we find a reduction in the log-likelihood of 15.4 which corresponds

to 3.5-� once the extra degrees of freedom in the fit are considered. In table 2 we show

the breakdown of the di↵erent signal regions that display significant excesses and the

improvement in the standard deviation due to our model. We see that all the W+W�

measurements (including the Higgs) present a compelling improvement in the agreement

with data.

The di-lepton measurements dominate the fit and thus the improvement in the tri-

lepton signal regions is less stark. However, we still improve the compatibility with data

including a reduction in the standard deviation from 2.1-� ! 1.6-� for the signal region

‘SR0⌧a01’.

Another question one may ask is how does the fit quality change as the mass splitting

between the stop and chargino is increased? If we increase the mass splitting to 15 GeV

(compared to the 7 GeV presented), we find that the best fit point still has m
˜t1 = 202 GeV.

However, the minimum of the log-likelihood increases by ⇠ 1, since the direct stop searches

now become more sensitive to the model. This is due to the b-quark in the t̃
1

! b�̃±
1

decay

being harder and thus easier to reconstruct. As the mass di↵erence is increased more, we

expect the fit quality to deteriorate further.

– 12 –

m
!χ1
± =m !χ2

0 =m!t − 7 GeV

preferred 
region

!t1
!χ1
±, !χ2

0

!χ1
0

Light Stop solution proposed by
Curtin, Meade, Tien; Kim, Robiecki and Sakurai ’14 

Could contribute to ATLAS 3l excess...



ATLAS Stop 1� Search
•  ATLAS 1� stop search probes this 

model using ISR jet selection
•  Preferred region is excluded, but 

at edge of sensitivity

Feb 11, 2014 Chicagoland Workshop 18

preferred region

ATLAS, JHEP 11 (2014) 118

ISR jet

Further Probes of Relevant Parameter Space

Hooberman ’15



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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Counting experiment
20 < M�� < 70 GeV:

Fit M�� distribution:

78.7 ± 1.4

ee+μμ search region eμ control region

•  2.6σ excess in counting experiment
•  Medge = 79 GeV from fit (also ~3σ excess)

best fit
signal 
model

2 e/μ leptons with pT > 20 GeV and |η| < 1.4
(njets ≥ 2 AND ET

miss > 150 GeV) OR
(njets ≥ 3 AND ET

miss > 100 GeV) 



4

A. Scenario A

The spectrum in Fig 1 features a s-bottom with a mass around 390 GeV and a light

s-lepton. The s-bottom can decay to a �̃0
2 and a b-jet. The �̃0

2, with a mass around 340

GeV can decay to two leptons and a �̃0
1 through a right-handed s-electron or a s-muon with

masses mẽR = mµ̃R = ml̃ around 300 GeV. The mass of the LSP is chosen to be 260 GeV.

Those two leptons will have same flavor and opposite signs, and the edge of the invariant

mass of the dilepton will be at

medge
ll =

vuut(m2
�̃0
2
�m2

l̃
)(m2

l̃
�m2

�̃0
1
)

m2
l̃

, (1)

which is about 80 GeV in this spectrum. In Eq. (1) ml̃ is the s-lepton mass and m�̃0
1
and m�̃0

2

are the lightest and second lightest neutralino masses, respectively. The competing decay

channel of the s-bottom is a b-jet and the LSP. Therefore, the pair produced s-bottoms,

with one s-bottom decaying to a b-jet and the LSP, and the other decaying through the

decay chain discussed above, will contribute to the SFOS dilepton + �2 jets + missing

energy channel with a kinematic edge around 80 GeV. Also, since the s-bottom decays to

either a b-jet and missing energy, or a b-jet, two leptons and missing energy, there will be no

significant contributions to the 2b-jets plus 2 jets channel from s-bottom pair production.
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A. Scenario A

The spectrum in Fig 1 features a s-bottom with a mass around 390 GeV and a light

s-lepton. The s-bottom can decay to a �̃0
2 and a b-jet. The �̃0

2, with a mass around 340

GeV can decay to two leptons and a �̃0
1 through a right-handed s-electron or a s-muon with

masses mẽR = mµ̃R = ml̃ around 300 GeV. The mass of the LSP is chosen to be 260 GeV.

Those two leptons will have same flavor and opposite signs, and the edge of the invariant

mass of the dilepton will be at
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�m2

l̃
)(m2
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�m2

�̃0
1
)
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l̃

, (1)

which is about 80 GeV in this spectrum. In Eq. (1) ml̃ is the s-lepton mass and m�̃0
1
and m�̃0

2

are the lightest and second lightest neutralino masses, respectively. The competing decay

channel of the s-bottom is a b-jet and the LSP. Therefore, the pair produced s-bottoms,

with one s-bottom decaying to a b-jet and the LSP, and the other decaying through the

decay chain discussed above, will contribute to the SFOS dilepton + �2 jets + missing

energy channel with a kinematic edge around 80 GeV. Also, since the s-bottom decays to

either a b-jet and missing energy, or a b-jet, two leptons and missing energy, there will be no
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with the 2 b-jets + Emiss
T data.

In the spectrum shown in Fig 3, we choose the b̃1 mass around 330 GeV, the Higgsino

mass parameter µ to be around 290 GeV and the LSP mass at 212 GeV. Then for these

values of the mass parameters, BF (b̃1 ! �̃0
2b) = 0.25 and BF (b̃1 ! �̃0

3b) = 0.19. In this

case, BF (b̃1 ! �̃0
1l

+l�b) is around 0.44 ⇥0.06 ' 0.03, which is small enough to suppress

the 4 lepton mode and large enough to contribute about 100 events to the dilepton edge.

In this scenario, the s-bottom pair production will also contribute to the �2 jets + �2

b-jet channel. There is a potentially large signal in this channel coming from s-bottom pair

production, and in the next section we shall discuss the constraints coming from it. Let us

only emphasize here that the jets coming from the heavier neutralino decays tend to be soft

and there are over-whelming backgrounds associated, for instance, with tt̄ production, so

that the scenario B is still consistent with this constraint.
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FIG. 3: A spectrum that could account for the dilepton kinematic edge. �̃0
2 and �̃0

3 decay to the

LSP and a pair of same flavor opposite sign leptons through an o↵-shell Z.

In scenario B, the production cross section is �
⇣
pp ! b̃1b̃1

⌘
= 1.14 pb. At the 8 TeV

LHC, with a luminosity of 19.4 fb�1, there are 80 events in the central signal region and 9.0

events in the forward signal region. In this case, the predicted edges are located at the mass

di↵erence between the heavier and the lightest neutralino,

medge
ll = m�̃0

2,�̃
0
3
�m�̃0

1
, (2)

that was chosen to be 78 GeV and 76 GeV for the third and second lightest neutralino in

this scenario, respectively.
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parameter scenario A scenario B

mb̃1
(GeV) 390 330

m�̃0
1
(GeV) 260 212

m�̃0
2
(GeV) 340 288

m�̃0
3
(GeV) ⇠ 500 290

ml̃ (GeV) 297 500

tan� 25 50

�(pp ! b̃1b̃1) (pb) 0.42 1.14

BF(b̃1 ! b�̃0
1) 0.93 0.56

BF(b̃1 ! b�̃0
2) 0.07 0.25

BF(b̃1 ! b�̃0
3) 0 019

�aµ 2.0⇥10�9 2.7 ⇥10�9

⌦h2 0.11 0.11

�p
SI in cm2 4⇥ 10�45 2.7⇥10�44

TABLE I: Parameters for the two scenarios described in the text.

discussed in more details in section III. We choose mb̃1
around 390 GeV so that it has

a sizable production cross section. The mass of the lightest neutralino is chosen to be

su�ciently low to allow the existence of an edge, but not low enough to lead to a conflict

with searches for pair production of b̃1 in the 2 b-jets plus Emiss
T channel. The mass of the

second lightest neutralino is chosen to lead to the required edge while avoiding a degenerate

spectrum which will give too soft b-jets. For a b̃1 of 390 GeV a decay branching ratio

BF (b̃1 ! b�̃0
1) = 1, the bound on the LSP mass is 260 GeV, and in order satisfy the above

requirements we chose the �̃0
1 mass to be close to this value, which is consistent with the

ATLAS experimental bounds due to the fact that in scenario A BF (b̃1 ! �̃0
1) < 1. In

order to induce a large excess of events in the 2 b-jets plus SFOS leptons channel without

generating a similarly large number of events in the 2-b-jets plus four leptons channel, we

require that BF (b̃1 ! b�̃0
2) ⌧ BF (b̃1 ! b�̃0

1). A simple way of satisfying this requirement

is to assume that b̃1 is mostly right-handed, �̃0
2 is mostly a Wino and �̃0

1 is mostly a Bino.

�̃±
1 is wino like. Observe that the chargino contribution to the sbottom decay branching

fraction, BF(b̃1 ! t⇤�̃±
1 ), is highly suppressed due to phase space factors.

Τwo Possible Scenarios
P. Huang, C.W. ,  arXiv:1410.4998



Constraint from ATLAS :
1) Sbottom Searches in events  with bottoms  and Missing Energy

2) Searches for a similar edge in the invariant mass distribution
No excess found !

Andy Haas, NYU 17

Search for SUSY with 2l+jets+MET

Set limits in GGM models, 

as well as squark/gluino decays chains 

with neutralinos

3.0 sigma excess in Z+MET at 

large HT weakens limits

 Z+MET signal region off-Z analyses

Andy Haas, NYU 16

Search for SUSY with 2l+jets+MET

Various SUSY decay chains can give 2l+jets+MET

Also study off-Z-peak range, with 2 or 4 jets,
with or without b-tags, and CMS-like selection

No excess seen in similar ATLAS selection



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

14 10 Conclusions

SM
σ/σ = µ95% CL upper limit on 

1 2 3 4 5 6 10 20 30

 < 6.6 (2.4 exp)µ   
combined

 < 9.1 (3.4 exp)µ   
dilepton

 < 6.7 (3.8 exp)µ  
trilepton

 < 6.8 (8.8 exp)µ
four-lepton

-1 = 8 TeV,  L = 19.6 fbs
CMS Preliminary

 = 125.7 GeVHm
Observed
Exp. (68%)
Exp. (95%)

SM
σ/σ = µBest fit 

-6 -4 -2 0 2 4 6 8 10 12

+2.5
2.3- = 1.9µ   

electron-muon

+3.3
2.7- = 8.4µ   

dimuon

+4.6
4.1- = 2.8µ   

dielectron

+2.2
1.8- = 2.7µ  

trilepton

+4.4
1.8- = -4.2µ

four-lepton

-1 = 8 TeV,  L = 19.6 fbs
CMS Preliminary  = 125.7 GeVHm

+1.6
1.4- = 3.7µcombined 

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



Direct Dark Matter Detection

Non-observation of any Spin Independent Signal 
7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as

2 (m� + µ sin 2�)
1

m2
h

' � µ tan �
1

m2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

Ellis, Ferstl, Olive’00, Ellis et al’05, Baer et al’07
Cheung, Hall, Pinner, Rudermann ’13
Huang, C.W. ’14

Blind Spots for Gaugino--Higgsino Mixed Dark Matter



Not covered, but may be interesting :
Gamma-Ray Galactic center Excess

• Interesting excess of gamma rays with energies in the few to tens of GeV

• Dark Matter annihilation cross section necessary to explain these events 
consistent with the one necessary to generate thermal relic density

• Most plausible explanation within supersymmetry via the resonance 
annihilation from pseudoscalars.  Difficult in the MSSM but possible in 
NMSSM

• Annihilation into W pairs also possible, although does not provide equally 
good fit

See, for instance, Cheung, Papucci, Sanford, Shah, Zurek’14

See, for instance,  Agrawal, Batell, Fox, Harnik’15



Conclusions

Low energy supersymmetry provides a very predictive framework for the 
computation of the Higgs phenomenology.

The properties of the lightest and heavy Higgs bosons depend strongly on 
radiative corrections mediated by the stops. 

Alignment in the MSSM appears for large values of mu, for which decays into 
charginos and neutralinos are suppressed, making the bounds coming from 
decays into SM particles stronger. 

Complementarity between precision measurements and direct searches will 
allow to probe efficiently the MSSM Higgs sector

In the NMSSM, alignment occurs in regions of parameter space in which the 
naturalness conditions are fulfilled.

Few experimental anomalies may be pointing to an unexpected low energy 
spectrum, that may be tested at the next LHC run


