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It was in the world, and though the Universe was made by it, the  world did not 
recognize it.

                                                                                    Adaptation, John 1:10

Nils Runeberg, “Dem Hemlige Fraelsaren”, J. L. Borges, “Three versions of Judas”

Peisi



fermions                       fermions                       bosonsbosons

SupersymmetrySupersymmetry

electron                        electron                                      sselectronelectron
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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
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WhyWhy Supersymmetry  Supersymmetry ??

!! Helps to stabilize the weak scaleHelps to stabilize the weak scale——Planck scale hierarchyPlanck scale hierarchy

!! Supersymmetry Supersymmetry algebra contains the generator ofalgebra contains the generator of

         space-time translations.         space-time translations.

                  Necessary ingredient of theory of quantum gravity.Necessary ingredient of theory of quantum gravity.

!! MinimalMinimal supersymmetric  supersymmetric extension of the SM :extension of the SM :

                  Leads to Unification of gauge couplingsLeads to Unification of gauge couplings..

!! Starting from positive masses at high energies, Starting from positive masses at high energies, electroweak symmetry breakingelectroweak symmetry breaking
is inducedis induced radiatively radiatively..

!! If discrete symmetry,  P = (-1)            is imposed,  lightest  SUSYIf discrete symmetry,  P = (-1)            is imposed,  lightest  SUSY

         particle neutral and stable:          particle neutral and stable: Excellent candidate for cold Dark Matter.Excellent candidate for cold Dark Matter.
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Cancelled if particles of different spin with same couplings

 are present. This happens  within the minimal supersymmetric 

extension of the Standard Model

:



Strongly Interacting Sector

• ATLAS and CMS have conducted a series of searches for squarks and gluinos

• No significant excess has been found

• In general, bound on gluinos vary, depending on the spectrum and decays, 
between 1 and 2 TeV

• Bounds on degenerate first and second generation squarks also at the TeV 
level

• Bounds on s-bottoms for simplest decay modes  vary between 700 GeV and 
1.2 TeV 

• Bounds on stops for the simplest decay modes vary between 500 GeV and 
1.2 TeV

• An overall spectrum at about or not far above the TeV scale still possible, 
particularly in the stop sector. 



Theoretical Prejudice

• Due to RG running of mass parameters, heavier gluinos tend to 
push up the squark masses

• SUSY breaking square mass contributions tend to be much larger 
than the top mass squared and hence there is no correlation 
between squark and quark masses. 

• The third generation SUSY breaking masses receive large negative 
corrections in the RG running (related to the ones driving the Higgs 
mass parameter negative) and tend to be the lightest.

• In addition, the lightest stop mass is pushed down by mixing effects. 

• Due to its large coupling to the Higgs sector, stops are particularly 
relevant and have important phenomenological effects at low 
energies.

• It is common to assume that the first and second generation masses, 
which have an impact on flavor violation processes, are heavy.  



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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* the stop masses and mixing

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 sbottom/stau sectors for large tan beta] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96

MSSM Guidance ?
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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



MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

G. Lee, C.W.  arXiv:1508.00576



Lighter stops in Extended Models : NMSSM
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits
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M. Carena, H. Haber, I. Low, N.R. Shah and C.W. arXiv:1510.09137



Gluino Searches :
Gluino couples to SM via quark-squark vertices

Squarks can decay in a variety of ways
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Figure 10: Exclusion limits in the �̃0
1 and g̃mass plane for the (a) Gtt and (b) Gbb models obtained in the context of

the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits, respectively.
The shaded bands around the expected limits show the impact of the experimental and background uncertainties.
The dotted lines show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainty. The 95% CL expected and observed limits from the ATLAS search based on 2015
data [19] are also shown.

the 95% CL limit for a 1.8 TeV gluino is of B(g̃ ! tt̄�̃0
1) � 30% (B(g̃ ! bb̄�̃0

1) � 40%) when assuming
B(g̃ ! bb̄�̃0

1) = 0 (B(g̃ ! tt̄�̃0
1) = 0). None of the points in the plane are excluded for gluino masses

larger than 2.0 TeV.

Similar results are presented in Figure 11(b) assuming a gluino mass of 1.9 TeV and scanning various
neutralino masses (1, 600 and 1000 GeV). For neutralino masses between 1 and 600 GeV, most of the
branching ratio plane is expected to be excluded at 95% CL. The observed limit is nevertheless worse due
to the mild excess observed in the SRs. Thus, for instance, for a massless neutralino hypothesis, only the
region with B(g̃! bb̄�̃0

1) > 90 % is excluded for all values of B(g̃! tt̄�̃0
1).
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● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 
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Excess in channel with four tops ?
Events with b’s, jets, leptons and Missing ET

Events with b’s and Missing Energy

CMS Analysis not sensitive to the Excess Region
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Figure 9: Results of the background-only fit extrapolated to the SRs for (a) the cut-and-count and (b) the multi-bin
analyses. The data in the SRs are not included in the fit. The upper panel shows the observed number of events and
the predicted background yield. All uncertainties defined in Section 7 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z, tt̄H and tt̄tt̄ events. The lower panel shows the pulls in each SR.
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Where was the excess ?



Table 4: Definition of the high-Njet SRs, CRs and VRs of the multi-bin analysis. All kinematic variables are expressed in GeV except ��4j
min, which is in radians.

High-Njet regions

Criteria common to all regions: Nb-jets � 3, pT
jet > 30 GeV

Targeted kinematics Type Nlepton ��4j
min mT Njet mb-jets

T,min M⌃J Emiss
T me↵

High-me↵
(HH)

(Large �m)

SR-0L = 0 > 0.4 � � 7 > 100 > 200 > 400 > 2500

SR-1L � 1 � > 150 � 6 > 120 > 200 > 500 > 2300

CR � 1 � < 150 � 6 > 60 > 150 > 300 > 2100

VR-0L = 0 > 0.4 � � 7 < 100 if Emiss
T > 300 � < 300 if mb-jets

T,min > 100 > 2100

VR-1L � 1 � > 150 � 6 < 140 if me↵ > 2300 � < 500 > 2100

Intermediate-me↵
(HI)

(Intermediate �m)

SR-0L = 0 > 0.4 � � 9 > 140 > 150 > 300 [1800, 2500]

SR-1L � 1 � > 150 � 8 > 140 > 150 > 300 [1800, 2300]

CR � 1 � < 150 � 8 > 60 > 150 > 200 [1700, 2100]

VR-0L = 0 > 0.4 � � 9 < 140 if Emiss
T > 300 � < 300 if mb-jets

T,min > 140 [1650, 2100]

VR-1L � 1 � > 150 � 8 < 140 if Emiss
T > 300 � < 300 if mb-jets

T,min > 140 [1600, 2100]

Low-me↵
(HL)

(Small �m)

SR-0L = 0 > 0.4 � � 9 > 140 � > 300 [900, 1800]

SR-1L � 1 � > 150 � 8 > 140 � > 300 [900, 1800]

CR � 1 � < 150 � 8 > 130 � > 250 [900, 1700]

VR-0L = 0 > 0.4 � � 9 < 140 � > 300 [900, 1650]

VR-1L � 1 � > 150 � 8 < 140 � > 225 [900, 1650]
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Table 5: Definition of the intermediate-Njet SRs, CRs and VRs of the multi-bin analysis. All kinematic variables are expressed in GeV except ��4j
min, which is in

radians. The j1 = b requirement specifies that the leading jet is b-tagged.

Intermediate-Njet regions

Criteria common to all regions: Nb-jets � 3, pT
jet > 30 GeV

Targeted kinematics Type Nlepton ��4j
min mT Njet j1 = b or ��j1  2.9 mb-jets

T,min M⌃J Emiss
T me↵

Intermediate-me↵
(II)

(Intermediate �m)

SR-0L = 0 > 0.4 � [7, 8] 3 > 140 > 150 > 300 [1600, 2500]

SR-1L � 1 � > 150 [6, 7] � > 140 > 150 > 300 [1600, 2300]

CR � 1 � < 150 [6, 7] 3 > 110 > 150 > 200 [1600, 2100]

VR-0L = 0 > 0.4 � [7, 8] 3 < 140 � > 300 [1450, 2000]

VR-1L � 1 � > 150 [6, 7] � < 140 � > 225 [1450, 2000]

Low-me↵
(IL)

(Low �m)

SR-0L = 0 > 0.4 � [7, 8] 3 > 140 � > 300 [800, 1600]

SR-1L � 1 � > 150 [6, 7] � > 140 � > 300 [800, 1600]

CR � 1 � < 150 [6, 7] 3 > 130 � > 300 [800, 1600]

VR-0L = 0 > 0.4 � [7, 8] 3 < 140 � > 300 [800, 1450]

VR-1L � 1 � > 150 [6, 7] � < 140 � > 300 [800, 1450]
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 New ATLAS Results

The 95% CL observed and expected exclusion limits for the Gtt and Gbb models are shown in the LSP and
gluino mass plane in Figures 9(a) and 9(b), respectively. The±1�SUSY

theory lines around the observed limits are
obtained by changing the SUSY production cross-section by one standard deviation (±1�), as described in
Section 3. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. Compared
to the previous results [17], the gluino mass sensitivities of the current search (assuming massless LSPs)
have improved by 280 GeV and 270 GeV for the Gbb and Gtt models, respectively. Gluinos with masses
below 2.2 TeV are excluded at 95% CL for neutralino masses lower than 800 GeV in the Gtt and Gbb
models. The best exclusion limits on the LSP mass are approximately 1.3 and 1.2 TeV, reached for a
gluino mass of approximately 1.8 and 2.1 TeV for Gbb and Gtt models, respectively.
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Figure 9: Exclusion limits in the �̃0
1 and g̃ mass plane for the (a) Gtt and (b) Gbb models obtained in the context of

the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits, respectively.
The shaded bands around the expected limits show the impact of the experimental and background uncertainties.
The dotted lines show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainty.

Figure 10 shows the expected (10(a)) and observed (10(b)) 95% CL exclusion limits as a function of
the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either
the Gtt or Gbb mode are assumed to decay via Gtb instead, and m( �̃0

1 ) is fixed to 1 GeV. The exclusion
reach is highest in the pure Gtt corner of the branching ratio space, and weakest in the pure Gtb corner.
Similar results, with m( �̃0

1 ) = 600 GeV and m( �̃0
1 ) = 1000 GeV, are shown in Figures 11 and 12. As the

mass of the �̃0
1 increases, the sensitivity becomes weakest for mixed Gtb and Gbb models. The decreased

sensitivity motivates future optimization for these mixed topologies.

Additionally, the 95% CL observed and expected exclusion limits as a function of m(t̃) for the Gtt model
with an on-shell stop are shown in Figure 13. The g̃ and �̃0

1 masses are fixed to 2.1 TeV and 600 GeV
respectively. As can be observed in Figure 13, when the mass of the stop is far from m(g̃) and m( �̃0

1 )
(1.2 TeV . m(t̃) . 1.7 TeV), the exclusion limit is similar to that of the o�-shell result, but when m(t̃) is
close to the g̃ mass (1.8 TeV . m(t̃)) or �̃0

1 mass (m(t̃) . 1 TeV), the limit degrades because one of the
tops in the decay chain loses substantial energy.

Figure 14 shows the expected and observed the 95% CL cross-section upper limit for the Gtb model with
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What happened to the apparent excess ?

ATLAS CONF Note
ATLAS-CONF-2018-041

24th July 2018

Search for supersymmetry in final states with
missing transverse momentum and multiple b-jets
in proton–proton collisions at ps = 13 TeV with the

ATLAS detector

The ATLAS Collaboration

A search for supersymmetry involving the pair production of gluinos decaying via third-
generation squarks into the lightest neutralino ( �̃0

1 ) is reported. It uses LHC proton–proton
collision data at a centre-of-mass energy

p
s = 13 TeV with an integrated luminosity of

79.8 fb�1 collected with the ATLAS detector from 2015 to 2017. The search is performed in
events containing large missing transverse momentum and several energetic jets, at least three
of which must be identified as containing b-quarks. No excess is found above the predicted
background. For �̃0

1 masses below approximately 800 GeV, gluino masses of less than 2.2 TeV
are excluded at 95% confidence level in simplified models involving the pair production of
gluinos that decay via top or bottom squarks. An interpretation of the limits in terms of the
branching ratios of the gluinos into third-generation squarks is also provided.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 8: Results of the background-only fit extrapolated to the SRs for (a) the cut-and-count and (b) the multi-bin
analyses. The data in the SRs are not included in the fit. The upper panel shows the observed number of events and
the predicted background yield. All uncertainties defined in Section 7 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄H and tt̄tt̄ events. The lower panel shows the pull in each SR.
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No Significant Excesses seen

Slight Excesses in Regions Inconsitent with previous ones



Gluino Searches
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Gluino pair production

● Special focus on heavy neutralino scenarios and more complex decay chains. 

neutralino NLSP

light gravitino LSP

neutralino LSP

smaller cross section
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Summary by Sara Strandberg at ICHEP 18.

Channels with cascade decays into intermediate chargino/neutralino states and 
compressed spectrum present the weakest limits, and the bound falls short of
2 TeV for non-compressed spectrum.  Bound of 2.2 TeV in the most extreme case.  
Hard to evade the TeV bound.



Stop-sbottom Searches
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for bottoms and 550 GeV for stops.
Islands in one search are apparently covered by other searches. 



Stop searches in Compressed Spectrum
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● Target compressed scenarios with                                                  
4-body or chargino-mediated stop decays.

● Require hard (p
T
 > 100 GeV) ISR jet to                                      

boost system and recover some E
T

miss.

● Soft leptons (p
T

 > 3.5 GeV and p
T

 > 5 GeV).

Stop in compressed scenarios

CMS-SUS-17-005

Sequential selection

BDT

μ e
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● Target compressed scenarios with                                                  
4-body or chargino-mediated stop decays.

● Require hard (p
T
 > 100 GeV) ISR jet to                                      

boost system and recover some E
T

miss.

● Soft leptons (p
T

 > 3.5 GeV and p
T

 > 5 GeV).

Stop in compressed scenarios

CMS-SUS-17-005

Sequential selection

BDT

μ e

Again, bound of 500 GeV 
hard to beat !



Stop bound may be somewhat relaxed in more complex cascade 
decays, but not by much 

(need to study these results. Excess in 1L channels?)

15

S
U

S
Y
 –

 a
 r

e
v
ie

w
 o

f 
th

e
 r

e
s
u
lt
s
 f
ro

m
 t

h
e
 L

H
C

 e
x
p
e
ri
m

e
n
ts

● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production



Electroweak Sector
• Situation here is far less well defined than in the strongly interacting 

sector

• Sleptons, in particular staus are only weakly constraint beyond the LEP 
limits

• Winos as NLSP’s are the strongest constrained particles, although an 
intriguing excess observed at ATLAS demands some attention

• Higgsinos as NLSP’s are mostly unconstrained. 

• Sensitivities in the search for these particles will increase only at high 
luminosities, but bounds on Higgsinos will remain  weak.

• I will flash results of some searches and concentrate on the interesting 
recent ATLAS result. 

• In general, a scenario with large cascade decays with light electroweakinos 
is the most natural one and the highest hope for SUSY at the weak scale.
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● Combination of leptonic and hadronic searches for direct stau production 
and indirect production via decays of charginos and neutralinos.

● Require two tau leptons.

● Stau is expected to be lightest slepton (large mixing).

● Light stau and small Δm can yield right DM relic                               
density via stau-neutralino coannihilation.

● Strongest limits achieved when lightest stau is partner of left-handed tau, 
approaching sensitivity to SUSY models.

Stau production

1.26×σ
NLO+NLL

1807.02048

Stau Searches : Approaching sensitivity for (left-handed)
stau production. Bounds depend on stau mixing.

NO Limit at this point



Slepton production
All four light generation leptons mass degenerate
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Figure 8: Observed and expected exclusion limits on SUSY simplified models for (a) chargino-pair production,
(b) slepton-pair production, (c) chargino–neutralino production with slepton-mediated decays, and (d) chargino–
neutralino production with decays via W/Z bosons. The observed (solid thick red line) and expected (thin dashed
blue line) exclusion contours are indicated. The shaded band corresponds to the ±1� variations in the expected
limit, including all uncertainties except theoretical uncertainties in the signal cross-section. The dotted lines around
the observed limit illustrate the change in the observed limit as the nominal signal cross-section is scaled up and
down by the theoretical uncertainty. All limits are computed at 95% confidence level. The observed limits obtained
from ATLAS in Run 1 are also shown [23].
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Limits may be different in the case of cascade
decays of the leptons into lighter electroweakino states.



Electroweakino Production
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Figure 8: Observed and expected exclusion limits on SUSY simplified models for (a) chargino-pair production,
(b) slepton-pair production, (c) chargino–neutralino production with slepton-mediated decays, and (d) chargino–
neutralino production with decays via W/Z bosons. The observed (solid thick red line) and expected (thin dashed
blue line) exclusion contours are indicated. The shaded band corresponds to the ±1� variations in the expected
limit, including all uncertainties except theoretical uncertainties in the signal cross-section. The dotted lines around
the observed limit illustrate the change in the observed limit as the nominal signal cross-section is scaled up and
down by the theoretical uncertainty. All limits are computed at 95% confidence level. The observed limits obtained
from ATLAS in Run 1 are also shown [23].
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Comments : Wino production cross section assumed.
Limits disappear in the case of Higgsino production.
Backgrounds estimated from Monte Carlo

Small cross sections
due to small BR of
gauge bosons to 
leptons

2 lepton and 3 lepton final states. On-shall Z production



Recent ATLAS Analysis

Results
● Main background contribution is from VV (3L), VV + Z+jets (2L).
● Expected and observed yields are compatible in most regions.
● Mild excesses are seen in 4 SRs all targeting the low mass splitting.
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3L2L

3.0σ2.1σ2.0σ1.4σlocal significance:

Z. Zinonos  ICHEP Conference

Overview of SUSY electroweak searches in ATLAS

2

chargino–neutralino decays via staus Eur. Phys. J. C 78 (2018) 154

chargino–neutralino production arXiv:1803.02762 (submitted to EPJC)

chargino–neutralino production with RJR arXiv:1806.02293 (submitted to PRD)

electroweakino production with compressed 
mass spectra

Phys. Rev. D 97 (2018) 052010

Higgsinos in multi-b final states arXiv:1806.04030 (submitted to PRD)

chargino-neutralino, slepton, gluino, 
higgsino in multi-lepton final states

arXiv:1804.03602 (accepted by PRD)
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Where is the Excess ?

2`3` EXCESSES USING RECURSIVE JIGSAW RECONSTRUCTION

JAMES OSBORNE
JULY 25, 2018

1. Introduction

Searches for chargino-neutralino production in 2- or 3-lepton final states at the LHC have been
performed by the ATLAS collaboration at the LHC [1, 2]. The search was performed using data
from 2015 and 2016 corresponding to an integrated luminosity 36.1 fb�1 Two searches were per-
formed, one using the standard array of kinematic variables and another using the newer method of
constructing kinematic variables, Recursive Jigsaw Reconstruction (RJR) [3, 4]. While the tradi-
tional analysis revealed no significant excesses, the RJR analysis contained several correlated 2-3�
excesses in the low mass and low mass splitting region of the chargino-neutralino parameter space.
The region containing the excess had seemingly been excluded by the traditional analysis.

2. RJR Search

The anomalies occur in four signal regions targeting overlapping regions of the me�±
1 /e�0

2
� me�0

1

parameter space. Simplified models were used to design the search regions assuming me�±
1
= me�0

2
.

The target regions for these analyses are shown in Figure 1 on the left, with results of the analyses
shown on the right. Table 1 lists the number of expected and observed events in each signal region
(SR). Table 2 shows the 95% CL limits placed on the number of signal events in each SR as well as
the p-value and CL of results in each region. The anomalous SRs are the low mass and ISR searches
targeting masses of me�±

1 /e�0
2
⇠ 200 GeV with mass splittings �m ⌘ me�±

1 /e�0
2
�me�0

1
⇠ 100 GeV.

Signal region SR2` High SR2` Med SR2` Low SR2` ISR

Total observed events 0 1 19 11
Total background events 1.9± 0.8 2.4± 0.9 8.4± 5.8 2.7+2.8

�2.7

Signal region SR3` High SR3` Med SR3` Low SR3` ISR

Total observed events 2 1 20 12
Total background events 1.1± 0.5 2.3± 0.5 10± 2 3.9± 1.0

Table 1. Expected and observed yields from the background-only fit for the 2` and
3` SRs. The errors shown are the statistical plus systematic uncertainties. Table
taken from Ref. [2].

1

Low Effective Masses.
Low Masses/Mass Splittings
Compressed region/ISR jets



Shion Chen (UPenn)

Backup

E.Resseguie(UPenn) Optimization November 22, 2017 17 / 22EWK SUSY Search in ATLAS   LHCP 2018

■ Limit set on wino NLSP → bino LSP simplified model.

  ○ Weak observed limit in low ΔM due to the excess.

  ○ Improved exclusion limit for large ΔM signals by 50-100 GeV 

[New!]   2L/3L + MET  RJR analysis

Conventional
RJR

Exclude upto 600 GeV 
for massless LSP

7

Comparison between RJR and “Conventional” searches

Important difference between these searches :
In RJR analysis, backgrounds are computed from data
In Conventional Searches from Monte Carlo
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Backup

E.Resseguie(UPenn) Optimization November 22, 2017 17 / 22EWK SUSY Search in ATLAS   LHCP 2018

[New!]   2L/3L + MET  RJR analysis

5

■ Diboson (main BG), ttbar → Semi data-driven 

     Normalize MC to data in control regions (CRs),

     where some of selections are loosened reversed wrt SRs.

     Normalization factors: 0.9~1.1

Reconstruction & Background Estimation
•  Background estimation methods

–  MC normalized in data control regions:                               
for irreducible backgrounds, e.g. ttbar, VV

–  Data-driven estimates:                                                     
for detector / instrumental effects, e.g. instrumental 
ET

miss, fake / non-prompt leptons
–  Raw MC:                                                                                  

for rare backgrounds, e.g. ttZ, VVV

•  Some recent updates & improvements
–  Exploit IBL for long-lived particles
–  Recursive Jigsaw Reconstruction (RJR) [1]
–  Reduced lepton thresholds: pT(e/μ) > 4.5 / 4 GeV
–  Multi-bin shape fits
–  L1Topo for combining L1 seeds

Dec 13, 2017 SUSY17 8

Search	Strategy	

SUSY2016.					Davide	Costanzo	 Searches	for	Supersymmetry	with	ATLAS	 5	

Common	search	strategy:	(HistFiber)	
²  Based	on	control	regions		
²  Data	driven	approach	for	difficult	

backgrounds	(eg	mulCjet/Z+jets)	
²  Simultaneous	fits	to	calculate	

final	background	esCmates	
²  Signal	regions	are	unblinded	aher	

agreement	in	validaCon	regions	

Example:	Jets+ETmiss	search:	

Unblinding	

Top	Control	
region	

see parallel talk:
Kouta Onagi: reconstruction techniques
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background estimation

RJR for hidden stops*

[1] Rogan, Jackson, Santoni, PRD 95, 035031 (2017) 

respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9

*mstop = mtop + mLSP

observable 1

ob
se

rv
ab

le
 2

nL, nB, γ⇄Z, mTW, etc. ■ Z+jets (main BG in 2L) → Data driven ("γ-replace")

    Pick γ+jets events / replace γ into simulated Z→ℓℓ,

    w/ corrections for γ/Z difference, trigger pre-scale etc.

■ Modeling is validated using the data events in VRs.

BG estimation:

■ Other minor BGs 

    Irreducible (tt+V, higgs etc.) → MC

    Fake & non-prompt leptons → Data driven (Matrix method)

Shion-Chen, LHCP Conference



Recursive jigsaw in a nutshell
A method for decomposing measured properties 
event-by-event to provide a basis of kinematic variables.

→ Achieved by approximating the rest frames of intermediate 
particle states in each event.

→ A natural basis of kinematic observables calculated by 
recursively evaluating the momentum and energy of different 
objects in these reference frames.

5

Reconstructed objects: 
leptons, jets, ET

miss as 
input

Set of kinematic 
observables 
discriminating S from B

Assignment to decay tree

Phys. Rev. D 96 (2017) 112007

Z. Zinonos  ICHEP Conference



Fit to the Data
GAMBIT Collaboration,
arXiv:1807.03208, 1809.0209720
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Fig. 8: The 1‡, 2‡ and 3‡ regions (orange lines) preferred by our combination of searches in the (m‰̃0
1
, m‰̃±

1
) plane. For each of the

twelve panels, the colors (where present) show the contribution to the total log-likelihood from a di�erent search (white text). Blue
indicates that the signal improves the fit to that search and red that it worsens it.

likelihood contributions. This indicates that there is
no tension between the analyses containing excesses
and these signal regions. We expand on this point
below.

– Favours signal (blue): The strongest positive con-
tributions to our log-likelihood come from the con-
ventional ATLAS multilepton analyses (in the four-

or-more-lepton, three-lepton and two-lepton plus
jets final states, i.e., ATLAS_4lep, ATLAS_MultiLep_
3lep and ATLAS_MultiLep_2lep_jet), and the AT-
LAS recursive jigsaw analysis (ATLAS_RJ_3lep and
ATLAS_RJ_2lep_2jet). A weaker positive contribu-
tion near the best-fit region is evident in the CMS two

RJR Optimized for region where
m�̃2 �m�̃1 ' 100 GeV

Claim that bounds 
from conventional
searches become
weaker once realistic
spectrum is taken 
into account. 



Cross Sections Consistent with Observed Excesses

Signal Region Observed Events BG Events Events above BG Significance (Z)

SR2`
Low

19 8.4± 5.8 10.6± 5.8 1.39

SR2`
ISR

11 2.7+2.8
�2.7 8.3+2.8

�2.7 1.99

SR3`
Low

20 10± 2 10± 2 2.13

SR3`
ISR

12 3.9± 1.0 8.1± 1.0 3.02

Table 1. Expected and observed events for the 2` and 3` SRs, as well as the significance of the excess
(Z). The number of observed events, background estimates and significance of the excess are taken
from Ref. [22]. The errors on the background show statistical plus systematic uncertainties. The
third column has been added to show the estimated number of events above expected background.

bins, assuming a mass di↵erence �m = 100 GeV. The results are shown in Fig. 2 as solid

lines. The bands show the ±1� uncertainties estimated by propagating the background

uncertainties. For reference, we also show the NLO-NLL wino-like e�±
1

e�0

2

production cross

section (black dashed line) with a ±1� uncertainty band [31–33]. The production cross-

section of Higgsino-like e�±
1

e�0

2

(not shown) is approximately a factor of 4 smaller. In the

MSSM, generically the neutralinos are expected to be admixtures rather than pure states.

As such, the pure wino cross section denoted in Fig. 2 should be treated as an upper bound

Figure 2. Signal cross sections that reproduce the observed excesses in each SR as a function
of m�±/�0

2
, assuming �m = 100 GeV, with ±1� bands obtained by propagating the background

uncertainties. The black dashed line denotes the NLO-NLL pure wino-like e�±
1 e�0

2 production cross
section with a ±1� uncertainty band.
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Concentrated on the region consistent with 3-leptons

plus missing energy that is the most sensitive one.

Masses of about 165 GeV and cross section of about 3pb.

Additional region with masses of 200 GeV interesting, too.





Chargino-Neutralino Production

• For values of the wino and Higgsino masses larger than the weak 
scale, the mixing between them is small.

• Winos, in the adjoint representation of SU(2), are produced at a 
stronger rate than Higgsinos. 

• The cross section for Wino production is about a factor 4 larger than 
the one for Higgsino production. 

• Mixing increases for smaller mass differences, leading to a 
reduction of the wino cross section, and to the addition of new 
channels, some of them mixed “Wino-Higgsino”.



MSSM Cross Sections

Figure 3. Contours of e�±
1 e�0

2 production cross sections (solid black) and me�0
2
(dashed white) in the

µ vs. M2 plane for tan� = 20. All other parameters are fixed to the BM values shown in Table 2.

bounds from squark and gluino searches, we set their soft masses to 2 TeV. Following the

direct detection and aµ discussions of Secs. 3 and 4, we require µ, M
2

< 0 and M
1

> 0,

and choose soft slepton masses MeL . 500 GeV. Finally, the SM-like Higgs mass is required

to be between 124–126 GeV. Parameters not labeled in the following figures are set to

benchmark (BM) values presented in Table 2.

We first stress that when considering the LHC production cross section for electroweaki-

nos, unlike the simplified case targeted by the ATLAS and CMS experiments, there can

be relevant Higgsino components in �0

2

and �±
1

in the MSSM. This, in general, leads to

a reduction of the signal cross section compared to pure wino-like production. To ac-

count for this, we calculated the MSSM production cross section to NLO accuracy using

Prospino2 [96]. As expected, larger values of |µ| lead to larger values of the LHC cross

section due to the larger wino component of the chargino and second lightest neutralino.

This is shown in Fig. 3, where we present the signal cross sections for the production of the

second lightest neutralino in association with the lightest chargino at the LHC in the M
2

vs. µ plane for tan� = 20. We note here that since the Higgsino components of a mostly

wino-like neutralino are only weakly dependent on tan� [38], the plot shown will not be

modified significantly by varying tan�. The mass of the almost degenerate e�0

2

/e�±
1

pair is

denoted by the white dashed lines, whereas the color coding shows the values of the LHC

production cross section. Black labeled contour lines for the production cross section are

also provided to guide the eye. Fig. 3 shows that while the dependence on µ is mild, there

is a strong dependence of the cross section on M
2

. This is due in part to the fact that in
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Strong dependence on M2

Weak Dependence on mu.

Wino cross section larger by
about a factor 4 than the 
Higgsino one. 

Values of µ ' 300 GeV lead to the

desired cross sections.



Comparison  with Limits
from Conventional Searches

Figure 3. Contours of e�±
1 e�0

2 production cross sections (solid black) and me�0
2
(dashed white) in the

µ vs. M2 plane for tan� = 20. All other parameters are fixed to the BM values shown in Table 2.

bounds from squark and gluino searches, we set their soft masses to 2 TeV. Following the

direct detection and aµ discussions of Secs. 3 and 4, we require µ, M
2

< 0 and M
1

> 0,

and choose soft slepton masses MeL . 500 GeV. Finally, the SM-like Higgs mass is required

to be between 124–126 GeV. Parameters not labeled in the following figures are set to

benchmark (BM) values presented in Table 2.

We first stress that when considering the LHC production cross section for electroweaki-

nos, unlike the simplified case targeted by the ATLAS and CMS experiments, there can

be relevant Higgsino components in �0

2

and �±
1

in the MSSM. This, in general, leads to

a reduction of the signal cross section compared to pure wino-like production. To ac-

count for this, we calculated the MSSM production cross section to NLO accuracy using

Prospino2 [96]. As expected, larger values of |µ| lead to larger values of the LHC cross

section due to the larger wino component of the chargino and second lightest neutralino.

This is shown in Fig. 3, where we present the signal cross sections for the production of the

second lightest neutralino in association with the lightest chargino at the LHC in the M
2

vs. µ plane for tan� = 20. We note here that since the Higgsino components of a mostly

wino-like neutralino are only weakly dependent on tan� [38], the plot shown will not be

modified significantly by varying tan�. The mass of the almost degenerate e�0

2

/e�±
1

pair is

denoted by the white dashed lines, whereas the color coding shows the values of the LHC

production cross section. Black labeled contour lines for the production cross section are

also provided to guide the eye. Fig. 3 shows that while the dependence on µ is mild, there

is a strong dependence of the cross section on M
2

. This is due in part to the fact that in
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Chargino Masses of 
about  165 GeV and 
Neutralino Masses of 
about 65 GeV, with cross 
sections of about 3 pb 
are in marginal tension 
with conventional 
searches and lead to an 
explanation of  the RJR 
excess within 1 standard 
deviation.



DM : Direct Detection Bounds

where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
md

p
2

v
, (3.7)

guuh =
mu

p
2

v
, (3.8)

gddH = �md

p
2 tan�

v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m2

e�0
1
⌧ µ2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]

�SI

p ' 4m4

Zs
4

Wm2

pm
2

r

⇡v4µ4

N4

11


�
⇣
F

(p)
d + F (p)

u

⌘ (me�1 + µ sin 2�)

m2

h

�
 
�F

(p)
d +

F
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!
µ tan� cos 2�

m2

H

�
F

(p)
u
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+ µ/ tan�

⌘
+ F

(p)
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⇣
me�0

1
+ µ tan�

⌘

2m2

eQ

3

5
2

,

(3.11)

with F
(p)
u ⌘ f

(p)
u +2⇥ 2

27

f
(p)
TG ⇡ 0.15 and F

(p)
d = f

(p)
Td +f

(p)
Ts +

2

27

f
(p)
TG ⇡ 0.14, mp is the proton

mass, mr = mpme�0
1
/(mp+me�0

1
) is the reduced mass, and m eQ is the common squark mass.

Since F
(p)
u ⇡ F

(p)
d , in the large tan� limit this expression becomes proportional to

�SI

p / m4

Z

µ4

"
2(me�0

1
+ 2µ/ tan�)

1

m2

h

+ µ tan�
1

m2

H

+ (me�0
1
+ µ tan�/2)

1

m2

eQ

#
2

. (3.12)

It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M

1

to be positive, where M
1

is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]

2

✓
me�0

1
+ 2

µ

tan�

◆
1

m2

h

' �µ tan�

 
1

m2
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+
1

2m2

eQ

!
. (3.13)
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The coupling of the Higgs bosons to up and down quarks are given by
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v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m2

e�0
1
⌧ µ2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M

1

to be positive, where M
1

is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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Blind Spots in the Spin-Independent Cross Section
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Red : Opposite Sign of the relation between
the mass parameters.

P. Huang, C.W.’14



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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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
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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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Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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In the supersymmetric case the most relevant contributions are associated with the

interchange of charginos and the superpartners of the neutral second generation leptons

(sneutrinos) [71–78]. Assuming that there are no large mass hierarchies in the supersym-

metric electroweak sector, one can write, approximately,

�aµ ' ↵

8⇡s2W

m2

µ

em2

Sgn(µM
2

) tan� ' 130⇥ 10�11

✓
100 GeV

em

◆
2

Sgn(µM
2

) tan� , (4.3)

where ↵ is the electromagnetic fine structure constant, and em is the characteristic mass of

the weakly interacting sparticles. This implies that for tan� of order 10 (20), the overall

weakly interacting sparticle mass scale must be of order 250 GeV (350 GeV) in order to

explain the current discrepancy between theory and experiment.

In our work, we shall consider chargino and slepton masses that are quite di↵erent from

each other and hence, it is relevant to provide an analytical understanding of the behavior

of aµ in that parameter regime. In the relevant approximation where |µ| >⇠ 2|M
2

| >⇠ 4MW

and m2

e⌫
>⇠ µ2, one gets,

�aµ ' � 3↵

4⇡s2W

m2

µ

m2

e⌫

M
2

µ tan�

µ2 �M2

2

⇢
[f

1

(x
1

)� f
1

(x
2

)] +
1

6
[f

2

(x
1

)� f
2

(x
2

)]

�
, (4.4)

where the first term inside the curly brackets corresponds to the chargino contributions, the

second term to the neutralino contributions, x
1

= M2

2

/m2

e⌫ and x
2

= µ2/m2

e⌫ . In addition,

f
1

(x) =
1� 4x/3 + x2/3 + 2 log(x)/3

(1� x)4
, (4.5)

and

f
2

(x) =
1� x2 + 2x log(x)

(1� x)3
. (4.6)

In the above we have ignored the small hypercharge induced contributions. It is important

to note that for x ⌧ 1, f
1

(x) is negative and increases logarithmically in magnitude,

f
1

(x) ' 1+8x/3+2(1+4x) log(x)/3, whilef
2

(x) tends to one, namely f
2

(x) ! 1+2x(3/2+

log(x)). On the other hand, in the limit of x ! 1, f
1

(x) ! �2/9 and f
2

(x) ! 1/3. In

general, as stressed above, the lightest chargino contribution is dominant, but the heavier

chargino and the neutralino contributions have the opposite sign to the lighter chargino

one, providing a significant reduction of the anomalous magnetic moment with respect to

the one obtained considering only the lightest chargino contribution. We also note that

Eq. (4.4) is symmetric under the interchange of µ and M
2

, and is indeed valid also in the

region in which the second lightest neutralino is Higgsino like, |M
2

| >⇠ 2|µ| >⇠ 4MW , and

me⌫
>⇠ |M

2

|.
Let us stress that while the reduction of the SI cross section is obtained for negative

value of µ⇥M
1

, the explanation of the anomalous magnetic moment of the muon demands

positive values of µ⇥M
2

. Hence, a simultaneous explanation of the absence of DM direct

detection signals and of the measured value of aµ may be naturally obtained for opposite

values of the hypercharge and weak gaugino masses, namely M
2

⇥M
1

< 0.
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Benchmark Point

Param. [GeV] Param. [GeV] Param. [GeV] Param. [GeV]

µ -300 M
2

-172 MeL 400 MH 1500

M
1

63.5 M
3

2000 M eQ 2000 At 3000

Table 2. Benchmark values of MSSM input parameters for micrOMEGAs with tan� = 20. The
squark and slepton soft masses are degenerate between generations and chiralities.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 125.84 e�±
1

165.0 e⌫e 395.0 euR 2069.8

H 1500.03 e�±
2

333.6 e⌫µ 395.0 euL 2069.5

H
3

1500.00 e⌧
1

389.5 e⌫⌧ 395.0 edR 2070.3

H± 1502.38 e⌧
2

415.0 eg 2129.2 edL 2071.0

e�0

1

61.7 eeR 402.4 et
1

1927.7 esR 2070.3

e�0

2

164.8 eeL 402.6 et
2

2131.6 esL 2071.0

e�0

3

314.2 eµR 402.4 eb
1

2067.1 ecR 2069.8

e�0

4

331.2 eµL 402.6 eb
2

2074.1 ecL 2069.5

Table 3. Benchmark mass spectrum generated from the input parameters of Table 2.

improve the consistency with the trilepton RJR searches at the expense of increasing the

tension with previous analyses. Regarding the direct detection cross sections for our BM

point, while they are su�ciently suppressed to evade current limits, they may be probable

in the near future through SD interactions. Lastly, we see that the resulting value of aµ is

well within 1� of the currently observed experimental value.

Finally, we would like to reiterate that the excess of events observed in the ATLAS RJR

analysis is interesting but cannot be yet taken as a significant signal of new physics. We

present this BM point only as an example of the possible parameters in the electroweak

sector consistent with current data. Quite generally, we show that if future LHC data

provides a confirmation of electroweakinos at the weak scale, it is not di�cult to fulfill

other observational and experimental constraints as well. Accommodating the observed

relic density is generically the most stringent requirement.

7 Conclusions

Despite a lack of any conclusive evidence for its presence at the weak scale, supersymmetry

remains a well motivated extension of the SM, and may answer many open questions in

particle physics. In this article we have presented a study of the current constraints on

the electroweak sector in low energy supersymmetry models. As an example, we have

taken gaugino and Higgsino mass parameters that can be consistent with a new physics

interpretation of recent event excesses in the ATLAS search for electroweakinos using the

RJR method. The large cross sections associated with these excesses imply that the second
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Dark Matter Phenomenology

Figure 4. Top left: Regions in the µ � me�1 plane that produce a relic abundance ⌦CDMh2 =
0.12± 50% for di↵erent values of tan�. The red, green and blue regions correspond to tan� = 10,
20, and 60, respectively (corresponding to the Higgs resonance), while the purple region corresponds
to the Z resonance which is approximately independent of tan�. The lower gray shaded region is
excluded by SD constraints set by LUX, which are again approximately independent of the value
of tan� for moderate to large values of tan�. The three remaining plots show contours of the SI
scattering cross section �SI

p in the MH–µ plane for tan� = 10 (top right), 20 (bottom left), and 60
(bottom right) with fixed me�0

1
= 61.7 GeV. The narrow black regions are excluded by SI constraints

set by XENON1T. Other parameters are fixed to the BM values shown in Table 2.

ally consistent thermal relic density in the scenario under study would be the t-channel

interchange of light staus, with masses of the order of the lightest chargino mass. An ex-

ample of such a scenario would be the addition of ⇠ 200 GeV right-handed staus [38, 98].

All other sleptons may be kept heavy in order to fulfill the collider and g � 2 constraints.

We have checked that consistency with the relic density and all other phenomenological

constraints may be obtained for tan� ' 100. Such large values of tan� may be acceptable

provided there are large corrections to the bottom Yukawa coupling [55–57, 99], keeping

the perturbativity of the bottom sector up to high scales [100, 101]. We note that consis-

tent relic density for a heavier slepton spectrum may be also be obtained in the NMSSM,

where either co-annihilation with singlinos [102] or resonant annihilation through a singlet-
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Existence of Blind Spot Regions Suppresses
the SI cross section below the current limits
in most of the parameter space. 

Higgs and Z Resonant Annihilation Regions
SD Cross Section Bounds satisfied
provided |µ| > 270 GeV



Figure 5. Regions of parameter space that produce the observed excess in the anomalous magnetic
moment of the muon. Solid lines denote consistency with the current experimental values, while
shaded regions show 1� variations. Left: The M2 and µ dependence for several choices of the
slepton soft mass parameter MeL and tan� = 20. Right: The MeL and µ dependence for several
values of tan� and M2 = �172 GeV. Other parameters not shown are fixed to the BM values shown
in Table 2.

and 10 <⇠ tan� <⇠ 20 (with larger values of the heavy Higgs mass for larger values of tan�),

or for Higgs masses & 2 TeV for tan� = 60. As shown in the left-hand upper panel of Fig. 4

this would lead to a preference for the Z-resonance annihilation region for the smaller tan�

values.

Finally, Fig. 5 shows the region of parameter space that accommodates the observed

deviation of the anomalous magnetic moment of the muon with respect to the SM predic-

tion. The left panel of Fig. 5 shows the preferred values of M
2

and µ for di↵erent values of

the slepton masses, and tan� = 20. For simplicity, we have assumed equal soft supersym-

metry breaking parameters for left- and right-handed sleptons, characterized by MeL ' Me⌫ .

The solid lines denote the values of µ leading to agreement with the observed value of aµ,

while the shaded bands show the range of µ consistent with the current 1� experimental

uncertainty on this quantity. Overall, the dependence of aµ on the supersymmetry break-

ing mass parameters is in agreement with our general expectations based on Eqs. (4.3) and

(4.4). Lighter (heavier) sleptons imply larger (smaller) preferred values of |µ|, with values

of |µ| in the range 200–500 GeV for this value of tan� and slepton masses at the weak

scale.

The right panel of Fig. 5 shows the dependence of the preferred values of the slepton

masses and the Higgsino mass parameter for di↵erent values of tan� and M
2

= �172 GeV.

While values of tan� = 10 demand values of these parameters of the order of 200-300 GeV,

the slepton masses can be significantly larger for values of tan� = 60. In particular, for

tan� = 60 and |µ| = 300 GeV, slepton masses of the order of 500 GeV (700 GeV) are

consistent with the central experimental value (a deviation of one standard deviation with
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As expected, s-leptons with masses of the order of 400 GeV lead to an explanation of
g-2 for the benchmark point. 

Dependence on tan(beta) follows the expected behavior
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Conclusions

• Constraints on New Physics at the LHC have become increasingly strong

• No direct evidence of new physics

• No clear deviation of Higgs coupling from SM expectations

• Strongly interacting particles are restricted to be heavier than about 1 TeV

• Is there a chance of observing light, weakly interacting particles ?

• Case of low energy SUSY : Clearly there is still a chance !

• Is the RJR excess a hint ?  Not clear, but time will tell

• One thing is for sure : If there is SUSY at the weak scale, it could lead to a 
solution of the DM problem without any tension with present 
experimental constraints.

• g-2 can also be explained. Not to mention all the “benefits” of SUSY

May we live in Interesting Times !
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Dark Matter ?

• Bino (mixed with Higgsino) Dark Matter can lead to the right relic density 
for masses of a few hundred GeV, without upsetting other constraints, in a 
variety of ways, including co-annihilation and resonant annihilations.  

• Higgsinos, with heavier gauginos, demand masses of order of the TeV 

• Winos may be heavier, with masses of order of 2 TeV to get the right relic 
density. 

• Only guidance :  Masses of the order of the weak scale are consistent with a 
Dark Matter interpretation. No specific mass range suggested. 11

Figure. 5: Constraints on the |µ|�M1 plane under relic density constraints and the present and projected DDMD con-

straints. The well-tempered region (µ ' M1) naturally attains the correct relic density, while the region below may attain

the correct value if MA is tuned to mediate resonant annihilation. The required value of MA is constrained by the LUX

and 100 times strengthened LUX bound on SI cross section. The blue region is allowed by the 100 times strengthened LUX

bound; the blue and the green regions are allowed under current LUX bound. Note that the boundaries of the LUX con-

straint (red) and of the LUX/100 constraint (green) above the blue region correspond to the boundaries in Fig. 3 where the

upper bound on MA is quickly lifted to infinity. The constraints below the blue region are due to the overcompensation in

the scattering cross section from the heavy Higgs contribution.

B. LZ Reach and Blind Spots

The lack of observation of a signal at the LZ experiment would constrain us to a narrow

region of allowed parameter space for thermal dark matter, namely the A-funnel region

displayed in Fig. 5, plus the well-tempered region for values of MA consistent with the

upper bound obtained in Fig. 3. The reach of LZ goes far beyond the natural values of the

spin independent cross section for values of the gaugino and Higgsino masses of order of the

weak scale, and therefore pushes the parameters towards the blind spot values. Alternatively,

one could consider the event of an LZ detection of Dark Matter in the currently allowed

range. In order to fix ideas and show the complementarity of di↵erent search methods in

P. Huang, R. Roglans, D. Spiegel, Y. Sun, C.W.
arXiv:1711.05743 
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■ No major deviation from SM. 
  ○ Mild excess (2.3σ) in SR0D (0τ, on-shell Z)

     BG dominated by irreducible component (ZZ, ttZ) 

[New!]  4L         Result
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Figure 6: The (a), (c) & (d) me↵ distribution for events passing the signal region requirements except the me↵ re-
quirement in SR0A, SR0B, SR1 and SR2. The (b) Emiss

T distribution is shown for events passing the signal region
requirements except the Emiss

T requirement in SR0C and SR0D. Distributions for data, the estimated SM back-
grounds, and an example SUSY scenario are shown. “Other” is the sum of the tWZ, tt̄WW, and tt̄tt̄ backgrounds.
The last bin captures the overflow events. Both the statistical and systematic uncertainties in the SM background
are included in the shaded band. The red arrows indicate the me↵ or Emiss

T selections in the signal regions.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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8 Results

The expected and observed yields in each signal region are reported in Table 8, together with the statistical
and systematic uncertainties in the background predictions. The observations are consistent with the SM
expectations within a local significance of at most 2.3�. The me↵ and Emiss

T distributions for all events
passing signal region requirements, except the me↵ or Emiss

T requirement itself, are shown in Figure 6.

Sample SR0A SR0B SR0C SR0D SR1 SR2

Observed 13 2 47 10 8 2

SM Total 10.2 ± 2.1 1.31 ± 0.24 37 ± 9 4.1 ± 0.7 4.9 ± 1.6 2.3 ± 0.8

ZZ 2.7 ± 0.7 0.33 ± 0.10 28 ± 9 0.84 ± 0.34 0.35 ± 0.09 0.33 ± 0.08
tt̄Z 2.5 ± 0.6 0.47 ± 0.13 3.2 ± 0.4 1.62 ± 0.23 0.54 ± 0.11 0.31 ± 0.08
Higgs 1.2 ± 1.2 0.13 ± 0.13 0.9 ± 0.8 0.28 ± 0.25 0.5 ± 0.5 0.32 ± 0.32
VVV 0.79 ± 0.17 0.22 ± 0.05 2.7 ± 0.6 0.64 ± 0.14 0.18 ± 0.04 0.20 ± 0.06
Reducible 2.4 ± 1.4 0.000+0.005

�0.000 0.9+1.4
�0.9 0.23+0.38

�0.23 3.1 ± 1.5 1.1 ± 0.7
Other 0.53 ± 0.06 0.165 ± 0.018 0.85 ± 0.19 0.45 ± 0.10 0.181 ± 0.022 0.055 ± 0.012

h✏�i95
obs fb 0.32 0.14 0.87 0.36 0.28 0.13

S 95
obs 12 4.9 31 13 10 4.6

S 95
exp 9.3+3.6

�2.3 3.9+1.6
�0.8 23+8

�5 6.1+2.1
�1.3 6.5+3.5

�1.3 4.7+2.0
�1.3

CLb 0.76 0.74 0.83 0.99 0.86 0.47
p0 0.23 0.25 0.15 0.011 0.13 0.61

Z 0.75 0.69 1.0 2.3 1.2 0

Table 8: Expected and observed yields for 36.1 fb�1 in the signal regions. “Other” is the sum of the tWZ, tt̄WW,
and tt̄tt̄ backgrounds. Both the statistical and systematic uncertainties in the SM background are included in the
uncertainties shown. Also shown are the model-independent limits calculated from the signal region observations;
the 95% CL upper limit on the visible cross section times e�ciency (h✏�i95

obs), the observed number of signal
events(S 95

obs), and the signal events given the expected number of background events (S 95
exp, ±1� variations of the

expected number) calculated by performing pseudo-experiments for each signal region. The last three rows report
the CLb value for the background-only hypothesis, and finally the one-sided p0-value and the local significance Z
(the number of equivalent Gaussian standard deviations).

The HistFitter [85] software framework is used for the statistical interpretation of the results. In order to
quantify the probability for the background-only hypothesis to fluctuate to the observed number of events
or higher, a one-sided p0-value is calculated using pseudo-experiments, where the profile likelihood ratio
is used as a test statistic [86] to exclude the signal-plus-background hypothesis. A signal model can be
excluded at 95% confidence level (CL) if the CLs [87] of the signal-plus-background hypothesis is below
0.05. For each signal region, the expected and observed upper limits at 95% CL on the number of beyond-
the-SM events (S 95

exp and S 95
obs) are calculated using the model-independent signal fit. The 95% CL upper

limits on the signal cross section times e�ciency (h✏�i95
obs) and the CLb value for the background-only

hypothesis are also calculated for each signal region.

The number of observed events in each signal region is used to set exclusion limits in the SUSY models,
where the statistical combination of all disjoint signal regions is used. For overlapping signal regions,
specifically SR0A and SR0B, and also SR0C and SR0D, the signal region with the better expected exclu-
sion is used in the combination. Experimental uncertainties a↵ecting irreducible backgrounds, as well as
the simulation-based estimate of the weighted fake factors, are treated as correlated between regions and
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■ No major deviation from SM. 
  ○ Mild excess (2.3σ) in SR0D (0τ, on-shell Z)

     BG dominated by irreducible component (ZZ, ttZ) 
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Figure 6: The (a), (c) & (d) me↵ distribution for events passing the signal region requirements except the me↵ re-
quirement in SR0A, SR0B, SR1 and SR2. The (b) Emiss

T distribution is shown for events passing the signal region
requirements except the Emiss

T requirement in SR0C and SR0D. Distributions for data, the estimated SM back-
grounds, and an example SUSY scenario are shown. “Other” is the sum of the tWZ, tt̄WW, and tt̄tt̄ backgrounds.
The last bin captures the overflow events. Both the statistical and systematic uncertainties in the SM background
are included in the shaded band. The red arrows indicate the me↵ or Emiss

T selections in the signal regions.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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8 Results

The expected and observed yields in each signal region are reported in Table 8, together with the statistical
and systematic uncertainties in the background predictions. The observations are consistent with the SM
expectations within a local significance of at most 2.3�. The me↵ and Emiss

T distributions for all events
passing signal region requirements, except the me↵ or Emiss

T requirement itself, are shown in Figure 6.

Sample SR0A SR0B SR0C SR0D SR1 SR2

Observed 13 2 47 10 8 2

SM Total 10.2 ± 2.1 1.31 ± 0.24 37 ± 9 4.1 ± 0.7 4.9 ± 1.6 2.3 ± 0.8

ZZ 2.7 ± 0.7 0.33 ± 0.10 28 ± 9 0.84 ± 0.34 0.35 ± 0.09 0.33 ± 0.08
tt̄Z 2.5 ± 0.6 0.47 ± 0.13 3.2 ± 0.4 1.62 ± 0.23 0.54 ± 0.11 0.31 ± 0.08
Higgs 1.2 ± 1.2 0.13 ± 0.13 0.9 ± 0.8 0.28 ± 0.25 0.5 ± 0.5 0.32 ± 0.32
VVV 0.79 ± 0.17 0.22 ± 0.05 2.7 ± 0.6 0.64 ± 0.14 0.18 ± 0.04 0.20 ± 0.06
Reducible 2.4 ± 1.4 0.000+0.005

�0.000 0.9+1.4
�0.9 0.23+0.38

�0.23 3.1 ± 1.5 1.1 ± 0.7
Other 0.53 ± 0.06 0.165 ± 0.018 0.85 ± 0.19 0.45 ± 0.10 0.181 ± 0.022 0.055 ± 0.012

h✏�i95
obs fb 0.32 0.14 0.87 0.36 0.28 0.13

S 95
obs 12 4.9 31 13 10 4.6

S 95
exp 9.3+3.6

�2.3 3.9+1.6
�0.8 23+8

�5 6.1+2.1
�1.3 6.5+3.5

�1.3 4.7+2.0
�1.3

CLb 0.76 0.74 0.83 0.99 0.86 0.47
p0 0.23 0.25 0.15 0.011 0.13 0.61

Z 0.75 0.69 1.0 2.3 1.2 0

Table 8: Expected and observed yields for 36.1 fb�1 in the signal regions. “Other” is the sum of the tWZ, tt̄WW,
and tt̄tt̄ backgrounds. Both the statistical and systematic uncertainties in the SM background are included in the
uncertainties shown. Also shown are the model-independent limits calculated from the signal region observations;
the 95% CL upper limit on the visible cross section times e�ciency (h✏�i95

obs), the observed number of signal
events(S 95

obs), and the signal events given the expected number of background events (S 95
exp, ±1� variations of the

expected number) calculated by performing pseudo-experiments for each signal region. The last three rows report
the CLb value for the background-only hypothesis, and finally the one-sided p0-value and the local significance Z
(the number of equivalent Gaussian standard deviations).

The HistFitter [85] software framework is used for the statistical interpretation of the results. In order to
quantify the probability for the background-only hypothesis to fluctuate to the observed number of events
or higher, a one-sided p0-value is calculated using pseudo-experiments, where the profile likelihood ratio
is used as a test statistic [86] to exclude the signal-plus-background hypothesis. A signal model can be
excluded at 95% confidence level (CL) if the CLs [87] of the signal-plus-background hypothesis is below
0.05. For each signal region, the expected and observed upper limits at 95% CL on the number of beyond-
the-SM events (S 95

exp and S 95
obs) are calculated using the model-independent signal fit. The 95% CL upper

limits on the signal cross section times e�ciency (h✏�i95
obs) and the CLb value for the background-only

hypothesis are also calculated for each signal region.

The number of observed events in each signal region is used to set exclusion limits in the SUSY models,
where the statistical combination of all disjoint signal regions is used. For overlapping signal regions,
specifically SR0A and SR0B, and also SR0C and SR0D, the signal region with the better expected exclu-
sion is used in the combination. Experimental uncertainties a↵ecting irreducible backgrounds, as well as
the simulation-based estimate of the weighted fake factors, are treated as correlated between regions and
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Figure 6: The (a), (c) & (d) me↵ distribution for events passing the signal region requirements except the me↵ re-
quirement in SR0A, SR0B, SR1 and SR2. The (b) Emiss

T distribution is shown for events passing the signal region
requirements except the Emiss

T requirement in SR0C and SR0D. Distributions for data, the estimated SM back-
grounds, and an example SUSY scenario are shown. “Other” is the sum of the tWZ, tt̄WW, and tt̄tt̄ backgrounds.
The last bin captures the overflow events. Both the statistical and systematic uncertainties in the SM background
are included in the shaded band. The red arrows indicate the me↵ or Emiss

T selections in the signal regions.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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Figure 7: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) wino W/Z NLSP, (b) wino W/h
NLSP, (c) ˜̀L/⌫̃ NLSP, and (d) gluino NLSP pair production with RPV �̃0

1 decays via �12k, or �i33 where i, k 2 1, 2.
Also shown are the exclusion limits on (e) the higgsino GGM models. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclusive, the observed CLs
value is taken from the signal region with the better expected CLs value.
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8 Results

The expected and observed yields in each signal region are reported in Table 8, together with the statistical
and systematic uncertainties in the background predictions. The observations are consistent with the SM
expectations within a local significance of at most 2.3�. The me↵ and Emiss

T distributions for all events
passing signal region requirements, except the me↵ or Emiss

T requirement itself, are shown in Figure 6.

Sample SR0A SR0B SR0C SR0D SR1 SR2

Observed 13 2 47 10 8 2

SM Total 10.2 ± 2.1 1.31 ± 0.24 37 ± 9 4.1 ± 0.7 4.9 ± 1.6 2.3 ± 0.8

ZZ 2.7 ± 0.7 0.33 ± 0.10 28 ± 9 0.84 ± 0.34 0.35 ± 0.09 0.33 ± 0.08
tt̄Z 2.5 ± 0.6 0.47 ± 0.13 3.2 ± 0.4 1.62 ± 0.23 0.54 ± 0.11 0.31 ± 0.08
Higgs 1.2 ± 1.2 0.13 ± 0.13 0.9 ± 0.8 0.28 ± 0.25 0.5 ± 0.5 0.32 ± 0.32
VVV 0.79 ± 0.17 0.22 ± 0.05 2.7 ± 0.6 0.64 ± 0.14 0.18 ± 0.04 0.20 ± 0.06
Reducible 2.4 ± 1.4 0.000+0.005

�0.000 0.9+1.4
�0.9 0.23+0.38

�0.23 3.1 ± 1.5 1.1 ± 0.7
Other 0.53 ± 0.06 0.165 ± 0.018 0.85 ± 0.19 0.45 ± 0.10 0.181 ± 0.022 0.055 ± 0.012

h✏�i95
obs fb 0.32 0.14 0.87 0.36 0.28 0.13

S 95
obs 12 4.9 31 13 10 4.6

S 95
exp 9.3+3.6

�2.3 3.9+1.6
�0.8 23+8

�5 6.1+2.1
�1.3 6.5+3.5

�1.3 4.7+2.0
�1.3

CLb 0.76 0.74 0.83 0.99 0.86 0.47
p0 0.23 0.25 0.15 0.011 0.13 0.61

Z 0.75 0.69 1.0 2.3 1.2 0

Table 8: Expected and observed yields for 36.1 fb�1 in the signal regions. “Other” is the sum of the tWZ, tt̄WW,
and tt̄tt̄ backgrounds. Both the statistical and systematic uncertainties in the SM background are included in the
uncertainties shown. Also shown are the model-independent limits calculated from the signal region observations;
the 95% CL upper limit on the visible cross section times e�ciency (h✏�i95

obs), the observed number of signal
events(S 95

obs), and the signal events given the expected number of background events (S 95
exp, ±1� variations of the

expected number) calculated by performing pseudo-experiments for each signal region. The last three rows report
the CLb value for the background-only hypothesis, and finally the one-sided p0-value and the local significance Z
(the number of equivalent Gaussian standard deviations).

The HistFitter [85] software framework is used for the statistical interpretation of the results. In order to
quantify the probability for the background-only hypothesis to fluctuate to the observed number of events
or higher, a one-sided p0-value is calculated using pseudo-experiments, where the profile likelihood ratio
is used as a test statistic [86] to exclude the signal-plus-background hypothesis. A signal model can be
excluded at 95% confidence level (CL) if the CLs [87] of the signal-plus-background hypothesis is below
0.05. For each signal region, the expected and observed upper limits at 95% CL on the number of beyond-
the-SM events (S 95

exp and S 95
obs) are calculated using the model-independent signal fit. The 95% CL upper

limits on the signal cross section times e�ciency (h✏�i95
obs) and the CLb value for the background-only

hypothesis are also calculated for each signal region.

The number of observed events in each signal region is used to set exclusion limits in the SUSY models,
where the statistical combination of all disjoint signal regions is used. For overlapping signal regions,
specifically SR0A and SR0B, and also SR0C and SR0D, the signal region with the better expected exclu-
sion is used in the combination. Experimental uncertainties a↵ecting irreducible backgrounds, as well as
the simulation-based estimate of the weighted fake factors, are treated as correlated between regions and

18

■ New/updated limit Upto 1.46 TeV RPV wino NLSP excluded 

Massless gravitino

Scion-Chen LHCP Conference



Higgsino : Higgs Final States

Combined fit results for high-mass and low-mass analyses.  The transition between the two analyses 
occurs at mhiggsino = 300 GeV. 

In the range 200 GeV < mhiggsino  < 300 GeV, the observed limit is 1–2 σ weaker than expected due to the 
data exceeding the background in several bins with ET

miss > 100 GeV in the low-mass analysis. 43

Higgsino multi-b

Four bottom final states
Reconstruction of the two Higgses by 2b invariant masses

Excess in region where background is obtained by data 
driven methods

D. Miller—Pascos Conference



Small Overlap between
Conventional and RJR SR

Shion Chen (UPenn)

Backup
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Event overlap between conventional 2L/3L & RJR 2L/3L 
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Figure 7: Fractional overlap in the 2` channel SRs of data events (a) and signal MC events (b, c and d), selected in
the RJR-based SRs of this article and those from a separate search by ATLAS detailed in Ref. [18]. The SRs from
Ref. [18] are listed along the x-axis with RJR-based regions on the y-axis. The intersection events falling in each
pair of regions, normalized by the union, is shown on the z-axis.
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Figure 8: Fractional overlap in the 3` channel SRs of data events (a) and signal MC events (b, c and d), selected in
the RJR-based SRs of this article and those from a separate search by ATLAS detailed in Ref. [18]. The SRs from
Ref. [18] are listed along the x-axis with RJR-based regions on the y-axis. The intersection events falling in each
pair of regions, normalized by the union, is shown on the z-axis.
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Figure 9: SR2`_High distributions of acceptance, e�ciency and acceptance ⇥ e�ciency.
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Data event overlaps between the two analysis
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H and A Decay to Boson Pairs
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Inverting the sign of 
the bottom coupling

wrong sign could arise without changing the Higgs decay width and branching ratio when

ghbb̄/g
SM
hbb̄

' �1. This could be achieved with minor changes of the Higgs couplings to

top-quarks and weak gauge bosons for sizable values of t� and [19], [20]

t� c��↵ ⇡ 2. (4)

This is in contrast with the condition t�c��↵ ' 0 that ensures a SM-like coupling of the

bottom-quark to the Higgs boson.

The scalar potential of the most general two-Higgs-doublet extension of the SM may be

written as :

V = m2
11�

†
1�1 +m2

22�
†
2�2 �m2

12(�
†
1�2 + h.c.) + 1

2�1(�
†
1�1)

2 + 1
2�2(�

†
2�2)

2

+�3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1)

+
n

1
2�5(�

†
1�2)

2 + [�6(�
†
1�1) + �7(�

†
2�2)]�

†
1�2 + h.c.

o

, (5)

After converting to the Higgs basis [21],[22], the Higgs potential above could be rewritten

as:

V � . . .+ 1
2Z1(H

†
1H1)

2 + . . .+
⇥

Z5(H
†
1H2)

2 + Z6(H
†
1H1)H

†
1H2 + h.c.

⇤

+ . . . , (6)

where we have only retained those terms relevant for the following discussion and the new

couplings Z 0
is are associated with previous �0

is by the following relations [23],[24],[28]

Z1 ⌘ �1c
4
� + �2s

4
� +

1
2(�3 + �4 + �5)s

2
2� + 2s2�

⇥

c2��6 + s2��7

⇤

, (7)

Z5 ⌘ 1
4s

2
2�

⇥

�1 + �2 � 2(�3 + �4 + �5)
⇤

+ �5 � s2�c2�(�6 � �7) , (8)

Z6 ⌘ �1
2s2�

⇥

�1c
2
� � �2s

2
� � (�3 + �4 + �5)c2�

⇤

+ c�c3��6 + s�s3��7 , (9)

The CP-even Higgs mixing angle in this basis is identified with � � ↵. Consequently, we

have [23],[28]

c��↵ =
�Z6v

2

p

(m2
H �m2

h)(m
2
H � Z1v2)

. (10)

As stressed before, since the observed Higgs boson has SM-like properties, s��↵ ' 1, in

order to fulfill the requirement to obtain a negative sign of the bottom Yukawa coupling,

Eq. (4), sizable values of t� are required. For large values of t�, s� ' 1, c� ' 1/t� and

s2� ' 2/t�. Since Z1v
2 ' m2

h, the denominator becomes approximately m2
H � m2

h. From

the relation of Z6 to the quartic couplings �i we obtain that, ignoring subdominant terms

in 1/t�, an inversion of the sign of the Yukawa coupling leads to the following condition

[(�3 + �4 + �5)� �2 + �7t�]v
2 ' 2(m2

H �m2
h). (11)
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' �1. This could be achieved with minor changes of the Higgs couplings to

top-quarks and weak gauge bosons for sizable values of t� and [19], [20]
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This is in contrast with the condition t�c��↵ ' 0 that ensures a SM-like coupling of the
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have [23],[28]
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As stressed before, since the observed Higgs boson has SM-like properties, s��↵ ' 1, in

order to fulfill the requirement to obtain a negative sign of the bottom Yukawa coupling,

Eq. (4), sizable values of t� are required. For large values of t�, s� ' 1, c� ' 1/t� and

s2� ' 2/t�. Since Z1v
2 ' m2

h, the denominator becomes approximately m2
H � m2

h. From

the relation of Z6 to the quartic couplings �i we obtain that, ignoring subdominant terms

in 1/t�, an inversion of the sign of the Yukawa coupling leads to the following condition

[(�3 + �4 + �5)� �2 + �7t�]v
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and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝

H

h

⎞

⎠ =

⎛

⎝

cα sα

−sα cα

⎞

⎠

⎛

⎝

φ0
1

φ0
2

⎞

⎠ ≡ R(α)

⎛

⎝

φ0
1

φ0
2

⎞

⎠ , (17)

where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).

3

We follow the notation in Ref. [1] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.) +

1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

{

1

2
λ5(Φ

†
1Φ2)

2 + [λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)]Φ

†
1Φ2 + h.c.

}

, (1)

where

Φi =

⎡

⎣

φ+
i

1√
2
(φ0

i + ia0i )

⎤

⎦ . (2)

Notice that in the case of unbroken SUSY we have

λ1 = λ2 =
1

4
(g21 + g22) =

m2
Z

v2
, (3)

λ3 =
1

4
(g21 − g22) = −

m2
Z

v2
+

1

2
g22 , (4)

λ4 = −
1

2
g22 , (5)

λ5 = λ6 = λ7 = 0 . (6)

We will assume CP conservation and that the minimum of the potential is at

⟨Φi⟩ =
1√
2

⎡

⎣

0

vi

⎤

⎦ , (7)

where

v2 = v21 + v22 ≈ 246 GeV , tβ ≡ tan β =
v2
v1

. (8)

We choose 0 ≤ β ≤ π/2 so that tβ ≥ 0 and write v1 = v cos β ≡ vcβ and v2 = v sin β ≡ vsβ.

The five mass eigenstates are two CP -even scalars H and h, with mh ≤ mH , one CP -odd

scalar A, and a charged pair H±. The mass parameters m11 and m22 can be eliminated by

imposing the minimization condition [1]:

m2
11 − tβm

2
12 +

1

2
v2c2β(λ1 + 3λ6tβ + λ̃3t

2
β + λ7t

3
β) = 0 , (9)

m2
22 − t−1

β m2
12 +

1

2
v2s2β(λ2 + 3λ7t

−1
β + λ̃3t

−2
β + λ6t

−3
β ) = 0 , (10)

where λ̃3 = λ3 + λ4 + λ5. It then follows that [1]

m2
A =

2m2
12

s2β
−

1

2
v2(2λ5 + λ6t

−1
β + λ7tβ) , (11)

2

We follow the notation in Ref. [1] for the scalar potential of the most general two-Higgs-

doublet extension of the SM:

V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.) +

1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

{

1

2
λ5(Φ

†
1Φ2)

2 + [λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)]Φ

†
1Φ2 + h.c.

}

, (1)

where

Φi =

⎡

⎣

φ+
i

1√
2
(φ0

i + ia0i )

⎤

⎦ . (2)

Notice that in the case of unbroken SUSY we have

λ1 = λ2 =
1

4
(g21 + g22) =

m2
Z

v2
, (3)

λ3 =
1

4
(g21 − g22) = −

m2
Z

v2
+

1

2
g22 , (4)

λ4 = −
1

2
g22 , (5)

λ5 = λ6 = λ7 = 0 . (6)

We will assume CP conservation and that the minimum of the potential is at

⟨Φi⟩ =
1√
2

⎡

⎣

0

vi

⎤

⎦ , (7)

where

v2 = v21 + v22 ≈ 246 GeV , tβ ≡ tan β =
v2
v1

. (8)

We choose 0 ≤ β ≤ π/2 so that tβ ≥ 0 and write v1 = v cos β ≡ vcβ and v2 = v sin β ≡ vsβ.

The five mass eigenstates are two CP -even scalars H and h, with mh ≤ mH , one CP -odd

scalar A, and a charged pair H±. The mass parameters m11 and m22 can be eliminated by

imposing the minimization condition [1]:

m2
11 − tβm

2
12 +

1

2
v2c2β(λ1 + 3λ6tβ + λ̃3t

2
β + λ7t

3
β) = 0 , (9)

m2
22 − t−1

β m2
12 +

1

2
v2s2β(λ2 + 3λ7t

−1
β + λ̃3t

−2
β + λ6t

−3
β ) = 0 , (10)

where λ̃3 = λ3 + λ4 + λ5. It then follows that [1]

m2
A =

2m2
12

s2β
−

1

2
v2(2λ5 + λ6t

−1
β + λ7tβ) , (11)

2

and the mass-squared matrix for the CP -even scalars can be expressed as

M =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ ≡ m2
A

⎛

⎝

s2β −sβcβ

−sβcβ c2β

⎞

⎠ + v2

⎛

⎝

L11 L12

L12 L22

⎞

⎠ , (12)

where

L11 = λ1c
2
β + 2λ6sβcβ + λ5s

2
β , (13)

L12 = (λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β , (14)

L22 = λ2s
2
β + 2λ7sβcβ + λ5c

2
β . (15)

There are two simple facts to keep in mind:

Mii > 0 , and m2
h ≤ Mii ≤ m2

H , for i = 1, 2 , (16)

where the first condition follows from the requirements that DetM > 0 and TrM > 0, while

the second follows from ”level repulsion” of eigenvalues of symmetric matrices.

Next we are going to solve for the mixing angle in the CP -even sector in terms ofmh = 125

GeV and two of the three entries of M2
h,H. Let’s define the mixing angle α

⎛

⎝

H

h

⎞

⎠ =

⎛

⎝

cα sα

−sα cα

⎞

⎠

⎛

⎝

φ0
1

φ0
2

⎞

⎠ ≡ R(α)

⎛

⎝

φ0
1

φ0
2

⎞

⎠ , (17)

where we choose −π/2 ≤ α ≤ π/2, in general, so that both sα and cα are single-valued.

However in MSSM one can show that −π/2 ≤ α ≤ 0 at tree-level, which nonetheless does

not hold once radiative corrections are included. Then we have

RT (α)

⎛

⎝

m2
H 0

0 m2
h

⎞

⎠R(α) =

⎛

⎝

M11 M12

M12 M22

⎞

⎠ . (18)

Then from Eq. (18) we can solve for

sα =
M12

√

(M12)2 + (M11 −m2
h)

2
, (19)

m2
H =

M11(M11 −m2
h) + (M12)2

M11 −m2
h

. (20)

From Eq. (19) we see that the sign of sα is determined by the sign of M12, which is why

in MSSM at tree-level one can choose −π/2 ≤ α ≤ 0. Also the conditions in Eq. (16)

guarantees the positivity of m2
H in Eq. (20).

3

Alignment in General two Higgs Doublet Models

In the MSSM, at tree-level, only the first four 
couplings are non-zero and are governed by D-
terms in the scalar potential.  At loop-level, all of 

them become non-zero via  the trilinear and quartic 
interactions with third generation sfermions.       

   Haber, Hempfling’93

H. Haber and J. Gunion’03

Tuesday, November 19, 2013

From here, one can minimize the effective potential and
     derive the expression for the CP-even Higgs mass matrix

in terms of a reference mass, that we will take to be mA

2
2 2

2 2

General two Higgs Doublet Model
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Couplings: Resolved Loops CMS-PAS-HIG-17-031



Effects on gluon Fusion

• Changing the sign of the bottom coupling changes the gluon fusion rate by 
about 12 percent !

• Assuming that no other effect is present, the LHC collaborations announce a 
precision of about 5 percent for the gluon coupling by the end of the LHC 
run. So, under this assumption this effect may be tested.

B. Li, N. Coyle, C.W. ’18



CMS Combination

H mass and couplings in CMS and ATLAS              Moriond Electroweak 2018                    David Sperka (Florida) 20

CMS Combination NEW!

● Includes a wide range of H 
measurements using the full 2016 
dataset

● Combined analysis sensitive to 22 
out of 25 possible prod. x decay 
combinations 

CMS-PAS-HIG-17-031

D. Sperka’s talk, Moriond EW
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More general Parameters : Superpotential Tadpole

One may reduce the mass gap with the charged Higgs, and due to the
large misalignment, decays into Higgs and gauge bosons open up. 

B. Li, N. Coyle, C.W. ’18 

An additional consequence of large values of ⇠S is that the singlet mass may become much

larger than the mass of the singlino. In this case, the quartic coupling of Hu has sizable

corrections produced by �4 loop contributions from singlets and singlinos. The correction

to �2 from these contributions is given by

��2 ' �4

16⇡2
ln
⇣m2

S

µ2

⌘

' �4

16⇡2
ln

✓

�

�

�

�

�⇠S
µ3

�

�

�

�

◆

(32)

where we have used the expression for m2
S given in Eq. (31). It is therefore clear that

for values of |µ| of the order of the weak scale, large values of ⇠S result in large positive

corrections to �2. These corrections can compensate the negative contributions to the Higgs

mass induced by mixing e↵ects and constrain the allowable values of ⇠S via the experimental

constraints on the lightest CP-even Higgs mass, which will be examined in more specificity

in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term

in the superpotential, namely beyond the trilinear terms associated with the Yukawa, � and

 couplings, one may add a tadpole term of the form [15]

�W = ⇠FS (33)

where ⇠F is a dimension 2 parameter. One action of such a term, as we shall discuss, is

to modify the spectral relationships between the neutral and charged Higgs bosons. In our

initial analysis, we first set ⇠F = 0; however, we shall discuss the impact of this term in later

examinations of pseudoscalar decays in Section VI.

The decoupling of the singlet induces corrections to �4 and �5, and a sizable correction

to the quartic coupling �7. This can be seen by ignoring subdominant terms and reducing

the singlet-dependent terms in the scalar potential to

(m2
S + �2|Hu|2)|S|2 + [S(�A�HuHd + ⇠S) + h.c.] +

�

�⇠F + �HuHd + S2
�

�

2
(34)

where we shall assume that, due to the e↵ect of the tadpole terms, m2
S is much larger

than �2H2
u ' �2v2. From Eq. (34), and ignoring small corrections induced by the vacuum

expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by

m2
hS

= m2
S + 2⇠F, m2

AS
= m2

S � 2⇠F, (35)
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cos(� � ↵) ' 2/ tan�

tanβ = 8—10



Consistent with  ATLAS Excess
B. Li, N. Coyle, C.W. ’18

ATLAS-CONF-17-055



Recent CMS Analysis
Cross indicates a BM point
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Figure 5: Observed and expected 95% CL upper limit on sA B(A ! Zh)B(h ! bb) for an A
boson produced through gluon-gluon fusion (left) and b quark association (right) as a function
of mA in the narrow-width approximation, including all statistical and systematic uncertainties.
The solid curves and their shaded areas correspond to the product of the cross sections and the
branching fractions and the relative uncertainties predicted by the 2HDM Type-I and Type-II
for the arbitrary parameters tan b = 3 and cos(b � a) = 0.1.
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LEP2 Excess
Search for the SM Higgs at LEP
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Non-Standard Higgs Decays – p.10/14

which implies in particular that µ⇤ must be positive. We should stress, however, that the

above condition should not be satisfied exactly because otherwise cot (� � ↵) would vanish.

Using the above condition together with eq. (13) one obtains approximate formula for e↵ective

cot (� � ↵) as a function of µ:

cot (� � ↵) ⇡ ±ḡs
�vµ cot 2�

M̂2
HH �m2

h

. (15)

In order to enhance tth signal one has to also guarantee that cot (� � ↵) > 0 which happens if

the following condition is fulfilled:

|⇤| > (<)
2|µ|
sin 2�

, (16)

for ms < (>)mh.

Eq. (15) confirms intuitive expectation that large tth enhancement prefers relatively light

MSSM-like Higgses. However, it also shows that large |µ| is preferred and that H does not have

to be very light if |µ| is large enough. The importance of |µ| can be seen from Table 1 where

several benchmark points with large tth enhancement are presented. Comparing points P3 and

P4 we see that similar tth enhancement is possible for MA = 300 GeV and µ = 600 GeV as for

MA = 400 GeV and µ = 800 GeV with comparable Higgs-singlet mixing. Eq. (15) also implies

that e↵ective | cot (� � ↵) | increases with tan �. This is the reason why points P1 and P3 have

similar value of Rtth
V V in spite of the fact that P3 features smaller Higgs-singlet mixing while µ

and MA are the same.

Another interesting feature of this scenario is that light singlet-like scalar can explain the

LEP2 excess. Indeed, LEP2 experiments observed excess of bb̄ events in the vicinity of 98

GeV with a signal strength of about one tenth of the SM Higgs with the same mass. In the

benchmark table we give a value for the prediction of this signal strength:

⇠LEPbb̄ ⌘ ḡ2s ⇥
BR(s ! bb̄)

BR(hSM ! bb̄)
, (17)

where ḡs is the s coupling to the Z boson normalized to the SM Higgs coupling with the same

mass. Note that SM normalized sbb̄ coupling in the present scenario is enhanced with respect

to the corresponding sZZ coupling so ⇠LEP
bb̄

> ḡ2s . Wee see that point P1 fits very well the LEP2

excess since it features ms ⇡ 98 GeV and ⇠LEP
bb̄

⇡ 0.1. Point P2 also has ms ⇡ 98 GeV but

smaller Higgs-singlet mixing, hence also ⇠LEP
bb̄

, than P1 so in order to have tth enhancement of

similar size |µ| is larger in P2 than in P1.

Even though it is interesting possibility that this scenario can simultaneously explain tth

enhancement and the LEP2 excess we should emphasize that our scenario does not require to

have the singlet-like scalar mass to be close to the LEP excess. It is the size of the Higgs-singlet

mixing rather than ms which controls the magnitude of the tth enhancement as can be seen

from benchmarks P3 and P4 that feature ms far away from the LEP excess. It is noteworthy

that ms can be as small as 80 GeV (or even smaller if |µ| is larger than in benchmark P3)

without conflict with stringent LEP constraints.

6



Related to CMS Excess ?
See X. Wang’s Talk at PASCOS2018



Carena, Haber, Low, Shah, C.W.’14

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

At small values of µ (M2 ' 200 GeV here), chargino and neutralino

decays prominent. Possibility constrained by direct searches.
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Complementarity between precision measurements
and search for new Higgs going to τ pairs

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 

H,A ! ⌧⌧



CMS-PAS-HIG-15-001

Search for (psudo-)scalars decaying into lighter ones 

It is relevant to perform similar analyses replacing
the Z by a SM Higgs  !



Stop Effects on Di-Higgs
Production Cross Section

Orange :  Stop corrections to kappa_g decoupled
Red : X_t fixed at color breaking vacuum boundary value, for light mA
Green : X_t fixed at color breaking boundary value, for mA = 1.5 TeV
Blue : Same as Red, but considering \kappa_t = 1.1 

Huang, Joglekar, Li, C.W.’17
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Figure 8: Di-Higgs production cross section normalized to the SM value using the full
one loop calculation (solid lines) and the EFT calculation (dashed lines) as a function of
the lightest stop mass for mQ = mU and �

3

= 0. t is chosen to be 1 for the orange,
red and green lines, and 1.1 for the blue lines. For red and blue lines, X2

t is chosen to
saturate the vacuum stability condition as in Eq. (2.7), neglecting the mA and mZ terms.
For green lines, X2

t is chosen to saturate the vacuum stability condition with mA = 1.5 TeV,
µ = 400 GeV, and tan� = 1. For the orange line, X2

t is chosen to be m2

˜t1
+ m2

˜t2
to keep

g = 1. For blue, red, and green lines, g value range for each stop mass is labeled on the
plot corresponding to that stop mass. The value of g are identical for solid and dashed
line of the same color at a given lightest stop mass. g values increase monotonously with
increase in the lightest stop mass for each line except for the Orange lines where it is fixed
at 1. For red and blue lines, mA = µ = 0.

more conservative vacuum stability bound is considered.

3.1 Di-Higgs Search Channel

The general strategy in the search for double Higgs is to require one Higgs to decay to a pair
of bottoms for enough statistics, as the total rate for double Higgs production is about three
orders of magnitude smaller compared to single Higgs production. Then, we can consider
the other Higgs decay to a pair of photons, bottoms, W±’s, or ⌧ ’s. In this work, we are
going to discuss the modifications to distributions in the presence of light stops, and we
will focus on the bb�� channel, as this channel provides best resolution.

– 15 –



Values of the dimensionless couplings
B. Li, N. Coyle, C.W. ’18

Necessary values to invert the bottom coupling

An additional consequence of large values of ⇠S is that the singlet mass may become much

larger than the mass of the singlino. In this case, the quartic coupling of Hu has sizable

corrections produced by �4 loop contributions from singlets and singlinos. The correction

to �2 from these contributions is given by
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where we have used the expression for m2
S given in Eq. (31). It is therefore clear that

for values of |µ| of the order of the weak scale, large values of ⇠S result in large positive

corrections to �2. These corrections can compensate the negative contributions to the Higgs

mass induced by mixing e↵ects and constrain the allowable values of ⇠S via the experimental

constraints on the lightest CP-even Higgs mass, which will be examined in more specificity

in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term

in the superpotential, namely beyond the trilinear terms associated with the Yukawa, � and

 couplings, one may add a tadpole term of the form [15]

�W = ⇠FS (33)

where ⇠F is a dimension 2 parameter. One action of such a term, as we shall discuss, is

to modify the spectral relationships between the neutral and charged Higgs bosons. In our

initial analysis, we first set ⇠F = 0; however, we shall discuss the impact of this term in later

examinations of pseudoscalar decays in Section VI.

The decoupling of the singlet induces corrections to �4 and �5, and a sizable correction

to the quartic coupling �7. This can be seen by ignoring subdominant terms and reducing

the singlet-dependent terms in the scalar potential to

(m2
S + �2|Hu|2)|S|2 + [S(�A�HuHd + ⇠S) + h.c.] +

�

�⇠F + �HuHd + S2
�

�

2
(34)

where we shall assume that, due to the e↵ect of the tadpole terms, m2
S is much larger

than �2H2
u ' �2v2. From Eq. (34), and ignoring small corrections induced by the vacuum

expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by

m2
hS

= m2
S + 2⇠F, m2

AS
= m2

S � 2⇠F, (35)

11

FIG. 2: Scatter plot of points that survive the 125 GeV mass constraint and predict a wrong-sign

bottom Yukawa coupling. The colorbar on the upper plot shows the value of b, which is the ratio

between Higgs to bb̄ coupling and its SM value, i.e. gNMSSM
hbb̄

/gSM
hbb̄

. All points have b close to -1

as demanded. The lower plot shows the relationship between the values of �, , and the tadpole

contribution.

16



Low charged Higgs masses

Constraints on Charged Higgs Mass coming
from t ! bH+ considered

Part of the reason for large value of λ is the relation between the CP-odd and charged
Higgs masses in these theories, namely

m2
H+ ' m2

A � �2v2

B. Li, N. Coyle, C.W. ’18

v = 174 GeV

FIG. 3: Scatter plot of the charged Higgs mass MH± against MH , with the value of tan� as the

colorbar. A tan�-dependent mass cut on MH± , with a lowest limit of 155 GeV, has been applied

to satisfy experimental constraints.

Let us stress here that for sizable values of tan �, the bottom quark coupling to the

lightest Higgs boson is modified at the loop level in a relevant way with respect to its tree-

level value. This modifications are particularly important for large values of the Higgsino

mass parameter µ and are approximately given by [35]

b =
ghbb
gSMhbb

= �s↵
c�



1� �b

1 +�b

✓

1 +
1

t↵t�

◆�

(18)

where �b is given by [36],[37],[38]

�b '
✓

2↵3

3⇡
I(mb̃1

,mb̃2
,M3) +

h2
t

(4⇡)2
I(mt̃1 ,mt̃2 , µ)

◆

tan � (19)

and the function I(a, b, c) is given by []

I(a, b, c) =
a2b2 ln(a2/b2) + b2c2 ln(b2/c2) + c2a2 ln(c2/a2)

(a2 � c2)(a2 � b2)(b2 � c2)
(20)

There are similar corrections to the tau coupling, but they are governed by weak coupling

e↵ects and are therefore less significant. The above corrections imply a di↵erence between b

and ⌧ and has threfore relevant phenomenological consequences for sizable values of tan �.

In particular, in the region of parameter under investigation, ⌧ tends to be smaller than b

by a few tens of percent.
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Novelty : Decay into charged Higgs Bosons

Large values of λ imply that the charged Higgs mass becomes
significantly lower than the neutral MSSM-like Higgs masses.

B. Li, N. Coyle, C.W. ’18 

We calculate the expected number of H ! ⌥(nS) + � events for both b = 1 and b = �1.

The Higgs total cross section is taken to be �(p+ p ! H) = 5.57⇥ 104 fb [60]. We examine

the number of expected events by the end of LHC Run 3, for which the approximate target

integrated luminosity is 300 fb�1 [62]. The predicted number of events are less than 1 for

b = 1 and N(⌥(1S),⌥(2S),⌥(3S)) = (18.5 ± 0.7, 8.65 ± 0.36, 6.31 ± 0.26) for b = �1.

The number of events at the 3 ab�1 high-luminosity LHC is simply an order of magnitude

larger than the one predicted at the end of Run 3, namely a few hundred events.

Searches for h ! ⌥(nS) + � have been performed previously for the 8 TeV runs with

approximately 20.3 fb�1 of luminosity [64]. The current upper limits on the branching ratios

at 95% CL are given for ⌥(1S, 2S, 3S) + � final states as (1.3, 1.9, 1.3)⇥10�3 ([65], [64]).

An increase in sensitivity for these decays on the order of 103 with respect to the one at

Run 1 is therefore required in order to probe the e↵ects of a wrong-sign bottom Yukawa.

Therefore, despite the significant enhancement of the number of events with respect to the

SM, this process is not currently an e↵ective method of searching for a wrong-sign bottom

Yukawa, and its detection will demand a significant improvement of the current analysis.

C. Decay channels of the heavy neutral Higgs

FIG. 6: Branching ratios for the decay of the heavier neutral Higgs H to H±W⌥ and ⌧⌧ , with the

branching ratio of H ! �0
1�

0
1 as the colorbar.
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