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Outline
-

Introduction/Motivation

Current exp search limits on MSSM EW sector

MSSM EW-ino sector

Neutralinos/Charginos: production and decay

Collider analyses:

๏ Wh, Zh, hh final states

๏ Comparison with conventional Neutralino/Chargino 
search channels

 Conclusion
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Motivation
-

๏ Higgs connection
- natural SUSY: light gauginos and Higgsinos 

๏ DM connection
- neutralinos: DM candidate

๏ Colored superparticle might be very heavy
- no indication from current LHC search: msq, mgluino > 1 TeV
- EW sector (+stop/sbottoms) might be the only particles 
accessible at the LHC 

๏ Neutralinos and Charginos
- suffer from small electroweak production
- current search mostly focused on slepton assisted channels
- current reach of neutralino/chargino w/o slepton: limited

๏ Connection to Lepton Collider

Exploring LHC reach for the electroweak sector of MSSM 
gauginos, Higgsinos with the help of the Higgs boson
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Current limits: neutralino/chargino 
-

LEPSUSYWG/01-03.1
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Current limits: neutralino/chargino 
-

LEPSUSYWG/01-03.1
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Have at least one of these assumptions:  
๏ gaugino mass unification: 
 M1= (5/3) tan2θW M2 = 1/2 M2

๏ sfermion mass unification
๏ decouple sfermions 
๏ mSUGRA
๏ particular benchmark point
๏ ...
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ATLAS Limits: LHC 7 TeV with 4.7 fb-1

-

ATLAS 1208.2884
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ATLAS Limits: LHC 7 TeV with 4.7 fb-1

-
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lepton rich final states to 
enhance reach.

Limits weaker for 
๏ slepton_L heavy
๏  χ20,χ1± being Higgsinos
๏  small mχ1± - mχ10
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MSSM EW-ino sector 101
-

๏ Gauginos and Higgsinos
- Neutral ones: Bino, Wino, Hu0, Hd0

- charged ones: Winos, Hu+, Hd-

๏ Parameters: M1, M2, µ, tanβ

~~
~~

๏ Neutralinos and charginos

Monday, November 12, 2012
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Neutralinos

-

๏ Neutralinos
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II. MODEL SPECIFICATION AND PARAMETERS

We focus on an essential EW sector, namely, the gauginos and Higginos. For this purpose, we

consider the other SUSY particles to decouple from the spectrum, by taking

M3, Mf̃ > 10 TeV, Ai ! 0 GeV, MA > 1 TeV, (1)

where the heavy Higgs bosons will also be decoupled from the theory. As long as we set the mass

scales to multiple TeV, the specific values are not critical.

For the gaugino and HIggsino sector, the mass matrix for the neutral components in the gauge-

eigenstate basis of ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u) is (I put it in for the purpose of illustration of mixing

effects. We might not want to include it if it is too well known for everyone.)

MÑ =















M1 0 −cβsWmZ sβsWmZ

0 M2 cβcW mZ −sβcWmZ

−cβsWmZ cβcW mZ 0 −µ

sβsW mZ −sβcWmZ −µ 0















, (2)

where we have used the abbreviations sW = sin θW , cW = cos θW , sβ = sinβ and cβ = cosβ,

for θW being the Weinberg angle and tan β being the ratio of Higgs vevs tan β = 〈H0
u〉/〈H0

d〉.

Similarly, the mass matrix of the charged components in the basis of ψ± = (W̃+, H̃+
u , W̃−, H̃−

d )

is

MC̃ =





02×2 XT
2×2

X2×2 02×2



 , with X2×2 =





M2

√
2sβmW

√
2cβmW µ



 . (3)

There are only four parameters involved in the mass matrices,M1,M2, µ and tan β. Diagonaliza-

tion of the mass matrices give the mass eigenstates (with increasing mass eigenvalues), namely,

neutralinos χ0
i , i = 1 . . . 4, and charginos χ±

i , i = 1, 2.

In the limit of mZ & |µ ± M1|.|µ ± M2|, the neutralinos are nearly a “bino-like”, a

“wino-like”, and ”Higgsino-like” pair (H̃0
u ± H̃0

d)/
√

2, with mass eigenvalues rougly M1, M2,

|µ| and |µ|. The mixing of Bino/Wino states with Higgsino ones are usually suppressed by

O(mZ/max(M1, M2, |µ|)), introduced by the off-diagonal terms in Eqs. (2) and (3), while the

mixing beween Bino and Wino are suppressed even further since they can only mix via Higgsino

states. In most of the parameter spaces that we explore in our study, this limit applies and we

can understand the behavior of production cross sections and decay patterns of neutralinos and

charginos in a much easier way.

3
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In the limit of mZ & |µ ± M1|.|µ ± M2|, the neutralinos are nearly a “bino-like”, a

“wino-like”, and ”Higgsino-like” pair (H̃0
u ± H̃0

d)/
√

2, with mass eigenvalues rougly M1, M2,

|µ| and |µ|. The mixing of Bino/Wino states with Higgsino ones are usually suppressed by

O(mZ/max(M1, M2, |µ|)), introduced by the off-diagonal terms in Eqs. (2) and (3), while the

mixing beween Bino and Wino are suppressed even further since they can only mix via Higgsino

states. In most of the parameter spaces that we explore in our study, this limit applies and we

can understand the behavior of production cross sections and decay patterns of neutralinos and

charginos in a much easier way.

3
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Charginos

๏ Charginos

II. MODEL SPECIFICATION AND PARAMETERS
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where the heavy Higgs bosons will also be decoupled from the theory. As long as we set the mass

scales to multiple TeV, the specific values are not critical.

For the gaugino and HIggsino sector, the mass matrix for the neutral components in the gauge-

eigenstate basis of ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u) is (I put it in for the purpose of illustration of mixing

effects. We might not want to include it if it is too well known for everyone.)
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, (2)
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d )

is
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Order of M1, M2 and µ
-

e.g.: 
sugra, CMSSM, 
gaugino mass 
unification,...
canonical case

Bino LSP 
M1 < M2, µ

Bino

Wino LSP
M2 < M1, µ 

Wino

e.g.: AMSB,...
Chen et. al., hep-ph/9512230
Moroi et. al., hep-ph/9904250
Gherghetta et. al., hep-ph/9904378
Bear et. al., hep-ph/0007073
Moroi et. al., ArXiv: 0802.3725

Higgsino LSP
µ < M1, M2

Higgsino

Baer, Barger and Huang, 
ArXiv: 1107.5581

e.g.:“Higgsino-world”,...
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Bino LSP case
-

Bino

Wino

Higgsino

χ0 χ± χ0 χ±

Case AI 
Wino NLSP M1 < M2 < µ

Case AII
Higgsino NLSP M1 < µ < M2 

Bino

Wino

Higgsino

LSP

NLSPs
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Masses: Bino LSP
-

Case AII:  
M1 < µ < M2 

Case AI: 
M1 < M2 < µ
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Masses: Bino LSP
-

Case AII:  
M1 < µ < M2 

Case AI: 
M1 < M2 < µ
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large mixing, natural 
compressed spectrum
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Masses: Wino LSP
-

Case BII:  
M2 < µ < M1 

Case BI: 
M2 < M1 < µ
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Masses: Higgsino LSP
-

Case CII:  
µ < M2 < M1 

Case CI: 
µ < M1 < M2
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Production 
-

q

q̄′
W

χ±
i

χ0
j

(a)

q

q̄

γ/Z

χ+
i

χ−
j

(b)

q

q̄

Z

χ0
i

χ0
j

(c)

FIG. 2: Feynman diagram for neutralino/chargino pair production.

standard electroweak processes. The leading contributions under our consideration are the Drell-

Yan processes via the s-channel exchange ofW/Z/γ, as shown in Fig. 2,

pp → χ±
i χ0

j X, χ+
i χ−

j X, χ0
i χ

0
j X, (12)

where i, j = 1 . . . 4 for neutralinos and i, j = 1 . . . 2 for charginos, and X generically denotes the

hadronic remnants. Dominant processes are typically those that involves two Wino-like or two

Higgsino-like states, since their relevant couplings toW , Z and γ are unsuppressed. Furthermore,

neutralino-chargino pair productions via W -exchange in Fig. 2 (a) has the largest cross sections

due to the large SU(2)L coupling. There could also be t-channel contributions with the exchange

of u- and d-squarks, which often result in destructive interference with the s-channel diagrams. In

our current treatment, we will neglect those effects under the assumption of heavy squarks.

The charginos and neutralinos could also be produced via weak boson fusion (WBF) processes

qq′ → qq′χ+
i χ0

j , qq′χ+
i χ−

j , qq′χ0
i χ

0
j ... (13)

Due to the substantially smaller production rates than the Drell-Yan type mechanism, these chan-

nels do not contribute much to the inclusive signal of our consideration. On the other hand, if a

signal is observed via the DY processes, the unique kinematics of the forward-backward jets make

the signal quite characteristic and it will be worthwhile to take the challenge in searching for and

studying these channels [12].

We now present the signal production rates via the DY processes as a function of a relevant

mass parameter, in all the scenarios discussed in the last section. We show these in Fig. 3 at the

13 TeV LHC, including the next-to-leading oder (NLO) QCD corrections, which is about 10%

increase to the overall cross sections (TH: I thought it should be about 30%. I’ll check and

10

Dominant production: 
๏ Wino pair production: cha-cha, cha-neu
๏ Higgsino pair production: cha-cha, cha-neu, neu-neu
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Production: Bino LSP - Wino NLSP
-

Case AI: M1 < M2 < µ
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Case AI: Bino LSP - Wino NLSP
-
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Case AI: Bino LSP - Wino NLSP
-

χ1± decay 100% via on/off-shell W
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Case AI: Bino LSP - Wino NLSP
-

๏ below h threshold, decay via on/
off-shell Z 
๏ χ20 on-shell decay to h dominate 
over on-shell Z for µ >0
๏ χ20 decay to h and Z flipped for µ <0 

χ1± decay 100% via on/off-shell W
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Neutralino and Chargino mixing

-

Neutralinos Charginos

case AI

case AII
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๏ decay occur via mixing through Higgsino 
๏ M2  >> M1 , χ20 → χ10 Z dominated by the decay via ZL (goldstone mode G0) 
๏ h, G0 as mixture of Hu0 and Hd0
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is about 14%. The relative size of Br(χ0
2 → χ0

1h) and Br(χ0
2 → χ0

1Z) can be understood with the

help of the Goldstone boson Equivalence Theorem. For M2 " M1, the decay of χ0
2 → χ0

1Z is

dominantly by the longitudinal polarization of Z, which is related to the Goldstone modes of H0
u

and H0
d . For M1 # M2 # µ, the partial decay widths of χ0

2 → χ0
1h and χ0

2 → χ0
1Z are given

approximately by the following formulae 1: TH: if the overall constant is not too complicated,

then it would be nice to include on the formula.

Γ(χ0
2 → χ0

1h) ∝
(

2s2β +
M2

µ

)2
[

(M2 + M1)
2 − m2

h

]

, (17)

Γ(χ0
2 → χ0

1Z) ∝
(

c2β
M2

µ

)2
[

(M2 − M1)
2 − m2

Z

]

. (18)

For large tan β " 4µ/M2 such that 2s2β # M2/µ, the second term in the parenthesis of Eq. 17

dominates for decay of χ0
1h channel. Relative size of the h and Z decay channel is almost indepen-

dent of tan β, determined completely by the ratio [(M2 + M1)2 − m2
h] / [(M2 − M1)2 − m2

h]. For

relatively small 1 ! tan β # 4µ/M2, the first term in the parenthesis dominants. The additional

suppression of (M2/µ)2 in Z-channel decrease the size of χ0
2 → χ0

1Z channel, which is shown in

Fig. 4 (c) for the tanβ dependence.

Below the threshold of the Higgs channelM2 < M1 + mh, the branching fractions for various

final states follow the Z decays to the SM fermions, about 55% into light quarks, 15% into bb,

20% into neutrinos, and 3.3% into each lepton flavor. For M2 slightly above M1, loop induced

radiative decay χ0
2 → χ0

1γ reaches about 10%, while the final state photon will be very soft,

making its identification difficult. The phase space suppression near the threshold for χ0
1bb and

χ0
1ττ channels are also appreciable. SS: Do we plan to show the Br for the fermion final states

from off-shellW/Z decay? (TH: probably not.)

• Case AII:M1 < µ < M2

For this Case II with a Bino LSP and four Higgsino NLSPs, total cross sections at the NLO

in QCD for the 13 TeV LHC are shown in Fig. 3(b) versus µ with M1 = 100 GeV. The leading

channels are more involved, as lower-lying NLSPs are the four “Higgsino-like” states: χ±
1 , χ

0
2 and

χ0
3. We thus have, in turn,

Case AII : pp → χ±
1 χ0

2X, χ±
1 χ0

3X, χ+
1 χ−

1 X, and χ0
2χ

0
3X, (19)

1 In those partial width formulae, we have dropped the overall coupling coefficient as well as phase space factor
1

8π
p

M2 , where p is the momentum for the daughter particle andM is the mass for the parent particle.
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20% into neutrinos, and 3.3% into each lepton flavor. For M2 slightly above M1, loop induced

radiative decay χ0
2 → χ0

1γ reaches about 10%, while the final state photon will be very soft,

making its identification difficult. The phase space suppression near the threshold for χ0
1bb and

χ0
1ττ channels are also appreciable. SS: Do we plan to show the Br for the fermion final states

from off-shellW/Z decay? (TH: probably not.)

• Case AII:M1 < µ < M2

For this Case II with a Bino LSP and four Higgsino NLSPs, total cross sections at the NLO

in QCD for the 13 TeV LHC are shown in Fig. 3(b) versus µ with M1 = 100 GeV. The leading

channels are more involved, as lower-lying NLSPs are the four “Higgsino-like” states: χ±
1 , χ

0
2 and

χ0
3. We thus have, in turn,

Case AII : pp → χ±
1 χ0

2X, χ±
1 χ0

3X, χ+
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1 X, and χ0
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1 In those partial width formulae, we have dropped the overall coupling coefficient as well as phase space factor
1

8π
p

M2 , where p is the momentum for the daughter particle andM is the mass for the parent particle.
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Production: Bino LSP - Higgsino NLSP
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Case AII: M1 < µ < M2 
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)
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The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.

Formχ0
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−mχ0
1
< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.

16

100 200 300 400 500
10

!2

10
!1

10
0

µ  (GeV)

B
r 

 (
%

)

!
2

0
 decay: M

1
< µ < M

2

!
1

0
 h

!
1

0
 Z

100 200 300 400 500
10

!2

10
!1

10
0

µ  (GeV)

B
r 

 (
%

)

!
3

0
 decay: M

1
< µ < M

2

!
1

0
 h

!
1

0
 Z

FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
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0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√
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is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h
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1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
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๏ M2  >> M1 , χ20 → χ10 Z dominated by the decay via ZL (goldstone mode G0) 
๏ h, G0 as mixture of Hu0 and Hd0

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)
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The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.
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fermion final states similar to that of χ0
2 in Case AI.

16

100 200 300 400 500
10

!2

10
!1

10
0

µ  (GeV)

B
r 

 (
%

)

!
2

0
 decay: M

1
< µ < M

2

!
1

0
 h

!
1

0
 Z

100 200 300 400 500
10

!2

10
!1

10
0

µ  (GeV)

B
r 

 (
%

)

!
3

0
 decay: M

1
< µ < M

2

!
1

0
 h

!
1

0
 Z

FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
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since Zχ0
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0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√
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d − H̃0
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is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)
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2 → χ0
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๏ M2  >> M1 , χ20 → χ10 Z dominated by the decay via ZL (goldstone mode G0) 
๏ h, G0 as mixture of Hu0 and Hd0

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.

Formχ0
2,3

−mχ0
1
< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.

16

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.

Formχ0
2,3

−mχ0
1
< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)

15

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.
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< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)
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๏ M2  >> M1 , χ20 → χ10 Z dominated by the decay via ZL (goldstone mode G0) 
๏ h, G0 as mixture of Hu0 and Hd0

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.

Formχ0
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−mχ0
1
< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.
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1h) changes from 90% to 70% while Br(χ0
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1Z) increases accordingly. SS: do I
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3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and
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[
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]

, (24)

Γ(χ0
3 → χ0
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]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.
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< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)

15

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.
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FIG. 5: Case AII Higgsinos NLSP: Decay branching fractions for (a) χ0
2 (left panel), (b) χ0

3 (right panel)

versus µ, forM1 = 100 GeV,M2 = 1 TeV and tanβ = 10.

again with unsuppressed SU(2)L couplings. Contributions from χ0
2χ

0
2X and χ0

3χ
0
3X are small

since Zχ0
2χ

0
2 and Zχ0

3χ
0
3 coupling vanish in the pure Higgsino mass eigenstates limit. Contribu-

tions from χ0
1χ

±
1 X , χ0

1χ
0
2X and χ0

1χ
0
3X for µ ! 200 − 300 GeV are small due to the suppressed

O(mZ/µ) Higgsino components in χ0
1. The total production rates for the Higgsino cross section

in Case AII are slightly smaller than that in Case AI: about 700 fb for µ at about 200 GeV, and

drops to 1 fb for µ around 1 TeV.

The decay branching fractions for χ±
1 is very similar to the Bino LSP-Wino NLSP Case AI,

since they are governed by the only decay channel via on-shell or off-shellW (∗) with 100% decay

branching fraction. Figure 5 shows the decay branching fractions of χ0
2 and χ0

3 versus µ for the

Higgsino NLSP Case AII, withM2 fixed to be 1 TeV. The decay pattern for χ0
2 ≈ 1√

2
(H̃0

d − H̃0
u)

is also qualitatively similar to that of the light Wino Case AI. Branching fraction of χ0
2 → χ0

1h

and χ0
2 → χ0

1Z is about 75% and 25% for µ = 500 GeV, respectively. While the decay of

χ0
2 → χ0

1h occurs at the leading order via unsuppressed H̃0
u,d − B̃0 − H0

u,d coupling, χ
0
2 → χ0

1Z

again is dominated by the longitudinal mode of Z. Under the limit ofM1 $ µ $ M2, Goldstone

equivalence principle relates the partial decay widths as (SS, check the formula for µ < 0 case.)

Γ(χ0
2 → χ0

1h) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

h

]

, (20)

Γ(χ0
2 → χ0

1Z) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

Z

]

. (21)
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๏ M2  >> M1 , χ20 → χ10 Z dominated by the decay via ZL (goldstone mode G0) 
๏ h, G0 as mixture of Hu0 and Hd0

The relative sign difference in sβ ± cβ in h and Z channel can be traced back to the composition

of h and G0 (the Goldstone mode being absorbed by Z) in terms of the real and imaginary part of

H0
u and H0

d :

h = −
√

2 (sβ Re(H0
u) + cβ Re(H0

d)), (22)

G0 =
√

2 (sβ Im(H0
u) − cβ Im(H0

d)). (23)

For tan β > 1, h channel is enhanced relatively to theZ channel by both the (sβ + cβ)2/(sβ −cβ)2

factor, as well as the mass terms inside the square bracket. For tan β varies between 3 − 60,

Br(χ0
2 → χ0

1h) changes from 90% to 70% while Br(χ0
2 → χ0

1Z) increases accordingly. SS: do I

need to show the tanβ dependence plot? (TH: if it is qualitatively similar to Fig.4b, we can just

comment, right?)

The third neutralino χ0
3 ≈ 1√

2
(H̃0

d + H̃0
u) exhibits a similar decay pattern, with the role of h and

Z switched:

Γ(χ0
3 → χ0

1h) ∝ (sβ − cβ)2
[

(µ − M1)
2 − m2

h

]

, (24)

Γ(χ0
3 → χ0

1Z) ∝ (sβ + cβ)2
[

(µ + M1)
2 − m2

Z

]

. (25)

The exchange of sβ ± cβ ↔ sβ ∓ cβ in χ0
2,3 decay is due to the relative sign in front of H̃0

d and

H̃0
u term in the mass eigenstates χ0

2,3. The exchange of µ ± M1 ↔ µ ∓ M1 can be traced back

to the mass eigenvalues of χ0
2,3 being ±µ, respectively. For χ0

3, it dominantly decays to χ0
1Z with

branching fraction of 78% at µ = 500 GeV, while the branching fraction to χ0
1h channel is only

about 22%. In the limit of large tanβ and large Higgsino mass µ such that all final states particles

are effectively massless comparing to the parent particle, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈

50%. While for tan β → 1, one of the h or Z channel is highly suppressed while the other channel

is greatly enhanced.

Note that in Fig. 5 the branching fraction of χ0
3 → χ0

1h shows a sudden drop around 230

GeV. This is due to the level crossing of two Higgsino-like mass eigenstates. For small µ, χ0
2 is

dominantly 1√
2
(H̃0

d + H̃0
u), while χ0

3 is dominantly
1√
2
(H̃0

d − H̃0
u), opposite to the case of large µ

discussed above. Therefore, the relative size of h and Z channels is flipped for χ0
2 and χ0

3 in such

low µ region.

Formχ0
2,3

−mχ0
1
< mZ , off-shell decay via Z∗ again dominates, with the branching fraction of

fermion final states similar to that of χ0
2 in Case AI.
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Production: Wino LSP - Bino NLSP
-

Case BI: M2 < M1 < µ
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Production: Wino LSP - Bino NLSP
-

Case BI: M2 < M1 < µ
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Case BI: Wino LSP- Bino NLSP
-
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 decay: M

2
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1
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๏ decay occur via mixing through 
   Higgsino state

χ10 χ1±

χ20

χ1± Wχ10 h χ10 Z

tanβ, large M1, Br(h) ~ Br(Z) ~ 1/4 Br(W±) = 16.7%  

For small |µ| comparable to M1, the mass splittings between the Higgsino multiplets χ0
3 and

χ0
2/χ

±
1 could reach 20 − 30 GeV. The leading decay modes are

χ0
3 → χ±

1 W ∗, χ0
2Z

∗. (26)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W ∗ could dominate over χ0
3 → χ0

1Z
∗ since the coupling χ0

3χ
±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult. We will not pursue further studies for those decay modes.

B. Scenario B:M2 < M1, µ

• Case BI:M2 < M1 < µ

This scenario is characterized by three Wino-LSPs and a Bino-NLSP. The total cross sections

at the NLO in QCD for the 13 TeV LHC are shown in Fig. 3(c) versus M1 for Cases BI with

M2 = 100 GeV. The leading channels χ±
1 χ0

1 X and χ+
1 χ−

1 X are not of much use since those

are the pair production of the LSPs, which is almost unobservable at the collider given the small

mass splitting ofmχ±
1
−mχ0

1
. The subdominant channel χ±

1 χ0
2 X is suppressed by either the small

Bino-Wino mixing or two powers of Bino/Wino-Higgsino mixing O(mZ/µ)2. The cross section

is only about 30 fb forM1 around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 250 GeV.

For completeness, we show the decay branching fractions of the NLSP χ0
2 in Fig.6. The leading

decay modes are

χ0
2 → χ±

1 W∓, χ0
1Z, χ0

1h. (27)

The partial decay widths for those channels are suppressed by O(mZ/µ)2 as the decay occurs via

the mixing Bino/Wino-Higgsino mixing. Under the limit of M2 $ M1 $ µ, the partial decay

widths to various final states follow the simplified formulae: SS: work out the formulae.

Γ(χ0
2 → χ0

1h) ∝ ...
[

(M1 + M2)
2 − m2

h

]

, (28)

Γ(χ0
2 → χ0

1Z) ∝ ...
[

(M1 − M2)
2 − m2

Z

]

, (29)

Γ(χ0
2 → χ+

1 W−) = Γ(χ0
2 → χ−

1 W+) ∝ ...2
[

M2
1 + M2

2 − m2
W

]

, (30)

which lead to an approximate relation

Γχ+
1 W− = Γχ−

1 W+ ≈ Γχ0
1Z + Γχ0

1h. (31)
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Production: Wino LSP - Higgsino NLSP
-

Case BII:  M2 < µ < M1 
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Production: Wino LSP - Higgsino NLSP
-

Case BII:  M2 < µ < M1 
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Case BII: Wino LSP- Higgsino NLSP
-
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FIG. 7: Case BII Higgsino NLSP Wino LSP.

Higgsino NLSPs.

For χ±
2 , the dominant decay modes are

χ±
2 → χ0

1W,χ±
1 Z, χ

±
1 h. (33)

Under the limit ofM2 " µ " M1, the ratios of the partial decay widths is roughly

Γχ0
1W

: Γχ±
1 Z : Γχ±

1 h ≈ 1 : 1 : 1,

with small deviation caused by phase space effects. The tan β dependence is very weak, es-

pecially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 to W , Z and h channels

19
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Case BII: Wino LSP- Higgsino NLSP
-
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-
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Case BII: Wino LSP- Higgsino NLSP
-

Γχ±
1

h ≈ 1 : 1 : 1, with small deviation caused by phase space effects. The tan β dependence is

very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 toW , Z and h

channels are roughly 35%, 35%, and 30%, respectively. In the limit of large mχ±
2
, the branching

fractions approach the asymptotic limitBr(χ±
2 → χ±

1 h) ≈ Br(χ±
2 → χ±

1 Z) ≈ Br(χ±
2 → χ0

1W ) ≈

33 %.

The decay channels for the second and the third neutralinos2 χ0
2,3 ≈ 1√

2
(H̃0

d ± H̃0
u), with+ sign

for χ0
2 and − sign for χ0

3, are

χ0
2,3 → χ±

1 W∓, χ0
1Z, χ0

1h. (34)

Under the limit of M2 $ µ $ M1, the partial decay widths to various final states follow the

simplified formulae:

Γ(χ0
2,3 → χ0

1h) ∝ (sβ ∓ cβ)2
[

(µ ∓ M2)
2 − m2

h

]

, (35)

Γ(χ0
2,3 → χ0

1Z) ∝ (sβ ± cβ)2
[

(µ ± M2)
2 − m2

Z

]

, (36)

Γ(χ0
2,3 → χ+

1 W−) = Γ(χ0
2,3 → χ−

1 W+) ∝ 2
[

µ2 + M2
2 − m2

W

]

. (37)

Note that the following simplified relation holds for the partial decay widths (and decay branching

fractions as well) of χ0
2,3:

Γχ+
1 W− = Γχ−

1 W+ ≈ Γχ0
1Z + Γχ0

1h. (38)

Γ(χ0
2 → χ0

1Z(h)) varies between 30%− 24% (3%− 9%) for tan β between 3− 60, and similarly

for χ0
3 decay with Z and h switched. Γχ±W∓ , however, is almost independent of tanβ. For

µ = 500 GeV, the branching fraction of χ0
2(χ

0
3) is 67% (68%), 26%(8%), and 7%(24%) for W ,

Z and h channels, respectively. For both χ0
2 and χ0

3, decay to W dominates since both χ+
1 W−

and χ−
1 W+ contribute. χ0

2 is more likely to decay to Z while χ0
3 is more likely to decay to h. In

the limit of large tanβ and very heavy Higgsino mass, Br(χ0
2,3 → χ0

1h) ≈ Br(χ0
2,3 → χ0

1Z) ≈
1
4Br(χ0

2,3 → χ±
1 W∓) ≈ 16.7 %.

C. Scenario C: µ < M1, M2

• Case CI: µ < M1 < M2

This is a scenario with four Higgsino LSPs and a Bino NLSP. The total cross sections at the

NLO in QCD for the 13 TeV LHC are shown in Fig. 3(e) versusM1 for Cases CI with µ = 100

2 Note that the composition of χ0
2,3 in Case BII is opposite to that of χ

0
2,3 in Case AII.
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๏ χ30 dominantly decay into h

For small |µ| comparable to M1, the mass splittings between the Higgsino multiplets χ0
3 and

χ0
2/χ

±
1 could reach 20 − 30 GeV. The leading decay modes are

χ0
3 → χ±

1 W ∗, χ0
2Z

∗. (26)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W ∗ could dominate over χ0
3 → χ0

1Z
∗ since the coupling χ0

3χ
±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult. We will not pursue further studies for those decay modes.
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are the pair production of the LSPs, which is almost unobservable at the collider given the small

mass splitting ofmχ±
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−mχ0

1
. The subdominant channel χ±
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Bino-Wino mixing or two powers of Bino/Wino-Higgsino mixing O(mZ/µ)2. The cross section

is only about 30 fb forM1 around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 250 GeV.
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2 in Fig.6. The leading

decay modes are
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The partial decay widths for those channels are suppressed by O(mZ/µ)2 as the decay occurs via

the mixing Bino/Wino-Higgsino mixing. Under the limit of M2 $ M1 $ µ, the partial decay

widths to various final states follow the simplified formulae: SS: work out the formulae.
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h
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1Z) ∝ ...
[

(M1 − M2)
2 − m2

Z

]

, (29)

Γ(χ0
2 → χ+

1 W−) = Γ(χ0
2 → χ−

1 W+) ∝ ...2
[

M2
1 + M2

2 − m2
W

]

, (30)

which lead to an approximate relation

Γχ+
1 W− = Γχ−

1 W+ ≈ Γχ0
1Z + Γχ0

1h. (31)
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FIG. 8: Case CI Bino NLSP Higgsino LSP.

The subdominant channels of Higgsino-Bino pair production χ±
1 χ

0
3 X , χ0

2χ
0
3 X are suppressed

by the small Bino-Higgsino mixing O(mZ/M1). The cross section is about 100−300 fb for M1

around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 600 GeV.

Although difficult to search for at the LHC, we still present the decay branching fractions for

the NLSP χ0
3 as shown in Fig. 8. Given the LSPs being nearly degenerate neutral and charge

Higgsino χ0
1,2, χ±

1 , more decay channels open for the Bino NLSP.

The decay channels for χ0
3 in Case CI are

χ0
3 → χ±

1 W
∓, χ0

1Z, χ
0
2Z, χ

0
1h, χ

0
2h. (39)

Under the limit of µ $ M1 $ M2, the partial decay widths to various final states follow the

simplified formulae:

Γ(χ0
3 → χ0

1,2h) ∝ (sβ ± cβ)
2
[

(M1 ± µ)2 −m2
h

]

, (40)

Γ(χ0
3 → χ0

1,2Z) ∝ (sβ ∓ cβ)
2
[

(M1 ∓ µ)2 −m2
Z

]

, (41)

Γ(χ0
3 → χ+

1 W
−) = Γ(χ0

3 → χ−
1 W

+) ∝ 2
[

M2
1 + µ2 −m2

W

]

. (42)

Note that here the composition of the neutral Higgsinos are

χ0
1,2 ≈ 1√

2
(H̃0

d ∓ H̃0
u), χ0

2 ≈ 1√
2
(H̃0

d + H̃0
u).

The following relation between the partial decay width (and decay branching fractions as well)
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GeV. The leading channels χ±
1 χ0

1,2 X , χ+
1 χ−

1 X , and χ0
1χ

0
2 X are those of the pair production of

nearly degenerate Higgsino LSP, which are hard to observe as in Case BI previously discussed.

The subdominant channels of Higgsino-Bino pair production χ±
1 χ0

3 X , χ0
2χ

0
3 X are suppressed

by the small Bino-Higgsino mixing O(mZ/M1). The cross section is about 100−300 fb for M1

around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 600 GeV.

Although difficult to search for at the LHC, we still present the decay branching fractions for

the NLSP χ0
3 as shown in Fig. 8. Given the LSPs being nearly degenerate neutral and charge

Higgsino χ0
1,2, χ

±
1 , more decay channels open for the Bino NLSP.

The decay channels for χ0
3 in Case CI are

χ0
3 → χ±

1 W∓, χ0
1Z, χ0

2Z, χ0
1h, χ0

2h. (39)

Under the limit of µ $ M1 $ M2, the partial decay widths to various final states follow the

simplified formulae:

Γ(χ0
3 → χ0

1,2h) ∝ (sβ ± cβ)2
[

(M1 ± µ)2 − m2
h

]

, (40)

Γ(χ0
3 → χ0

1,2Z) ∝ (sβ ∓ cβ)2
[

(M1 ∓ µ)2 − m2
Z

]

, (41)

Γ(χ0
3 → χ+

1 W−) = Γ(χ0
3 → χ−

1 W+) ∝ 2
[

M2
1 + µ2 − m2

W

]

. (42)

Note that here the composition of the neutral Higgsinos are χ0
1 ≈ 1√

2
(H̃0

d − H̃0
u), χ0

2 ≈ 1√
2
(H̃0

d +

H̃0
u). The following relation between the partial decay width (and decay branching fractions as

21

 

holds for χ0
3:

Γχ+
1 W− = Γχ−

1 W+ (43)

≈ Γχ0
1
Z + Γχ0

1
h ≈ Γχ0

2
Z + Γχ0

2
h (44)

≈ Γχ0
1h

+ Γχ0
2h

≈ Γχ0
1Z

+ Γχ0
2Z
. (45)

Since χ0
1 and χ0

2 are hard to distinguish experimentally due to its small mass splitting, χ0
1h

and χ0
2h shall be combined as far as experimentally observation goes, and similarly for χ0

1Z

and χ0
2Z. While the decay branching fraction of individual channel χ0

1h, χ0
2h, χ0

1Z, and χ0
2Z

varies with tan β, Brχ0
1h+χ0

2h
, Brχ0

1Z+χ0
2Z
, as well as Brχ±

1 W∓ are almost independent of tan β.

For µ = 500 GeV, the branching fractions of χ0
3 are 52%, 26%, and 22% for W , Z and h chan-

nels, respectively. For large Bino massM1, the branching fractions approach the asymptotic value

Br(χ0
3 → χ0

1h,χ
0
2h) ≈ Br(χ0

3 → χ0
1Z,χ

0
2h) ≈ 1

2Br(χ
0
3 → χ±

1 W
∓) ≈ 25 %.

Due to the smallness of the production cross section, we will not discuss Case CI further in this

paper. SS: Do we still need to discuss the decay of χ0
3 and show the decay plot Fig. 8? Maybe

just for completeness? The cross sections here are bigger than Case BI though.

• Case CII: µ < M2 < M1

For the four Higgsino LSPs and three Wino NLSPs, total cross sections at the NLO in QCD

for the 13 TeV LHC are shown in Fig. 3(f) versusM2 with µ = 100 GeV. Similar to Case CI, the

leading channels pair production of nearly degenerate Higgsino LSPs are hard to observe at the

LHC.

The next set of productions are similar to that of Case AI for Wino pair productions:

Case CII : pp → χ±
2 χ

0
3X, χ+

2 χ
−
2 X, (46)

with unsuppressed SU(2)L couplings. Note that for small M2, the cross sections for the those

subprocesses are smaller than Wino pair productions in Bino LSP - Wino NLSP Case AI. This is

because at low M2, relatively large Wino-Higgsino mixing pushes up the mass spectrum of the

Winos χ±
2 and χ0

3 much more than the small Bino-Wino mixing does in Case AI, as shown in the

mass spectrum Fig. 1. Contributions from subleading processes χ0
1,2χ

±
2 X , χ0

2χ
0
3X are typically

small due to the O(mZ/µ) suppression of Wino-Higgsino mixing except for small M2. SS: Do

we need to discuss those subdominant mode that might be important for smallM2? Signal is

22
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The subdominant channels of Higgsino-Bino pair production χ±
1 χ

0
3 X , χ0

2χ
0
3 X are suppressed

by the small Bino-Higgsino mixing O(mZ/M1). The cross section is about 100−300 fb for M1

around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 600 GeV.

Although difficult to search for at the LHC, we still present the decay branching fractions for

the NLSP χ0
3 as shown in Fig. 8. Given the LSPs being nearly degenerate neutral and charge

Higgsino χ0
1,2, χ±

1 , more decay channels open for the Bino NLSP.

The decay channels for χ0
3 in Case CI are

χ0
3 → χ±

1 W
∓, χ0

1Z, χ
0
2Z, χ

0
1h, χ

0
2h. (39)

Under the limit of µ $ M1 $ M2, the partial decay widths to various final states follow the

simplified formulae:

Γ(χ0
3 → χ0

1,2h) ∝ (sβ ± cβ)
2
[

(M1 ± µ)2 −m2
h

]

, (40)

Γ(χ0
3 → χ0

1,2Z) ∝ (sβ ∓ cβ)
2
[

(M1 ∓ µ)2 −m2
Z

]

, (41)

Γ(χ0
3 → χ+

1 W
−) = Γ(χ0

3 → χ−
1 W

+) ∝ 2
[

M2
1 + µ2 −m2

W

]

. (42)

Note that here the composition of the neutral Higgsinos are

χ0
1,2 ≈ 1√

2
(H̃0

d ∓ H̃0
u), χ0

2 ≈ 1√
2
(H̃0

d + H̃0
u).

The following relation between the partial decay width (and decay branching fractions as well)
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GeV. The leading channels χ±
1 χ0

1,2 X , χ+
1 χ−

1 X , and χ0
1χ

0
2 X are those of the pair production of

nearly degenerate Higgsino LSP, which are hard to observe as in Case BI previously discussed.

The subdominant channels of Higgsino-Bino pair production χ±
1 χ0

3 X , χ0
2χ

0
3 X are suppressed

by the small Bino-Higgsino mixing O(mZ/M1). The cross section is about 100−300 fb for M1

around 150 GeV, and quickly drops down to 0.1 fb forM1 ∼ 600 GeV.

Although difficult to search for at the LHC, we still present the decay branching fractions for

the NLSP χ0
3 as shown in Fig. 8. Given the LSPs being nearly degenerate neutral and charge

Higgsino χ0
1,2, χ

±
1 , more decay channels open for the Bino NLSP.

The decay channels for χ0
3 in Case CI are

χ0
3 → χ±

1 W∓, χ0
1Z, χ0

2Z, χ0
1h, χ0

2h. (39)

Under the limit of µ $ M1 $ M2, the partial decay widths to various final states follow the

simplified formulae:

Γ(χ0
3 → χ0

1,2h) ∝ (sβ ± cβ)2
[

(M1 ± µ)2 − m2
h

]

, (40)

Γ(χ0
3 → χ0

1,2Z) ∝ (sβ ∓ cβ)2
[

(M1 ∓ µ)2 − m2
Z

]

, (41)

Γ(χ0
3 → χ+

1 W−) = Γ(χ0
3 → χ−

1 W+) ∝ 2
[

M2
1 + µ2 − m2

W

]

. (42)

Note that here the composition of the neutral Higgsinos are χ0
1 ≈ 1√

2
(H̃0

d − H̃0
u), χ0

2 ≈ 1√
2
(H̃0

d +

H̃0
u). The following relation between the partial decay width (and decay branching fractions as

21

 

holds for χ0
3:

Γχ+
1 W− = Γχ−

1 W+ (43)

≈ Γχ0
1
Z + Γχ0

1
h ≈ Γχ0

2
Z + Γχ0

2
h (44)

≈ Γχ0
1h

+ Γχ0
2h

≈ Γχ0
1Z

+ Γχ0
2Z
. (45)

Since χ0
1 and χ0

2 are hard to distinguish experimentally due to its small mass splitting, χ0
1h

and χ0
2h shall be combined as far as experimentally observation goes, and similarly for χ0

1Z

and χ0
2Z. While the decay branching fraction of individual channel χ0

1h, χ0
2h, χ0

1Z, and χ0
2Z

varies with tan β, Brχ0
1h+χ0

2h
, Brχ0

1Z+χ0
2Z
, as well as Brχ±

1 W∓ are almost independent of tan β.

For µ = 500 GeV, the branching fractions of χ0
3 are 52%, 26%, and 22% for W , Z and h chan-

nels, respectively. For large Bino massM1, the branching fractions approach the asymptotic value

Br(χ0
3 → χ0

1h,χ
0
2h) ≈ Br(χ0

3 → χ0
1Z,χ

0
2h) ≈ 1

2Br(χ
0
3 → χ±

1 W
∓) ≈ 25 %.

Due to the smallness of the production cross section, we will not discuss Case CI further in this

paper. SS: Do we still need to discuss the decay of χ0
3 and show the decay plot Fig. 8? Maybe

just for completeness? The cross sections here are bigger than Case BI though.

• Case CII: µ < M2 < M1

For the four Higgsino LSPs and three Wino NLSPs, total cross sections at the NLO in QCD

for the 13 TeV LHC are shown in Fig. 3(f) versusM2 with µ = 100 GeV. Similar to Case CI, the

leading channels pair production of nearly degenerate Higgsino LSPs are hard to observe at the

LHC.

The next set of productions are similar to that of Case AI for Wino pair productions:

Case CII : pp → χ±
2 χ

0
3X, χ+

2 χ
−
2 X, (46)

with unsuppressed SU(2)L couplings. Note that for small M2, the cross sections for the those

subprocesses are smaller than Wino pair productions in Bino LSP - Wino NLSP Case AI. This is

because at low M2, relatively large Wino-Higgsino mixing pushes up the mass spectrum of the

Winos χ±
2 and χ0

3 much more than the small Bino-Wino mixing does in Case AI, as shown in the

mass spectrum Fig. 1. Contributions from subleading processes χ0
1,2χ

±
2 X , χ0

2χ
0
3X are typically

small due to the O(mZ/µ) suppression of Wino-Higgsino mixing except for small M2. SS: Do

we need to discuss those subdominant mode that might be important for smallM2? Signal is
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Case CII:  µ < M2 < M1 
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χ2±FIG. 9: Case CII Wino NLSP Higgsino LSP. Decay into χ0
1 and χ0

2 could be combined.

very different since there is always one LSP involved. The total cross section is about 1 pb for

M2 around 100 GeV, and it drops to about 1 fb forM2 around 1 TeV.

The decay branching fractions for the NLSPs χ±
2 and χ0

3 are shown in Fig. 9. For χ±
2 , the

dominant decay modes are

χ±
2 → χ0

1W, χ0
2W, χ±

1 Z, χ
±
1 h. (47)

Under the limit of µ " M2 " M1, the ratios of the partial decay widths is roughly

Γχ0
1
W : Γχ0

2
W : Γχ±

1 Z : Γχ±
1 h ≈ 1 : 1 : 1 : 1

. The tanβ dependence is very weak, especially for large µ. Due to the near degeneracy of

χ0
1 and χ0

2, χ0
1W and χ0

2W final states can not be distinguished experimentally. Combining these

two channels, the branching fractions of χ±
2 toW , Z and h channels are roughly 51%, 26%, and

23%, respectively. In the limit of largemχ±
2
, the branching fractions approach the asymptotic limit

Br(χ±
2 → χ±

1 h) ≈ Br(χ±
2 → χ±

1 Z) ≈ 1
2Br(χ

±
2 → χ0

1W,χ0
2W ) ≈ 25 %.

The decay pattern for χ0
3 in Case CII are very similar to χ0

3 decay in Case CI:

χ0
3 → χ±

1 W
∓, χ0

1Z, χ
0
2Z, χ

0
1h, χ

0
2h. (48)

Under the limit of µ " M2 " M1, the partial decay widths to various final states follow similar

formulae as Eq. (40) - (42), with the replacement ofM1 byM2. Combining χ0
1 and χ0

2 final states,

the branching fraction of Z channel is almost the same as the h channel, which is about half of the
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large M2, Br(h) ~ Br(Z) ~ 1/2Br(W±) = 25%  
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Summary 
-

D. Summary for the signals

So far, we have laid out the most general chargino and neutralino scenarios based on the rela-

tions among the gaugino soft mass parametersM1, M2 and the Higgsino mass parameter µ. In the

absence of substantial mixing when all the mass parameters are of the similar size, the three sets

of multiplets (namely a Bino, 3 gauginos and 4 Higgsinos) are each nearly degenerate in mass,

respectively. The six scenarios are summarized in Table I. Note that the LSP multiplet production

will be difficult to observe, we will not discuss Cases BI and CI any further. We list the dominant

pair production and decay modes for various NLSPs as discussed above. For each case, we show

the dominant pair production channels for neutralinos and charginos. The branching fractions are

given for the parameters of benchmark values as in Eq. (14), and the mass parameter correspond-

ing to the NLSP mass taken to be 500 GeV. For the decay branching fractions, most of them are

insensitive to the particular value of tan β. For those that do have tan β dependence, we show

the variation in the parenthesis with tanβ in the range of 3 − 50. (could we do 3-50 instead?

60 probably violates unitarity already.) Combining with the decay branching fractions of the

corresponding NLSPs, for each production mode, we show the total branching fraction into each

particular final state

XY = W+W−, W±W±, WZ, Wh, Zh, ZZ, and hh. (47)

Note that all of the final states include missing transverse energy introduced by χ0
1 LSP, as well

as soft jets and leptons that might appear from decays between nearly degenerate particles in LSP

multiplet. Since the same final states might comes from different production processes, the total

cross section of a particular final state is given by

σtot
XY =

∑

i,j

σ(χiχj) × Br(χiχj → XY ), (48)

where the sum is over the dominant production modes listed in the table. (SS: Shall we show

a plot of the total cross section of different final states in various cases? It would be very

informative, more informative than the total cross section in Fig 2 and not too difficult to

plot.) TH: that’d be great. So please go ahead.
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๏ Br(WZ) < 100%, sometime highly suppressed
๏ Wh complementary to WZ channel: new discovery potential
๏ Zh could also be important
๏ hh usually is small

branching fraction of theW final states. For µ = 500 GeV, the branching fractions of χ0
3 are 54%,

24%, and 22% forW , Z, and h channels, respectively.
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So far, we have laid out the most general chargino and neutralino scenarios based on the rela-

tions among the gaugino soft mass parametersM1, M2 and the Higgsino mass parameter µ. In the

absence of substantial mixing when all the mass parameters are of the similar size, the three sets

of multiplets (namely a Bino, 3 gauginos and 4 Higgsinos) are each nearly degenerate in mass,

respectively. The six scenarios are summarized in Table I. Note that the LSP multiplet production

will be difficult to observe, we will not discuss Cases BI and CI any further. We list the dominant

pair production and decay modes for various NLSPs as discussed above. For each case, we show

the dominant pair production channels for neutralinos and charginos. The branching fractions are

given for the parameters of benchmark values as in Eq. (14), and the mass parameter correspond-

ing to the NLSP mass taken to be 500 GeV. For the decay branching fractions, most of them are

insensitive to the particular value of tan β. For those that do have tan β dependence, we show

the variation in the parenthesis with tanβ in the range of 3 − 50. (could we do 3-50 instead?

60 probably violates unitarity already.) Combining with the decay branching fractions of the

corresponding NLSPs, for each production mode, we show the total branching fraction into each

particular final state

XY = W+W−, W±W±, WZ, Wh, Zh, ZZ, and hh. (49)

Note that all of the final states include missing transverse energy introduced by χ0
1 LSP, as well

as soft jets and leptons that might appear from decays between nearly degenerate particles in LSP

multiplet. Since the same final states might comes from different production processes, the total

cross section of a particular final state is given by

σtot
XY =

∑

i,j

σ(χiχj)×Br(χiχj → XY ), (50)

where the sum is over the dominant production modes listed in the table. (SS: Shall we show

a plot of the total cross section of different final states in various cases? It would be very

informative, more informative than the total cross section in Fig 2 and not too difficult to

plot.) TH: that’d be great. So please go ahead.
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LHC searches
-

Channel Signal
W+W- OS2L + MET

W±W± SS2L + MET

WZ 3L + MET

Wh 1L + bb + MET
Zh OS2l +bb + MET

simulated using Delphes + published resolution functions
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LHC searches
-

๏ Wh channel: 1l+jets + MET
• Isolated e(µ), Pt > 30(20) GeV, |eta| < 2.5 
• Veto any additional e/µ with Pt > 10 GeV, |eta| < 2.5
• Veto any Taus or isolated Tracks
• 2 Jets Pt > 30 GeV, |eta| < 2.5
• Veto 3rd Jet with Pt > 20 GeV
• 2 bjets with Pt > 30 GeV, |eta| < 2.5
• 2 bjets in one hemi-sphere
• Invariant mass of two bjets 100 < Mbb (GeV) < 140
• MT (MET and the Higgs) > 200 GeV
• MET > 50 GeV

Signal regions: 
(MT, MET) > (200, 50), (600, 50), (200, 100), (600,100) GeV

bg

10 fb-1
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LHC searches
-

๏ Zh signal: OS2l+ bb + MET
• Isolated e(µ), Pt > 20/10 GeV, |eta| < 2.5 
• Invariant mass of OS dileptons 76 GeV < mll < 106 GeV
• Veto any additional e(µ) with Pt > 10 GeV, |eta| < 2.5
• 2 Jets Pt > 30 GeV, |eta| < 2.5
• 2 bjets with Pt > 30 GeV, |eta| < 2.5
• 2 bjets in One hemi-sphere
• Invariant mass of two bjets 90 GeV < Mbb < 150 GeV
• MT (MET and the Higgs) > 200 GeV
• MET > 50 GeV

Signal regions:
High MET: (MT, MET) > (200,50) GeV

10 fb-1
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95% CL upper limit on cross sections
-

Wh: 1l+jets + MET

๏ low MT cut has better reach!
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95% C.L. upper limit on signal cross section
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Conclusions

LHC has great reach for colored particles, but more studies 
needed to explore LHC potential for EW particles.

MSSM EW-ino sector: neutralinos, charginos, M1, M2, µ, tanβ

Six cases with different ordering of M1, M2, µ

Dominant neutralino/chargino pair production and decay

 Wh and WZ final states are complementary: 

๏ current WZ limit weakened

๏ Wh: new discovery potential

 LHC reach of neutralinos/charginos with final states including h: 
Wh, Zh...

-

 Case A Case B Case C
 I M1 < M2 < µ M2 < M1 < µ  µ < M1 < M2  

II M1 < µ < M2 M2 < µ < M1  µ < M2 < M1  
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