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•  In the light of the Higgs boson.	


•  Nearly degeneracy a real challenge.  	





TH, Sanjay Padhi, and Shufang Su, arXiv:1309.5966  

Exploring LHC reach for the electroweak sector   
charginos, Neutralinos with the help of the Higgs boson 

Comprehensive scan in M1, M2 and µ and study the decays 
characteristics, signal classification 

With respect to Gaugino/Higgsino masses M1, M2 and µ:  
Categorize the theory into 6 distinctive cases 
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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, … 

 
“Natural SUSY”? 

e.g.:“Higgsino-world”,... 

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

-  charged ones: Winos, Hu+, Hd- 

๏  Parameters: M1, M2, µ, tanβ 

~ ~ 
~ ~ 
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Overall, Six cases 

-

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

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

Case CI: Higgsino LSP-Bino NLSP µ < M1 < M2  
Case CII: Higgsino LSP-Wino NLSP µ < M2 < M1 

                New Terminology:  
LSP(s): usual LSP+degenerate states 
NLSP(s): 2nd set low-lying (degenerate) states 
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Decay of heavy neutralino and chargino  
-

χ10 h 

χ10 

χ1± 
χ20 

χ10 W± 
χ10 Z 

χ1± 

χ20 

χ10 

χ10 h χ10 Z χ1± W 

A rich mixture of  
(W/Z/h)(W/Z/h)+MET final states! 

χ10 χ1± 

χ20 

χ30 
χ2± 

χ10 h χ10 Z 

χ1± W 

χ10 W 

χ1± h 
χ1± Z 
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Leading Production  
-

Dominant production:  
๏  Wino pair production:  
    χ+χ-, χ±χ0   
๏  Higgsino pair production:  
    χ+χ-, χ±χ0, χ0

iχ0
j  

(Sub-leading Production: 
Χi Χj + jets, and VBF at the end.)  

๏  Br(WZ) < 100%, sometime highly suppressed 
๏  Wh complementary to WZ channel: new discovery 

potential 
๏  Zh could also be important 

๏  hh usually is small 
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Case AI: Bino LSP - Wino NLSP 
-

Case AI: M1 < M2 < µ 

χ10 

χ1± 
χ20 

χ10 W± 
χ10 h χ10 Z 

χ1+ χ1- 

χ1± χ20 

LHC 14 
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Case AII: Bino LSP - Higgsino NLSP 
-

Case AII: M1 < µ < M2  

χ30 

χ10 

χ1± 
χ20 

χ10 W± 
χ10 h χ10 Z 
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Case A signals:  
-

current WZ+MET limit weakened 

new discovery potential 

Wh comparable to WZ channel 
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-

W h:	



reconstructed using the anti-kT clustering algorithm [50] with a distance parameter of 0.5, as im-

plemented in the FASTJET package [51]. We have also assumed a systematic uncertainty of 20%

in this study.

• Wh channel: single lepton plus h → bb̄ analysis

This study focuses on production modes such as χ±
1 χ

0
2 and χ±

1 χ
0
3 in the Bino-like LSP case,

where χ±
1 → χ0

1W
±,χ0

2,3 → χ0
1h, with h → bb̄ in the final state, as listed in Table I and Fig. 11.

TheWh mode may take place in all of the three cases of A, B, C as a leading production channel,

although the LSPs may have rather different properties. Observationally, this is similar to the

event topology of single lepton channel: "± + jets +!!ET , in which there is a resonant production

of h → bb̄. We consider the following event selection for this study:

1. Exactly one lepton with p!T > 25 GeV, |η!| < 2.5 and veto any isolated track with pT > 10

GeV within the tracker acceptance of |η| < 2.5 as well as hadronic τ ’s with pT > 20 GeV

and |η| < 2.5.

2. Exactly two b-tag jets with pb1,b2T > 50, 30 GeV, |ηb| < 2.5 and are expected to be in one

hemisphere of the transverse plane.

3. Invariant mass of the b-jets must be within 100 GeV< mbb < 150 GeV.

4. Transverse mass (M"ET ,h
T ) between!!ET and the Higgs > 200 GeV and!!ET > 100 GeV.

5. Difference in azimuthal angle∆φ"ET ,h > 2.4 between!!ET and the Higgs boson.

Several signal regions are defined using combination of variables, including!!ET , pT -axis of hemi-

sphere containing the lepton,meff as the scalar sum of p!T , pbT and!!ET , andM b!
T2 variable. We use

the best signal significance from all of the signal regions to determine the sensitivity. The dominant

SM backgrounds for this signal come from tt̄, single tops,Wbb̄ and dibosons productions.

The sensitivity reach forWh → "bb +!!ET is shown in Fig. 12(a) for Case A Bino-like LSP at

the 14 TeV LHC with 300 fb−1. We takeM1 = 0, µ > 0, tan β = 10, but with arbitrary mixing

in µ −M2 plane. We see that the 95% C.L. (5σ) reach forM2 is about 400 GeV (250 GeV). The

asymptotic reach in µ is slightly less comparing to that ofM2, giving about 250 GeV (200 GeV)

for 95% C.L. (5σ). This is due to that χ0
2,3 decays to χ0

1h only half of the time in Case AII, while

χ0
2 dominantly decays via h-channel in Case AI.

29

Z h:	



• Zh channel: di-lepton plus h → bb̄ analysis

This study focuses on production modes such as χ0
2χ

0
3 in the Bino-like LSP, Higgsino-like

NLSPs case, where χ0
2,3 → χ0

1h,χ
0
1Z as listed in Table I and Fig. 11. The Zh mode may also take

place in Cases BII and CII. This channel is similar to the event topology of opposite sign di-lepton

channel: "+"− + jets +!!ET , again with the di-jet as h → bb̄. We consider the following event

selection for this study:

1. Exactly two opposite sign same flavor leptons (OSSF) with p!1,!2T > 50, 20 GeV, |η!| < 2.5

and veto any isolated track with pT > 10 GeV within the tracker acceptance of |η| < 2.5 as

well as hadronic τ ’s with pT > 20 GeV and |η| < 2.5.

2. Exactly two b-tag jets with pb1,b2T > 50, 30 GeV, |ηb| < 2.5 and are expected to be in one

hemisphere of the transverse plane.

3. Invariant mass of the b-jets must be within 100 GeV< mbb < 150 GeV.

4. Invariant mass of OSSF dileptons be within 76 GeV< m!+!− < 106 GeV.

5. !!ET > 50 GeV.

6. Difference in azimuthal angle∆φ"ET ,h > 1.0 between!!ET and the Higgs boson.

Several signal regions are defined using combination of variables, including!!ET , leading lepton

p!T , pT -axis of hemisphere containing di-lepton,meff ,M"ET ,h
T , andMZh

T2 . The dominant SM back-

grounds for this signal are from tt̄, single top associated with a boson, Zbb̄ and dibosons.

The Zh → ""bb+!!ET channel has less SM background than theWhmode, and is promising in

the region of |µ| < M2. The sensitivity reach is shown in Fig. 12(b). The 95% C.L. (5σ) reach is

about µ ∼ 300GeV (200 GeV). In Fig. 12, the white spots indicate the region where the sensitivity

is weaker than approximately 0.1 as we plotted. Note that no sensitivity in Zh channel is obtained

forM2 < µ (Case AI) since such final states do not appear, as shown in Table I. We combine the

Higgs boson channels Wh and Zh together and present the sensitivity reach in Fig. 14(a). The

summary results for their mass reach are shown in the first column in Table IV.

30
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-

Neutralino/Chargino search: Wh/Zh Channels 

Unique signal !  
Wh complementary to WZ channels ! 

WH ZH 

TH, Sanjay Padhi, Shufang Su: 
arXiv:1309.5966  
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-

Neutralino/Chargino search: Combined 

WH+ZH All Combined 

Mass parameters 95% C.L. (5σ) reach 95% C.L. (5σ) reach

2b-tag from h → bb̄ combined

Case AI: µ " M2 ∼ mχ±
1
,χ0

2
380 GeV (250 GeV) 500 GeV (350 GeV)

Case AII:M2 " µ ∼ mχ±
1
,χ0

2,3
350 GeV (220 GeV) 480 GeV (320 GeV)

Case A:M2 ≈ µ ∼ mχ±
1 ,χ0

2,3
400 GeV (270 GeV) 700 GeV (500 GeV)

TABLE IV: NLSP electroweakino mass lower bounds at 95% C.L. (5σ) from the LHC experiments at 14

TeV and 300 fb−1. The results of sensitivity in the first column are from the Higgs final states Wh + Zh

with h → bb̄ as in Fig. 14(a), and those in the second column are from all the six channel combination as in

Fig. 14(b). Case A with a light Bino-like LSP is assumed.

are summarized in Table IV. The robust search results from Wh, Zh with h → bb̄ are separately

listed in the first column. The final results for the combined channels are summarized in the second

column.

V. ELECTROWEAKINOS AT THE ILC

Due to the rather small electroweak production cross sections and large SM backgrounds at

the LHC, the discovery of the electroweakinos via direct production would be very challenging as

discussed in the previous section. Exploiting the additional feature of the Higgs in the final state,

the signal observability and identification can be improved. Even if the signal is observed, the

determination of the gaugino properties would be very difficult. This is where an ILC would show

the major advantage. Similar to the mechanism in Fig. 9, the electroweakinos can be produced via

the s-channel γ/Z exchange as in shown in Fig. 9(b) and (c).

The total cross section for the electroweakino pair production at a 1 TeV ILC is shown in Fig. 15

versus the appropriate mass, with (a) and (b) the Bino-like LSP, (c) and (d) the Wino-like LSPs,

and (e) and (f) the Higgsino-like LSPs. The typical cross sections are quite sizable and are of the

order of 100 fb. Once crossing the kinematical threshold, the fermionic pair production reaches

the maximum rather soon, while the cross section falls off above the threshold like 1/s. This

scaling law also leads to an estimate at different energies. With the designed annual luminosity

of the order 100 fb−1, there are plenty of signal events produced, without the major background

problem. Even the sub-leading channels of the NLSPs produced in association with the LSP could

34
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Case BII             ,        Case CII 
-
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Case BI                      Case CI  
-

M2 < M1 < µ µ < M1< M2 

Very difficult: 	


NLSP production small; LSP nearly degenerate.	



FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1"ν! for each lepton flavor.
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Compressed Spectrum/Nearly Degenerate LSP’s 
-

If the missing particle (LSP) mass is close to that of the 
parent, then the missing KINETIC energy is small.  

* ISR Mono jet + ET
miss + soft l’s	



* Giudice, TH, L.-T. Wang, K. Wang: arXiv:1004.4902  

+ S. Gori, S. Jung, L.-T. Wang, arXiv:1004.4902  

1, 2, 3 soft leptons observed? 	


pT(l) > 10 GeV, pT(j) > 30 GeV: 	



(S. Gori’s talk)	


•  Current mono jet+ET

miss	



     may put weak bounds	


•  Work by ATLAS/CMS?	
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Compressed Spectrum/Nearly Degenerate LSP’s 
-
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FIG. 17: (a) Total cross sections for the WBF signal; (b) Integrated luminosity needed to reach 5σ S/
√
B

for B̃ − W̃ mixing M1 = M2. For both (a) and (b), all the cuts used in Table IV have been imposed.

The labels in the figure denote different production channels: jjχ+
1 χ

−
1 : c1c1 (OS); jjχ

±
1 χ

±
1 : c1c1 (SS);

jjχ±
1 χ

0
2: c1n2; jjχ0

2χ
0
2: n2n2.

are shown in Fig. 17 for the individual channels as well as the total sum (solid). Considering

the backgrounds given in Table IV(a), we obtain the integrated luminosity needed to reach a 5σ

statistical significance of the signal in Fig. 17(b). We see that, not surprisingly, that the signal

observation is very challenging. For instance, the degenerate gaugino signals from the WBF for

MLSP # 145 GeV may be reached at 5σ level with a high luminosity of 300 fb−1. But one must

control the systematics very well since S/B ∼ 2− 3% only. Further refinement and improvement

are possible such as exploiting the leptons in the events. We leave those to a more comprehensive

detector simulations. Instead, we only try to examine the events with soft muons next.

B. Soft Muons

As we described in the previous sections, for a specific window of mass splitting ∆M =

mχ+
1
−mχ0

1
, the search for isolated soft muons becomes an important handle to identify the nature

of the neutralino and chargino states.

Considering the WBF signal for the degenerate gauginos, the leading background with an iso-

28

* VBF: 2 jets + ET
miss + soft l’s	



* B. Dutta, T. Kamon et al., arXiv:1210.0964; arXiv:1304.7779; arXiv:1308.0355. 

* Giudice, TH, L.-T. Wang, K. Wang: arXiv:1004.4902  
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FIG. 1: Production cross section as a function of m�̃0
1
after

requiring |�⌘(j1, j2)| > 4.2, at LHC8 and LHC14. For the
pure Wino and Higgsino cases, inclusive �̃0

1�̃
0
1, �̃

±
1 �̃

±
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±
1 �̃

⌥
1 ,
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1 �̃
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1 production cross sections are displayed.

FIG. 2: Distribution of the dijet invariant mass Mj1j2 normal-
ized to unity for the tagging jet pair (j1, j2) and main sources
of background after pre-selection cuts and requiring pT > 50
GeV for the tagging jets at LHC14. The dashed black curves
show the distribution for the case where �̃0

1 is a nearly pure
Wino with m�̃0

1
= 50 and 100 GeV. Inclusive �̃0

1�̃
0
1, �̃

±
1 �̃

±
1 ,

�̃±
1 �̃

⌥
1 , and �̃±

1 �̃
0
1 production is considered.

hancement of signal events in the high E/T region.
The significance as a function of �̃0

1 mass is plotted in
Fig. 4 for di↵erent luminosities at LHC14. The blue, red,
and black curves correspond to luminosities of 1000, 500,
and 100 fb�1, respectively. At 1000 fb�1, a significance of
5� can be obtained up to a Wino mass of approximately
600 GeV. The analysis is repeated by changing the jet
energy scale and lepton energy scale by 20% and 5%,
respectively. We find the uncertainties in the significance
to be 4%.

Determining the composition of �̃0
1 for a given mass

is very important in order to understand early universe
cosmology. For example, if �̃0

1 has a large Higgsino or
Wino component, the annihilation cross section is too

FIG. 3: The E/T distributions for Wino DM (50 GeV and
100 GeV) compared to W+ jets and Z+ jets events with 500
fb�1 integrated luminosity at LHC14. The distributions are
after all selections except the E/T cut. Inclusive �̃0

1�̃
0
1, �̃

±
1 �̃

±
1 ,

�̃±
1 �̃

⌥
1 , and �̃±

1 �̃
0
1 production is considered.

FIG. 4: Significance curves for the case where �̃0
1 is 99% Wino

as a function of m�̃0
1
mass for di↵erent luminosities at LHC14.

The green lines correspond to 3� and 5� significances.

large to fit the observed relic density for m�̃0
1
mass less

than ⇠ 1 TeV for Higgsinos [26] and ⇠ 2.5 TeV for
Winos. On the other hand if �̃0

1 is mostly Bino, the
annihilation cross section is too small. In the first case
one has under-abundance whereas in the second case one
has over-abundance of DM. Both problems can be solved
if the DM is non-thermal [27] (in the case of thermal DM,
addressing the over abundance problem requires addition
e↵ects like resonance, coannihilation etc. in the cross
section, while the under-abundance problem can be ad-
dressed by having multi-component DM [28]). If �̃0

1 is a
suitable mixture of Bino and Higgsino, the observed DM
relic density can be satisfied.
From Figs. 1 and 3, it is clear that varying of the rate

and the shape of the E/T distribution can be used to solve
for the mass of �̃0

1 as well as its composition in gaug-
ino/Higgsino eigenstates. The VBF study described in
this work was performed over a grid of input points on
the F �m�̃0

1
plane (where F is the Wino or Higgsino per-

  

 DM+EW via VBF

Kuver  Sinha Syracuse

14 TeV	





17	



Concluding Remarks 
-

Channel Signal (LHC) Signal (ILC) 
W+W- OS2L + MET hadronic (4j), 

semileptonic, 
leptonic final states 
+MT 

W±W± SS2L + MET 
WZ 3L + MET 
Wh 1L + bb + MET 
Zh OS2l +bb + MET 

LSP pair Mono-jet, VBF ISR photon + soft 

Wh and Zh channels 
comparable/complementary: 

M ~ 500-700 GeV 
Compressed/nearly degenerate spectrum: 

Very difficult (for 200 GeV or so) ! 

May need cleaner environment like 
the ILC.  
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Case B Signals  
-

Wh comparable to WZ channel 

ILC, ISR analyses for Wino LSP pair 
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Case C Signals  
-

Wh comparable to WZ channel 

ILC, Χ1,20Χ30 pair or ISR analyses for Higgsino LSP pair 
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Current limits: neutralino/chargino  
-

LEPSUSYWG/01-03.1 

canonical case  

mχ1± > 103.5 GeV  
for msnue > 300 GeV 

mχ1± > 91.9 /92.4        
            GeV 

degenerate case 

LEPSUSYWG/02-04.1 

CDF Note 10636 
D0: arXiv:0901.0646 

trilepton+MET from χ1± χ20 

mχ10 > 47/50 GeV  
(CMSSM, mSUGRA) 

No mass limit in general 

mχ1± > 167 GeV  
(mSUGRA tanβ=3, A0=0) 

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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CMS limits  
-

dilepton/trilepton + MET   CMS PAS SUS-12-022 

lepton rich final states to  
enhance reach: only works 
for Wino NLSP with light 

slepton_L. 
 

Limits weaker for  
๏  slepton_L heavy 

๏   χ20,χ1± being Higgsinos 
๏   small mχ1± - mχ10 

	


100% WZ Br -- Usually not realized! 


