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© A1/H1 funnel region
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¥ Nearly degenerate sfermion signals at the ILC
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WIMP

2
® Relic density Mwinp S % 1.8 TeVJ

@ Connection of WIMP dark matter to TeV scale new physics

@ DM mass, coupling, relic density: model dependent
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WIMP

2
@ Relic density Mwivp S % 1.8 TeVJ

@ Connection of WIMP dark matter to TeV scale new physics

@ DM mass, coupling, relic density: model dependent

@ How light a WIMP dark matter can be?
- preserve WIMP DM properties
- satisfy current experimental constraints
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WIMP-nucleon cross section [cm?]

Light Dark Matter

® Direct detection
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Complementarity

@ consistent observations among all approaches
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@ consistent observations among all approaches
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Neutralino Dark Matter @ MSSM

® Gauginos and Higgsinos
- Neutral ones: Bino, Wino, Hu : Hd?

- charged ones: Winos, Ho*, Ha: —)l @ Neutralinos and char‘ginos‘

® Parameters: M+, Mz, p, tanf
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Dark Matter in MSSM

® lightest neutralino LSP in MSSM as good dark matter candidate
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Dark Matter in MSSM

® lightest neutralino LSP in MSSM as good dark matter candidate
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Dark Matter in MSSM

® lightest neutralino LSP in MSSM as good dark matter candidate
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Light Neutralino DM @ NMSSM

Draper et. al. , 1009.3963
Arbey et. al. , 1205.2557,...

Models DM (< 40 GeV) Annihilation
Co-ann | MSSM & NMSSM | Bino/Singlino | X0%0 — fF; X0f — VF; ff — ff’
Funnel NMSSM Singlino/Bino 00 = a1, — SM

@ Study properties of those solutions
@ Direct and indirect detection
@ Observational aspects at colliders
= via SM-like Higgs
= light Higgses
= light sfermion
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NMSSM Higgs Sector

® Type IT Two Higgs Doublet Model plus singlet S

WNMSSM = Yuﬂcﬁué + chiclffd@ -+ YQéCI:IdlA—/ @ﬁuﬁd I
e
Vi soft = mag, HiHy +m3 HHg+ M2|S|)* + HtT eH,)S + @

®© SSB

H o [ va/vV2 S = us/V2
T NN U (1= v,/ V/2)

5 5 » after EWSB, 7 physical Higgses

CP-odd Higgs: A1, A2
Charged Higgses: H*
S. Su 10
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Neutralinos @ NMSSM

Xy = N11B + NoWO + NisH) + N1y H + N15f>j

® Bino-like LSP
mzsw mzsw
N13 ~ 0 35, N14 ~ — m Cﬁ
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Neutralinos @ NMSSM

Xy = N11B + NoWO + NisH) + N1y H + N155)

@ Bino-like LSP
Ni3 ~ mZMSW sg, N1 mZ:WCﬁ
.
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Parameter Scan

NMSSMTools4
General | Sbottom Stau Hi, A;-funnel
M Agree 0,3000] — — —
tan (3 [1,55] — — —
[ [100,500] — — —
| Ag| 10,1000} — — —
A [0,1] — — [0.01,0.6]
K [0,1] either k € [2,30]\/(2u)
| M | 10,500] or M € [2,30], or both
Mgs, Mys | [0,3000] — — —
| Ay [0,4000] — — —
Mps [0,3000] [0,80] 3000
| Ap| [0,4000] — 0
Mrps, Mgs | [0,3000] 3000 [0,500] 3000
|Ar| [0,4000] 0 [0,2000] 0
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Parameter Scan

NMSSMTools4
General | Sbottom Stau Hi, A;-funnel
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Parameter Scan

NMSSMTools4
General | Sbottom Stau Hi, A;-funnel
ma,... 0,3000] — — —
tan 3 [1,55] — — —
[ [100,500] — — —
|4y 0,1000] | — i P
A [0,1] — — [ [0.01,0.6] |
K 0,1] [ either & € [2,3007/(20) )
| M| 0,500] | or Mj € [2,30], or both
Mgs, Mys | [0,3000] — — |
| A 0,4000] — — —
Mps (0,3000] € [0,80] 3000
| Ap| (0,4000] — 0
Mps, Mgs | [0,3000] [ 3000 [ [0,500] 3000
A, A (0,2
- |A| (0,4000] 0 | [0,2000] 0




Experimental Constraints

e Theoretical constraints such as Vacuum stability.
e Collider Higgs search limits from the LEP, the Tevatron and the LHC.

e LEP, Tevatron and LHC constrains on searches of supersymmetric particles, such as
charignos, leptons and squarks;

e 20 window of the SM-like Higgs boson mass: 122.7 — 128.7 GeV (including linearly
added estimated theoretical uncertainties of +2 GeV).

e 20 window of the SM-like Higgs bosons cross sections for vy, ZZ, W W, 71
and bb different production modes.

e 7/ boson invisible width and hadronic width as in Eq. (2.11) and Eq. (2.12).

e B-physics constrains, including b — sy, Bs — u =, B — xsu™p~ and BT — 71,
as well as Amg, Amg, my, gy and T(1S) — avy, hy.
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Constraints for Low Mass

@ Light neutralino LSP: invisible Z decay with Al'iny < 2.0 MeV)

ZXxX} coupling. N2, — N%S)

- Bino LSP: p > 140 GeV
- Singlino LSP: p/A > 540 GeV
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Constraints for Low Mass

® Light sfermion: total Z decay width Al <4.7 Me\o

FF o L2041 R 20 2 gmin _ _ L/ R
Z f1f1: gf cos Hf + gy sin Qf. tan 9}’«”” = —gf/gf)

- sbottom: mostly right-handed
- stau: even mixture of left and right-handed

025 ,
3 stau — ¢
10.20 '
=

- 0.15
L

S 0.10

Z0

30

My, 5 My, Mo (GeV)

My, 5 My, Mg (GeV)




Dark Matter Properties

0.0947 (0.001) < Q0h?® < 0.142,)

® Relic density

‘f.’;

SRR

oo ....

® Direct detection

funnel

sb-coann

stau-coann
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DM Properties
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| 4, b1, ~2msol/m 4,
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DM Properties

® coannihilation

A-funnel
0.0 0.1 0.2

ImAI,Hl _2mj'c'(1) I/’
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Indirect Detection
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Indirect Detection

Fermi-LAT exclusion (NFW profile)
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Indirect Detection

Fermi-LAT exclusion (NFW profile)
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SM Higgs

® Observation of a SM-like Higgs poses strong constraints
- mixture from other Higgses
- new decay modes open: ¥V%0, A1 Ay, H Hy, 777 and byb*
- light sbottom/stau appears in Hgg, Hyy

1.2}

O = e
o 2 =

o(gg—=>Hsm—=>yy) /0 sm
o
co

S
9

0.7 0.8 0.9 1.0 1.1
o(gg—>Ho\»WW.ZZ)/o s\
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SM Higgs

o O L (How—A1 4, , Hi(Hsy)—A14,

0.100}

o
o
O
-

010}
.005¢

Br(Hsm—A1A41,H1Hy)
o o

0001 0.95

h,, Fraction of Hgqy (géfw)z
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SM Higgs

= 0.100)}

g
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Higgs Portal

@ Dark matter production via Higgs portal

H - XX

1000 1000} HTH/A
£ 100 S 100] b
< =
210 =100

. 1
X <

= 1 =
m [
X [aa)

S 01 L0l

: 0.01 N ) .
0.01 10 20 50 100 200 10 20 50 100 200 500 1000

my 4 (GeV)
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Light AvH4

@ Coupling and Decay: singlet like

1 —
H,dd
0.1
N_bo H,gg
73 001
= H, um
S .
& 0.001
= H\VV
1074 :
. . .
1072 107 0.001 0.01 *=
H, Doublet Fraction (f?“)z"‘(f {Iv) I§

O —
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Light Av/Hy

® Production: <10% SM rate

10¢

o (pb) @ LHC 14 TeV

ggH
bbH

ttH
VBF
VH



Light Sbottom

@ Light sbottom with compressed spectrum: small Am

= Am>mp: prompt sbottom decay
= Am <mp: prompt, displaced vertex, R-hadron, ...

depend on the flavor structure

® LEP limits
f | Mmin(GeV) Ref. Condition
76 DELPHI [50] b— X%, all 0f Am >7 GeV )
b 89 ALEPH [48] b— X%, all §;, Am > 10 GeV )
390 ~ 645 | ATLAS [51, 52] | b — x{b, simplified, mgo < 60 GeV for my > 100 GeV
.
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Light Sbottom

@ ATLAS limits: 2b+MET,bbj+MET

Sbottom pair production, 51 —b i?

S.Su

400
300

200

- ATLAS

Ldt =20.1 fb", Vs=8 TeV

SUSY)
theory

Expected limit (1 04y,)

B coF 26510
All limits at 95% CL \: DO 5.2 fb”
—— ATLAS 2.05 fb™", {s=7 TeV
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Light Sbottom

o recast ATLAS sbottom search results for light sbottom
msp=20 GeV, mx=14 GeV, prompt decay

S.Su

N

SRA  bbMET SRB bbjMET
Lepton veto
Er > 150 GeV > 250 GeV
PT(jl) > 130 GeV > 150 GeV
Pr(j2) > 50 GeV > 30 GeV
Pr(j3) veto if > 50 GeV > 30 GeV
A¢(ETa ]1) - > 2.9
b tagging tagged b jet ji, Jo J2, J3
Abmin > 0.4 > 0.4
Fr/meps(k) Fr/mepp(2) >0.25 For/mepp(3) >0.25
mpp > 200 GeV —
Hr 3 — < 50 GeV
mcT > 250 GeV | > 300 GeV | > 350 GeV
95% C.L. upper limit (T 0.37 0.96
Ovis (fb) ‘
0sig (fb) " 0.20 0.19 0.17




Light Sbottom

o recast ATLAS sbottom search results for light sbottom
msp=20 GeV, mx=14 GeV, prompt decay

SRA  bbMET SRB bbjMET
Lepton veto
Br > 150 GeV > 250 GeV
PT(jl) > 130 GeV > 150 GeV
Pr(j2) > 50 GeV > 30 GeV
Pr(j3) veto if > 50 GeV > 30 GeV
ApFr - > 2.5
b tagy®@ Am > mp (prompt sb decay) ruled out o, Jjs
Aoy, > 0.4
i /mef)\ /Am Mp: depff\/dSCJ?l? /t,hggecay life Ji",'r.\ecff 3505
mpp > 200 GeV —
Hrs — <50 GeV
mcT > 250 GeV | > 300 GeV > 350 GeV
95% C.L. upper limit | /" =~ ' hE
ouis (D) 0.45 0.37
0sig (fb) ‘; 0.20 0.19
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Light Stau

@ LEP limit
81.9 DELPHTI [50] Am > 15 GeV, all 0z, 7 > 45 GeV
3 35 ~ 45 ALEPH [53, 54] | Z — ¢/ (acoplanar), right-handed, Am > 2 ~ 5 GeV
! 35 ALEPH [53, 54] Z — invisible, right-handed, all Am
20 ~ 44 ALEPH [53, 54] Z-decoupling, Am > 2 ~ 15 GeV

® LHC limit with stau from neutralino/chargino decay
not applicable with large MT2 cut of 90-110 GeV
@ 11(j) + MET search difficult with WW(j)+MET background.

S.Su

light stau difficult at LHC as well.
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Light Sfermion @ ILC

@ bby+MET, Try+MET

10°

o (fb)

solid/dashed ILC 250/500 GeV

10°

10 20 30 40
mz,, my, (GeV)
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Conclusion

light neutralino dark matter (2 - 40 GeV)

A1/H: funnel |sb-coann stau-coann
DM Bino/Singlino |Bino Bino/Singlino
light particle MA1/H1~2MXx Mspb~Mx Mstau~MXx
singlet-like  |Am <mp Mstau>30 GeV
relic v v/ v
direct detection |/ v
indirect detection |/ v v
via SM Higgs v v v
LHC v/ X X
ILC 4 4 4




