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1!!!Fermi Galactic Center Excess

eee|||^̂̂χχ→ A∗1 → bb̄555)))ºººGCE§§§
NMSSMAAAäääkkknnn���AAA���:

1 !��Ä�«¢����§A1AT÷vµmA1 ' 2mχ ∼ 70GeV"
���������JJJ§§§MSSMØØØUUU)))ºººGCE¶¶¶

NMSSM´́́���²²²LLLUUU)))ºººGCE������ééé¡¡¡���..."

2 !ü�L§χχ→ A∗1 → bb̄éJÓ�)ºGCEÚVÔ�í3�Ý"
)û�{:

|^χχ→ Z∗ → anything5K��»@ÏVÔ���«§
l
UC〈σv〉|v→0 Ú〈σv〉0�'é"

3 !3ù«�Ye§ZχχÍÜØU��§χ7L¹k��Higgsino¤©"
ùùù«««���¹¹¹AAATTT���±±±333LHCþþþ���uuu������

(Ü©(ØÓarXiv:1409.1573, 1409.7864��)"
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1!!!Fermi Galactic Center Excess

éééAAA������©©©ÛÛÛ

�Äk�.¼þµ
−Lint = iyA1χχA1χ̄γ

5χ+ iyA1bb̄A1b̄γ
5b.

VÔ��«�¡�µ

〈σv〉bb̄|v→0 ∝
y2

A1χχ
y2

A1bb̄
m2
χ

(4m2
χ −m2

A1
)2 + m2

A1
Γ2

A1

.

�umχ ∼ 35GeV§emA1 > 85GeV£��Off-Shell�«¤§GCE
�¦�yA1bb̄§ÓLHCÏéNon-Standard Higgs±9Bs → µ+µ−gñ"

emA1 < 85GeV�2mχ/mA1�� l1�§LEPL§e+e− → hSMA1

?�Ú�¦yA1bb̄ØU��§ù��ØU)ºGCE"

AAA���1µµµ���


)))ºººGCE§§§2mχ/mA1 ' 1"

AAA���2µµµ���uuu2mχÚÚÚmA1���'''XXX®®®���ééé���½½½§§§éééJJJÓÓÓ���÷÷÷vvvµ

〈σv〉bb̄|v→0 ' 2.0× 10−26cm2s−1, 〈σv〉0 ≥ 3.0× 10−26cm2s−1.

���µµµZ333���»»»@@@ÏÏÏ777LLLéééVVVÔÔÔ������«««kkk���������zzz���
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

NMSSM: MSSM�.�²L�ü�|*¿§�³äkZ3ØC5"

�³: W = WMSSM + λεij Ĥ
i
uĤ

j
d Ŝ + κ

3 Ŝ
3"

^»"�: Vsoft = VMSSM + m̃2
d |Hd |2 + m̃2

u|Hu|2 + m̃2
S |S |2

+(λAλεijH
i
uH

j
dS + κ

3AκS
3 + h.c .)"

WMSSM : MSSM��³§�Ø�¹µ�" Ŝ : ü��|"

VMSSM : MSSM ^»"�" εij Ĥ
i
uĤ

j
d Ŝ : �­��ü�Higgs|��p�^"

µ ëêÏLÄåÆ�)µµ = λ〈s〉"
3 CP-even Higgs§2 CP-odd Higgs§5 neutralinos"

Higgs ÚÚÚVVVÔÔÔ���ÔÔÔnnn���~~~´́́LLL§§§UUUggg,,,ýýýóóó125GeV Higgs âââfff¶

���âââfff333éééEEEÅÅÅþþþ���&&&ÒÒÒ���±±±���MSSMkkkééé���ØØØÓÓÓ"

3λ, κ→ 04�e§ü��|�Ù¦|��p�^òÍ¶
XJµ ��½§NMSSM���Æ�MSSM���Æ�Ó"
�kλ�����§üa�.â¬�)����É"
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

½ÂHSM = sinβHu + ε cosβH∗d§HNEW = cosβHu − ε sinβH∗d§

HSM =

(
G+

v + φsm+iG 0
√

2

)
, HNEW =

(
H+

φnew+iPH√
2

)
, HS = s +

1√
2

(φs + iPs) .

±(P1 ≡ PH,P2 ≡ Ps)�Ä¥§CP-odd Higgs��þÝ
�:

M2
−11 = M2

A =
µ

sin 2β
(Aλ + κvs)

M2
−22 = M2

P =
1

4
[λ(

MA

µ/ sin 2β
) + 6λκ]v2 sin 2β − 3κvsAκ

M2
−12 = M2

AP =
1

2
λvMA

MA

µ/ sin 2β
− 3λκvsv

Ai =
∑2

j=1 VijPj

Vij : Pj3CP-odd�þ���£Ônâf¤Ai¥�©þ"

eV 2
i1 >

1
2§Ai±�­�|�Ì§A­u�300GeVµ

(1)ÉLHCÏéHiggs(J��¶ (2)ÉBÔn��§XB → Xsγ�"

eV 2
i1 <

1
2§Ai±ü�|�Ì§�±é�§ÉΥ→ A1γ§Bs → µ+µ−��"
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

±(S1 ≡ φnew,S2 ≡ φsm,S3 ≡ φs)�Ä¥§CP-even Higgs��þÝ
�:

M2
11 = M2

A + (m2
Z − λ2v2) sin2 2β,

M2
12 = −1

2
(m2

Z − λ2v2) sin 4β,

M2
13 = −(

M2
A

µ/ sin 2β
+ 2κvs)λv cos 2β,

M2
22 = m2

Z cos2 2β + λ2v2 sin2 2β,

M2
23 = 2λµv [1− (

MA

2µ/ sin 2β
)2 − κ

2λ
sin 2β],

M2
33 =

1

4
λ2v2(

MA

µ/ sin 2β
)2 + κvsAκ + 4(κvs)2 − 1

2
λκv2 sin 2β.

hi =
∑3

j=1 UijSj

Uij : Sj3CP-even�þ���£Ônâf¤hi¥�©þ¶

eU2
i2 >

1
2§·�¡hi�aIO�.Higgsâf¶

eU2
i3 >

1
2§hi|©±ü�|�Ì"

h1, h2, h3: ��!g�!�­�CP-even Higgsâf"
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

���MA 444���: M2
11 �M2

22 �M2
12§(M2

11 −M2
33)�M2

13§
d�§S1 ≡ φnewl(S2 ≡ φSM ,S3 ≡ φs) NXòÍK"

M̃2 =

 m2
Z cos2 2β + λ2v2 sin2 2β 2λµv

[
1− ( MA sin 2β

2µ )2 − κ
2λ sin 2β

]
2λµv

[
1− ( MA sin 2β

2µ )2 − κ
2λ sin 2β

]
M2

33 −∆2

 ,

CP-even HiggsÜ©äkn�#A�:

SM-like Higgs�þ�3äãY²��	�z§λ2v2 sin2 2β ¶

eM̃2
11 > M̃2

22�§�­��ü��·ÜU
�pSM-like Higgs�þ§
d�SM-like HiggséAuh2¶

eM̃2
11 < M̃2

22�§�­��ü��·ÜU
Ø$SM-like Higgs�þ§
d�SM-like HiggséAuh1¶

eM2
33 ∼ ∆2§ü�|�Ìh1�±é�§ÉΥ→ h1γÚBs → µ+µ−��"
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

Neutralino���þþþÝÝÝ


(±±±B̃, W̃ 0, H̃0
u , H̃

0
d , S̃���ÄÄÄ¥¥¥):

M0 =


M1 0 − g1vd√

2

g1vu√
2

0

0 M2
g2vd√

2
− g2vu√

2
0

− g1vd√
2

g2vd√
2

0 −µ −λvu
g1vu√

2
− g2vu√

2
−µ 0 −λvd

0 0 −λvu −λvd
2κ
λ µ

 ,

M2ÚµÓ��û½Chargino�þ§7L�u100GeV"
�±Wino½Higgsino�Ì�Chargino/NeutralinoØ�Ué�¶

eµï�Ú�'X:M2 ' 2M1§M1 �Kþ�±'��§±Bino�Ì
�Neutralino�±'��¶

eκ� λ§±Singlino�Ì�Neutralino�±'��¶

3�é¡�.¥§du���Neutralino´VÔ�ÿÀö§VÔ�
í3�Ý!VÔ���&ÿ¢�¬éÙ5���ér���"
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2!!!NMSSM���...{{{000: NMSSM���AAA:::

h1½h2þ�¿�aIO�.Higgsâf¶

A1du�±±ü�|�Ì§�±'��¶

VÔ�=�±Bino�Ì§��±Higgsino�Ì¶

ddduuu���±±±���333������A1§§§���VVVÔÔÔ������±±±ÏÏÏLLL���������
���A1555���«««§§§lll


������888UUU���VVVÔÔÔ���ííí333���ÝÝÝ"
333MSSM¥¥¥§§§���VVVÔÔÔ���éééJJJ÷÷÷vvvííí333���ÝÝÝ���¦¦¦���
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2!!!NMSSM���...{{{000: éééNMSSM���×××£££üüüÑÑÑ

1!|||^̂̂êêê������ÅÅÅóóó���{{{×××£££ëëëêêê���mmm¶(MCMC:�«�U×£�ª)

MCMC: �EÜ·�χ2¼ê¶|^χ2��×£3ëê�m�r�§¦
�χ2�oNr�C�§�#N�½�VÇÛÜC�"

χ2¼ê�E�Kµ{ü²wëY¼ê§�y×£«�8¥3Ôn«�"

χ2
MC =

∑ (µi−µ̂i )
2

σ2 §µi�)A�é�é¡ëê�m���r���µ
(1)Higgsâf�þ�¦¶(2)VÔ�í3�Ý¶(3) Bs → µ+µ−"
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2!!!NMSSM���...{{{000: éééNMSSM���×××£££üüüÑÑÑ

2!ëëëêêê���mmmÀÀÀ���XXXeee¶

�½mq̃1,2 , A1,2 = 2 TeV, M2 = Mg̃ = 2 TeV;

b½Ú��I�f^»"ëêµml̃ ;

Ù¦ëê×£��Xeµ

1 < tanβ < 40, 0 < λ < 0.7, 0 < |κ| < 0.7,

0 < |Aκ| < 2 TeV, 0 < Aλ < 5 TeV, |At | < 5 TeV,

0 < |M1| < 0.6 TeV, 0.1 TeV < µ < 0.6 TeV.

3!éééMCMC×××£££���������ëëëêêê:::���???���ÚÚÚçççÀÀÀ§§§¦¦¦ÙÙÙ÷÷÷vvv���«««¢¢¢���������"""

e¢�(Jk¥%�§�¦SUSY�ýó�¢�¥%� lØ�L2σ"

e¢���Ñ��þ�½e�§�¦SUSY�ýóØÓ¢��gñ"

4!ééé���¹¹¹:::���555������???���ÚÚÚïïïÄÄÄ"""
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2!!!NMSSM���...{{{000: éééNMSSM���×××£££üüüÑÑÑ

���ÄÄÄXXXeee������:

LEP¢���:
I >f°(�*ÿþ§Xρl , sin2 θl

eff , MW , Rb.
�¢�(J395% CL�¬Ü;

I �âf��þe�;
I 5gZ → χ0

1χ
0
1, e+e− → χ0

i χ
0
j , χ

+
1 χ

−
1 ���;

B-physics��:
I B → Xsγ, B0 − B̄0 ·Ü, D0 − D̄0 ·Ü, K − K̄ 0 ·Ü±9B− → τντ¶
I 95% CL þ�: B0

s,d → µ+µ−, B → Xsµ
+µ−;

HiggsÔn��:
I ý���­½5;
I aIO�.Higgs �þ÷v123GeV ≤ mh ≤ 128GeV§[Ü�#Higgsêâ¶
I LEP!Tevatron and LHC Ïé�aIO�.Higgs(|^HiggsBounds)¶

VÔ�Ôn��:
I VÔ�í3�Ý¢�WMAP+Planck;
I LUX¢�(J;

�é¡32σ�g)ºmuon��~^Ý"
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2!!!NMSSM���...{{{000: ïïïÄÄÄüüüÑÑÑ���AAAOOO���???

1!éuz��ëê:§���)éA1fÌ§�Ä��Fermiêâ'�"

1 10 100
-1

0

1

2

3
mDM= (31~39) GeV

h2  = (0.107~0.131)
all pass LUX

vbb| v~0= (1.3~2.1) *10-26 cm3/s

NFW,  =1.26,  Rsun= 8.5 kpc

local= 0.3 GeV/cm3

 E  (GeV)

E2 
dN

/d
E 

(G
eV

/c
m

2 /s
/s

r)

( *10-6 )

Solid :       h2 is hSM, DM is singlino-like
Dash-dot:  h2 is hSM, DM is bino-like
Dash :       h1 is hSM, DM is bino-like

0.3

-

ééé'''������(((ØØØµµµGCEÚÚÚVVVÔÔÔ���ííí333���ÝÝÝ���333Tension"""
±±±ccc���ïïïÄÄÄÏÏÏ~~~���¦¦¦σv |v→0333ééé������«««mmmCCCÄÄÄ§§§���ÑÑÑTTTTension������333���

2!XÚ�Ä¢�éA15����:A1777LLL±±±üüü���|||���ÌÌÌ"""
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3!!!NMSSM���...éééGCE���)))ººº

h1��125GeV Higgs h2��125GeV Higgs
Siglino-DM Scenario I-S/Capable Scenario II-S/Most Favored
Bino-DM Scenario II-B/Unable Scenario II-B/Capable

Scenario II-SUUU���ÐÐÐ///)))ºººGCE"""���ÏÏÏµµµyA1χχ���±±±'''���������

〈σv〉bb̄|v→0 ∝
y2

A1χχ
y2

A1bb̄
m2
χ

(4m2
χ −m2

A1
)2 + m2

A1
Γ2

A1

.

Scenario I-SÚÚÚII-B���UUUééé������OOO:::555)))ºººGCE"""

Scenario II-BØØØUUU)))ºººGCE������ÏÏÏµµµ���...ggg���AAA:::ûûû½½½"""

ëëëêêê:::ÑÑÑ÷÷÷vvv: mA1 ' 2mχ§§§nnnØØØIII���Tuning"""

������ëëëêêê���mmmµµµµ'''������"""

10 < tanβ < 28§§§170GeV < µ < 340GeV§§§
30 GeV < mχ < 42 GeV§§§mh± > 500 GeV"""
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3!!!NMSSM���...éééGCE���)))ººº

0.0 0.4 0.8 1.2 1.6

1.4

1.6

1.8

2.0

1.005 1.01 1.015 1.02 1.025

0.01

0.02

0.03

0.04
0.05
0.06

v bb
 |  v

~0
   

( c
m

3 /s
 )

Z, inv (MeV)

1.005

1.010

1.015

1.019

1.024

2 m  / ma1

-

| ya1bb |

vbb| v~0

2 m  / ma1

1.348

1.524

1.699

1.875

2.050

| ya  |

0.006

-

|

(cm3/s)

1!ëëëêêê:::÷÷÷vvvµµµmA1 < 2mχ"""
888UUU���VVVÔÔÔ������«««���¡¡¡ÏÏÏ~~~¬¬¬
���uuu���»»»@@@ÏÏÏVVVÔÔÔ������«««���¡¡¡���

2!!!Z������zzz777LLL???555555\\\������»»»
@@@ÏÏÏVVVÔÔÔ���������«««"""
���¦¦¦:µ���ØØØUUU������!"""

3!!!ëëëêêê���mmm333LHCþþþ���&&&ÿÿÿµµµ
pp → χ̃±i χ̃

0
j → 2χ̃0

1WZ → 3`

+Emiss
T """
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4!!!LHCéééGCE)))ººº���uuu���

|^MadGraph/MadEvent/Pythia§�)�'¯~"

|^CheckMATE§­EATLAS-CONF-2013-035 8-TeV LHC(J"

Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc SRZd
mSFOS [GeV ] <60 60-81 < 81 ∪ > 101 81-101 81-101 81-101 81-101

E miss
T [GeV ] >50 >75 >75 75-120 75-120 >120 >165

mT [GeV ] - - >110 <110 >110 >110 >110

p3rdl
T [GeV ] >10 >10 >30 >10 >10 >10 >10
SR veto SRnoZc SRnoZc - - - - -

òaq©Ûí2�14-TeV LHC"

Expected cross section (fb)
SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc SRZd

Z (∗)Z (∗) 1.32 0.20 0.03 0.90 0.12 0.04 0.01

Z (∗)W (∗) 4.33 1.96 0.23 22.28 2.06 0.58 0.24
tt̄ 4.97 1.31 0.28 0.90 0.11 0.06 0.00

Total 10.62 3.47 0.54 24.08 2.29 0.68 0.25
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4!!!LHCéééGCE)))ººº���uuu���

180 200 220 240 260 280 300 320 340
101

102

 

 

 All samples
 5 discovered at 14TeV 3000fb-1

 5 discovered at 14TeV 1000fb-1

95
%

 E
xc

lus
ion

 L
um

ino
sit

y 
( f

b-1
)

m (GeV)

14-TeV LHC333$$$111���üüüccc���UUUüüüØØØTTT)))ººº§§§
½½½���ÈÈÈ©©©���ÝÝÝ������3000fb−1���§§§���������������ÜÜÜ©©©ëëëêêê:::ÑÑÑòòò���uuuyyy"""

���[[[���®®®���ÄÄÄ10%XXXÚÚÚØØØ���"""
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5!!!(((ØØØ

eee|||^̂̂χχ→ A∗1 → bb̄555)))ºººGCE§§§
NMSSMAAAäääkkknnn���AAA���:

1 !��Ä�«¢����§A1AT÷vµmA1 ' 2mχ"
���J§MSSMØU)ºGCE"

2 !ü�L§χχ→ A∗1 → bb̄éJÓ�)ºGCEÚVÔ�í3�Ý"
)û�{:

|^χχ→ Z∗ → anything5K��»@ÏVÔ���«§
l
UC〈σv〉|v→0 Ú〈σv〉0�'é"

3 !3ù«�Ye§ZχχÍÜØU��§χ7L¹k��Higgsino¤©"
ùùù«««���¹¹¹AAATTT���±±±333LHCþþþ���uuu������

(Ü©(ØÓarXiv:1409.1573, 1409.7864��)"
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λ-SUSY:���²²²LLL���ggg,,,���ééé¡¡¡���...

MSSMØØØUUU


ggg,,,///)))ºººHiggs¢¢¢���(((JJJ���
I ���


ýýýóóó125GeV Higgsâââfff§§§���¦¦¦δm2

h/m
2
h,tree & 1"""ØØØggg,,,���

I ���âââLHCÏÏÏéééStop(((JJJ§§§­­­½½½>>>fffIIIÝÝÝ���¦¦¦nnnØØØ���°°°[[[NNN!!!3330.1%���ggg"""

λ-SUSYµµµ���²²²LLL���ggg,,,���...���
I ���³³³: W = WMSSM + λεij Ĥ

i
uĤ

j
d Ŝ + · · ·.

Higgs���þþþ���333äääããã���ppp: m2
h,tree = mMSSM,2

h,tree + λ2v 2 sin2 2β.
I >>>fffIIIÝÝÝéééStop���þþþ���(((¯̄̄ÝÝÝ���ÏÏÏfffg 2/λ2ØØØ$$$���

λ-SUSY���UUUÐÐÐyyyÑÑÑ���ÕÕÕAAA555���µµµ
I HiggsgggÍÍÍÜÜÜUUU���êêê���������ppp"""

MSSM¥¥¥ççç���ddd³³³´́́ddd555������ppp���^̂̂ûûû½½½§§§gggÍÍÍÜÜÜØØØUUUééé���¶¶¶
λ-SUSY: Yhhh ∝ λ2§§§������±±±ééé���"""

I h2t̄t ���ppp���^̂̂���±±±ØØØ���ØØØ$$$§§§ÌÌÌ���PPPCCC������±±±���h2 → hh"""
Yh2 t̄t ∝ cotβ§§§Yh2 b̄b ∝ tanβ§§§Yh2hh ∝ λ2"""

I ±±±���­­­������ÌÌÌ���ggg���CP-even Higgsâââfffh2���±±±������200GeV"""
���ÄÄÄ���«««¢¢¢������§§§MSSM¥¥¥h2ÏÏÏ~~~­­­uuu300GeV: ������!!!mmm���������(((JJJ"""

I pp → hh���±±±êêêzzz���///������ppp���
(1) Stop���ããã���ppp¶¶¶(2) h2���������ppp¶¶¶(3) ���HiggsgggÍÍÍÜÜÜ���ppp"""
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λ-SUSY:HiggsgggÍÍÍÜÜÜUUU������ÌÌÌÝÝÝJJJppp

-5

0

5

10

15

20

25

0.2 0.6 1 1.4 1.8

C
hh

h 
/ S

M

Chbb / SM–

UUU777:::µµµØØØ÷÷÷vvvggg,,,555999Higgsêêêâââ������§§§���÷÷÷vvvÙÙÙ¦¦¦������¶¶¶

777ÚÚÚ:::µµµØØØ÷÷÷vvvggg,,,555���¦¦¦§§§���÷÷÷vvvÙÙÙ¦¦¦£££¹¹¹Higgsêêêâââ¤¤¤������¶¶¶
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ggg���CP-even Higgsâââfffh2���±±±������200GeV¶¶¶

Yh2 t̄t������������±±±ÚÚÚIIIOOO���...ýýýóóó������¶¶¶

250GeV ≤ mh2 ≤ 400GeV���§§§h2 → hh���±±±´́́ÌÌÌ���PPPCCC������

28 / 30



λ-SUSY:pp → hh���)))LLL§§§

q̃j

g

g

h

h

q̃i

q̃i

q̃i q̃j(3)
g

g

h

h

q̃i

q̃j

q̃i(4)

q

g

g

h

h

q

q

q q(1)
g

g

h

h

q

q

q(2)

g

g

h

h

q̃i

q̃i

q̃j(5)

g

g

h

h

q̃i

q̃i

q̃i

(6)

g

g

h

h

q̃i

q̃i

g

g

h

h

q

q

q
hi

(8)(7)

g

g

h

h

q̃i

q̃i

q̃i
hi

g h

h
g

q̃i

q̃i

hi
(9) (10)

LHCþþþHiggs ééé���)))LLL§§§UUUkkk���^̂̂555&&&ÿÿÿHiggsâââfff���gggÍÍÍÜÜÜ"

���pppÅÅÅ���1µµµÏÏÏLLLStop���ããã���AAA"""

M∼ α2
sY

2
t (c1 sin2 2θt
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t

m2
t̃1

+ c2
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m2
t̃2

).

eeeAt/mt̃1
���������§§§���JJJpppIIIOOO���...(((JJJ���������þþþ???"""
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���pppÅÅÅ���2µµµÏÏÏLLLh2���������)))"""

σ(gg → hh)(pb) ' (12.5 ∼ 14.5)× (cotβ − tanβA 1
2
(τb)/A 1

2
(τt))2

×Br(h2 → hh),

eeetanβ ∼ 1���§§§���JJJpppIIIOOO���...(((JJJ���AAAzzz���"""

���pppÅÅÅ���3µµµÏÏÏLLL���HiggsgggÍÍÍÜÜÜ���ppp"""

σ(gg → h∗ → hh)(pb) ' (Chhh/SM − 2.5)2/1.52 × 0.019.

éééuuu���Chhh§§§���JJJpppIIIOOO���...(((JJJ������zzz���"""
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