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Introduction : What LHC tells about SUSY?

B LHC Runl: 2010-2012
> SM established!

[m = 125.09(21)Stat(11)8yst] LA S (150307589

m LHC Run Il : 2015-2018 ormore

» Beyond SM

before LHC Run |

(o susy? )

® Extra dimensions?

e Extended Higgs sector?

v dark matter
v muon g-2 anomaly
v radiative EWSB

[Electroweak symmetry breaking

v naturalness

v’ gauge-coupling unification
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Introduction : What LHC tells about SUSY?

B LHC Runl:2010-2012
> SM established!

[m = 125.09(21)Stat(11)8yst] LA S (150307589

Heavier than “our” expectation based on MSSM

[minimal supersymmetric standard model]

tree one-loop level (top-stop)
2 .4 2 2 2
2 2 3Gy my 1 m; (a* —6) 3
Mp ~m 2.2 |9 +
8memyiy, ms; 12

(= Ar/my)
Okada, Yamaguchi, Yanagida (1991),

(stop mixing parameter)
Ellis, Ridolfi, Zwirner (1991),
Haber, Hempfling (1991).
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Introduction : What LHC tells about SUSY?

famous figure by
Hall, Pinner, Ruderman

[1112.2703] LHC Run |

J

mz 2 0(1) TeV

&
nature seems
not natural
tree one-loop level (top-stop)
2 4 2 2
m2. s m2 3Gy my ln%—(a —6) 13
H 8m2miy, m? 12
(= Ay/my7)

(stop mixing parameter)
Okada, Yamaguchi, Yanagida (1991),

Ellis, Ridolfi, Zwirner (1991),
Haber, Hempfling (1991).
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Introduction : What LHC tells about SUSY?

B LHC Runl: 2010-2012
> SM established!

mp = 125.09(21)% " (11)%5"  4iasscms 11503, 07580

B LHC Run |l : 2015-2018 or more
> Beyond SM before LHC Run |

~
(‘ SuUsY? ) > v dark matter
e Extra dimensions?

v muon g-2 anomaly
v radiative EWSB

v naturalness

e Extended Higgs sector?

v’ gauge-coupling unification
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Introduction : What LHC tells about SUSY?

B LHC Runl:2010-2012
> SM established!

mp = 125.09(21)% " (11)%5"  4ias+cms 11503.07580)

m LHC Run |l : 2015-2018 or more
> Beyond SM After LHC Run |

~
(’ SuUsYr ) > v dark matter
e Extra dimensions?

(v muon g-2 anomaly)
v radiative EWSB: 125 GeV

e Extended Higgs sector?

v’ gauge-coupling unification
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Outline

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

AR

SUSY models to LHC signatures
explain A(g—2), > (case 1) 4 ~ M,

@ > (case 2) u> M,

Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]
D _ afe" Py

mediaion @

SlI, Yanagida, Yokozaki [1407.4226] 8 TeV summary
& 14 TeV prospects
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Outline

(g—2)y anomaly — fi, v, X° X* = 0(100) GeV

8/63



Muon g-2 SM expectation : discrepancy!

(9 —2),

aIJ = 2 =
HL MR
(5-loop) (2+-loop)
SM
aIJ s QED + wzH T
a,(QED)= (11658471.8951+0.0080)x10719,
ay(EW)= ( 15.36 +£0.1 )x10719,
QED: Aoyama, Hayakawa, Kinoshita, Nio [1205.5370]. See also:

EW: Gnendiger, Stockinger, Stockinger-Kim [1306.5546].
HVP: Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149].
HLbL: Prades, De Rafael, Vainshtein [0901.0306].

HVP-LO: Davier, Hoecker, Malaescu, Zhang [1010.4180],
HVP-HO: Kurz, Liu, Marquard, Steinhauser [1403.6400],
HLbL: Jegerlehner, Nyffeler [0902.3360],
Colangelo, Hoferichter, Nyffeler, Passera, Stoffer [1403.7512]
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Muon g-2 SM expectation : discrepancy!

Y
a (9 -2),
IJ — —
2
HL MR
(5-loop) (2+-loop) (dispersion rel.) (low-energy EFT)

aEM o~ QED +  w,2zH + + /g:‘
— —

had. vac. polarization had. light-by-light

a,(QED)= (11658471.8951+0.0080)x10719,

ay(EW)= ( 15.36 +0.1 )x10710,
ay(HVP-LO) = ( 694.91 *4.27 )x10710,
a,(HVP-HO) = — ( 9.84 £0.07 )x10710,
ay(HLbL) =  ( 10.5 +2.6 )x10710,
+)
QED: Aoyama, Hayakawa, Kinoshita, Nio [1205.5370]. See also:
EW: Gnendiger, Stockinger, Stockinger-Kim [1306.5546]. HVP-LO:  Davier, Hoecker, Malaescu, Zhang [1010.4180],

HVP: Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149]. HVP-HO: Kurz, Liu, Marquard, Steinhauser [1403.6400], 1'] 1
/63

) . . HLbL: Jegerlehner, Nyffeler [0902.3360],
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Muon g-2 SM expectation : discrepancy!

Aa, = (26.4+£8.0)x1071% ---3.30 anomaly

L

(5-loop) (2+-loop) (dispersion rel.) (low-energy EFT)

azM o~ QED +  w,2zH + + /g:‘
— —

had. vac. polarization had. light-by-light

a,(QED)= (11658471.8951+0.0080)x10719,

ay(EW)= ( 15.36 +0.1 )x10710,
ay(HVP-LO) = ( 694.91 *4.27 )x10710,
a,(HVP-HO) = — ( 9.84 £0.07 )x10710,
ay(HLbL) =  ( 10.5 +2.6 )x10710,
M
A
B
|||IIIIIII|IIII|IIIIE|III [fUture::tl.G]
QED: Aoyama, Hayakawa, Kinoshita, Nio [1205.5370]. See also:
EW: Gnendiger, Stéckinger, Stéckinger-Kim [1306.5546]. HVP-LO:  Davier, Hoecker, Malaescu, Zhang [1016.41860],
HVP: Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149]. :\L/;’LHO J'é‘gezrlt‘#ne'\’r'alr\lqy‘;?glders[geg'gga%SBego[]l“% 6400], 2
HLbL: Prades, De Rafael, Vainshtein [0901.0306]. Colangelo, Hoferichter, Nyffeler, Passera, Stoffer [1403. 751-] /63
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Muon g-2 anomaly can be solved by SUSY

Y Y
a. = (g R 2)1-1 _ + 9
: 2 pe M oour o YUY pr T
Y
U U
Y
U U
Lopez, Nanopoulos, Wang [ph/9308336]
Chattopadhyay, Nath [ph/9507386]
W > uH,Hy (higgsino mass term),  tan 3 = (H,)/(Hyg), Morol [ph/9512336]
Meort : SUSY-particle mass-scale, g; : gauge couplings.
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Outline

(g—2)y anomaly — fi, v, X° X* = 0(100) GeV
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Outline

74

SUSY models to
explain A(g— 2),

N/

“CP-safe” gravity
mediation

Sl, Yanagida, Yokozaki [1407.4226]
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SUSY model for muon g-2? Ghilencea, Lee, Park [1203.0569]

= SUSY model? > Clssfl, mGmSR

[constrained MSSM]
[minimal gauge-mediated SUSY breaking]
m [TeV] 9849 o

10
/ RG running example
~ = (Fig from “SUSY Primer”)
qd,9
1
L, v, X
0.1

17 s



SUSY model for muon g-2? Ghilencea, Lee, Park [1203.0569]

m SUSY model? = M = (mo, M1/2, Ao, tan B, sgn u)

EXTEND
m [TeV] “NUGM" (M1, M3, M3)
10 (non-universal gaugino mass)

RG running example
(Fig from “SUSY Primer”)

!

>
<
>

0.1
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SUSY model for muon g-2? Ghilencea, Lee, Park [1203.0569]

m SUSY model? = M = (mo, M1/2, Ao, tan B, sgn u)

EXTEND
m [TeV] "“NUGM” (M1, M2, M3)
10 (non-universal gaugino mass)

nnlng example

0.1
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SUSY del for muon g-2? Ghilencea, Lee, Park [1203.0569]
mode =27

20



SUSY model for muon g-2?

m SUSY model? = M = (mo, M1/2, Ao, tan B, sgn u)

EXTEND

“NUGM" (M1, Mz, M3)

(non-universal gaugigo mass)

CP phases

4

CP problem [EDM etc.]

“CP-safe Gravity Mediation”

Sl, Yanagida, Yokozaki [1407.4226]
» Grav. med. model for NUGM

» CP-problems partially solved.

21/63



SUSY model for muon g-2?

m SUSY model? = = (mo, M1/2, Ao, tan B, sgn )

EX‘N D

<8.7x10 %% cm

S0 (electron)
[electric dipole moment] X /X ACME collab. [1310.7534]

m = 0(100) GeV = A(phases) < 1073-10"%.

/v

g— 2 < Re

0 = 0(100)GeV
XO/X:I: — m ( ) e

22


ACME Collaboration, Science 343 no. 6168, (2014) 269–272 [arXiv:1310.753
ACME Collaboration, Science 343 no. 6168, (2014) 269–272 [arXiv:1310.753
ACME Collaboration, Science 343 no. 6168, (2014) 269–272 [arXiv:1310.753

Outline

74

SUSY models to
explain A(g— 2),

N/

“CP-safe” gravity
mediation

Sl, Yanagida, Yokozaki [1407.4226]
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Outline

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]
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EW direct production cross section

{

p
v, Z, W*
W+iv- p X
— 14 TeV LHC
------- 8 TeV LHC
(tree-level)
HAHY
N_I_ ~__
eReR
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SUSY contribution to muon g-2

Nd: —~

gsusY ~ X L R
H ]’;u ,i/ X"AOA A\\
— aSUSY(

u

‘“‘mass insertion”
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SUSY contribution to muon g-2

Fa, Fp are loop functions (F > 0):

27/63



(1) Wino-dominant case: gy ~ M2

Wino contributions [red+blue; tree; slep=sneul

28 /6



(1) Wino-dominant case: gy ~ M2

W+w-

Wino contributions [red+blue; tree; slep=sneul

29 /63



(1) Wino-dominant case: gy ~ M2

(T possible, but less promising)

S0SE S+ o— 0 < h
PP —= X" X X X X%XT—J/\EV
— » multi-lepton signal ,,ll ™
e [~ . Xo—
If < / -mediated : -
degenerated 70 N
27N T T~
LTy
Xo—™
less SM bkg; ¢

ealr.

difficult in soft /-cases?

* boson signal

X5 X3
2 [W, Z — leptonic decay]
Z W H h — bb
~1 \
Xo—

large SM bkg - large

better
30



(2) "Pure-bino contirbution”: g >> M1 Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

gym;, utan 3 o (mﬁL mﬁR)
- Fy

87T2 Mf’ M1 ’ M1
2 _ m(lr,)? mu (A}, — ptan §)
from Mg = (mM(A:‘L — ptan 3) #@(23)2
M4
IIIIIIIIIIIIIIIIIII 6 (I]OI B ‘700

GeV|
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(2) “"Pure-bino contirbution”: g >> M1 Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

gym:, ptan 3 . (’mﬁL m;‘zR)
A,

87T2 Mf’ M1 ’ M1
_ ( m(lr,)? m (A — ,utanﬁ))
m,, (A5, — ptan 3) m(lRr)*

u tanB has upper bounds:
VHiges O — (m,r ptan 8- 4 TRh
+m,, ptan g - ﬁfﬁRh)
mz/myg
=1 = my S 300(420) GeV
=2 = < 440(620) GeV
=00 = S 1.4(1.9)TeV

200 300 400 200 600 700

mp, [GGV]

325



(2) "Pure-bino contirbution”: g >> M1 Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

2 2
gy m,, ptan . F, (mﬁL Mg y* — [T +ET

87T2 Mf’ M1 ’ M1
_ ( m(lr,)? m (A — ,utanﬁ))
m,, (A5, — ptan 3) m(lRr)*

M tanf has U[g;{;g; bounds:
VHiges O — (m,r ptan 8- 4 TRh
+m,, ptan g - ﬁfﬁRh)
mz/myg
=1 = my S 300(420) GeV
=2 = < 440(620) GeV
=00 = S 1.4(1.9)TeV

200 300 400 200 600 700

mp, [GeV]
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Outline

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]
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Outline

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

/

8 TeV summary |

:35b&



SUSY contribution to muon g-2

(1) Wino-contr. d

ominant (u~Mz)

(2) Pure-bino dominant (u>>M2)

36



LHC Run I EW-SUSY summary : ATLAS

~0 yt==
X2 _\f V/ Xl
[—— ——1
\ /
~1 N, .
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LHC Run I EW-SUSY summary : ATLAS

38



LHC Run I EW-SUSY summary : ATLAS

(New results seem still internal; soon will be public.) 39 63



LHC Run I EW-SUSY summary : ATLAS chargino-neutralino (oid)
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LHC Run I EW-SUSY summary : ATLAS chargino-neutralino (new)

(New results seem still internal; soon will be public.) 41



LHC Run I EW-SUSY summary : ATLAS silepton

42/63



LHC Run I EW-SUSY summary : CMS ordinal

43/63



LHC Run I EW-SUSY summary : CMS degenerate

m |SR + 2-lepton m VBF + 2-lepton

XO - 44




SUSY contribution to muon g-2

(1) Wino-contr. d

ominant (u~Mz)

(2) Pure-bino dominant (u>>M2)

45 s



(1) Wino-dominant case: collider overview Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

— 800 N T T _
| »pMSSM w.

F-2012-154 1§ g-decoupled.

/1> TL also decoupled.

700

m; [GeV]

600

500

400

300

200

|||||||||||||||||||

200 300 400 500 600 700
M, [GeV]

g Mla M27 /’La (ZL)a m(lR)a tanﬁ. A
I Il Il

M3 /2 M2 3TeV 40 46

J




(1) Wino-dominant case: collider overview Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

S00mm vy T _

E 13.0/fb | > pMSSM w.

= IF-2012-154 ~ =

- 700 1 a9 decoupled.
S 600 \ > TL also decoupled.

degener.

50
500F %

400

300

200

|||||||||||||

200 300 400 500 600 700
M, [GeV]

- Mla M27 lj’a (ZL); m(ZR), tanﬁ. A
| | |

Mz /2 M2 3TeV 40 47 e

J




(1) Wino-dominant case: collider overview

Endo, Hamaguchi, SlI, Yoshinaga [1303.4256]

200 300 400 500 600 700

M- [GeV]

M =2M>

8TeV, 13.0/fb ATL-CONF-2

800

700

600

500

400

300

200

012-154

200 300 400 500 600 700

1 600

“1 300

800

1 700

1 500

1 400

200 .
200 300 400 500 600 700

M, [GeV] M> [GeV]

H=M>

u=0.5M,

lighter H
v
W decays via H&l

l
softer, weaker limit
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Outline

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

/

8 TeV summary |
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Outline

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

/

8 TeV summary
& 14 TeV prospects
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(1) Wino-dominant case: future prospect (ZW-channel) ATL-PHYS-PUB-2014-010

50 o=*

X5 X;
| zZ,W

~1
Xog—

o WO

51 s



(1) Wino-dominant case: future prospect (hW-channel) ATL-PHYS-PUB-2014-010

X3, Xi
h, W
Xo ——

52/63



(2) "Pure-bino contirbution”: g >> M1 Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

Vacuum stability:
mz/my
=1 = m; < 300(420) GeV
=2 =  <440(620) GeV
=00 =  <1.4(1.9)TeV

200 300 400 500 600 700
mp, |GeV]
5 3 /63



(g—2)y anomaly — fi, v, X° X* = 0(100) GeV

7R\

SUSY models to LHC signhatures
explain A(g—2), > (case 1) u~ M,

@ > (case 2) u> M,

- Endo, Hamaguchi, SI, Yoshinaga [1303.4256]
“CP-safe” gravity ° °
mediation @

SlI, Yanagida, Yokozaki [1407.4226] 8 TeV summary

& 14 TeV prospects
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Summary

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

N\

LHC signatures
» (case 1) u~ M

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

“CP-safe” gravity
mediation @

Sl, Yanagida, Yokozaki [1407.4226]

8 TeV summary
& 14 TeV prospects

55 /s



Summary

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

N\

C signhatures

> (case 2) u> M,
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

v

8 TeV summary
& 14 TeV prospects
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Summary

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

N\

C signatures

Pt ot

[[* = 2[+ F1 ... weak|e2) u>M;
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

v

even degenerate case! )y summary

... How to search for “case 2”7
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One more thing



Summary

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

N\

C signatures

Pt ot

[[* = 2[+ F1 ... weak|e2) u>M;
Endo, Hamaguchi, Sl, Yoshinaga [1303.4256]

v

even degenerate case! )y summary

... How to search for “case 2”7
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Summary

(g—2), anomaly — [, vy, X% X* = 0(100) GeV

N\

C signhatures

If Ion o -Ilvedlll jase 1) u~ My

‘@ % Cweakle2) u> M,

Endo Hamaguchl Sl, Yoshinaga [1303.4256]

long-lived charged particle

even degenerate case! )y summary

.. How to search for “case 2"?
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Long-lived slepton exclusion at 14 TeV LHC Feng, SI, Shadmi, Tarem [1505.02996]

(L =100fb~?

(L =300fb~?

[ L=3000fb™1
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http://arxiv.org/abs/1505.02996
http://arxiv.org/abs/1505.02996
http://arxiv.org/abs/1505.02996

Long-lived slepton exclusion at 100 TeV LHC Feng, SI, Shadmi, Tarem [1505.02996]

Q'10°F

—h
o
no

Cross section [a

e
©

i i v gy
' ' ' "y
1 1 1 1 | I 1 1 1 | | 1 1 1 | I I I | I I I [ I | L | | & I
L

2 3 4 5
Slepton mass [TeV]
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http://arxiv.org/abs/1505.02996
http://arxiv.org/abs/1505.02996
http://arxiv.org/abs/1505.02996

Result: Expected exclusion limit Feng, SI, Shadmi, Tarem [1505.02996]

%1 0" = e peoted o
— —e— €X
= h m_.. =1.8-2.3TeV Lo(PP eR eH)
% 102\H OLO(pp%rﬂrﬁ‘) min.
o F [L=0.3ab™?
(3 \ B
) N\ [L=1ab™!
10\ . 5
- [ L=3ab™!
i 3.2-4.0TeV |
1 | I I | | I I | | | I I | L1 1 1 | | | || || | || |
’ 2 3 4 5

Slepton mass [TeV]
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