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Delivered Luminosity [fb ]

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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ATLAS Recorded:
2012: 21.7 fbl @8TeV

CMS Recorded:
2012: 21.8 fb'l @8TeV

2011: 5.25fb! @7TeV 2011: 5.55fbl @7TeV
From ATLAS/CMS web

5,000,000,000,000,000 (5X101>=5000JK) pp collision in total!

(peak: 3.7nb1/s ~ 3.7X10° coll./s)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Higgs boson
Was
Discovered!
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but



SUSY
N ot
Found.



Where's
SUSY?



LHC
shut down.
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Fill: 3458 E:

0 GeV 17-12-12 1402:13

SHUTDOWN: NO BEAM

Comments (17-Dec-2012 05:35:03)

*** End of operation for 20121 ***

See you again briefly for p—Pb in 2013.

High energy proton proton physics will
be resumed in 2015.
So long and thanks for all the fish!

AF5: 25ns_780b_744_696_744_96bpiginj

BIS status and SMP flags Bl B2
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

PM Status B1 2GRS EPM Status B2 ENABLED




LHC future plan

2015
20160
2017
2018
2019
2020
2021
2022
2023
2024

13TeV run, 100~200fb-1?

<€

Long shut down (LS2)

13-14TeV run, 500fb-1?

€

HL-LHC Installation? (proposal)
(finally 3000fb'l @ 14TeV?)
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1. SUSY MDIRIX (126GeV Higgs #HFE X T)
- Ix¥€ SUSY?
- SUSY & IcdH B ? — Higgs, Naturalness, muon g — 2

2. MSSM + vectorlike model (V-MSSM)
- ERDEN
- LHC H5 DR

3. Summary?
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SUSY G)EE:I* (126 GeV Higgs #H¥ X 7T)
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The Standard Model and The MSSM

EEERR seczm o
> PERET4RIRE
> BEEYIEDMRE
»> muon g-2 : REEEDTN

! ! Supersymmetry (SUSY)

155
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The Standard Model and The MSSM

BEAERER socmm o
> PEREIERIRE
> IBEMEDRIRE

» muon g -2 !%ﬁﬁ‘ﬂt@fh@

! ! Supersymmetry (SUSY)

MSSM (Minimal SUSY Standard Model)
© PEREERIRALE S

s (AL
© BEEYE B2

=53
@muong—Z@Bﬁ’C‘%%’ %
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Muon g-2 Problem

9#—2)

a, .=

® (g—-2)u anomaly o (” 2
SM (HLMNT 11) e aM=(116591828+49)x107M
Expm (BNL'04); | '—*—'aEXp—(116592089:|:63)x10 11

Hagiwara, Liao, Martin, Nomura, Teubner [1105. 3149] 3 R 3 0 d ISC re pa ncy

Can be explained with SUSY
ifu>0,tanp =z 10,
and m (X°, X*, i, V) ~ 0(100) GeV.

0 ~ (Xymi
Aay (X°, i) ~ ——sgn(uM1)tanB +---,
soft
o m2
L 2
Aay (X5, V) ~ £ sgn(uM>)tan B.
m (Hu)
sott (tanﬁ - <Hd>)

Moroi [ph/9512396]
Cho, Hagiwara, Matsumoto, Nomura [1104.1769] 19/56



http://arxiv.org/abs/hep-ph/9512396
http://arxiv.org/abs/1104.1769

The Standard Model and The MSSM

EEERR seczm o
> PERET4RIRE
> BEEYIEDMRE
> muon g-2 : RERMEEDTN

! ! Supersymmetry (SUSY)

MSSM (Minimal SUSY Standard Model)

® BEBMERaE EA
o EEEME (Fab)

=7
® muong — 2 [ FRCE2

2056



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muong — Zﬁ%’f*%"

|-|_—I>m~ X, 1, V

, [, Vi) ~ 0(100) GeV
and large tan ??

21 s



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g — Zﬁﬁ*%"

ﬂ——> m ¥, X%, [, 1’7”) ~ 0(100) GeV
and large tan ??

® mh=126GeV =)
@ Little hierarchy DR —>

®© FREREOIh>THEHN=

225



Higgs mass in the MSSM

tree one-loop level (top-stop)
o, 39y [ M (@2-6)?
my ~ms + > In — - + 3
8m’my, | mM; 12 ]
where o :=A¢/my.
(stop mixing parameter)
mp hEL < (1-2TeV  (a ~ £+86)

maximal-mixing (“mp-max”) scenario

O(10)TeV (a~0)

\ small mixing case

o

m’g~

o T HETHE
and/or

o t MiEHFparameter a HHE & 5 ELL

(~ £4/6).

LY

{ ot

. JUCIIIIN . ] Yt t,.-
h4 . y2 -y2 _ Okada, Yamaguchi, Yanagida, 1991
' by, st . \ Ellis, Ridolfi, Zwirner, 1991
2 e d ' Y Vi Haber, Hempfling, 1991
23 /56



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g — Zﬁﬁ*%"

|-|——I> m ¥, X%, [, 17,1) ~ 0(100) GeV
and large tan ??

® mp=126GeV = m (t) ~0(1-10)TeV??
@ Little hierarchy DR —>

®© FREREOIh>THEHN=

24 56



Little Hierarchy Problem

@®Higgs: (h) = 174 GeV

) 0| |2+o( ! )
H tan

2 /2
_|_
|::>g 29 (h)? ~ 2 (-m}
ﬁ cancellation
mé @
Aml%l ~ 3yt mN A E?L\ stop &
u 4172 m’f fine-tuneZ%
BUOMUREY !

t: 600GeV = 10% tuning
1.8 TeV = 1% tuning

2556



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g — ZFW*%‘

|-|——I> m ¥, X%, [, 17,1) ~ 0(100) GeV
and large tan ??

® mp=126GeV = m (t) ~0(1-10)TeV??
® Little hierarchy D& —> m () < 1TeV??

®© FREREOIh>THEHN=

265



ATLAS SUSY searches

[ATLAS-CONF-2012-109]

® Hard jets + Missing energy

MSUGRA/CMSSM: tanp = 10, A0= 0, u>0

pp — gg
g — jets + LSP

;‘ 800 T 1 7 Iq__'__i\"_l'""'—-[__hl__,i_ [ \\I‘ LI N I LV B L ||.|‘ T N :
3 B ATLAS Preliminary-— | Ldt=5.8f5', 1s=8 TeV.
g - ' \\\ \\\ O-}gpton combi\i'\]ed *’\ B
E — S N . o : ‘
~ ~ 700 i e N\ T\ 91600 Gey) e Obiserved limit (+165207)
g ~ q =9 ., ) \ T e e theory
U 650 — o S\ \ \ - --- Expected limit (+1c,,,)
- \_\ ‘\ 3
E=—h Y Observed limit (4.7 o, 7 TeV)
> 1.5TeV 600F
550 £ \«
——._ _
500 — I N
450 £
TN ——
400 F~  © X
350 i '\. . | |
I e LIS \ \ \ . eant
300 C P I T U TN N T o e el S S S S NN T Y Y TN T [ SO O T A
500 1000 1500 2000 2500 3000 3500
m, [GeV]

q: decoupled = g > 900GeV

27 56


http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/
http://cds.cern.ch/record/1472710/

ATLAS Direct Stop searches From ATLAS SUSY public web page

pp — tt*

T, production

— |
< S BN L L L L L L L B ||\N‘ t_) L\%L\%
© 590 ATLAS Preliminary L =1310"15=8TeV Xy,
Q) 5 = Tty 1LATLAS-CONF-2012-166 0L [1208.1447], 1L [1208.2580], 2L [1209.4186]
. ~ | — Observed limits — ”]‘f' = rﬁio +5GeV OL ATLAS-CONF-2013-001 |
T [ e Observed limits (-10,,.,) - b+5_{;, m =106 GeV s 2L [1208.4305], 1-2L [1209.2102] |
E | — — - Expected limits b, my'l =150 GeV 1LATLAS-CONF-2012-166
E— T1 — b-;-;'cl m'=m; - 10 GV 2LATLAS-CONF-2012-167 T
400 __ = ‘f’1 — b+"){% m:; =2 m)_c,: 1L ATLAS-CONF-2012-166 1-2L [1209.2102] __
B T =t ot ,=0 ~ ~0 4
i b= DL X = W, t—=tx, i
300 — —
- '..: \ i
200 |~ ]

m,.= m,+5 GeVi
Ly =128 b

S e mm——=-——

100 - i U S oL

"'I.:Illllllli

| :
200 300 400 500 600 200 300 400 500 600

my [GeV]

t Z 600 GeV e sremicosnarpariyses
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g — ZFW*%‘

|_|—_I> m ¥, X%, [, 1’7”) ~ 0(100) GeV
and large tan ??

® mp=126GeV = m (t) ~0(1-10)TeV??
® Little hierarchy D& —> m () < 1TeV??

© ¥REREOH>THVL = m(t)z600GeV
m(g,q) 2 1TeV
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V-MSSM / V-GMSB

30/



Vector-like
matter
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The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g —2 OFh=>m (X% x*, [, V) ~ 0(100) GeV
and large tan@ 77?
® mp=126GeV = m(t) ~0(1-10)TeV??

- 1-2 TeV [a=At/Mmz~ +4/6 : maximal-mixing (“mp-max”) scenario]
t O(10)TeV [small a (small mixing)]

e

(WILEATEED ? ) O HERSUSTAERI TIERE L Lo
B : GMSB ¥ CMSSM(MSUGRA) TlIZAa5E

mg <= m; & At cannot be large.

GUT - 8B CMSSM — Ay is constrained from Br(b — svy).
GMSB — A; =0 at one-loop level.

Endo, Hamaguchi, SI, Nakayama, Yokozaki [1112.6412]
Ghilencea, Lee, Park [1203.0569]
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http://arxiv.org/abs/1112.6412
http://arxiv.org/abs/1203.0569

MSSM + GMSB (or mSUGRA)

= (g — 2] Vitmem=176 GeV

U

MSSM + more complicated SUSY_
or
V-MSSM + GMSB/mSUGRA

3356









X*, b, Vy) ~0(100) GeV??

I Conflict resolved.
\“

(9—2)y -+ m

mp~ 126 GeV - =—CE3=36rF=22 t can be lighter.

J

O ®

36/



V-MSSM Okada, Moroi (1992); we digged up again in the context “higgs & g-2".

* No gauge anomaly.
® \/-M SSM — « Gauge couplings unification.
60 T T T T T T T

{ 10=(Q, 0, E) o
10=(0 U, E) 7

MSSM+(10 + 10), i.e.

extra Vector-like matters

———— D0

(cf. Wmssm 2 YeQHWU)  des—irtria—

2 4 6 8 10 12 14 16

WEXtrG — Y/Q,HU.DI + Y/,O,Hdul Martin L[Ogg(iﬁ\;BZ]
+MyQ'Q" + MyU'U’ + MyE’E’
Wmix = €,QiH U + E{Q’Huoi + E:’O’HdD_i + G{.‘LinE'

Mixing between SM- & vector-like quark

> Too large - flavor problem. .
INZT Y
» No mixing— stable colored particle. —> TANELCfkE

> Y’ : IR fixed point behavior to ~1.05 = m, I¥BAICEFEE EH S
> Y :reduces m,=> +9NEWVERE

37 56


http://arxiv.org/abs/0910.2732

RESULT

m S U G RA framework

(SEIZEER)
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VMSSM + GMSB explains muon g-2 anomaly under 126GeV Higgs

params: (A, Mmess, tanB, Nmess, sgnu; Y’, My)

1 | |
1 + 1.0
Mmess = 10°GeV, Y/(Mpess) =1.0, Y/ =0 A(g-2)>0 (IR fixed)

vacuum instability
: - 20

1 simultaneous realization:
' My <1.2TeV,
mg < 1.6TeV,
tanB ~ 0O(10)

m) LHC LIMIT!?

50

calculation failed
(technical issue)

PR T T A N U N T T N A A N M L |||||||:
1800 800 1000 1200 1400 1600 1800 2000
mg [GeV]
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LHC constraints on V- MSSM

(1) from searches for extra quarks.
(2) from searches for SUSY.
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LHC constraints on V- MSSM

(1) from searches for extra quarks.

41 s



Extra particles in the V-MSSM

AN TAN =Y AN A =L o .
@ (OIUIE)+(OIUIE)_)(t1’2’3’4’

&
» Mass
me ~ My £(174GeV/2), oo = V'O R ™
Mpr =My = MV +MyQ' Q"+ MyU'U +MyE'E’
Whmix = €QiHuU’ + €/Q"HyU; + €' Q"HyD;
> Production \_ +€; LiHaE’ J

pp — t'lfi etc. (pair production)

» Decay
/ /W
t2 >

depending on mixing
btw. vec-like/SM quarks.

42



Extra particles in the V-MSSM

! ) =/ N (! =/ Y
@ (QIUIE)+(OIUIE)_)(t1’2’3’4’

» Current bounds

Wmix = €:QiHuU’ + €/Q"HuUi + €/'Q"HaD;
® Under “exclusive decay” assumption + ebLHGE!
‘! > bW ::my >656GeV ATLAS 7TeVv-4.7fb~! [1210.5468]
3rd gen only 1 1
(favored (t—-tZ impy >625GeV CMS 7Tev-5.0fb7t [1210.7471]
to avoid 1 1
flavor constr.) / o
t; —th ::No bound yet
ti — qgW :: my > 350GeV ATLAS 7TeV-1.04fb~ ' [1202.3389]
/ -
t] = quZ :No bound yet e ~ My —87GeV,
/ . -
t] — quh :: No bound yet pp—t/E,  t/ —(qW,qZ qh)

% Generic analysis (3" gen. assumption : ti — (bW, tZ, th) )

e Done by ATLAS (7 TeV-4.7fb™! [1210.5468])

My < 750 GeV cases have (some) constraints.

43 s



ATLAS vector-like quark search (3" gen. scenario general analysis)

BR(t' — Ht)

A = 400 GeV 4 / : )
0] ' M = e ATLAS t" — Wb (x-axis)
0.6 ‘ \s=7TeV, f Ldt=4.7fb" Ht (y-axis)
0.4

-~ 00 95% CL expected exclusion Zt
0.2} S=——- . \_ ),

: EE;% % 95% CL observed exclusion

075 08 - .

h: m, =450 GeV| | “org,, m, = 500 GeV 1+ 3] ( 1b ) + ,E{
0.8 0.8 %,
0.6f- - 06X . t’'t’ — (Wb)(Wb)

= - -
0l = 04 . — (V)(jj)bb
0.2F EEEE_ 0.2 =
=|=——=‘%‘ 3 | | ===E.
099 —02 04 06 08 1 %90 02 904 o0s 08 1
1 1
- o, m,=550GeV | ‘o m, = 600 GeV
0.8 00'90 0.8 o'%,,
0.6 0.6
0.4} . 0.4
: =
0.2 = 0.2 a%
- —— W - =2,
o504 o6 o3 1 06 05 04 05 o5 i
BR(t" — Wb)
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LHC constraints on V- MSSM

(2) from searches for SUSY. |

45 s



LHC signature of the V-GMSB scenario

NLSP | Long-lived NLSP

NLSP prompt decay

0 jet+ Ef and
1 (same as mSUGRA)| 27y + E£ (from X0 — ¥G)
T1 Long-lived stau multi-tau

Examined

<

left as future works
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LHC signature of the V-GMSB scenario

NLSP [ Long-lived NLSP | NLSP prompt decay

jet+ Ef and
(same as mSUGRA)l 27y + E1 (from X9 — vG)

T1 Long-lived stau multi-tau

MSUGRA/CMSSM: tanf = 10, A = 0, u>0

. ;800:"""“.l'."'l""l'"'|""I""'
O I & E i, ATLAS Preliminary-— JL dt=58fb', 1s=8 TeV.
@ u r a n a yS I S l_é 750 = ) 0-lepton combined -
E

700 Fe TR N ——— Observed limit (+105°5")

» Neutralino NLSP o B AN G
— ATLAS 8 TeV-5.8fb1 o0 £ N AN e
(2-6 jets + E1) 0E O\ A\
[ATL-CONF-2012-169] -

[-e]
- -~ Expected limit (+10,,;)

| Observed limit (4.7 o™, 7 TeV)

- Non-conver gent RGE
I no Ew-sB

» Stau NLSP T e T i e ———
_ 350 - ¥ R
- CMS 7 TeV's. O fb . 300 TR vitr o SN S T PR Y
500 1000 1500 2000 2500 3000 3500

(assuming pp — ‘"Efff) i, [GeV]
w Mz, > 223GeV  [1205.0272]
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VMSSM + GMSB explains muon g-2 anomaly under 126GeV Higgs

params: (A, Mmess, tanB, Nmess, sgnu; Y’, My)

1 | |l
1 + 1.0
Mmess = 10°GeV, Y/(Mpmess)=1.0, Y/ =0 A(g-2)>0 (IR fixed)

vacuum instability
; - 20

1 simultaneous realization:
' My <1.2TeV,
mg < 1.6TeV,
tanB ~ 0O(10)

50

calculation failed
(technical issue)

SIS EPETEEE PR B L T R
1800 800 1000 1200 1400 1600 1800 2000
mg [GeV]
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VMSSM + GMSB explains muon g-2 anomaly under 126GeV Higgs

params: (A, Mmess, tanB, Nmess, sgnu; Y’, My)

1 | |
1 + 1.0
Mmess = 10°GeV, Y/(Mpmess) =1.0, Y/ =0 A(g-2)>0 (IR fixed)

vacuum instability
: - 20

1 simultaneous realization:
LHC bound 1
(for long lived <
NLSP) MV ~ 1.2T€V,
myg <1l.6TeV,
tanB ~ 0O(10)

50

calculation failed
(technical issue)

1200 1400 1600 1800 2000
mg [GeV]

1800 800 1000

49 s



Summary?
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The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)
o BBILHE T
© BEEME D
® muong — 2 ﬁ,&’f*%’ :

|_|—_I> m x°, X%, [, 17“) ~ 0(100) GeV
and large tan ??

® mp=126GeV —= m(ﬂ

~ O(1-10)TeV??
® Little hierarchy D& —> m () < 1TeV??

® itﬁob\a‘cf—m = m (t) 2 600GeV

~
ATLAS Ldt=58 5, is=i oty >
750 - 4
’ g ’ q e
pied Observed limit (+107.5))
E Erpeeaion 1oy ~y
67157 TV,
niRGE
\ .
)
N
N

%%%%%%



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muon g — 2 (A2

|_|—_I> m (X X, [, Vu) ~ 0(100) GeV
and large tan ??

® mp=126GeV = m (t) ~0(1-10)TeV??

52/



The Standard Model and The MSSM

MSSM (Minimal SUSY Standard Model)

® muong — Zﬁ%’f*%"

|-|_—I>m~ X, 1, V

, [, Vi) ~ 0(100) GeV
and large tan ??

® mp=126GeV —= m(?)

~ 0(1-10) TeV??
in conflictt ) ~ MSSM + more complicated SHSY_
» Extended model + GMSB

V-MSSM = MSSM-+(10 + 10), i.e. {1°=(o,u,5)

10 = (Q’, U, E")
- Conflict Resolved!
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VMSSM + GMSB explains muon g-2 anomaly under 126GeV Higgs

2
‘ @ LHC constraints

_ 6 / _ 7
Mmess = 10" GeV, ¥ (Mmess)=1.0, ¥~ =0 » Extra quark searches
vacuum instability ]

calculation failed my; X 300-650 GeV
(technical issue)

50

(depending on decay modes)

My ~ My, — 87 GeV,
pp—tit;,  t;—(qW,qZ gh)

» SUSY searches

(—

LHC bound
(for long lived
NLSP)

1200 1400 1600 1800 2000
mg [GeV]

1800 800 1000
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SUSY DIRIXZESRTWShH

® (g — z)u [RIBEFH
> SUSY-breaking Z®%PZ L LKD
& GMSB Tzl & squark & slepton %< messenger &% %
& CMSSM B A E gluino EIFEL 9%

> MSSM DSHERLES Gl Koo ioasis)
& NMSSM - tanBh' R EWEZICTI 2L m,GeV],
140
© 10+ 10 (V-MSSM) :

136F

my = 171.4 GeV,

m = arbitrary,

® 5+5- m, l&F5 LAY I L - Blrextra? 132k e
% Extra U(1) gauge? 128; NMSSM E
- GUT 55 & > LHBICHE B DEFFRIETE S, (E2 3 E—— e
Endo, Hamaguchi, Iwamoto, Nakayama, Yokozaki [1112.6412] 120F e .
116::.1.1.|.|.1.|.1.|.'
1 2 3 4 tsan 7 8 910
-
® Naturalness [REEEFH
» NMSSM

. . Asano, Higaki [1204.0508]
© + erage mediation Kobayashi, Makino, Okumura,

Shimomura, Takahashi [1204.3561]
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http://arxiv.org/abs/1112.6412
http://arxiv.org/abs/1201.0982
http://arxiv.org/abs/1203.5048
http://arxiv.org/abs/1204.0508
http://arxiv.org/abs/1204.3561

Muon g-2 vs LHC

Endo, Hamaguchi, Iwamoto, Yoshinaga [1302.xxxx]
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Electroweakino searches focusing on the muon g-2

® (-2 = m(X°X* [, Vu) ~0(100) GeV

» squark/stau decoupled

- - e Uu=2TeV,M; =M>y/2
=\ =(.\? H
O] (_L ObEEEZEL . e tanB=40,M, =1500GeV
) 2 . 2 J— .
800 gy e Men =417

S

b}
O, 700

|

=)

g 600

g

£ 500

10000 200 300 400 500 600 700
M; [GeV]
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Electroweakino searches focusing on the muon g-2

® (-2 = m(X°X* [, Vu) ~0(100) GeV
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