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To explain simultaneously

(9-2), anomaly & 125cev Higgs :

AddingExtra vector-like quark & LHC prospects
is a very attractive way, and  is interesting.
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Standard Model

® “hierarchy problem”
@ SUSY around TeV

«&«“L\

(L DM

MSSM [Minimal Supersymmetric Standard Model]
® fermion/boson unification
@ GUTs, dark matter(?)
@ nicely explain muon ¢ — 2 anomaly
@& must be broken ... too many.SH8Y parameters

U

MSUGRA / GMSB frameworks
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| muon g — 2 anomaly

{ SM (HLMNT '11) e

Expm (BNL'04)| .
it b 330 :>

Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149]

M

® fermion/boson unification

@ GUTs, dark matter(?)

@ nicely explain muon ¢ — 2 anomaly

@& must be broken ... too many.SHS8Y parameters

U

MSUGR A / GMSB frameworks

eY
HoweV Now this “dream” is threatened by
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The ~125cGev Higgs boson

(still “tantalizing hints”)
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The ~125Gev Higgs boson

(still “tantalizing hints”)
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95% CL Limit on c/cy,,
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e

Very difficult in MSSM+mSUGRA;
Impossible in MSSM+mGMSE

() A
nggs boson mass (GeV)

(g — 2),, explanation in SUSY

<6>



]

m

25Gev In MSSM

2 4 2 2
2«2 S9Ny M3 2 -
hSmMy+ o5 3 In—5+a” | 1-—
8memyy, my 12
2 72
Mt~1 + Mt~2 . Ay — pcot 3
2 ' ' Mg '
(1-loop level; Carena&Haber [0208209], Djouadi [0503173])

where M3 :=

e heavy ¢

o large (A; — pcot ()
(roughly ~ —+/6m3)

2
Oy
A (%ia DJ) ~ : 2 . Sgl’l(ﬂMg) tan 67
soft

aym2

A (X" f) ~ —5L sgn(uM;) tan § + - -

soft

o light (ﬁuaii) or (ﬁa 550)

e large tan 3

% v <7>



125Gev in MSSM

392 m4 M O[Z ~ o~ awmz
2 < m2 W n =2 + a2 (1 - = A(XE D) ~ sgn(puMsy) tan 3,
o S e g et (125 5P =, sl
M? +M2 _ aym?,
where M3 := —U 5 R 4 ]\vg‘otﬁ A (5{0 1) ~ u Esgn(puMy) tan 8 + -

(1-loop level; Carena&Haber [0208209], Djouadi [0503173])

dilemma (GUT)

soft

e heavy ¢ <«—> e light (7,,x7F) or (1, X°)
o large (A; — M e large tan 3
(roughly ~ —/6 m~) |
(GMSB small A-terms — impossible! )
mSUGRA
e b — s7v forbids a huge A-term ri112.6412]
e large ptan 3 + small mz = instable vacuum etc...
Hisano, Sugiyama[1011.0260]
—> Possible with parameter splitting & tuning.
K e.g. “NUGM” in P. Myeonghun’s talk. j
M NG ' I [

1
xo v <8>



For 125cev & g-2, we must...

® TUNE the parameter in SBSY models

O, ignore ( g — 2),“ anomaly.

» “Itis just from hadronical uncertainty, theorists’ fault!!”

®Wwish a lighter Higgs.

® extend the MssM.
» NMSSM
»>addb + 5
»>add 10 + 10
» add a new gauge symmetry.




For 125cev & g-2, we must...

@ extend the mssm.
> M g — 2 = large tan 3 = NMSSM not contribute.

> am is still inadequate. Martin [0910.2732]

»add 10 + 10| Today’s topic. [1112.5653]
» add a new gauge symmetry.€— sce: Endo, Hamaguchi, 91,

Nakayama, Yokozaki
[1112.6412]
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2. The Extension We Propose



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

Extension w. Vector-like Matters

MSSM

IDEA |
/i I MSSM: top (s)quark lifts up higgs. Okay, then... \
Add another top quark!




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

Extension w. Vector-like Matters

| 10=(Q", U, E'
MSSM+-(10 ), i.e. { (@ )

mp
Wadd — Y/Q/HuU,

IDEA |
/i I MSSM: top (s)quark lifts up higgs. Okay, then... \
Add another top quark!

—> Gauge anomaly...
—> Add as vector-like!

\_ /




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

Extension w. Vector-like Matters

* No gauge anomaly.
_ 10 =(Q", U, E' ) i T
MSSM-+(10 + T0), ie. 4 07 (@05 Gauge couplings unification

0 p— (Q U E ) SO—U“’\\\\ ———~ MSSM + 10 + 10| |
mp mpll — we assume Y <« 1.

Waga = Y' Q' H U +Y"Q HqU' o T

= — — 46 & 10 12 14 16
—l— ]\[\/ QIQ, —|— J\[V U,U, _|— ]\[V E’E" Log,,(Q/GeV)

Martin [0910.2732]

Wix = €:QiH U + ¢.Q"H,U; + ¢!/ Q' Hy D,

Mixing between SM- & vector-like quark
» Too large —>{flavor problem?

> No mixing —> stable colored particle. — assumed very small.

params: (A, Myess, tan 3, |Npessi| sgn p;| | Y| My)
(GMSB framework)

® Npuess = 1 to keep perturbative up to Mgyur.
e sgn i = + to explain g — 2.
e Y — 1.05 : infrared fixed point = nice for 125 GeV

(also A; and A’ go to IR fixed point.) Ciae



RESULT

in this talk

MSUGRA tamework
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15

10

params: (A, Mpess, tan 3, Npess, sgnu; Y, My)

My = 600 GeV

- stau LEP bound

7 NLSP*
,* 5" NLSP

’ My = 1000 GeV

Mmess = 106 GeV

vacuum instable

| | |
1 +  1.05

g—21lo 20
124 GeV < my, < 126 GeV

| simultaneous realization:

(My, mg, tan 3) =~

(600 GeV, 900 GeV, 20)
— (1000 GeV, 1200 GeV, 30)

600 800 1000 1200 1400 1600 1800 2000 2200

mg (GGV)



g—21lc 20

124 GeV < my, < 126 GeV

Mpess = 106 GeV

50 T T T T T T T T
, | stau LEP bound ]
o b vacuum instable]
35 F o
Ql ’¢'
c% 30 | R i
S 7 NLSP."
#r .* %° NLSP -
20 F ," i
3 My = 1000 GeV
15 F i
My = 600 GeV
10 L L L 1 1 1 1 1

600 800 1000 1200 1400 1600 1800 2000 2200

mg (GeV)

tan 8

)

50

45

40

params: (A, Mpess, tan 3, N

Mpess = 108 GeV

7 NLSP_

P NO NLSP

4

7

My = 1000 GeV

My, = 600 GeV

600 800 1000 1200 1400 1600 1800 2000 2200

mg (GeV)

tan G

50

45 L

40 L

mess; S8 [ Y MV)
[ | |
1

+ 1.05
M pess = 1010 GeV
X° NLSP |
My = 1000 GeV
MV = 600 GeV
600 800 1000 1200 1400 1600 1800 2000 2200

mg (GeV)

(9 — 2),, expm. tells us (20-level),
My S 1.5TeV, my < 1.6 TeV

o If we take (g — 2),, seriously (1o-level),

My <

1.0TeV, mz S 1.2TeV



3. LHC prospects



Sparticle mass = lighter (".- g — 2)

—> Parameter space would be covered by LHC.

‘0 vacuum instable] a0 b 10
35 F . 35 F 35
o} L’ o]
% 30 . % 30 | % 30
& 7 NLSP.* +© | NLSE =
o5 " i 25 L4 NLSP 25
2 x° NLSP Pl
| 7 J 20F ,7 20 i
20 1 . ¥ NLSP
5k My = 1000 GeV 15 L My = 1000 GeV 15 L My = 1000 GeV
My = 600 GeV My =600 GeV My = 600 GeV
1 1 1 1 1 1 1 1 10 L L L 1 1 1 1 1 10 1 1 1 1 1 1 1 1
10 00 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200 600 800 1000 1200 1400 1600 1800 2000 2200
mg (GeV) mg (GeV) mg (GeV)
prompt decay long-lived

(Myess < 10° GeV)

(Mpess = 10 GeV)

X" | current (1fb™1) my = 1200 GeV
2v + F : ATLAS[1111.4116]

45 4+ F - ATLASI[1109.6572]1, CMS sus-11-008

current (1fb~1) my > 700 GeV

7 | will easily be covered by

multi-lepton search

(CMS heavy-stable charged particle; Seminar Jan. 2012)

already excluded




dre
— Ct
Vector-like Quark Seaic.* Progg,

10 = (Q,U", E')

7 . y / / /
® New “vector-like” quark (t7,0", t5) o (&0 B

Mass

my ~ My + (174 GeV /2),  |Weua =1 QHU : ]
+ My, Q Q + My, U + J[\E,El

Wmix - E?ﬁQ?ﬁHuU! + GC'QfHu[ji + F;,Q’HdDi

my — ﬂ4&f

depending on mixing

Production btw. vec-like/SM quark.

pp — t’lbﬂl etc. (pair production)

Decay W
t/ /W\ b/ /W tl / 1
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dre
— Ct
Vector-like Quark Seaic.* Progg,

10 = (Q,U", E')

7 . y / / /
® New “vector-like” quark (t7,0", t5) o (&0 B

Mass

my ~ My + (174 GeV /2),  |Weua =1 QHU : ]
+ My, Q Q + My, U + J[\E,El

Wmix - E?ﬁQ?ﬁHuU! + GC'QfHu[ji + F;,Q’HdDi

my — MV

depending on mixing

Production btw. vec-like/SM quark.

pp — t’lbﬂl etc. (pair production)

Decay W
/ /W\ / /IW / / 1
t b t
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Vector-like Quark Search

® New “vector-like” quark (tll, blv tlz)
t’ / qW
1

pp — thth; = > q7
Current bound H gh (= qbb)

if it decays exclusively as

ty — bW :my >552GeV  CMS 4.7fb~ ! [EX0-11-050]

—t

th — qaW ::my > 340GeV  CDF 5.6fb ! [1107.3875]

—

ty —tZ my >A475GeV  CMS 1.14fb ! [1109.4985]

—t

t) — quZ :: No bound yet
[tll o th - No bound yet] No general bound on t] yet

because of these possibility.
ty — quh :: No bound yet

> 4 b-quarks (h — bb)
Interesting channel after Higgs discovery.

[K. Harigaya’s talk (yesterday)] .
< >



Vector-like Quark Search

® New “vector-like” quark (tll, b,a tlz)
t’ / qW
1

—> g/
qh (— qbb)

i } pp — tht;
Once we have
ty — bW imy

t — qaW ::my

> 700 GeV CMS 4.7fb~ 1 [Ex0-11-050]
> 700 GeV CDF 5.6fb ! [1107.3875]
> 700 GeV CMS 1.14fb~ ! [1109.4985]

> 700 GeV

> 700 GeV No general bound on .t’l. yet
because of these possibility.

S~

=t

tll — 1t/ TNy

= ™~

th — quZ iy

>

ty —th my

™~

t1 — quh my > 700 GeV

=t ™

A great smash to this model;

<23>



Vector-like Quark Search
@/, wo w10 \

At LHC 8TeV, Y Ry
production doubles! g [, \ \eewmwn T
More severe bounds, .|l |
? 20(; I 4IOO . 62)0 | 8(I)O I‘IOO&)I 12IOO I‘I4OO
\ Or ..... t'y quark mass [GeV] /

T T st

t s th :my > 700 GeV No general bound on .t’l. yet
L because of these possibility.
t1 — quh :my > 700 GeV

A great smash to this model;
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4. Conclusion



Conclusion
125GeV higgs? + (g —2),

Y

MSSM + 10 + 10 : vector-like quarks

Myees = 10° GeV

uuuuuuuuuuuuu

utopian theorists
Our dekasien dream will be smashed /proved by OQ ’

oYY
e SUSY search (x{-(N)LSP / 7-(N)LSP)
e 4th gen. quark search
ot — qW
ot — quZ
o t' — quh(— q.bb) at the LHC

Stay tuned & hope new phenom. @ S1ev LHC 2012!
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