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Introduction

Motivations for New Physics

Is the Standard Model consistent with experiments!?
Yes, it explains results of collider experiments consistently.
How about dark matter?
Just add some new stable particles.

How about dark matter abundance?
Just add some weak interaction between the new particles and
the SM particles.

How about neutrino masses!?
Why not introducing right handed neutrinos with tiny Yukawa
couplings!?
(Majorana neutrino mass requires “‘new physics”, though.)

Do | really think this pessimistic picture is the most likely
possibility?
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Introduction

The important hint...
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The observed three gauge coupling
constants suggest perturbative grand
unification at the very high energy
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If perturbative unification at the very high energy, we are afraid of
“hierarchy problem”.

m%—l Bl mbare T O(M2 /167‘-2) — O(m2Z) < O(Mgnif)

nif

We need symmetries or dynamics which suppress
£mass — m%—[‘H‘Q

[Note : Hierarchy problem itself exists even at the lower scale...]
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Introduction

Can we have perturbative models of the extension
of the Standard Model up to the unification scale!?
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Introduction

Low energy supersymmetry does the very good job in this sense.

|. It tames the radiative corrections to the mass term.

2. It makes the degree of unification much better than
the Standard Model.
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Supersymmetry is the most motivated theory when we
take the perturbative unified theory seriously.
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Introduction

Are the SUSY models better than Glashow model?

It includes the Standard Model.

It allows the model to be perturbative up to
the unification scale. [No other models]

Validity? We can construct consistent and calculable
models!

Predictive! Perturbative SUSY models predict the
upper bound on the Higgs mass.

> | Higgs search will exclude most of the
parameter space if we do not see any
hints on higgs by the end of 2012!
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Quick review of supersymmetric theory

The Language of SUSY

Chiral Superfield :  ®(z#,0,,04) = d(y") + V200 (y*) + 02 F (y*)
(y* = x* — i0c™0)
(cf. quark supermultiplet : P~q (quark), ®~q(squark))

Gauge Superfield:  V = 00" 0A, + i020)\ — i0°O\ + %HQHQD
(in Wess-Zumino gauge)
(cf. A gaugino)

SUSY invariants:
F-components of chiral multiplets
[cf. (chiral)x(chiral)=(chiral)]
D-components of general multiplets
[ cf. (chiraI)Jg((chiral)=(general)]
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Quick review of supersymmetric theory

Matter kinetic terms

Liin = / dO?dO> K (DT, 29V ®)

= (Dui) (D ;) + Ylio D + F F; — ¢ Db,

Gauge kinetic terms \

1
[fkin — /dQQEW“Wa + h.c. \

Z | T, |

(W _ —1D262VD'6_2V>
o ] a

D2

2

F, D :auxiliary fields /
Order parameters of SUSY
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Quick review of supersymmetric theory

Matter interactions

1LO*W(p) , . OW(o)
2 0600, "V T "oy,

ex) W = yd1¢203

Lint = YP1¥2¢3 + yp2v193 + yP31h21h1 [Yukawa-interaction]
—|—yF1 ¢2¢3 + yFQ¢1 ¢3 + yF3¢1 ¢2 [scalar interactions]

o @2
¢1 ----- < I =<
V3 @3
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Quick review of supersymmetric theory

Scalar potential (after integrate the auxiliary fields out)

7 a=1,2,3 Ya
oW | g2 :
— _I_ Ja ¢:<ta¢z
1 a¢z ale,Q,S 2 (; )

The quartic scalar interactions of Higgs play very
important role in electroweak symmetry breaking.

Friday, January 13, 2012



Supersymmetric Standard Model

Chiral Matter Multiplets

SU(3)|SU(2) U(1)
QL 3 2 1/6
Ur| 3 | | -2/3
Dr | 3 I 1/3
Ly, | 2 | -1/2
Er | I |
Hy | 2 | 12
Hg | | 2 | -12

y

>

> X3-generations

Why 2-Higgs doublets!?
U(1)-SU(2) anomaly cancelation

Holomorphic realization of
Yukawa interactions

=

W =y, H,QrUr + ysHiQDpr + y.HyL ER

All the Yukawa interactions in the SM are
extended in a supersymmetric way.
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Supersymmetric Standard Model

R-parity AR = |

Wrpv = aQrLrDg + BLr Ly Er +8DrDrUg + /L1 H,
% S

A 55 oL
P >’ ----- < Too fast proton decay...

@ Q p— eTT, VT, eK,VK,...

These operators can be suppressed by imposing R-parity
( ~ a discrete subgroup of L and B symmetry )

Rp[SM particles] = +|

R, = (=)3(B-D)+F
Rp[Non-SM particles] = -1
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Supersymmetric Standard Model

LSP : Lightest supersymmetric particle (Rp= -1)

LSP is stable in R-parity preserving MSSM.
It provides the candidate of dark matter.

ex) The neutral LSP candidates
{The lightest neutralino (Zino, Bino, 2 neutral Higgsino)

Gravitino (The superpartner of gravitino)

The actual LSP depends on how SUSY is broken!
[I’'m not going to talk about Cosmological Aspect today...]
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Supersymmetric Standard Model

U-term : Supersymmetric Higgs mixing term

W = ,LLHHqu

This term gives masses to Higgs and Higgsino
In a supersymmetric way.

Linass = | |*(|Hul® + [Hal|®) + (patw,Ym, + h.c.)

LH has a mass dimension and it will turn out to
be within O(I02'3)GeV range.

Why it’s not Munif but in the weak scale!?
—> U-problem

[ We may postpone the origin of U ]
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Supersymmetric Standard Model

Now we have Supersymmetric Standard Model.
[ In particular, we have built the MSSM. |

Gauge coupling constants
Parameters : Yukawa coupling constants

UH parameter

—> Of course it’s far from realistic!
Why!?

Particles in the same supermultiplets will have the same mass.

We need to carefully break supersymmetry, so that we
can make unobserved superparticles heavy enough.
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Supersymmetric Standard Model

Soft supersymmetry breaking in the MSSM

1 - .~ -
Lsoft — _5 (MSQQ + MWW + MlBB)
— (auHuQLﬁR + ade@Lf)R + aeHdiLER) + c.c.

—mg|Qr)? — mE|Ug|* — m%|Dg|* —mi|Li|* — m%|ER|?

—m3yy |Hu|* — my |Hal* — (BugH,Hq + c.c.)

2—3
M172737 a’u,d,€7 mQ7U7D7E7L7Hu7Hd7 B — O(]‘O ) Gev

Here, we are assuming that these soft breaking parameters

are generated as a result of spontaneously SUSY breaking
outside of the MSSM.
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Supersymmetric Standard Model

Soft supersymmetry breaking in the MSSM

1 - .~ -
Lsoft — _5 (MSQQ + MWW + MlBB)
— (auHuQLﬁR + ade@Lf)R + aeHdiLER) + c.c.

—mg|Qr)? — mE|Ug|* — m%|Dg|* —mi|Li|* — m%|ER|?

—m3yy |Hu|* — my |Hal* — (BugH,Hq + c.c.)

Eventually, if supersymmetry is correct, these coefficients
are experimentally determined and use these to infer the
underlying model of supersymmetry breaking.
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Supersymmetric Standard Model

crude MSSM spectrum

squark masses ~ Mg g p
slepton masses ~ M; g  [for large a-terms, LR-mixing]

gluino mass ~ M3

neutralino «— (B,W° HY, H?)

( My 0 —C3 SWw Mz SgSw myz
M~ — 0 Mo cgew my  —SgCw my
N —CcgSw Mz  cgCy My 0 — 1
SgSWw MMz —SgCw Mz — M 0 )

chargino <— (WH(W~),HI(H;))

M- — Mo ﬂstW
¢ \/i%mw H

(sw = sin Oy, cyw = cosby) (sg =sin, cg = cos B, tan 8 = (H,) / (Hy))
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Supersymmetric Standard Model

Although we have no experimental evidence of supersymmetry,
there are already good clues to restrict the model parameters.

SUSY FCNC contributions
—— Flavor-violating soft masses must be suppressed!

KO-KO mixing
T
S .l d 2
. Msa —(2—3) [ Msoft
W <> <>w 2 ~/ 10
VR R miy 500 GeV
u C t
U= ety Y
2
ﬁ/’x‘\ffrr m;ﬁ ~ 10—(2—3)( MMsoft )2
u // B \\e e mSOft ].OO Gev

Models with flavor-blind soft parameters are preferred!
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Supersymmetric Standard Model

Flavor-blind
(Super’symmetry\ interaction <M A
Breaking Sector VAVAVAVA
Proposals
mMSUGRA (default)

Gravity is flavor-blind, so if the SSM is connected to SUSY breaking
sector via supergravity, the resultant soft parameters should be
flavor-blind.

Caution! This very attractive idea turns out to be wrong. In supergravity,
flavor-violating soft terms are unsuppressed, and no successful mechanisms
found, which naturally lead to “mSUGRA”.

2 2

Mgcalar — Mogs Mgaugino = ™M1/2, Qud,e = Yy,d,e X Ap

at the Planck scale.
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Supersymmetric Standard Model

Flavor-blind

( ) . o -
Supersymmetry Interaction

Breaking Sector VAVAVAVA >SM

\_ J . J

Proposals
Gauge Mediation

Gauge interactions are flavor-blind, so if the SUSY breaking effects
are mediated via gauge interactions, the resultant soft parameters
should be flavor-blind.

This works, but model building is more complicated.

%) 2 Kq 2

2
mgaugino — EASUSY msca]ar — 2 (E) CG,ASUSY

Agusy = % F :SUSY parameter M :Messenger scale

at the Messenger scale.
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Supersymmetric Standard Model

In those proposals, the soft parameters are given at the
high energy scale.

> We need to evolve the mass parameters down
to around TeV scale to know the spectrum.

SUSY effects

Physical Spectrum -re mediated

RGE

Renormalization
>  scale

A

Weak scale Planck scale
~TeV Messenger scale
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Supersymmetric Standard Model

Gaugino Masses

The RG equation of gaugino masses

d 1
_Ma —

(dt °“© 27r)

M M M
— = — = — atany RG scale

2 — T 9
g1 g5 g3
>

Mi;: My :Mz=0.5:1:3.5 attheTeV range
NN

— _bag> M, (by = 33/5,1, —3)

This ratio of the gaugino mass is the prediction of the
universal gaugino mass!

[Realized in both the mSUGRA and gauge mediation]

Checking the gaugino mass universality provides us very
important hints on the origin of SUSY breaking.
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Supersymmetric Standard Model

squark/slepton Masses L d

(first 2 generations) 167 E’mé =— ) 89,C9|M,|’
a=1,2,3

Gaugino mass effects raise the scalar
masses at the low energy!

L L DL L DL B B i L _I A D )
o - @ - e N%.‘ L d)
universal b.c. ] [ driR ]
. (*MSUGRA”) - F ]
[ gauge-
dr U ] wl mediation
A0 — — —
| gluino mass effect | ] 1
l \ : : — o
200 z— — 200~ —
N iy ‘R
y _ B e | _
' .WI!. .ml". 'u!ﬁ. .:mh' 'm:.l' .u.'ll.r- fof .IIII!I .“:'. .1-:"" 'lulu. .mlﬂl .m!‘

[borrowed from M.Peskin’s lecture]

Typically, squarks are much heavier than sleptons.

Typically, squarks are degenerated compared with
leptons due to large gluino contributions
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SUSY @ LHC

Production cross section of superparticles @ LHC

1x10°

For colored superparticle < | TeV

The SUSY production is dominated by

(¢
W
LA R Ty T T T TTTTT
\ \
\ \
\ \
\ \
\ \
\ \
\ v
\ \
\ \
\ \

- squarks and gluinos (pair production).
—ya0Ge7] |
e 99 — 99, Gq;,
= 0~ 5
iy ] @ — 99, 4d;,
Baer et al. qq — &%51}-,

g < 1-10 pb (LHC7TeV)

The integrated luminosity will reach to 7-8fb' by the end of 2012.
The colored superparticles will be copiously produced!
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SUSY @ LHC

How do the SUSY events look!?
It depends on what is the LSP.

In the models with neutralino LSP (e.g. mSUGRA), the
decays of the produced superparticles result in final state
with two LSPs which escape the detector.

SUSY events : n jets + m leptons + missing ET (n20,m=0)

l 14
LSP escape the detector and
@ results in the missing ET.

Friday, January 13, 2012



SUSY @ LHC

In the models with gravitino LSP (e.g. gauge mediation),

the NLSP can have a long lifetime.
[NLSP : The lightest SUSY particle in the MSSM]

Decay length of the NLSP (decaying into gravitino)

m

0\ 7O [ M3/2\?
d ~6mx (ooaw)  (Tiar)
/PNwsp ~ 6m X ( {o0E 1 keV

Prompt decaying NLSP
SUSY events : n jets + m leptons + missing ET (n=0,m20)
(+ photons)

Escaping neutralino NLSP
SUSY events : n jets + m leptons + missing ET (n=0,m20)

Escaping charged NLSP
SUSY events : n jets + m leptons + new charged tracks
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SUSY @ LHC

SM backgrounds

SUSY events : n jets + m leptons + missing ET

QCD multi-jets (ET>100GeV) ~Ipub
Suppressed by large missing ET.
WIZ + jets ~ 10nb [W—2TV, v, Z—2VV]
Top pair + jets ~ 800pb
SUSY events can win with larger ET, more jets

SUSY events : n jets + m leptons + new charged tracks

Collect slow tracks to distinguish the charged tracks
from the muon tracks.
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SUSY @ LHC

Results of ATLAS detector in 2010 (7TeV, 35pb")

s gy ATLAS searched for the deviation
S, :i lE E 0 lepton comb;edzeiilzZic;nSﬂ “ . M M . M
§1750__ i ;—Obs-erved95%C.|T.I.imit _E In jets + mISSIng ET.
= 1500 - | T peesmicte .
N B e 1 No deviation from the SM
w1250:_ w ‘\‘ ] [ FNAL MSUGRA/CMSSM, RunJE
- Y i [ | DOMSUGRA/CMSSM, Run II
1ooo; 95% eXCIUS|On I|m|t
750 gluino mass > 500GeV
so0 [mgluino << msquark]
250 F - gIUinO mass > 87OGeV
%0 250 500 750 1000 1250 1500 1750 2000 [mgIUinO = msquark]
Squark-gluino-neutralino model (massless %) gluino mass [GeV]

Rather light mass regions are getting excluded...
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Higgs Mechanism in SSM

Higgs potential in the supersymmetric limit.

W = ,uHHqu
2
V = |pgr Hy|? + g Hoy|? + %(D ~ term)2 4 - - -

A

No EWSB in the supersymmetric limit
with only J-term.

>
0 HU7Hd

Deformation by SUSY breaking effects (well-studied)

Extended superpotential (rather exotic...)
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Higgs Mechanism in SSM

Radiative Electroweak Symmetry Breaking
A very nice feature of the MSSM!

Soft SUSY breaking mass term of Higgs doublets are generated
at the mediation scale (e.g. Planck scale, Messenger scale).

Then, the soft mass mH >0 at this scale is driven to negative
at the lower energies in the course of the RG flow.

SUSY deformed by SUSY
potential 1 at the high scale
\ / at the low energy
>
HU7 Hd

EWSB is realized by the radiative correction!
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Higgs Mechanism in SSM

Why only higgs gets negative mass squared?

d 6
167% —miy, = 3X; —6g3|Ma|* — —gf| M7,
d 6
167 mi;, = 3Xy+ X, — 6g3|Mo[* — —gf| M.
2i2 b X—3—2M2— 2M2_32M2
167" —mg, = Xy + Xy — —g3|M3|" — 6g5| Mo g1 | M|
dt 3 15
d 32 32
2 2 2 2 2 2
167 %mﬂs = 2X; — §QS|M3‘ o E91’M1|
d 32 8
2 2 2 2 2 2
167 Emgg = 2Xp — 393|M3‘ — 1_591‘M1|
Xy = 2Jye*(my, + md, +ma,) +2la*,  y = I
5 o 5 5 . V2myy sin 5
Xb = 2 yb| (de + megs +ma3) ™ z‘ab| 7 Y gMo,
bt — 3
X, = 2ly,|*(m¥, + mi, + m2,) + 2|a.|? V2mw cos §

The color factor and the gluino contribution to the squarks makes it
possible to have negative Higgs but positive squark squared masses.
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Higgs Mechanism in SSM

m
X

800

Typically, only Hu gets negative
mass squared.

600 F

| 3rd generation squarks/sleptons
are lighter than the first two

200 |

Running mass parameters (GeV)

0l Il | generatlons.
L / |
f /
-200 | ,/ tan 8= 10 |
’ 7 mo = 400 GeV |
400 | // majz = 300GeV |
I H, »
0 2.5 5 75 10 125 15

The radiative EVVSB is remarkable nature of the MSSM!
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Higgs Mechanism in SSM

Higgs potential

Vo= (Jul* +mi, ) (H? + 1H 1) + (e +mE, ) (Hg + [H7 )
+b(HIH, — HYHY) +c.c.
1 _
+5(g" + gV (HLP + B P — |HGP — | H, )°

1 9 Ox* 0 —% |2
+59 |H, Hy" + H,H;"|". [ D-term contributions ]

Hg = (Hg, Hd_) H, = (H,j_, Hfg)

We can always make Hu = 0 at the minimum by rotating SU(2).

51
OH.

g2

_ (b+ —<H3H3>*) Hy
H1=0 2

+ - : : :
At the vacuum, Hu = Hd = 0, i.e. the U(|)EM is automatically
unbroken at the vacuum!
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Higgs Mechanism in SSM

Potential of neutral Higgs

Vo= (lul* +mi ) H, P+ (ul* +mi, ) [Hg? — (b HyHy + c.c.)
1

2 /12 0,2 012\2
+§(9 + g ) (| Hy|” — |Hg ")
At the vacuum, (H{ ) = v,
1 9V 2+
Somg = (min, +lua )l = Busva + T (0% = viv, = 0,
1 9V 9> + ¢
sas = (Mt lpal?)v = Bumv, + == (03 = v)va = 0,
d
1m2 _ m%‘.’d _m%ﬂlu tan? 3 gl
27 tan2 3 — 1 ’
sin 23
B = ——(mjy, +mig, +2luul);

The model parameters (mHu, mHd, Bun, |UH|) are related to the
model predictions (mz,tanf).

Friday, January 13, 2012



Higgs Mechanis

m in SSM

Higgs mass spectrum

Two Higgs doublets = 8 real scalar
2 CP-even: hOHO 2 CP-odd: G

S
+

Lt

Mixing angles

() =

hO
HO

cCoOSy — Sln o
sin o COS (x

)(

Re[HY]

(G()) _\/i(sinﬂ —cosﬁ) (Im[HS])

AV ) cos 3 sinf3 Im[HY]
sin2a mio +m% .
sin23 m?{O — mio’

Re[H?] — v,
— g

00 2 CP-charged : C%i,

\

absorbed by Z/W

Gt\ [sin8 —cosf H;
» \HT ) \cos8 sinp H; ")’
COS 2« _ mio — mQZ
cos 203 M0 — Mo

m%o = 2b/sin 23

2
m%_]j: — mjz40 _I_mW
m2 _ 1 2 e 2 ( 2 + 2)2 — 4 2 2 225
hO,HO — 2 mA() mZ:F mAO mZ mZmAO COS .

04:5_7‘-/27

(on > mz)
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Higgs Mechanism in SSM

The MSSM is highly predictive on the lightest Higgs Mass!

A%, H°, H can be arbitrarily heavy ~ 2b/sin2f

The lightest higgs is not, since the quartic term
is given by gauge coupling constants.

At the tree-level, the lightest Higgs mass is below LEP2 limit.
mpo < |cos26|my

[The inequality saturates for mao > mZ ]

Fortunately, the above mass gets rather drastic contribution from
the radiative correction, and can exceed the LEP2 limit!

3 M My

A(mio) — 4—7‘_2?}2y;l Siﬂ46 In ( 7;2% t2> - (mg > mt)
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Higgs Mechanism in SSM

140

[Quiros,VWagner, Haber]

maximal

In the decoupling limit, i.e. mA0 >> mZ

mMpo — |COS Qﬁ‘mz -+ A(mho)

For Msusy<I TeV, the predicted
v s | lightest higgs mass

Mgysy = my = 1 TeV

u = —200 GeV T

| mh0<130G€V
I B |

1 2 9 10 20 50

tan

The MSSM s still highly predictive on the lightest Higgs Mass
although the higgs gets rather important radiative collection!
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Higgs Mechanism in SSM

NMSSM 1
W =ANH,Hg + §/4;_J\f3

effective PQ-breaking
LU-term

Soft mass terms

1
Loott = —m|N|* = NA\NH,H,; + §H;ARN3
effective b-term

Two Higgs doublets + a singlet = |0 real scalars
3 CP-even : H0, HO : H(z) 3 CP-odd : GO, Ao,a

2 CP-charged : GEH*

[ MSSM limit: A\ — 0, kK — 0 keeping /), Heft fixed]
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Higgs Mechanism in SSM

Approximated NMSSM Higgs spectrum

CP-odd Higgs : m?, = ZS;H;;/\ (1 +

V24, ©V2

KU 3
> ) m? = — kv, A,

massless in PQ-symmetric limit

: 1
CP-even Higgs : m?,, = mio My = 50 (4rvs + V24,)

th < mZ cos® 206 + = ()\U) sin® 23 + EU yt sin” 5 In m2

contrlbution from the new quartic term

3 4 < mf1 mfz

)

Charged Higgs : m%. =m0 + miy, — %()\v)z

Although the SM-like higgs gets additional contribution,
A cannot be very large, since RG makes N positive...

mpo < 140 GeV
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Higgs Mechanism in SSM

Little tuning J-problem
1 my, — my tan® 3
9"z = tan? 3 — 1

If mruis huge, we require fine-tuning between mHu and M.

5 — \/LH\2 ~ \m%{u\ - \MH\Q

Is mhuhuge? ...almost yes in the allowed parameter space.

x M
Yt .2 log Uv
167 HIR

RGE effects on muu :  Amy, ~ —12—-m;

(1) squark mass > 500GeV (ATLAS)
2
mz/2 <OM% for Muv> |100TeV

[ Am |

(2) SM-like higgs mass > | 15GeV(LEP2) — stop mass > 500GeV
Again, the fine-tuning finer than O(1)% is required.

For mstop ~ msquark :
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Higgs Mechanism in SSM

Answers

(1) Don’t complain!

SUSY gave us a perturbative model up to the unification
scale at the price of just O(1)%.

(2) Light stop = small mHu.

How about light higgs mass!?

(i) Rather large A-term will help to push the higgs mass
with rather light stop (ask Asano san and Kitano san!)

(ii) Hide SM-like higgs with mass below the LEP2 bound
by adding new decay modes.
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Higgs Search @ LHC

SM-like nggs search @ LHC

— [T T T T [T T T T [T T T T[T 77T | L L L L 1_ bgl T '_l"'-.._! --------- I
—.é 1025— 7 TeV = B SACRLT T LT LT EN
T 5 P ———
1 90 . 0.1} S

& o Vi

2 10 o [ 99

b - o: »

1 IIIIII|
~
=

L 111 III'I

0.001 |

S8
Lo —
[ Zy \
........................ ).0001 1 ! !

100 150 200 250 300 350 400 450 500 100 130 160 200 300 500 700 1000

M, [GeV] My [GeV]
For mrn’=110-140GeV

g “TOOT0O)

T3 S S hO—>W

g 00000

[Backgrounds: irreducible photons [Backgrounds: Z+jets, Wijets...]
jet misidentification]
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Higgs Search @ LHC

When do we give up SUSY?
No Higgs signal gives the finishing blow to SUSY....

10 T r...| T .[.1 LI B 1 SN RIS SR NS A R 1 MSSM
o myo < 130 GeV

_%IEE\?”OH | NMSSM
mpo < 140 GeV

95% CL Limit on o/og,,

Other perturbative
extensions’?

ATLAS Preliminary (Simulation) mpo < 200 GeV?
1C|U 110 120 130 14{] 150 160 170 180 190 200

my[GeV]

By the end of 2012, the integrated luminosity, we must see
some hints (i.e. 30) on Higgs.
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Summary

Perturbative GUT strongly motivates the perturbative SUSY
to stabilize the scale of the Higgs mass.

It allows the model to be perturbative up to the unification
scale at the price of just O(1)% tuning in Higgs sector.

Coupling unification looks better than the SM!

Perturbative SUSY models predict the upper bound on the
Higgs mass.

Higgs search will exclude most of the parameter space if
we do not see any hints on higgs by the end of 2012!
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