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LHC experiments have started taking data.




Introduction (What is the basis for expecting the discovery @ LHC)

E 1=
What we know T 1Te

Non-linear c model (low energy effective theory) W, Z, v,

Global : SU(2), X SU(2)z — SU(2) u,ctd,s,b,

_ e 1T,
° ° e ge ° ( \
The limit of validity exists; W, W,
Unitarity violation (>1TeV) W @
L W, y

j‘> @ < TeV scale, an important discovery exists!

Is it Higgs boson?



Introduction

m Higgs boson is the last undiscovered particle in
the SM (Standard Model) of particle physics.

m Higgs will restore the
unitarity of W W, scatt.
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Introduction

m Higgs boson is the last undiscovered particle

in the SM. 04

|Cm-1727+29GeV
. . =114...1000 GeV
m Higgs will restore the m“ ©

unitarity of W \W, scatt.  o{U=0

m EWPMs (Electroweak
Precision measurements)— ol[mH=114Gev
are consistent with light
Higgs boson.
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Introduction

m Higgs boson is the last undiscovered particle
in the SM.
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Introduction What about it for theoretical side?

In the SM, there is the hierarchy problem.

m The Higgs Potential V =m? |h|*+ (W/4) |n|*

( v2=-2m?/k,
mh2=)\.V2

m The Higgsmass m,2/2=-m?

)



Introduction

In the SM, there is the hierarchy problem.

m The Higgs Potential V = m? |h|*+ (W/4) |h|
( v2=-2m?/k,
@ my? =A V2 )
m The Higgs mass m,°/2 =-m?+ ém?

Quantum correction om, > ~ (Yy?/16m%) A?
- (y2/1672) My

hierarchy problem
My /2 = (Y/16m°) Mp/?




Introduction

m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.




Introduction

m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.

light Higgs!
Higgs Potential gauge coupling |
V= mi|H|” + my|Hy|* + (mgHYHy + hoc.)+ =297 by - gy

in MSSM (Minimal Supersymmetric Standard Model)
the lightest Higgs boson mass, m,, can be as large as 130 GeV.

Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991); J. R. Ellis, G. Ridolfi and F.
Zwirner, Phys. Lett. B 257, 83 (1991); H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991).



Introduction

m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.

light Higgs + R-parity
-> consistent with EWPM !
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Introduction

m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.

light Higgs + R-parity
-> consistent with EWPM !

Sounds like a good idea
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m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.

Fine-tuning disappear ?



Introduction

m Supersymmetry (SUSY) is one of the solution to
the hierarchy problem.

A? terms are canceled!
jl> There are only logarithmic terms.

Fine-tuning disappear ?
No.

j‘> We should give more consideration to fine-
tuning problem in SUSY
if we take the naturalness seriously.



Naturalness in SUSY model

What kind of a SUSY signal
with "Naturalness” will appear



Naturalness How far is the fine-tuning?

1%?, 0.01% ? 10%?
In the SM with cutoff scale A~ 10TeV,

(€ the scenario is also good for data and theory.)

M 12 = (YR WE

(100 GeV)?2/ 2 <= (y,4/16m?) (10TeV)?




Naturalness How far is the fine-tuning?

1%?, 0.01% ? 10%?
In the SM with cutoff scale A~ 10TeV,

(€ the scenario is also good for data and theory.)

M 12 = (YR WE

(100GeV)2/2 / (y&16n?) (10TeV)? < 1%

m If we allow ~ 1 % tuning, we don’t need to consider
low scale SUSY for Naturalness.

m If we consider the low scale SUSY for Naturalness,
=10 % tuning is favor.

jl> In this talk, < 10 % tuning is called fine-tuning.



Naturalness V =m? |h|? + (1/4) |h| 4
2m2=m2 £ (130 GeV)~2

[ m2 = HZ + (mHuz)tree + (mHuz)rad J
N A

\

if each contribution is much larger than Higgs mass,

fine-tuning is required.



Naturalness V =m? |h|? + (1/4) |h| 4
2m2=m2 £ (130 GeV)~2

[ m2 = ”2 + (mHuz)tree T (mHuz)rad J
m For L term,
4 Requiring A~! =m3 /242 >10%, )

> |u] £ 290 GeV




Naturalness V =m? |h|? + (1/4) |h| 4
2m2=m2 £ (130 GeV)~2

[ m2 = HZ + (mHuz)tree T (mHuz)rad J

m For m,, term,

/2 N S W E \
mHulrad_ (mQ3 n | zl

8 772 Us

Because the small logarithm is favor,

we assume N ... ~ 10 TeV

\_ /




Naturalness V =m? |h|? + (1/4) |h| 4
2m2=m2 £ (130 GeV)~2

[ m? = HZ + (mHuz)tree + (mHuz)rad J
m For m,, term,

—
3y7 M pess\ ~ 10 TeV
/m%{uhad ~ — 83’;2 (mp, + my, + |Al|2)ln( )

m;
mp = (-’f:r:e..@3 M) 1/2
Requiring A—! = -m%/?-m%ﬂ}md >10 %,

j‘> 500 GeV < my < 500 GeV o for |Ay| ~ m;

250 GeV < m; < 360 Gev  for [A¢] ~ 2m;
T T H B B

From experiments, From naturalness
\ mh > 114.4GeV /




m From 1 term, ( A™Y = m2 /2,2 and require A7 > 10% )
1] £ 290 GeV mp Light Higgsino

m From m, term ( A7" =m;/2mj | ) & Higgs mass bound

=

500 GeV < my; < 500 GeV  for [Ay] ~ m;

250 GeV < my <360 Gev  for |4
m;, <400 GeV o (4
m;, S 200 GeV o (|A;

mp Light stop

By assuming a small logarithm (Myess ~ 10 TeV)

-

~ 2m;

~ my)

~ 2m;)

mp Massless gravitino

Stop/Higgsino/gravitino system!




(Stop/Higgsino/gravitino)
Measurement of Natural SUSY signals
at the LHC



(Stop/Higgsino/gravitino)

soft jeus /

SUSY event topology Lo\

Hl a6

Of i = 18 pb

[

— %

soft jets

b
particle || mass [GeV] | branching ratio v
% 193.8 | Br(\! —» GZ) = 0.80, Br(y) — Gh) = 0.20
% 202.8 Br(x) — x{qq) = 0.40, Br(xY — x{vi) = 0.19,
Br(x§ — x7qq) = 0.13, - -
X7 197.3 Br(x{ — \qq) = 0.67, Br(x] — xJlTv) = 0.33
t 230.6 Br(t; — x{0)=1.0
ty 559.4 Br(ty — Zt;) = 0.38, Br(ty — Wthy) = 0.20,
Br(ty — \{t) = 0.16, Br(fy — x1b) = 0.16, - - -
by 404.1 Br(by — W) = 0.73, Br(b — x7t) = 0.24, ---
h 119.6 Br(h — bb) = 0.82,
G ~ 0




(Stop/Higgsino/gravitino) b 7

soft jets
WEARHIE
E* — 0 =
1 X1 X1 G
b Z

soft jets
In the final state,

there are 2 missing particles(gravitino).

j‘> M., is a helpful variable:
The endpoint shows the parent particle mass

( )
Mpy = min  |max {M k7). Mr(p’, K
T2 kﬁ}éﬁﬁ[ {Mr(pr. k), My (pp.k7)}]
M% (pTv kT) - m\%isible + m%( + 2 (E%iSibleE% — PT- kT)
=M .
= "¥'parent particle
g J




Higgsino mass measurement

m )" is mainly produced from stops
which are produced in pair

-> there are a pair of ;" in each event f \ xf/\ XY \ G

m VI, variable for the system;

Y = (2G)(2G) — (TG G) M., =My,°
(to reduce ttbar)

m We assume massless gravitino

M;, is a helpful variable.

soft |
) X1+\/ e

r

kp +k’,T :j)T
Mi(pr.ky) =

<
- IVIparent particle

Mypy = min [max{I\/fT(PT;kT):AfT(P,’_FakIT)H

m\%isible + m%( + 2 (E%iSibleE% — P71 kT)

J




Higgsino mass measurement b z

soft |
m )" is mainly produced from stops t / \i\/ XY / g
which are produced in pair

-> there are a pair of ., in each event th \ \1‘/\ X\ \

m Vi, variable for the system;
O = (ZG)(2G) = (TG (ITI=G) My, =My,°
(to reduce ttbar)
m,o = 198 + 2 GeV
(193.8 GeV)

m We assume massless gravitino

We require

m Zto be lepton pairs with same flavor and opposite charges. If

all 4 leptons have the same flavor, we take the combination in which the
difference of 2 reconstructed Z masses is smaller than the other combination.

e four leptons (pp > 10 GeV)
e 85 GeV < mp+;—- < 95 GeV
o Mg > 250 GeV and pr > 50 GeV



Higgsino mass measurement b z

soft |
m )" is mainly produced from stops t / \i\/ XY / g
which are produced in pair

-> there are a pair of y,” in each event t \ x;/\ XY \
soft
o Moo 1450 . .
f g’:’i"‘ e 5::3 GG My, éMX10
. or '. | b (to reduce ttbar)
myo = 198 + 2 GeV
! X1
S | C\ (193.8 GeV)
Sl m |
2% easu,-able r and opposite charges. If
d

combination in which the
. is smaller than the other combination.

(=]
— T

R

B e @y"' 1 e four leptons (pr > 10 GeV)
\ |V|-|-2 [GEV] / e 85 GeV < my+;- <95 GeV

L — 20fh~! o Mg > 250 GeV and pr > 50 GeV



measurement of stop mass



Lighter stop mass measurement b Z

soft jets
m Stop mass can be measured by M., =M /stop/7 / \1+\/ N
using the M, distribution by )
/

including two hard jets.

ol A7 /\ NEE
-> we require 2 =N,= 5hard jets (pT > 20 GeV) soft jets
/ 2 7
We use a pair of (bZ) combinations as viSible
particles in the definition of the M, variable.

m Strategy to select a combination

My 74 -+ MjoZo = M4y ('TT?-;;‘,L- 71 + 'TT?-ijQ)

—

m At least either of j, or j, is b-tagged



Lighter stop mass measurement

m Stop mass can be measured by
using the M, distribution by

-> we require 2 =N,= 5hard jets (pT > 20 GeV)

including two hard jets.

Events / 20 GeV / 20fb’

w
o

N
wn

N
(=]

—
L#]

s
L=

~

Entries

88.08

258.4
97.0

ﬂ g’?idf 1263 /7 2
""‘.‘ [\ Wiy 7y + Mo Ze = MING£j (-'m.j%. 7z, + "Tn-ijQ)
aSUra b I e

soft jets

v\

/

We use a pair of (bZ) combinations as visible
particles in the definition of the M, variable.

bvination

—

mi, = 258 =6 GeV

(230.6 GeV')

L = 20fb~!



measurement of Higgs mass

from SUSY cascade decay



Higgs mass measurement b

soft jets
. /\ f| X7 \/ X1
In signal events, we treat \

two leading pr jets (j1 and jo9) as the Higgs boson
f* <3 0 =
lepton pair (/1 and ls) as the Z boson L \ X1 /\ X1 G

soft jets £
b [~1F



Higgs mass measurement -
/ soft jets

X1\/\[1)
/\\1

In signal events, we treat

/\ .
| |
two leading pr jets (j1 and j9) as the Higgs boson |
t | X1 G*
soft jets

m To reduce ttbar BG ; ﬁ)
(> 2 b-jets, 2 leptons & MET), /
we use M, variable for CUT.

ﬂ_ng((jlll)(jglg)) > 180GeV t
(ttbarBG < mt ~170 GeV) |_ &O N>

lepton pair (/1 and ls) as the Z boson




Higgs mass measurement b
/ soft jets

. X1 \/ X?
In signal events, we treat
/\ \1

/\ .
| |
two leading pr jets (j1 and j9) as the Higgs boson |
t | X1 G*
soft jets

m To reduce ttbar BG ; ﬁ)
(> 2 b-jets, 2 leptons & MET), /
we use M, variable for CUT.
Mra((j1l1)(jal2)) > 180GeV

lepton pair (/1 and ls) as the Z boson

t ——<
(ttbarBG < mt ~170 GeV) | b NI D
m To reduce the combinatorial ol
BG, f /\Y\/ X /(
Mra((j172)(l1l2)) < 200 GeV AR AT
(signal < my,° ~195 GeV) \ \



Higgs mass measurement b

In signal events, we treat \
]

two leading pr jets (j1 and j9) as the Higgs boson
il o\

lepton pair (/1 and ls) as the Z boson

soft jets
; A+ 0 =
th | X1 \/ X1 A

i -1+

CUT

~

Events /5 GeV / 20 B

\_

30

25

20

15

10

\ e a lepton pair with the same flavor and opposite charge with pp > 10 GeV

Entries 473

111.3
5 B e o 85 GeV < my+ - < 95 GeV,

24.90

114.1 . . - S
L 16.28 e at least two hard jets with pp > 50 GeV,
8 e at least three and less than five hard jets with pp > 30 GeV.

o Mg > 250 GeV,
at least one of the two hardest jets is b-tagged.

0 25 50 75 100 125 150 175 200 225

M 3132 [GeV]

my, = 114 £ 16 GeV

L = 20fb~1



Discovery of Natural SUSY signals
at the LHC



SUSY Search
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inary

SUSY Search very pre\‘\m

m, , [GeV]

- T | T T ,‘ T ‘ T T T T | T T T T | T .\ T T ‘ T T T I7 o : lus ,
100051  ATLAS \ T detsOlepton s |[To 4 ;
\ \\ .\\ mnmEm i - m ’
ev) 5qusgo\£ery_ , 3 jets O lepton ] oo 300 | : ) ) p _
© MSUGRAtanB=10 "~ siuw 2jets Olepton - oo SSer = tG R am
\\._\ ) . ‘ i =X l : . /
. ‘ . o~ 1 ,' ,'
) ~ \ \ — — - 1 ’ ¢
....... e . \§ (2.5 TeV) | > = . R ,
..'~ h ~ \‘._ ~ \ - T C\-j 1 ‘ ¥ ‘
. \ \3(20TeV) . ~, 1
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F0Te v 8 \\ . 5 1 J
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m, [GeV] 100 200 300 400
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SUSY Search very pre\‘\m

inary
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SUSY Search

jé\é‘g’g\? 7-|7 T | T T ,‘ T ‘ T T T T ‘1 T
10005
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N

800,
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e
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SUSY Search

~
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> discovery potential of low scale SUSY

> fine tuning was a good guiding principle or not



SUSY Search

Sample point o :
] = @ i+ db
@ \/§:7T8Vj1 b 8030 F =N 7 -G
':E | : ! (I1I)
'%‘ iz E ,I\“/ ’l'
@ : N
1b + I*l- (from Z) + MET = VA ;
S/\ 200 : ) /?: ','Q?./Q
1 ’ I 0
I :l' b s S\\.
~ 10 events for 2 expected BG Y S
A S X (Iv)
(after cuts) L
e .
MA, H. D. Kim, R. Kitano, Y. Shimizu, 2010 \ m;, [GeV] stop

> discovery potential of low scale SUSY

> fine tuning was a good guiding principle or not




SUSY Search

Sample point o .
1 5 @D (1D
@ /s=T7TeV,1 fb Bl N 5
T l K (I1D)
1b+ "l (from Z2) + MET . ' @o
S 20 I : ':\\\/‘. :'; QQ@
~ 10 events for 2 expected BG S s
L S aw
100 200 300 400

> discovery potential of low scale SUSY

> fine tuning was a good guiding principle or not



