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¢ Introduction

Weak scale SUSY is /Derﬁaps the /eaa/ing candidate
for mew physics at Tel/ :

e Protect the weak scale fram ?uac/m{-/'c a/ivergence
° Ga“ge cou/)/ing unificm.‘ian [tw‘t—ﬁin the MSSM)

* Good CDM candidate /una/er ,Q-/oarit/)

o Eas'i/)/ pass the Frecisian EW test



If the idea of weak scale SUSY is correct,
LHC will be able to discover some suloerpa/—é/'c/es.

W/mi‘ will Ae -Me Ae)/ /ssue if sufer/Darz‘l’c/es
are discovered at LHC 7

SUSY §/Dec{—roscop\/

(/Dai'z‘erng of gaugino, S?uark)

and s/e/oz‘on masses

> Window for the next sfe/D 07[- /una/amen{-a/

Inﬁysics such as suloer?ravif)/ or Suloersz‘ring



Qtfer/oarz‘ic/e masses at Tel/ are determined é/

o SOfL‘ /oaramefers induced at ﬁig[ messenger scale Mmess
M ; ?mvit)/ - anomaév, yau?iha, mimge

GUT
.-« mediations

Mmess « er I gauge mediation

Mness ~ MP/anck or

J R(f runni»; be low Mme“
o Intermediate scale threshold effects

i

| e {
Intermediate ~
threshold scale

mess



Generica/// , P& rurminy £ intermediate thresholds
a’eloenc/ on fﬁe a’ez‘ai/s of /OA/S‘/'CS at S'ca/es 5e£ween

& eV, e.9 extra matter or gauge interaction .

mess

Unlike sfermion masses , RG rumming % possible intermediate
thresholds for gaugino masses are highly constrained by
Jauge coulo/ing unificaz‘ian -

% At one-/oolo, Ma /9" do not run , while the ké
runn/'nis Of y:' are constrained 5)/ -He measaFeJ Va/ues

74
at [el/ and he anificm,tion at Méur = 2Xx/0 4‘—’[/.



¥ Intermediate +hreshold corrections 4o Ma/gz have a

direct comection to the RG evolution of 3>  thus
are constrained also 5)/ the gauge cou/o/ing aniﬁ'caz‘/’on.

o §en3i£ivi£/ to unknown /oﬁ)/sics at  Tel/ < E < Myess

1s¢t £ 2nd 3+ generaz‘ion

64“7 e < genera tions £ //iﬁs

> Gauaino mass pattern is a cod Ist step 4o re(/ea/
Taug P 7 P

the nature Of the transmission of SUSY Aremé,-n?

at ﬁigé messenger sca/e.
KC % Nilles



¢ Stabilization of gauge cou/o/ing modulus %
the /Daz‘z‘ern of S/Dari-/'c/e /yau?ino) s,oecz‘m

Assume

i) High scale gauge coalo/ing uni fication
i L
”) Z'z ~ ( T >

= /qo/omar/oéic gauge kinetic funcf-ion

in 4D effective SUGRA

Lo~ T



> () - 4T

[oop thresholds at scales fl‘om
(or M, ) to TeV

/’Ian ck

Z']C IL‘,‘ ~ 32 , one can fine-éune CC .

y = IFT| - 3 [my]” =0 ( Mpes =1 )
Without ﬁaw’n; other source of SUSY breaking , for which
foop thresholds give saé/eaa/inj contribution of (9( ﬂ.) :

8

(._-) =~ +F7 : Universal



However most of known modul; stabilization schemes
give rise to [FT] <« My .

¥ Racetrack in heterotic Sfrin?b“""k‘”’;cas“' Lalak, Munoz, Ross

=S, W= g« fe"°
> F®=o0

g fojcL T Kachrus Kallosh. Linde Trivedi

7£“=T’ W= u{‘lux+Ae-aT)
S'e?uesz‘erea( SUSY breaking )/ie/a/ing /4"0 84'2’492 7"
( u/arlpea/ se7uesz‘erin? : Z" , = 24 7/“, )

KC, Falkowski, Nilles, Olechow ski
> T o~ ~ M
/n (Mpg/mib) 4n*




¥ Pace f’f‘a(:k n 6; - com/)ac i'iflcafion of M—Heo/’y
Acﬁar/a , Bobkov, Kane, Kumar, Sho

£ = = kT
‘ L 3-cycle moduli of G,
2
e K=-SnLh(T+77)* Zf¢¢

T composi te meson

2 -4 (ZKT:) -0, (T ET:)
¢ e "4 + A, €

<

A

705 S'u/)erpofen tial

> FZ N YA , F?‘N 7}731
/n(Mpz/ma/;) /

If |F7] « My , we need other source of SUSY breaking
fi¥o m, (uplifting sector ) 4o get vanishing C.C

wnd then loop thresholds associated with |F I'> IF7]
( even grawt/-mez/mtea’ Joop thresholds ) can be important.



Gagﬂno Masses with Loojo Thres holds

ka»da// , Sundrum : éz'u dice et al ; Ragyer, Moroi, Po,opit'z

AN e
2 = 2 lém? F | ~T ’;’f XE
ya. Tel [= m?/z LN F 9,/(0

X

X[ & @) _fg_)
552+ pamahy) Femnh(iE)]

|
e-k‘/ = Z for the Kahler metric Z, of @

//’9 [Ya(x‘, 900 + XL FNEE + Y (XT x)RE |
# [do [ XTT® + MXIRR® |
XT= [T, X} = SUSY-breaking fields

Q= /igﬁt- chiral matters at Tel/

4 +Ic5 interme/iaz‘e S‘m/e ( iaaye-c[aryea( ) messenger ﬁ'e//s
renormalizable couplings with X : f,/‘p XETE

R"'kc-:- supeh‘e“”)' (gau’e-cﬁarged) regu/at‘ar : S'érlny £ kKK modes



Vi<

/;T " A(Te‘/)ﬁ.saeu

l6T*

y‘ TeV
Ca
3,13 4 [z (%), = G, (X)) + Z(;m)?x/»/m/ ]

ﬂnoma/)/ mediation : /Qana/a//, §una/ram ’ Gz'ua/ice et. al.
ba(Tel) FS‘UGRA )
/6 > ]

associa{'eo/ with the conforma/ anoma// at 7}[/

;— Bagger. Moroi, Poppitz
G(Q) F 9 / Y non-~- universa/ /oolo COMf‘I"I'A“f‘/Oh

82

associated with the Konishi anoma// of light matter Q

'han-universa/ /Do/D coni'ribuh’on

— X
o %}if) )/Z— : ?auge—mea/iai‘ea/ cont-ribution /ae to
intermediate scale messenger £+ 5, which is favored

to be universal ][DI‘ qauge Coup/i”g anificaéion



o LB b ( /M/) . UV regulator threshold

encoo//’n7 S’z‘rlng kK, gUT threshold effects
of 6( 7773/, (7[0,, /{caf-off of effective SU&GRA
Chosen to be just below MéUT ) ’ which are

yenerica //)/ non-unilversa /



6ene rica//)/ (/;4} )Tel/ are determmned 5‘7

(I) Two wuniversal contributijons

-
e m:u/u/us Mea/ia tion : 'il" F FX
e gauge mediation : 974; % Cu(2) 3

(L) Three nan-universa/ contributions 075 (9(;”7’[/:)

boCTelV
e COnforma/ anoma/)/ mealial-ion : /TFZ-‘_)FSWGRA
: [ X
o Konishi anoma/)/ mediation : T Z@ X4~V Qx/nfa

Y,
o UV reyu/a.t'or f’h‘es/)o/JS : g,zlz ‘:: Q(R)Fxgx /” (//‘Zl )

The coefficients of conforma/ % Konishi anama// contributions
ate determined 6/ the light particle spectrum at Tel/, while

the reyu/az‘ol— thresholds reguite information on the (/|/
Cam/g/efian of 40 effective SUGRA at scales above Acat-aff.



§cenari 0 /4

(V sensitive regu/az‘ar thresholds are negligible if
FTN 7)13/2 (canvem.‘iana/ 7raw’(:/ mea/iaéion)

or there exist intermediate scale gauge thresholds :

A Z%{) > mg/z (yaage nlea/iat‘ion)

37"

> mSUGRA IDaH'ern

| =X CG(F)

M.\ _ /). | ~T
(?) = (Jniversal —Z—F or ﬁ;ﬁ ;_‘:7

(modulus mediation ) ( gauge mediation )

M~:M~"M~"~“?,"?,:?3’*’ [ : 2 : 8 at Tel

8



o A moduli stabilization scheme )/ie/a’ing FT"’ N
q'ersdorff, Hebecker : Eerg, Haack, Kors

Stabilization 6)/ /Deri'urbm‘-ivc Kahler corrections

S/ 3
(Te79% T (T+T*)?

W = Wflax = flux-induced T-ina/eloena/eni- saperlool-enh'a/

K = =0, /'n (7+T*) +

If T2, n, = 3 (?M-S‘ca/e form at /eaJin; ora’er) s
() §¢, [o(/" correcéion) oc Euler number > O ,

(i) fs [s'{'rin? /0"/’ cottection ) < 0,

then T s stabilized with FT"’ ¥ .



If |F7] « My as mn-/aerz‘uréaz‘ive (or flux) stabilization

of T suﬁeszts , and there is mo gauge mediation
at scales below M&ur , then one needs {o know
the U sensitive regu/a{-or thresholds in order
to make a reliable /ore/ic{—/'on for the IDaz‘L‘ern of

gaugino masses, and this reguires information on

the UV com,o/ei'ion of 40D effective SUGRA , e on
He un/er/)/ing S‘ff'ing camfaci-ificafion.

' Is the u/o/ift-in? sector X (re?uirea[ for Vanisﬁin?
C.C when [F*] « My, ) S'e?uesferea/ from the

V/4
visible sector ¢



Segu esferec{ SUS Y 5reak/'ng
Randall, Sundrun

Mo / even yravifaffona/ sl-rengfﬁ ) contact interaction

between X and visible sector fields in superspace
effective action : /s
— — 3 8

/d*ﬁ[ﬂ,;ft()(,x+)+f2 (‘z' E) ]+ /40[M/5X)+ﬂ{,f?’]

vis

( K = Kéhler potential )

gener-lc fields cﬁavea/ under
the visible sector gauge groulb

= v =Y =M =0

a Y Y -~ [ 1 m
2)_"‘:‘-F’L/nz""""/z

> (4

( No Konishi anomaly £ regu/ai-or threshold contribution )



Warpec/ Se?uesi'er-inqa, in KKLT set - up

KC. Teong : Kachru. McAllister, Sundram
Visible
brane

D7

or

D3

SUSY - breakin g brane

(am!—i-D brane., ISS )
Olkaifeari'aigﬁ , oo

warpea/
Hroaz‘ t’ ?/w = @ V/w

? [lux cam/oacé-ifica{-ion generica///v produces warped throat

9 /4n)/ SUS Y-breakin? brane introduced into war/ea’ yeomet-r/
IS stabilized at the IR end Of Hrvm.‘.
9 SUSY brea;éin? in visible sector at the (/V end is -L‘o{-a//)/

ina’e'oena/en'l- of the nature of SUSY-breaking brane
(anti-brane, ISS brane, QO’Raifeartaigh brave, --- )



Scenario B

/FT/ & My, , and Fx"' My, s s*e?uesz‘erea/.
% ( /?: )TeV < F 7 /16T? 7”3/2

% [flux stebilization of T

7777' ~ < o Wux 7 ’ m%, ~ < Wux b
- §— AdS vacuum energy
Vanisﬁiny C.C : 84’4 - 3 7”;/2; =~ O
& warpe d ulo/ifl-i»7
o 2A - m,,
> mn,~e "L m > Fl« ==

Lsiy hierarch
ig bhierarc / e»farcea/ b Vam's/n'h7 C.C
=  Anomaly Pattern 4

rdi’ TeV

-ME : Mﬁ :Mi = 5,22:52?22: 63?32 = 3.3 :/[: 7
I




% /Vanferfuréaf'il/e stabilization of T

Little herarcﬁ/ due to the
7777_ m’/z /n( pe "o ) (’honloerfarbm‘we factor ~ ez/g )

m m
> [~ % ~ gjfz
= Mirage Pattern
b ba o
/48 M~ M~ = > : ? /'f'—_" y( * To
et Tl
 Shidden = (1+066): (2+0.20) : (6-1.8K )
e / ¢ & : 3.8 (d= 0.5)
- 1 = . .
at /eaa/ini order { [+ 3 2.5 (o= 1)
/i k2 L] (K= E)

n ot expan sion
- —— =]
= (om Pressec/ spec trum comlparea/ to other pa tterns



Mirage unifica{-io» Of s/oa/-i-ic/e masses

KC, Jeong, Okumura
b o2
Magr= M, [1- ;,7:‘7;(/‘)/” (%mre%)]

2 /n mirage
mign = mrr (e - 2Ly (Muirages) } (* '//‘)

26 T T T ‘ T T \: T T T ‘ T 2 [ T T T
|
\ ‘ . tanB=10 \ a=1 ] .
| Cm—172.7 GeV | ] CE N |
\ ) ?2 i i m,=172.7 GeV i M : | SN .. i
N Y3 . L I 1 [ ~L R
\\ @ i 150 ! Q N i =\=:__, . |
. | ] ! : - -
1 \\\ I 05 R
. [ I I
0.05 1 = u I H
o ':—;-: of u.‘f
P //i 4 - r e | P L 1 f | i
q_l,_,.-———-"""_// } | 00 L \ g ] 05 | /,/ i tanﬁz 10 |
) i ] i ’ | M,=800 GeV |
- | ‘ ' m,=172.7 GeV |
0 |- | 0 H S ! L 1 [ | [N I | |
10 15 10 15 5 10 15
Log,q(11/GeV) Logy(p/GeV) Log,q(11/GeV)

Nompertubative stabilization of T @ seguestered uplifti ng

-2 i dden
> Mimge uniﬁ'caéion at M ~ e " M (¢= :'“’ )
era,e GUT yeur




§cenario C

/FT/ K m.yz , and FX~ 7”% /s not S‘e?aesz‘erez/.

M _ g M highly UV sensitive due to
9 > = (9( 8’1z‘) are ghly sensitive du

the reiu/af'or- hresholds which are generica///
of the order of p .

g

~ FY = O(sn* M, ) : Leop split SUSY
Wells
/Von/)erz‘aréai'il/e stabilization of | % anse?aesferea/

7’”7?,.’2,

F-term u,o/ifl-ing scenario ;enerica/// Jeads to such

pattern of s,om-tic/e masses .

Lebedey, Nilles, Patz : Abe. Higaki, Kobayashi, Omura : Gomez -Feino, Scrucca
Acharya, Bobkov, Kane, Kumar, Shao ; Dudas . Papineau, Pokorski



- /4n exotic Sscenario : Ex,aonenf-ia //)/ /arge vo/ume
com/oac{-ifica tion Wwithout gauge Cou/o/in? uni fication
( Balasubramanian , Berglund , Conlon. Quevedo )

sma [l cyc/e

wodulus T K=‘3/h(72*72*)

3
Visible gauge + (F+T*)%- 5,

//uie volume

modulus T,
“\6 & matter fields (7, + 72*)?/;
on D-brane
Dilaton S wrapping W=w, +Ae°Ts

Small Cyc/e

/o

/3
)~ o

2
* 7; ~ 8.3—".7—5 ~ [MPlanclt/”’aA

Expanent—ia//)/ /arye VO/“me una’er Certain assam/o{-ion

"%

/"
sﬁ;”? MP/auch R 6e 4

16
Can not accomodate Jauge caulo/ing anif/ca'l-ion around 10 GeV



SyUSY éreakin? /oai-l-ern

70 scale feature
4
. —
F fm FSURA g LT 9\":’
h+T L
a/.)/zf{.-m? modulus

FTg m3/; FS

T+Tg [ nCM/m,)

I, = gauge cou,plmy modu us

Mo constraint from gauge caup/m? u»if/’ca Loy

> f = LT+ &S
- =/ k= k_ = rational # of 0(/))

( sUe) S‘Um - V) ) 4

=> Semi- m SUGRA /oaft.‘e/-n

M“':M~:M~2kY:2'-54LL Tel/



Summar/

—
e mSUGRA pattern : perturbative Kihler stabilization of T,

7aaye mea/ial'ion, ?aayl‘no medra tion, -

~No

M. M M. =1:2:6 = —1. 2§
v

8 Mx € LSP mass

« mirage pattern : 'non,oer{’uréah've stabilrzation of T

with seguestere d up lifting

(e9 KKLT with SM on D7 )

ME, :Mii" . Mfi ~ [: [.L3 2.8 = fomloressea/
(aé' /eaa'in? order in o(/) s/oecl-ra

e anomal pattern : flux stabilization of | with
ya - e
S‘egueséerea’ ulo/:fi-my
(e.y KKLT with SM on D3 )

ME:MJ:Miz 3.3 : /[ :9 => _M?x_z?




o Semi-m S‘UG/Z/L pattern Exponentially large volume
Mé,:ME;:M?, ~ k I 2 : 4

% gfermion Mmasse s (m?z) n the aéol/e 4 scenarios

are more maJe/-a’e/aena/em.‘ , but ?ener/‘ca//y

,my My k) Mw S A MB

« UV sensitive pattern

Flux or nonperturba tive stabilization of T with
unse?aesz‘erea[ a,o/ifl-in; [6-7 M- Heory on 62 with
racetrack stabilization of 3-cycle moduli ) :
H:'y/n/)/ UV sensitive gaugino mass ratios £

[.00/3 S'/J/it' Ioafz‘ern 5 m?.’z ~ gm* M'/z



¢ Determination of gaugino  mass ratios at

[ HC usiny He kink structure of MT2

= 2nd - lightest neutra/ino

y ’ xz ’ %
i /l'gh‘es'{' newtralino
assumed +o be LSP

(Z'f //i”sinos are heavier thaw W £ §,)

[

x,=§aru7 £ X,= W or §

Mé" : Mlz : Mxl - '?

> mSUGRA , anoma/)/ , mirage , - - ?



/ls the spaf-i-ic/e deca a/wa)/s im/o/:/es z‘74e invisible
LSP in the ﬁ'na/ state [assume /Q-/oarfé-)/ ) ,

measuring the sparticle masses is a nomtrivia] job.

° Invariant mass endpoints in long cascade a’ecays
Hinchliffe et al ; ll/ezylem et al ;

‘r’ N Ty
T~ X2 :é- 22 - - 7”
? /7 | i~

\£<l mrr = [ ong-m) g, - g )
% FeL m,,

M,>M > M el

7 X2 A £z m#z

% The accuracy of the overall mass determination is not good .
% Such a /ang a/eca)/ is not available in maa/e/s with

heavier sfe Fmions.



o Kink structure of M

T2

Cho, KC, Kim, Park

MTZ : Generalrzation of the transverse mass

fo the events with two missing /Dari-/c/es

Lester, Summers : Barr, Lester, Stephens

5 4— t visibles with /? m,
"1.,_/\ invisible X, with K, . Mi
rrr’ =S

7\ ’%k ’ Mx

w:}f,

a

~

",

k . k., MX are unknown exce/o-[- fo,- F,‘T+ E:T ,

HMS f'E?al'al Hem as ‘LLf'I'a/ Variaé/es anJer-

the constraint F,; & k_:r = — (F,f, + ET ).



/‘: t visibles with /? m,

d—"— invisible with E; . X

N~ k. % X = trial LSP mass
d §:} P.m, k. = trial LSP momenta

sai-isfying P;T+ Fzr = ‘(fTT* Er )

M (ﬁ_;-lmll ET'MZ:Z)
T2

lester, Summers

J—z‘a/:e minimization to be bounded above by M. ﬁr ¥= ”!z

=  min [ 'm[ax ( MTm, M:’ )] §

[k:;-} take maximum to have a better chance to
reach M-~
7
M = me 2t 2(E6 - FF)
5 FPE,T < m+ 2+ 2(EE - PpF)
i T~ . e.x 3

Mz



We are interested in

max — may M (/'3: ,
MTJ- (%] fall events }

= min [ Mmax
[,v,m} £ £}

which has the /Droloeri'/

M.’:ax( X = Mx ) = Mi



So far, M has been S‘f'uali‘eal on/)/ numer/'ca///

T2

for the S‘im/o/es{- situation that

? o single ¢ with fixed m=mf

7’5 \x
Pl/ —<\’-
A max
(X)
M ,
*
X
X
m|— — —_ _ _ _ o ©
7 e ¥ |
x ¥ !
l
I
(
7;7 > X
y 4



M (g/umo) has & ?wz“e a//fferenz’- széfacéure.
Cho, KC, Kim. Park

?:" é}’zg } two visible /Darz‘lc/es with
h,__ ¥ .
S

Vﬂf‘)’mg value of m”

/\

,\ Z'ncreasinj m??

: Kink structure at X = mx
)
|
v
]

", X

>
We could also determine the ana//{-ic expression of
M7 cx)  which is yreaz‘/)/ useful +o determine the

T2

kink point fr-om data .




Kink structure of MT:W(,’K) for g/aino
migh‘ make it /)ossié/e to determine

Mi, & Mx, S‘imu/{'aneous/)/ (and Aolpefu//)/
accumz‘e// ), SO M?, : MX : M also .

2 'KI

may

(an we construct M (x) from rea/

T2
collider data ?



Generate SUSY events by PYTHIA for o = loo 247
Include SM bacéaroana’s % Proceea/ with PGS

Event selection cuts :

* At least 4 /'ez‘s with /2 > 200, /40, [00, 50 Gel

. %_ > 250 GeV , S; > 025 , mo bejets & no-leptons

£ (f.p) &% CR.A) = highest momentum

R = largest Pl Vag*+an* w.rt p

950
900 1000
[ Heavy squark ) // [ Light $quark
L P L
850 | p / 900 I /
| ) vy //’,, -
I i ntunts i 'ﬁ/ .......................
P s
74 § 7
75( =t ‘/' -
i m = 98 e | M, =34%
I X e |
00 | |
A . A
100 150 200 0 20 300 400 500 0
no stransv m 5. Mch t rse m . Mch



(onc/asion
]

¢ One can classify the patterns of Sloartic/e masses

based on Ipossiéle schemes of moduli stablization.

This might provide a useful +oo/ probing sz‘r/n?
compacti fication with sparticle spectra.

Known scéemes of modul i stabilization suggesl- that

non-universa | Ma/g:— are ,D/ausié/e ,Dossiéi/ii-)/.



9 Ex/)eri'menz‘a/ measurement of K = M;/Mx will be
able to discriminate different SUSY-éreaA/'ng schemes :

mSUGRA  pattern R = 4
anoma/y /oa.tt'ern : R =z 9

mirage pattern : R can be s'i7nificani-// smaller

/ MTz—kink might provide a useful too/ 4o
determine the gaugino mass ratios (possiél/

other sloari—i'c/e masses also ) at LHC.



