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I: Non-technical Overview
what SUSY is supposed to give us
II: From formalism to the MSSM
Global SUSY formalism, Feynman rules, soft
SUSY breaking, MSSM
III: SUSY breaking
how to break SUSY, mediation mechanisms
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Breaking SUSY




0 Tree-level SUSY oo -

breaking

@ O'Raifeartaigh model W =AX(Z>—v?)+mYZ

*_aW_ % ANk
FX—a—X—k(Z —V)—O
L aly
o =—=mZ =0
Y

@ Cannot be satisfied simultaneously
@ Ground state at X=Y=Z=0

@ SUSY indeed broken
@ However, the hierarchy v<Mp, put in by hand
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Breaking

@ Nobody is worried why
Mp<Mp|

@ If SUSY is broken also
by strong gauge
dynamics, hierarchy
naturally understood

@ If not broken at the
tree-level, not broken at
all orders in
perturbation theory

broken non-perturbatively

)
m, ~ Mpe 81~/ g5 (Mpi)bo
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l|J'|OW to Break SUSY

@ Breaking SUSY has been difficult
@ Nelson-Seiberg: you need either
@ non-generic superpotential
@ need exact U(1)r spontaneously broken
@ Either way, theory needs to be rather
special, not a whole lot of models known
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'ilow to Break SUSY

@ Breaking SUSY has been difficult
@ Nelson-Seiberg: you need either

@ non-generic superpotential

@ need exact U(1)r spontaneously broken
@ Either way, theory needs to be rather

special, not a whole lot of models known
U6) U@) Ul), UQ)r
15 0
6 0
6
6
]
]

|
5

S

+1
0
+1

W=AFtF~ + FY(F*S™ + F~S*)+ FF°S°

0

~e|ene|E
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Breaking

@ Examples
@ SO(10) with single 16
@ SU(5) with 10+5*
@ SU(3)xSU(2) with Q, u, d, L and W=QdL
@ SU(2) with 4 Qs and 6 singlets W=S;QiQ;

® SUSY is broken with V=A*




T Metastable SUSY oo

breaking: generic?

@ low-energy free magnetic theory (mq</\)
® SUSY breaking @M;; =0, gy~ =mg #0

D




1 (N :
Cosmological constant?

@ Once SUSY is broken, there is a large
vacuum energy V=A*
o

@ massless goldstino eaten by gravitino

@ Global SUSY: V=i|oiW/|°=A\*

@ supergravity: V=eX(|DiW|2-3|W|2/Mp?)

@ can choose a constant term in the
superpotential to cancel the vacuum energy

@ gravitino mass mz/=ef2|[W|=A%/Mp
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on a slide

@ start with conformal supergravity (guv, Y*,
by, Ay)

@ remove unwanted components by infegrating
out Weyl compensator chiral superfield S

@ Weyl scale S—>S/W1/3/d4 e

05— e / d*0 (5> + f(9)WouW )

@ depends only on G-K+In|W|2 K= —%ln(3M12»z—¢ )

i eG(Gi(G;)_lGj_ 3) i €K (E*(Kj)_lFJ Jhk 3‘W‘2)
F =W+ KW

@ <S>=1+02<W>, mi=eX/2|W]|
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Phenomenological
requirements on SUSY




-1 Soft SUSY breakin Gugigea.

ferms in tThe MSSM

@ For each term in the superpotential
WMSSM YZJQZMCH —I—Yl‘]QldCH —|—Y‘]L €CHd —I—,UH Hd

@ we can have the "A-terms” and "B-term”

® scalar masses for all scalars

@ gaugino mass for all three gauge factors

@ A(18x3)+B(2)+m(9x5+2)+M(2x3)+u(2)=111
U(1)rxU(1)rq removes only two phases
cf. SM has two params in the Higgs sector
107 more parameters than the SM!
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Neutral Current

@ There is no tree-level vertex such as sy'dZ,
@ In the Standard Model, FCNC is highly
suppressed

1
GamZ (V. V)
16752 ( cd )

€
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USY flavor violation

@ soft SUSY breaking parameters can violate

gk i\ (4

(d, § 1;) m%lmgzm%

S
g Vg g 7
31371133 b

~/

(8)) M oaTSUSY
Pl mipinm» 500GeV K()

6%, )tk (%) < 0.00SE.
\/( 12)RR(072)LL < 500GeV
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USY flavor violation

@ soft SUSY breaking parameters can violate

flavor > 2 )
USTULP UGS

(ExfnT) m%lmgzm%

P g iy
M3 M3,yMl33

&
ii
T

(8',)re < 3.9 %X 10
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1P IV RS persymm erric s

CP problem

@ The relative phases of
H and Mi23 are
physical

@ induces electric dipole
moments H o §-FE

@ stringent limits on
electron, neutron, and
Hg atom

D
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1P IV RS persymm erric s

CP problem

@ The relative phases of
LU and M;23 are
physical

Mercury EDM

Limit on mercury EDM

% induces eleCfr‘iC dlpOle ' ~ Electron EDM
ik ; — — — Limit on electron EDM
moments H o« 5-E

@ stringent limits on
electron, neutron, and
Hg atom

M [TeV]

D Falk, Olive, Pospelov, Roiban
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assumptions

@ soft SUSY breaking parameters all real

@ "flavor-blind”, namely, 3x3 sclar mass-
squared matrices: m¢?=1

@ gaugino masses unify: Mi=Mz=M3 at Mgur
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* Minimal SUGRA e

(Hall, Lykken, Weinberg)

@ Often, this problem is “solved” by assuming a
very special Lagrangian called "minimal

supergravi’ry'] d49(—3M12:>z) exp (3;412 (dF " + zfzﬂ)
Pl

@ Gives universal scalar mass: flavor-blind

@ No theoretical justification for this very
particular choice

@ Just a convenient choice to obtain the
minimal Kinetic term with no Planck-
suppressed corrections

® Not stable under renormalization
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‘minimal supergravnfy

@ At the GUT-scale 2x10'° GeV

@ assume all scalar masses are equal mo°

@ assume all gaugino massses are equal M/
@ assume all trilinear couplings are equal Ao
@ In addition, B, Bl

@ calculate all SUSY breaking terms via RGE
down from the

@ fix mz: leaves four parameters (and sign(p))
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one-loop RGE

@ GUT prediction of gaugino masses

———O
dt g7

Mi: M, Mz=~1:2:7atmy

@ gauge in’rerag’rion bo?sfs scalar masses
2

" ol
@ Yukawa |9’remchon suppr6esses scalar masses
16m° EmHu—3Xt—6g —ggle
167 %m 2Xt—33—2g§M3 i? ‘M7
16m %f% =X, — 332&’%M3 6gzMz—%g?M§

X=2Y(my, +m; +m; +A7)
@ Hu mass-squared most likely fo get negative!
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sample spectrum

mo = 100, my , = 250, Ag = —100, tanp = 10, u > 0

Wednesday, June 18,2008
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bulk
region

21
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sample sPecfrum B RARRR T e ot

mo = 1450, my /, = 300, Ag= 0, tanf = 10, u >0

Wednesday, June 18,2008 22



sample spectrum

WL():90, m1/2:400, A():O, tanB: 10, ,U>O
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coanni-
hilation
region
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Gravn‘y Mediation

N
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@ People argued that the mediation of SUSY
breaking by gravity is universal because the
gravity couples universally

@ But It Is easy to see

this is a big lie

@ The minute you falk about gravity, we have a
theory cutoff at the Planck-scale, and we
can write arbitrary operators suppressed by
the Planck scale w/o the knowledge of the
fully consistent theory of quantum gravity

F,
Mp;

/d4e7\“l]M2 0;0; — m2] = A

Pl

2
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o produced in
early universe

.......

P

@ If decays after the
BBN, dissociates
synthesized light

B(y,~gg)=1
elements n=(6.1+0.3)x10-10
@ Hadronic decays B =T/ 2

particularly bad

(Kawasaki, Kohri, Moroi)

Wednesday, June 18,2008
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Gravitino Problem

] oy {’7'
Thermal leptogenesis

o roduced in
, P Buchmiiller, Pliimacher -
early universe LU w /

..........

P

@ If decays after the
BBN, dissociates
synthesized light

B(y,~gg)=1
elements n=(6.1+0.3)x10-10
@ Hadronic decays B =T/ 2
parflculquy qu . 109 104 105
(Kawasaki, Kohri, Moroi) m,,, (GeV)
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SR
2
& & )1 &
. i Therma} leptog?n681s 5 0 _o
o Ruchmyjller, Pliimacher FTon o i o i
10 = [ T T T T T T VI T T T T TEE T/ 7 o 1010
B - . TYoFo) [/ S S
109 = Mor0|, HM, YClI’T'lClgUChl _E?F‘) RN s S ML : _§I 109
= - T N & ol & 5
108 +de Gouvea L A 108
= Es i/
10" = = /7 Yp(FO) 107
S 10° e == 3He/D N/ 10°¢
5 el Q.,h%l S
S 10° L 3/2 == Li/H 105
: — = 95% C L.
— 10 = = B(y,~gg)=1 104
3 3 n=(6.1+0.3)x10-10 ;
10 ? ???_ Ei=my,/2 e
102 E_ E |1 IIIIII| |1 IIIIII| |1 IIIIII| 102
— -0~ 103 104 10°
10 = E mg,, (GeV)
1 IR |||||II‘ | |||||||‘ | |||||||‘ | |||||||‘ | L LT
10° 10° 10* 10° 10° 107 1
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Moduli problem

@ In string theory, we need to compactify 6 (or
7) extra dimensions into a small size

® moduli fields parameterize the size and shape
of the compactified space (=flux)

@ they do not have any potential in the
supersymmetric limit

@ their mass is O(ms/2), very flat potential

@ in early universe, they had O(Mp) amplitudes

@ oscillate around the minimum, dominate

@ when it decays, dilutes entropy by ~ms/2/Mpy

@ If msp~TeV, baryon asymmetry diluted by 10-'°!
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Issue of mediation

@ Many gauge theories that break SUSY
dynamically known

@ The main issue:

“*mediation”

@ If the mediation mechanism is flavor-blind,
there is no problem with FCNC
@ Gauge mediation (direct & indirect)
@ Gaugino mediation
@ Anomaly mediation

27
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Flavor-blind
Mediation Mechanisms




&
UGaug e Mediati O sy conrer o

(GMSB)

Dynamical
Supersymmetry
Breaking

messenger U(1)

]

Messenger
Sector

SU(3)xSU(2)xU(1)

Supersymmetric
u~102-103 GeV Standard
Model

Wednesday, June 18,2008 29



A Concrete Model

Dynamical

u~107 GeV | Supersymmetry
Breaking

messenger U(1)

u~10° GeV
Gauge Mediation

SU(3)xSU(2
SrSUEAL 0 avor blind

u~10°—103 GeV

Dine-Nelson--Nir-Shirman

Wednesday, June 18,2008 30




A Concrete Model

Dynamical su6) U(1) U1), U1 23R
u~107 GeV | Supersymmetry A 15 +2 0 -7
Breaking £ (_3 =9 0 _17
W =AFTF~ + F(F™ F~ST)+ FF'S° F* 0 -1 +1 7
messenger U(1)  F" 6 —1 0 L
S= 1 +6  *1 L
S° 1 +6 0 16
u~10° GeV
Gauge Mediation
SU(3)xSU(2)xU

L Aavor blind

u~10°—103 GeV

Dine-Nelson--Nir-Shirman
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A Concrete Model

Dynamical SU6) U(l) UlL)m U(118R
u~107 GeV | Supersymmetry A 15 +2 0 _E
Breaking _}1 (_3 —9 0 —167
W= AFtF + FO(F St Pty + Frog £ 6 —1 =l 7
messenger U(1) [/ 6 —1 0 =
s+ 1 +6 £l L
s 1 +6 0 =
u~10° GeV W=¢to " X+X>+Xff
Gauge Mediation
SU(3)xSU(2)xU(1) :
—flavor blind
Supersymmetric
u~10°-103 GeV Standard
Model

Dine-Nelson--Nir-Shirman
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Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories

Alive

Pockets of insurgency?

31




Simple Generic Scheme
(HM Nomura)
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Simple Generic Scheme
(HM Nomura)
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Simple Generic Scheme
(HM Nomura)
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Simple Generic Scheme
(HM Nomura)

Mff | SUSY SM
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Simple Generic Scheme
(HM Nomura)

moQQ Mff | SUSY SM
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Simple Generic Scheme
(I-IM Nomura)

M—szfo

K

mQQQ Mff

32




Simple Generic Scheme
(I-IM Nomura)

M—szfo

i g o

' mQQQ

no U(1)r symmetry |mposed
most general superpotential

wide choice of gauge groups, matter content

3
N6<Nj<§NC
2




Simple Generic Scheme
(I-IM Nomura)

M—szfo

i g o

' mQQQ

no U(1)r symmetry |mposed
most general superpotential

wide choice of gauge groups, matter content

3
N <N3f —7\40
2 ,




How it works
(Most technical slide)

@ low-energy free magnetic theory (mq</\)
® SUSY breaking @M;; =0, g3~ =mg #0

>
W = —Qfo il P/

o Genera’res SUSY breaking in f, fbar

@ their loops—gauge mediation

33
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Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories




Likelihood of viable
SUSY

Landscape of theories Dead

34




Likelihood of viable
SUSY

Landscape of theories Dead

Generic!

34




1 W Gauge Mediation oo

(GMSB)

@ Integrate out "messenger fields” v — 51/
N(5+5%) (i.e, d°+L) (S) = (As+0°Fs) £ 0
@ integrate them out: changes the running of
gauge coupling, wave function
renormalizations

Wednesday, June 18,2008



1 W Gauge Mediation oo

(GMSB)

@ Integrate out "messenger fields” v — 51/
N(5+5%) (i.e, d°+L) (S) = (As+0°Fs) £ 0
@ integrate them out: changes the running of
gauge coupling, wave function

renormalizations
| 1 | bo+N_ . Ayy B S

— | 1 I 1 iy
2 g 8w S 8w u
M 1 o
= o Se.

g% .. gl NS T A
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1 W Gauge Mediation oo

(GMSB)

@ Integrate out "messenger fields” v — 51/
N(5+5%) (i.e, d°+L) (S) = (As+0°Fs) £ 0
@ integrate them out: changes the running of
gauge coupling, wave function

renormalizations
| 1 | bo+N_ . Ayy B S

— | 1 I 1 iy
2 g 8w S 8w u
M 1 o
= o Se.

g% .. gl NS T A
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Gauge Mediation

@ Assuming that the
messenger scale is
higher than ANY flavor
physics, no FCNC

@ gravitino dark matter?

@ there are models with
m3/2<keV

@ Lyman &: m3s/<16eV?

@ "LSP” (e.g., neutralino,
stau) may decay inside

detectors de Gouvea, Moroi, HM

Wednesday, June 18,2008
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(xMSB)

‘ @ DSB in another brane
@ Gauge multiplet in the

bulk

@ Gauge multiplet learns
SUSY breaking first,
obtains gaugino mass

@ MSSM at the
compactification scale
with gaugino mass only

@ Scalar masses generated
by RGE

)
C
n
<
o
®
QO
X,
-

«Q
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(AMSB)

@ no direct coupling between
two sectors
@ Supersymmeitry breaking in
‘ the chiral compensator
<S>=14+0%m3/;
/ d*0SSo* o + / d*6 (SSAijk@qﬁjm + giQWaWa>

@ can be scaled away d—d/S

@ but the UV cutoff acquires
S: Auv—AuvS

@ SUSY breaking through
cutoff dependence:

superconformal anomaly
(Randall, Sundrum; Giudice, Luty, HM, Rattazzi)

Wednesday, June 18,2008
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UV insensitivity

Mz’ o 6i(922)m3/2, m? Y _%mg/z’ Amk b 1

e (Vi + 75 + YK)may2

@ Surprising result:

@ No matter how complicated the UV physics is,
including flavor physics with O(1) generation-
dependent couplings, they all disappear from
low-energy soft SUSY breaking

@ e.g., decouple a massive matter field:

@ Changes the beta function
@ one-loop threshold correction precisely
account for the change in gaugino mass

Wednesday, June 18,2008
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HV Insensitivity cont.

@ decouple a massive |
matter field

@ two-loop threshold
correction precisely
account for the
change in the
anomalous dimension
and hence the scalar

Graph 5-2

-

X

MAsS (Boyda, HM, Pierce) Db eI
Vs il AR O
s e A Mg /2,
A b 1 );?\\T//} U 1
ij B o 5 (/yz —I_ fyj _I_ fyk)mB/Q 77:(;;3:1 (;—1:77 77:7#G;a‘p*h 6-2 ’ T Graph 6-3
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@ Anomaly mediation with
D-terms

@ UV insensitive: solves
flavor and CP problems no
matter how complicated
the UV physics is

@ solves gravitino problem

B(y3,,~g8)=1
because n=(6.140.3)x10
i 2 iy E'et=m /2

M /,~(41) Mg ), ~50TeV Ll

@ moduli absent by definition

Kohri, Kawasaki, Moroi
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Whats the catch? "™ "

@ Two problems
@ negative slepton

mass-squared ml? = —0.344M7,
@ cant have a light bulk . -
moduli of m~O(m, ) mge = —0.367M*,
% 2
s 1]1.6M
cause additional terms ﬂ;q 2’
of O(m3/22/m)~O(m3/2) mge = 11.7TM~,
m2 = 11.8M°*
@ common fixes: d¢ i
® add mp*? e ms /o
2
o add Dy and Ds.. a7

(Arkani-Hamed, Kaplan, HM,
Nomura)
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fixing moduli e

(Kachru, Kallosh, Linde, Trivedi)

@ Use RR and NSNS anti-symmetric tensor
fluxes on compactified space

@ Fix complex structure moduli by fluxes

@ Long throat in AdS (i.e. warped)

@ Break SUSY with anti-D3 down the throat

@ Kahler modulus with gaugino condensate?

@ No SUSY breaking@tree-level (Camara,
Ibafiez, Uranga) in the “bulk”

@ often Kahler moduli and anomaly mediated
contribution comparable (Choi et al)

@ can fix negative slepton mass-squared
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LE
Gravity Gauge Anomaly

44
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parameter determination

@ Chargino/neutralino mass matrices have four
parameters Mi, Mz, U, tanf

@ Can measure 2+4 masses

@ can measure 10x2 neutralino cross sections

orrlete” = %D  awmlete 1P

@ can measure 3x2 chargino cross sections

@ depend on masses of V., é;, ég

s-channel t-channel

Wednesday, June 18,2008 46



It Model-inde pen dentice

parameter determination

@ Chargino/neutralino mass matrices have four
parameters Mi, Mz, U, tanf
@ Can measure 2+4 masses

® can measure 10x2 neutralino cross sections
orrle’e = %%  ourlete — %7

@ can measure 3x2 chargino cross sections

@ depend on masses of V., é;, ég
input ft

M, 152 GeV 152 £1.8 GeV

u 316 GeV 316 +0.9 GeV
tanB 3 0/
M1 78.7 GeV 78.7 0.7 GeV

s-channel t-channel

Wednesday, June 18,2008 46
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Superpartners as pro SR

@ Most exciting thing
about superpartners
beyond existence:

They carry information
of small-distance

physics to something
we can measure

“Are forces unified?”

Wednesday, June 18,2008
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Superpartners as probe

LHC+LC
@ Most exciting thing

about superpartners
beyond existence:

They carry information
of small-distance
physics to something
we can measure

>
D
o]
7))
n
qv]
&
@)
=
(@))
>
]
(@))

“Are forces unified?

102 10" 10 10'°
Energy (GeV)
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unification

60 o 60
0 50
40 ~ 40
30 / SU2) g~ 30 SU(2)
20 20 |

- ] ; SU(3)
0l SU(3) Standard Model : 0l

O \:umm\ v vl el vl ccod sl o i il ol ool il ool il 1l \Hm% 0 :umm\ o vl v ol o o o ol el o cd o ol
10> 10* 10 10® 10 10" 10" 10' 10'® 102 10* 10 10® 10" 10" 10" 10'® 10'8
1 (GeV) 1 (GeV)
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gaugino mass (GeV)

Wednesday, June 18,2008

-
. THEORETICAL PHYSICS
Gaugino and scalars

® Scalar masses test beta
functions at all scales,
depend on the particle
content

Gaugino masses test
unification itself
independent of
intermediate scales and
extra complefe SU(5) (Kawamura, HM, Yamaguchi)
multiplets, also GMSB

LHC+LC

testing matter unification

W
o
o

N
o

—_—

mass squared [10° GeV?]

102 10" 10™0'®
Energy [GeV]

108 10" 10' 10'®
Energy (GeV)
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.
0 gauge non-singlets

@ Highly non-trivial
success of unification

@ cant afford to lose it
with additional
particles below Mgur

@ but need fo generate
neutrino mass

@ only gauge singlets
allowed

@ proof of seesaw!
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Conclusions
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Conclusions

@ After three decades since Wess & Zumino,
supersymmeftry sftill very interesting and
exciting area of research
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@ After three decades since Wess & Zumino,
supersymmeftry sftill very interesting and
exciting area of research

@ beautiful solution to the hierarchy problem
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Conclusions

@ After three decades since Wess & Zumino,
supersymmeftry sftill very interesting and
exciting area of research

@ beautiful solution to the hierarchy problem

@ relevant to cosmology, unification, string
theory, exact results, mathematics
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Conclusions

@ After three decades since Wess & Zumino,
supersymmeftry sftill very interesting and
exciting area of research

@ beautiful solution to the hierarchy problem

@ relevant to cosmology, unification, string
theory, exact results, mathematics

@ may even be true!
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