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(I) The supersymmetric SM (structure & EW breaking)
Gravity as mediator of susy breaking (flavour problem)
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At which energy do we expect
new physics effects?

Any FT can be viewed as an effective theory below a UV cutoff

| 1 g gauge
_ yd=4 L oaes d =6
Le?ff =L (g"&)-k AL 2 Al L™ +.. A Yukawa

A has physical meaning: maximum energy at which the
theory is valid. Beyond A, new degrees of freedom

B number = %qqqf p-decay = A=10" GeV
L number :biHHH vmass = A =10" GeV
individual L ﬂ%e‘?a“"y!fﬁw p—sey = A210° GeV

quark flavour = ﬁfy-“d sy, d Amg = A =10° GeV

2

LEP1,2 =

H'D,H

eylelyl = A=10° GeV 2



We are tempted to conclude that the scale of
“compositeness” _ in the SM is extremely high

BUT  Let us consider V(H)=-u|H| + A|H|

u.? very sensitive to high-energy corrections

Su;, = Sigf: - (Zm;_, +m, +m;, - 4}11?) A = -(0.2 A)I
=
NG
A_ =TeV [l I;IGH V) (l{;’%’) No large tuning = A < TeV ‘
e

Can m,~ 180-220 GeV reduce the tuning? NO!

Abuse of effective theories: finite (or log-div)
corrections at A remain

Ex.: in SUSY quadratic divergences cancel, but du;, = i’
3



HIERARCHY PROBLEM

2 possibilities:
1. ALy

« B,L, flavour conservation follows naturally

« Mysterious separation of mass scales

* No AZ corrections to u,2
2. A=v New theory s

* Must preserve accidental symmetries

« Considered a central problem
» Attempts to go beyond SM concentrate on its solution
* Linked to an energy scale that will be probed experimentally

« Difficulty to keep fundamental scalar particle much lighter
than the scale of validity of the theory



FERMION
1

QED L=ip|(id" —eA")y, -my- P F,

2.

Mass A2
pETN, Sm = ——m log

renormalization A -
* Om proportional to m

« only log divergent

it can be "naturally” small (1.e. m<<A) [Setting it to zero
enhances the symmetry of the theory. ‘t Hooft]

m is protected by a symmetry

Chiral symmetry v, — ¢ y, .y, —e” y,.a = = m not invariant
om o« "symmetry breaking" =m 5



GAUGE BOSON

Gauge symmetry A, — A +d A
forbids ~ m’A A"
GOLDSTONE BOSON

L=09 ®0"®- V((D+<I>) invariant under ® — ¢'“®

If (®)=v=>d=pe?" =L=a,pdp+ =0 0dp+V(p)
) V

=> (@ massless
U(1) transf. ® — e“® = p — p,¢ = @+ av
¢ —=@+av forbids m g’
What protects ,2?  V(H)=-pl|H| + AH[

Setting u,2=0 does not increase the symmetry .



Physical interpretation: For spin-1/2 and spin-1,
mass is related to existence of new helicity states

A massless spin-1/2 fermion has one helicity state

Boost

>

If e~ is massive, a new helicity state exists

Quantum corrections to mass are multiplicative



A massless photon has two helicity states

Direction
of wave

For a particle at rest, we cannot distinguish
between transverse and longitudinal polarizations
A massive photon has three helicities



SYMMETRY: relate scalars to fermions & use chiral symmetry

E.g.: complex scalar A, Weyl fermion y, no mass term
il . o ———u & w2
L=3,A"0"A+id o'y -k(A'A) - (hAyy +h.c.)

® Y massless because of chiral symmetry vy —e“y, A—e“A

K B*
® scalarAmass= {04 o= AN
———=f-- Y 167" 167~

« Symmetry is needed to insure m,2= 0 to all orders

« Symmetry has to relate bosons to fermions

SUPERSYMMETRY

(A solution in search of a problem)



Supersymmetry: invariance under exchange of
particles with different spin = involves space-time

Symmetry generators anticommute (transform bosons into
fermions) and have non-trivial relations with Poincaré

ab-sir, fo.0)-(8.8)
[P‘”Q”] =|:P# ’Qa]=0 [R“,Pp]=0

Susy ~ 4 translation Another impossible square root? i =~-1

To find representations of the algebra:

Superspace X" —(x".6, ,EJ_&] 0.0 anticommuting variables

Susy algebra becomes a Lie algebra with anticommuting variables .,



SUPERSYMMETRIC ACTION

Chiral superfield D, ®=0

+ 1 N
Vector superfield V=V W= —EDDDHV

fd"x d'0 de"®d =mmp Kinetic term for chiral superfield

f d'xd’oW W* =ssp Kinetic term for vector superfield

Superpotential: holomorphic
function that defines interactions

E.g. x=h? required for
, ancellationaf A2
W=1d" = L=-Ryypa+hc)-WB(A'A) =L

In general: no quadratic divergences in susy theory

[d'x d’0 (@) =

1]



MINIMAL SUPERSYMMETRIC SM

Choose:

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

matter representation 3 gen. of quarks and leptons
2 Higgs doublets

superpotential

f=YQU'H,+Y,0DH, +Y LE‘H, + uH H,

12



SUPERSYMMETRY BREAKING

See K. Intriligator’s lectures
Break susy, but keep UV behavior = soft breaking

)

2 2 2 .
m; # m; — dm; o< (m;—m;)InA  Soft breaking

yf = yf — (5?'?1‘;‘; X (yf - yf)AE Hard breaking

13



EFFECTIVE-THEORY APPROACH

Couple susy theory to (spurion) background gus?
chiral superfield X = mg 6°

Rules:  + Write renormalizable couplings to X
« X has zero canonical dimension
e Xn=0, forn>1

« X* cannot appear in § d26

14



) X=mg &
fd“e XW WwW* - m¢AA  gaugino mass

f d'OX'X®'e"® — miep'p  scalar mass
[d'o x 0 e'® — mgF, = —mstpai A -term
¢

[doxf(@) —=  mf(p) A -term

Recall: _
W (x,6.0) = —i2(x) - %G“E“HFFW o (x.0.0) = p(x) +V20p(x) + ...

» Soft susy breaking introduces a dimensionful parameter mg
* Susy particles get masses of order mq
* Susy mass terms are gauge invariant
* Treat soft terms as independent; later derive them from theory

« Different schemes make predictions for patterns of soft teftns



u TERM f=uHH,

« allowed by gauge and R symmetry

* necessary to break PQ and give mass to higgsinos

Naturalness problem: if u=0(A), then Higgs mass O(A)

SM: hierarchy problem from one-loop effects

SUSY:  ° ’ tree level = 1 problem

Assume u = 0in susy theory (technically natural)
[d'ox"HH, — u=m;
[d'oxx*HH, — B,=m;

To be tested in different schemes of susy breaking

16



R SYMMETRY
The symmetry generator [R.0]=i0 [R,§]=-f§
acts differently on different components of the supermultiplet

q)(x.e,é] — e*’f'-’ﬂ-“fb(x.e"‘“ﬂ.e"“‘ﬁ) V(x.0.0) V(x.e'*“e,e"“ﬁ )

@(x) = e™*“p(x) Ax)= e “Alx)
P(x) > e Y(x) V.(x) =V, (x)
F) s a2 F(x) D(x) = D(x)

Kinetic terms are R-invariant; superpotential if R [f] = 2

Susy SMis R-invariant with R [H,,H,] =1, R[Q,L] =1/2
Soft terms break R:  R[A,B terms]=R| f],_ | =2
R[gaugino mass]| = R[WW |”=ﬂ] =2



Connection between R-symmetry and susy breaking

(see K. Intriligator’s lectures)

R-symmetry is a necessary condition for susy breaking
(for generic superpotentials)

Spontaneously-broken R-symmetry is a sufficient
condition for susy breaking (if there are no non-
compact flat directions in the classical potential)

Exact R-symmetry = no gaugino mass

Spont. broken R-symmetry = R-axion

In supergravity, cancellation of CC breaks R-symmetry

37|
M,

vl -3 o [le0
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Discrete subgroup (R-parity) survives
after susy & EW breaking

®(x,0.0) > Z,(x~0,-0)  V(x.0.0) V(x.-0-0)

P(x) > Zyp(x) A(x) 5 =A(x)
P(x) > —Zp(x) V() V,(x)
F(x) Z,F(x) D(x) = D(x)

with Z,, = - for Q,U¢,D¢,L,E¢ and Z,, = + for H,, H,

R-parity = + for SM particles, R-parity = - for susy particles

"« no tree-level virtual effects from susy
Important for

phenomenology  * SUSY particles only pair produced

_* LSP stable (missing energy + dark matter)
19



R-parity does not follow from gauge & susy invariance

f=UDD" +QOD'L+LLE" + H,L

4
1l [ m )
Violate B or L = (Te?\}) 10" sec

* Susy tree-level contributions: constraints from B, L,
flavour, high-energy

« Special combinations are less constrained

« Small couplings can make LSP decay in cosmological
times without collider effects

« R-parity could follow from gauge symmetry of
underlying theory

20



ELECTROWEAK SYMMETRY BREAKING
Higgs potential

93 + g%

8

2
V = m2|HY]? + m3|HY|? — m2 (HYHY + h.c.) + (157 — |H3|?)

* My, 3° ~ mg? determined by soft terms

« quartic fixed by supersymmetry

- Stability along H, = H, = m.2+ m,2> 2 |m;?

« EW breaking, origin unstable = m.2 m,? < m,*

27



EW breaking induced by quantum corrections

Evolution of sparticle mastes
i) -

RG running:
gauge effects |
Yukawa effects p¢@

mass ((e¥)
g8

2

—872 sl = +3g3 M3 f |

d- lIl Q 0 o = - o r =
5 dmi 16 5 ) o , i ':amm;: .
—Brome = teMe —Almg +mp + A" Fmy — o) + (EW efisots)
—87? dm;

dinQ 3N[(mF +mi +|A°+m3) + (EW effects) ‘
* If 2;1arge enough = SU(2)xU(1) spontaneously broken

* If a, large enough = SU(3) unbroken

« Mass spectrum separation m,? < weak susy < strong sesy



HIGGS SECTOR

8 degrees of freedom - 3 Goldstones = 5 degrees of freedom
2 scalars (hY% HY%), 1 pseudoscalar (A%, 1 charged (H%)
3 parameters (m, ,3°) - M, = 2 free parameters

HY _ (o), Lp (B, ip (G
(1) = ()73t () + 3% (o)

—— 'T_|_
_H”_ — i, iy
Hy Lt
COS (Y S111 0
R, = ( : )
— 5111 % COs Oy

sinfdy cos /9 sin 3+  cos/34
R_-_r“ - ( ; li?r"-":t -

— o8 3y sin Gy —cos 84+ sin G4+

tan 23 m'_:jl., — m%

g tan 2a m4o + m3
Attreelevel 0p = P+ =0 i ( A° z)

In the decoupling limit m,>>m,, h?is the SM Higgs 23



Several interesting tree-level mass relations

5

2 2 2
, My <M, <my, m,. =m,+ny

m, <= m,|cos2f3

1 2
2 2 2 - 2 2 a2 *
m, = m,+m, + (mA —mE) +4sin"2fm m,

24



IMPORTANT RADIATIVE CORRECTIONS

Fermi 5F SM ‘ susy
Effective theory — : >
my my Mg

2
Matching at ms.  h =cosBH, +sinH, V=%h4+m?h1

Mmg) = § T8 cos 2 m” =-cos2fBcos ,G(mz‘tan: i -‘”11)

8
(hy=v = = m;, =iv: = m, =|cos2fl|m,
o h-2r——-7Z h h"'r-.i s2h
A; contribution i 't -

-'-J-"
e N

4 2 2
3% A —ucotp)’| (A -pucotp) ‘
12m, m, 25

OA=

4 r m, im,.




Fermi 5& SM

Running the SM RG susy
equation for A : >
m, m, Mg
m; =m; cos’ 2{5( 3{ t.=In 4 ﬁ:{'l
47’ ‘ m;

3
N@ G.m' L9 +1+
2m” 2 | o
Important effect because: i
1) small tree-level m,, 1203
2) large 4;, S vof
3) heavy susy particles S i
E 100
4) large loop far:tnr :
2 2 2 ) b2 gl
m, =m,cos 2f3 L :
?ﬂI B0
.

;" Now m, = 170.9 GeV |

;2 |3V2G, m] - 3270 |(X, + rs}rs}

= —— =
-

/" no mixing

m =172.5= 2.3 GeV
M, = 500 GaV¥
u=M, = 200 GeV

F“.HEEQSE"# _

10
tanf



LEP gives indications for a light Higgs

Preferred value m,, = 767, GeV (68% CL)
Upper limit m,, <144GeV (95% CL)

| including direct limit of 114 GeV :

: m, <182GeV (95% CL)

m,, o, = 144 Gel

5 _
Al = H
— 0.02758+0.00035 [f ;
== 0,02749+0.00012 il
var incl. low QF dala :...-'

04yt
Ijmt=1?%.4 = 2.1 GeV
m.= 114...1000 GeV

0.2 1

1 -] -
0 - W | F‘relinlninary- _—
30 100 300
m,, [GeV
n[aev] 0.4 -
-0.4 -0.2 o 0.2 0.4



The decrease in m, has worsen the SM fit

LEP/SLD/m /T, : m, =1789%."GeV

CDF/D&:

The two best measurements
of sin“6,, do not agree

A% =m, =(230-800)GeV
A,(SLD) = m,, =(13-65)GeV

This makes the argument for a
light Higgs less compelling

m, =1709+1.8GeV

A[SLD)
BB G
m,’
'

QydCel

SN B (e e
sina, (v}
g; (v}
grivM)

" prafiminary

10

M, [GeV]

10

2

10



LEP LIMITS

Z ox cos*(f—a)

N
e
=t
:I*-JI
=
I
S
el
N

e 160 | | T | i 160 |
; 140 F | No Mmxin = g 140 s
C g
= 120 Theorencally P E 120 Theoreucally E

- B Inaccessible = Inaccessible

£ 100 [ ] £ 100 .
80 = 80 3
60 . 60 3
40 | : 40 :
20 © - 20 :
0 0

0 20 40 60 80 100 120 J40 20 60 80 100 120 140
m, (GeV/c7) m, (GeV/cT)
m=179.3 GeV m¢=1TeV 29



PRODUCTION
AT THE LHC

X
p ——%/ P ='Z 9
f’=§ . 1"-':-' -"'I.—I ”
= 1 \ ¢

Gluom fasion Weak-Boson Fusion

|
\
N

I

1
.H_I
——

L

L ]
i

!

/=

m o
i
-

P —

] |
7

Higgs Steahlung

=

"The Higgs sector is a
reincarnation of the
Communist Party: it

controls the masses”
Stalin

Branching Ratio

02 F{pp = H+ X} [pb]
. W= 14 TeV
o gg —# H (N~LD 1
10 e MLOH MMNLO
I '4\ . ' .
-1 i, e D
10 ey (g — Hyy =
1 = 3 - —___ gafqq — tH (a0
H; i W
3 e
1t
MRAT
4
110 PR B AT B AT BRI RN (NN R I AR A A B
[ (1 20) Kl ETT je ] Ll ] TK) bR B 1K)
= | M, [GeV]

(950801 0/ a-day)

200

250

300

Higgs Mass (GeV)



M - oyy o+ WH A M
= il il - bhi

P R ] |

Ol - WWT vy

2 H — X2 o llw

10 = H - WW vl

s Tpllal sgnilicanee

Signal significance

Signul significance

L[]

ATLAS

I 1. dtw e '
i b-fa s}

« Test different production and
decay channels to verify that Higgs
couplings are proportional to mass
(5-15% errors can be reached)

« Test variations of Higgs
mechanism with several fields

T de = 3"

fibn R-Tactors) & i

ATLAS

“H

¢y

5 1HiH s bhi

- EE™ = 4l

s WA L v

ool - gg W
& apHl — o 51

Tatal sipmilicance

i

)
-

et o B g 1o T Fagga buson
£
2

141 16l (E 2iM
L
g i
oo
W
b
S—- e
Niaaas [V

my = 120 GeV
L = 300 fb
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Mg IS THE SEED OF EW BREAKING

EW breaking is related to susy breaking, mg = m;

_______ {"sTnp:}
38 ;A kTdk " 3N fﬁl K*dk® 3K s A
87’ K m: 87° °

dm; = -
2 2 g 2 2
k™ +m. +m; 4 m

* mg plays the role of A? cutoff

« The quantum correction is negative and drives EW breaking
Z(mf — m; tan’ {J’)

ini ' m; = = -2,
Minimum of the potential z tan’ -1 2
2 o 1/2 ~
‘2(5”’1; < % — f’}.‘]'.! < 300 GEV (1(;‘}"5) Tensiﬂn
T . with data
mE =+ — K 25114 GeV = i, >1TeV.

m 32
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mEK‘r‘u’E

0 0.2 0.4 0.8 0.8 1
M/ u®

“Natural” supersymmetry has already been ruled out

33



To know what is "natural” we need to know the
underlying probability of parameter distribution

Some schemes could improve the situation
(mirage mediation?)

* large A terms 1200 | |
« small A 000 | |

E 5
small u 3 wo)
f oo
A ~]1 Wwhen gaugino o
I, mass dominates e

5 tanf =15 M =170 GeV m, =250 GeV

-4 -3 -2 -1 0 1 2 3 4

 scalar contribution makes it smaller Ay fmg

* large A,/ m, requires special choice of A, (Mg;7)

34



Characterizing the tuning as a “criticality” condition
SM V(H)=-m}|H[ + AH[

Broken EW l Unbroken EW
@

= >
0 my

Why is nature so close to the critical line?

» Exact susy (and u=0) => critical line

* Dynamical susy breaking Mg~Mp e~ =
small departure from critical line
stabilization of flat direction IHI=IH,l

= “natural” supersymmetry with Mg ~M, 35



‘natural” supersymmetry: Mg << Q; << Mp

« unrelated to Mg (depends on ratios
Q;~ e *M, = of soft terms and )

* much smaller than UV scale

s | 7 1 F
HH__ ___,_o—'—'_'

o e s o
E - e

W= e

_gy_j:_ I/_’_,-‘f

— Mg and Q¢
5__—.—... T s et TUTU. . equal tD few G,.-';Q

' L . . o
T T

“tuned” Sulh'érsymmetry: Mg ~ Qq << Mp
Mg < Qe broken EW; Mg > Q. unbroken EW

Why supersymmetry should prefer to be near critical? \

B
Mg
: £
= =
T g S
T




Connection susy breaking < EW breaking
at the basis of low-energy supersymmetry

« Susy particle content dynamically determines EW
breaking pattern

« Higgs interpreted as fundamental state, like Q and L

* Higgs mass determined by susy properties and
spectrum

After LEP, "natural” susy is ruled out
» Source of “mild” tuning (is it observable at LHC?)
* Missing principle?

37



THEORY OF SOFT TERMS

* Explain origin of supersymmetry breaking

« Compute soft terms

Similar to EW breaking problem

2 2 4
- Origin of EW breaking = V(H)=-my|H|" + A|H|
« Compute EW breaking effects = L=D H'D"H - AHyy
« Ny
Gauge boson Fermion

mMass mass

38




Invent a new sector which breaks supersymmetry
(ask K. Intriligator)

« Small mass (weak scale) stable against quantum corrections

» Even better: if susy unbroken at tree-level, it remains
unbroken to all orders in perturbation theory

« Non-perturbative effects can break susy with mg ~ e« M,

Couple the breaking sector to the SM superfields

But STr M’ 2 "(27+1)M? =0 at tree level, with
canonical Kinetic terms

spartmle < particle

What force mediates susy-breaking effects? &




GRAVITY AS MEDIATOR

Gravity couples to all forms of energy
Assume no force stronger than gravity couples the two sectors
Susy breaking in hidden sector parametrized by X with <F,>=0
M%.j dIOXWW*  — mi  gaugino mass

2

fd*‘ﬁ X'Xd'e"®d — m '@  scalar mass

MP | ms — FX}'J MP
M#J’ d4{]i X+¢+EV(I} —_— mgqjlf: = _ﬂi-gmﬂi .r""'; 'term
w JEOXS(@®) = mfly)  A-tern F2=10" GeV

1 " 2
W [d'ox*HH, — m[d0HH, uterm

1
M,

[d'oxx"HH, — miHH, B, -term w0



ATTRACTIVE SCENARIO

« Gravity a feature of local supersymmetry
» Gravity plays a role in EW physics
* No need to introduce ad hoc interactions

« Justification for u = mg

BUT

» Lack of predictivity (102 parameters)

* Flavour problem

41



FLAVOUR PROBLEM
SM, Yukawa =0 =  L=viy"D y- iF Zit7 S

3 generations

invariant under global SU(3)°
g (9 S species (q,Ur,dp./;,€R)

broken by 4, (a=e,u,d) 3x3 matrices which generate
g, AuH +q, Ad.H+ 1, Ae.H

The violation is special

+ i

- no FCNC at tree level  yy"pA, =y U y"UyA,

* suppressed by GIM: FCNC = loop x CKM x ﬂmqf

Ex.: A 2 -
"r ot G fein?g e wTx10°Y
m

o £ 2
& 167 my,

« individual L conserved (or m, suppressed) 42



These features are generally not preserved in BSM, as
soon as new sources of SU(3)° breaking are present

m’ 148 of SU(3).
A, (3.3)of SU3), xSU(3),

q BT T
,¥-9- 998 = qU Uqg
g = |
Ex.: T amg g2 fE (i)
dj: :dl ﬂ].f) 2 e ~1;
d L d 1 T~ m \m
g / \*
strong no small
loop CKM or Am,

Am _ 7y 500 GeV 4x10% LL 100 times stronger limits
m m, 4x10% LR  on the imaginary pay}

K o



INDIVIDUAL LEPTON NUMBER

il
(’”*g)iz Y
JT e BR(u—ey)<1.2x101

X ., 1,100 Gey [8x107 LL
H—ey 2x10% LR

-

m; m,

MEG at PSI will reach 1013 with 2 years of 107/sec
muon beam and eventually 10-1* with 108/sec

44



CP PROBLEM

* The flavour structure of soft terms include many new phases

* From g most stringent limits on flavour structure
« CP violation present even in the absence of a flavour structure
Consider N, = 1 (or universality)
- (A{,H LE + y.H”Hd ), +gAff +

MM+ m”

+(AAH,LE + BuH H )

o d

« Superfield rotation to make superpotential parameters
real (g in gaugino interactions remains real)

* R rotation to make M real = phases in A and B cannot
be removed

Two CP-violating invariants arg (MA') arg (MB') 45



Contribution to CP-violating observables r 5

X p ¢ x s (N Qg ~
- ~ GG + —ﬂ,f “G'G"G
% f 17 )

-Ed FE%,, }’J——u’ 9G04

In basis #=0 electron EDM 4,
neutron EDM d, =2d,-0.5d, +¢(0.4d, -0.1d,+0.3GeVc, |

2

\
d | <2x107" ecm d, = (@Gc_\*’ sing x 107 ecm
e = sin ¢ < 102
. 3 AN : n
|.:1’n| < 3x10°ecm d = (M sing x 10 ecm
My

Future: DeMille et al. (Yale) 102 ecm in 3 years and 103" ecm in 5 years.
Lamoreaux et al. (Los Alamos): 1037 ecm and eventually 1035 ecm.

Results from Hinds et al. (Sussex) and Semertzidis et al. (Brookhaven) plans
to improve by 10° sensitivity on u EDM



Special flavour structures of soft terms are needed

UNIVERSALITY: <l A x},
Particular case of MFV: Yukawa only spurion breaking SU(3)°

ALIGNMENT: small mixing angles in squark/slepton sector,
although no small mass splitting

These structures are not stable under radiative corrections

EX.: heavy field with mass A¢

/= hff’Q*'Iny light fields
Y ) Amge _ i Mo « effect does not decouple
o 167" A

Q, Qj " e sensitive to high-energy physics



In gravity mediation, flavour symmetries are necessary:

Why violations are present in Yukawa and not in soft terms?

Soft terms: 15 masses, 42 mixing angles, 40 phases
Most “sugra” or “CMSSM" analyses use: my, M, u, A,: why?

Is there a dynamical explanation for MFV?

48



Coloured particles have large cross sections at
the LHC

- :1 month (low lum): 1 fb'7; M,~1-1.5 Tev
1 year (low lum): 10 fb7; M, ~ 1.5-2 TeV

Clear signal: o(TeV g)=pb
LHC with 100 fb"! = 104 € / gluino

49
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Figure 9. Dilepton kinematic edge in 3 decay (Atlas TDR).
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EXAMPLE:

fii— x'u atlinear collider
Max and Min of £, for forward and backward emission

3 s 2 =
H= [‘E‘ beam "'\/‘E'.I'mmf = m,u )

* <\ Epu = E FAEpoun - E,.) - it
L - beam ~ " ue peam — L) —1 ¥

.2 ~ 2 . .,
U= [‘Ep '-'\/E".l':wm -'Fﬂ,u * '\/(‘E.fmu.u - ‘E‘Iu) -m_};)

won mass shell

. P
m m.
T ] —

”I.“

b

=
+ MaX, min ‘E‘ T
I

=

(B

bt

a1



% Mass (GeV)

T T T

a0

T ETTTINETTE PR P Pr e ETE RN REE TN R
1110 1120 1130 1140 1150 1160 1170 1150 1190
Smuon Mass (GeV)
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GAUGE MEDIATION

Soft terms are generated by quantum effects at
a scale M << Mp

: : ——
mz M AF MP

- If M << Ag, Yukawa is the only effective source of flavour

breaking (MFV); flavour physics is decoupled (unlike sugra
or technicolour)

» Soft terms are computable and theory is highly predictive

* Free from unknowns related to quantum gravity

23



BUILDING BLOCKS OF GAUGE MEDIATION

h

54

V

gauge loop

SUSY SM: observable sector with SM supermultiplets
SUSY: “hidden” sector with <X> =M + 62 F

Messengers: gauge charged, heavy (real rep), preserve

gauge unification (complete GUT multiplet)
EX.

O+ D =5+5 of SUG) with f = XD, V = M2(|¢)|3 + |@|2)+ F(¢p +h.c.)

Parameters: M, F, N (twice Dynkin index; N=1 for 5+§) 54



COMPUTING THE _ ... .
Gaugino mass: ~ 9

SOFT TERMS / ;

one loop ! \

Scalar masses:

two loops
k.4
Exploit properties of o @
supersymmetry ) o= =




Calculate in exact susy and then M — X =M+ 6 F to

extract susy breaking effects (promote couplings to
superfields)

Gauge kinetic term L= [d*0SW “W,_ +h.c.
|

S holomorphic chiral superfield such as Re Sl,;,,,ﬂ = g
Gaugino mass M;(Q)=_l&ln5(x’g] 2 _
¢ 2 dlnx |, M
d 1 b . . .
;=—7 Withb=3N_-N,inSU(N,) with N, flavours
dinQ g~ 8mx~ '

1 1 b M b Q
Re S(M.Q) = - 1
Choose A>M>Q ReS(M.0) 1870 4N 27 A 321 M|

bl X, b 0

= S(X.0)=S(A)+

Taking derivatives M.{0)~ gz(Q)N F
= l6x> M

Gaugino mass given by the discontinuity of the p-function °®




Consider the matter Lagrangian

L= [d'0z(x.x*)0'0 +Ud28f(Q]+h.c.] Expand in 0
a7 Iz .= OZ -
L=|d0|Z+—F0 + F*0° FF*0°0° 138 d*0 h.c.
/ ( Yax D Tt U T axax LHM(' 0+ a0 £(Q)+hc]
Redefine Q'= Z’”{l {?IHZFHE] O
X X=M
*InZ Jf dlnZ o
L=|d0]|1 FF'0’0’ 0 d’o| f(Q')-— FO’ |+h.c.
f (+axax L_MQL*’J. ( 1(Q) Q" X |, ¥

dnXdlnX* | MM* Jln X M

E-M ..:'I’:-H

e azlnz(x,x*,gn FF*J A(Q)=&an(X,X+,Q]‘ FJ

a7



The equation for the wave-function renormalization is

’ 12 2
d InZ =5 e : for fundamental of SU(n)
dInQ 4 2n
= 2elb 3 2cib
2(x.X* 0)=Z(A) gﬂ(m} [‘i”’”}
g (X) g (Q)
1 1 B XX* B 0*

r T

5 =7 *
g(Q) g lox~ A
Taking derivatives at 0= M

+——1In
l6x- XX°

» 34 Fz -
my(M) =2c (lﬁ:rz)ZNMzJ AM) =0 J

Soft terms are given by discontinuities of
} and vy functions at the messenger scale .



In general

o ﬁﬁh i ﬁ _ dﬂz

g 2 M e fﬂI’lQ
4 %i y = dinZ

o 2?2 M - dlI‘lQ
., 1 e e DY, | F-
m_ = — AR —=—~p™ 2

ot 4 Z ﬁr {?}f 361' (5];"’; Mz

Ng/ ¢i&;

In our case: Af, = Yie =
: g 2 ¥ A2
T A

87T
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Gaugino mass at one loop, scalar masses at two loops:

g F
160~ M

Mg =

F/M ~ 10-100 TeV, but M arbitrary

e

To dominate gravity and have no flavour problem
g F

F 107 -— = M<10"” GeV
M, l6x™ M

From stability: F2< M
i M
From perturbativity up to the GUT scale: N < 15{};’111%

B0



- I T T I T | ! !
o - A=T4TeW N=1
e T 1 tanf=3 p<Of
8 (™™ s O gy LT i
‘———___L__— e
e
L e
L Iz -___________:
: EL ______———_____E
o NS S
i L e
P EFI
[ T T I ! -
B A=15TeV N=5] 7
[ tanf=3 p<0] |
L 7§ N N
e R i A -
e j el
| Ug {IL .
B "f?
| §L_ I A i =
= & :
| 1 i | 1 i | ]
108 109 1012 1015

* Theory is very predictive

» Gaugino masses are
“GUT-related”, although
they are not extrapolated
to Mgyt

* Gaugino/scalar mass
scales like N2

* Large squark/slepton
mass ratio and small A do
not help with tuning

61



mp, (GeV)

mp, (GeV)

120

110

100

70

120

110

100

FT T T[T T T T[T PP T T EOR T[T T T U T o

B s -
- _,_-—-—'_'_._._'_. -
F " tanp=10 ]
E e e :
E N=1 pu<0 E
B wmmmm M = 150 TaV A
- M=109Tev] -
[ N N O S N O e N (NN O Y N 0 N 0 N (R I A 1 N

IIII||III|IIII|IIII| IIIIII T ]
:— R s
o -
C N=5 u<0 ]
- — M =150 TaV ]
I T T T T T T Y
50 75 100 125 150 175 200

M, (GeV)

Higgs mass is the
strongest constraint: stop
masses at several TeV

B2



HOW IS W GENERATED?

Messenger interactions do not violate PQ
We need new couplings

f = )“XHIHE
Tuning A to be one-loop is not sufficient

B
w=AM, B,=2F = =L _10-100 Tev
u M

f=HPOo, + Hzajaz

1 X B
16 X u

at one loop

Y
M

B F .

* In theories with a single scale, the relation —= T OK
Iu.

* It is problematic, when soft terms are computed as

loop factors times F/M s



Alternative solutions

Generate u from fd“HHHHdeEf(X,X@
Y

Antichiral: does

not generate B,

k
New singlet superfield with f =ANH H, - §N3

<N>=u, <Fy»>=8B

i

-

k N|’

Scalar potential for v=0: V = chz|N\4 —(EAkN:‘ + h.c.) + iy

Non-trivial vacuum triggered by m,? or A,
In gauge mediation m,? = A,= 0 at messenger scale

Mass spectrum is unacceptable i



Direct coupling of the singlet to the messenger sector

f=X(DD, +D,D,)+ NOD,

Doubling of messengers necessary to avoid kinetic mixing NX*

This can generate negative m,? and large A,

Singlet is sometimes introduced in gravity-mediation
(although there is no u problem)

New Higgs quartic coupling m; = M cos’ 2 + A'v’sin’2 - ...
Perturbativity up to Mg+ requires A(mg) < 0.5; new

contribution at small tanp smaller than old at large tanf

B5



Crucial difference between gauge and gravity mediation

a

100 TeV

2

—_ F
3/2 ‘\.EMP

In gauge mediation, the gravitino is always the LSP

q 1 . 1{ . M. _ .
o & L=-779,G= -E(:?:ijqa + —=A"c"F, JG +h.c.

= In gravity m,,, = m,, In gauge m,, #( eV

442

on mass shell

Goldberger-Treimanino relation

NLSP decays travelling an average distance

3 Y 7
F_ﬁ(ll’]ﬂGeV) \F BF o g

M 100 TeV :

My sp

From microscopic to astronomical distances 66



+? or T are the NLSP (NLSP can be charged)

In gravity-mediation, “missing energy" is the signature

UGy — N| SP

parficles: 7 Thsy
¢ T

X R
# _\ [~
\F <10° GeV| |WF =10° GeV| WF =10° GeV| [WF =10° GeV
-~ ¥ 4 A
YYE 7 a4 Stable
charged
particle

Intermediate region very interesting

(vertex displacement; direct measurement of F)

67



ANOMALY MEDIATION

» Supergravity mediation effects depend on higher-
dimensional couplings of hidden-visible sector

* There is an “unavoidable” effect = anomaly mediation

* In many cases it is subleading. In some cases it can
become the dominant effect

Consider coupling to gravity in superconformal formalism
with the conformal compensator chiral superfield

2
(‘I} — l e F”:}fzg

Its couplings are dictated by conformal invariance

(313



Jim f d'0D PO e O + f dle(@ f(Q}+§W“Wﬂ+h.c.

* One can construct allowed couplings by considering all
visible fields with d= R = 0and ®withd,= 1, R, = 2/3

« By rescaling Q — Q/®, we can eliminate @, if f(Q)~Q° has

no dimensionful couplings (it is the case of interest because
u has to come from susy breaking)

» Classically, but not qguantum mechanically! (Scale anomaly)

BY



L= [a‘0zl L |o'e"0+ [a%| r0)+ S| Elwew |+h.c.
J‘/' o oy ? ™~ a
Can depend on both ® and ®*, but R-symmetry Holography implies
implies dependence only on &d* dependence only on @
1 dlnS

M, = —=

! 2 0lnd|," "

3 E}j ].11 Z{? 2

Mz = = -| F3Fp

g dln G In dT | e

fjl]‘.l Z{{].

."'.1 — x - .E‘_:::I-|

9 dlnd |, :

2 —2 i

vy 9 dg™ G
My = FEn’lﬂu Myjg = Ty—m,—_{_,--;

; 1d*InZy . 1 (&M Ay ;

2 Q 2 i it 2

= — — =gy —= —— ol j' .—.l'_]: e
e, 1d(n 10)? M3 o 1 (ng_g + oy H) i o

dlnZy, a3,

1
4, = 3%

i

o In gt 3 R 70



* Form valid to all orders in perturbation theory

« Gaugino mass and trilinear at one loop, scalar mass
square at two loops

» Gravitino is heavy, m;, ~ 10-100 TeV
* Form of soft terms invariant under RG transformations

* 3 function and threshold effects of heavy states exactly
compensate

==
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Consider heavy fields in vector-like irrep of gauge group
L= [d*0M®RR+h.c.

& appears to compensate for conformal breaking of M

Because of gravity, R acts like a messenger with F/M = - m,,

Ap,
This gives gaugino mass contribution oM, =———"m,,
ﬁtﬂ 5
Above M = M} =—*-m,,
g

=)
g

BelowM = M '=M"+dM, =
8

Gaugino mass remains on its anomaly-mediation RG trajectory
7e



* Predictive power: all soft terms determined by
low-energy parameters (up to overall scale my,)

« UV insensitivity: solution to the flavour problem

Gramty

/‘ mediation

R ' ; : Gauga
: . ': ; 5 mediation

// Ancmaly

\ mediation
| L | »
M T ME‘-UTT Mpg E

M J\.F
messenger flavour

mass dynamics
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Is anomaly-mediation a dominant source of susy breaking?
X :
WW  does not exist

P

No gauge singlet in hidden sector: fdlﬂ
gaugino mass only M¢3/Mp? ~ keV

Extra dimensional separation of hidden and visible sector

1
: L(M,)= 0 0,
Conformal sequestering (M,) M Q°Q 0,y

M, M}
n and y canonical and anomalous dimensions of O,,,
Unfortunately sleptons have negative square masses
dy

Neglecting Yukawas —~ >0 = 7} o« -, Both SU(2) an.d U(1) are
g not asymptotically free

L(n“*) =( ; ] 1 2 Q+Q 0,4

Extra contributions? l universal scalar term m,?

Back to the flavour problem? [+ deflection from RG traject%ry



Previous example suggests a solution

With a new gauge-mediation contribution F/M = m,,
we deflect the anomaly-mediation RG trajectory

iIrrelevant contribution

We want F/M ~ m,,,, or else e
= e l gauge mediation

%
(be)”_J_

Un=1) /i
s +[m_3;.(5) fh”
M M] M

The minimum is (5) DD <F‘I'>. Therefore (F) =nM( 5) - 3{#",1.}
M nn-1) M (S)

Forn>3and M >>(F,), we find (F,) <<(S)<< M and (F;}/(S)=(F,)=-m,,,

SRR +

Ex. f de

The potential is V = M‘*{nz

This gives the desired effect and the spectrum is mr::ur.:iifier:,g_5



Characteristic features of anomaly mediation

With gaugino unification L 2 M 7
Ml Ml

In anomaly mediation M, s 3 i 7
M, M,

LSP nearly degenerate W-ino

aM,
m.-m, =
% A 2(] +{.‘,USHH_.-]

=165 MeV (tree level is typically smaller)

—

This allows the fast decay W * — 7 W

The pions are soft, making their detection difficult
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Degeneracy of charged sleptons (if correction is universal)

m, —im, = (1 1tan“tﬂw - IEM‘; - (% - 2iin? 0, )Mi cos2f +loop
cancels for cancels for
1

1+4/11
sin” 0, (exp) =0.2312

sin d,, =

=0.2317 sin" 6, =1/4

500 ——
; y _
_.Inl:l i ? E
0.5% P :
= - / 2%/ 7
g so0p— i
3 [ ' ' ' 5% ]
¥ g
5 ; /
200 |- / S —
- J d .'--'—
% |
W .'-\.\_.. .‘.- "'\-..__.-- -
100 T e s
100 200 300 400 500

! 7
M, [GeV]



MIRAGE UNIFICATION

It is possible to have a mixed modulus and anomaly

mediation such that
I‘_T L -'”_1.{;:
1 In(M, /mj,,)

Form,,, =10 TeV, this is comparable to anomaly contribution

Although uplift potential not consistent with extra dim,

one finds
M,=A=2m at M, - Y

mir ‘ o2
MP I.'I F.H_—Hl)

a is the ratio of anomaly/modulus contributions

No physical threshold at M,
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M, [Tev]

3 T | L L | LI
E i tanf=10 o=z I:h'[mlr= H,]_:I ]
25 B : HI:I= 1 Te¥ |
2 i / -
: B
sF B
B ge® T omas
1} ﬂ'—'“:\_f_'i__—_ L
0.5 — i : o e -
i g
ol H | | L.
=] 11 15

Log, [Q/GeV)

A [TeV]

1.6 F—r—r—r

b % ; b =0
N
pef SN Tt
.- K‘H:;".',““H,-’-l
[ ! AR
Ll e
[ ; e md el
| S
1 8 o
-05 - et
: A
4L ¢ tang=10
[ My= 1 TeV
! p o m,=171.4 GeV
I — | R .
-1.5
] 1o 15

Log,,(Q/GeV)

« small log

* large A

* compressed spectrum

Is best to reduce tuning

m2/ |m2|1/2 [TeV]

P -

i
i
| tan@=10
|

SRR TP I -

|

1 f 3
[ M= 1 TeV |
m, = 171.4 GeV |
—§5 T .
G [E4] 13
Log,(Q/GeV)
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GAUGINO MEDIATION

Matter

fields
e

Motivated by extra dimensions

{
/
/

/

/ hidd 1
[ s /| hiddensector
Fi

L/
P

_IIJ

Gauge ,
fiEIdE fr/ SUEY'brEﬂk|ng

¥

. 3 X . i " H
Gaugino masses at tree level f d-ﬂﬁwﬁwﬁ with “GUT” relations

Scalar masses from RG evolution

* All mass squared positive

« Scalar masses comparable to

gaugino masses for large log

- < . G
;TQ ) 4;:1 cM inuziuiif
™ 2!':' M. :
m-(Q) = _[3;1;{;1" - gq{Q)(_f)

b 1 g
b I Myr

167 Q 80



Many emerging possibilities for soft term structure

Gauge Gravity  Anomaly
mediation mediation mediation
My
0.1 eV 100 GeV 10 TeV

« Single scale (incalculable soft terms, flavour problem, u OK)

» Multi scales (predictive, flavour OK, u problem)

« Experimental signature quite distinct
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DARK MATTER

Indirect evidence for DM is solid

b Cosmology lectures

« rotational curves of galaxies

» weak gravitational lensing of distant galaxies
« velocity dispersion of galaxy satellites

« structure formation in N-body simulations

* Opportunity for particle physics

* Intriguing connection weak-scale
physics < dark matter

62



Assume stable massive particle in thermal equilibrium
at early times

dn 5 .8
—+ 3Hn = —n::r(n‘ - n;q)
dt

_ITB T >>m

o= {r_TM,,,v}T eq l(mT]JME_"HT m>>T

During radiation dominance, H =2L t o T2
t

m

Change variables x = = Y=l s«T?
&

dx  xH
Take oindependent of T' (not always the case)

dY os (YJ_YE)Z_%(}’E_Y;] (USEHS':TE/MP]

(&
¢ X

annihilation rate ;
x«M,.mo = when particle becomes non-rel.

expansion rate

aon
e =

T=m
83



Fz_};z)

£

d_Y=_i(

dx 25
At large T (small x): Y, =constant =Y(x)=Y,_

| C |

—

¥ix) % ¥
Call x, the matching point (because of exponential

Atsmall T (large x): ¥, =x""¢™" =

the two regimes are quickly reached)

X
Since Y, <<¥(x,) = ¥ ~—L
C

Matching the two branches at x, :

3/2 =X ‘xll"
Y, (x) =Y, = x’¢" ==t = |z =Inc|

C

Relic density Y, is roughly inversely proportional to
annihilation / expansion rate at moment of non-rel.
(up to log corrections)
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Putting constants back

Q =m”x-ﬁ(4ﬂ)z /ﬂ? x.gsy) T,
AP 3 V45 ¢ H;M;o

k 0_22( m )3
2 . Q;{:
128 m k \TeV

Weak-scale particle candidate for DM
No parametric connection to the weak scale
Observation provides a link My, <= <H>
Many BSM theories have a DM candidate

Susy has one of the most appealing
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Supersymmetric Dark Matter

R-parity = LSP stable
RG effects = colour and electric neutral massive particle is LSP
Heavy isotopes exclude gluino, direct searches exclude sneutrino

Neutralino or gravitino are the best candidates

NEUTRALINO

Because of strong exp limits on supersymmetry,
current eigenstates are nearly mass eigenstates:

Bino, Wino, Higgsino

87



BINO

2

-~ o 3g'tan" Byr(1 4 r?) M
B . f (o5v) = 2rmZ x(1 +r) k=g 1
o ' f
1 D |
B f § g {_2( My, )- (14r) ; _
ah 1.3 x 10 100GeV,) F(1+72) | + 0.07log
HIGGSIN
—_ "
H—T MWz ) =5
H VMV W.Z Q k2 =0 m( a )2
e 1TTeV/ '
WINO
(Gaprt) = me
Terell) = =,
W W.Z 1 167 M2
4 Mo
Q12 :0,13( 2 ) |
W W.Z Wit 2.5 TeV

(‘El {34804 Gy -1 11480 ,-}“,)

g8



Bino ——_ / \J'\fFLnD
R e e | 1.5‘:_11;-{.:,@
A= =

M 2

an’

Higgsino

Q, . h*=0.105%0.008

i]
1m0

e el

L0
M {GeV)

Neutralino: natural DM candidate for light supersymmetry

Quantitative difference after LEP & WMAP

Both M, and Qp,, can be reproduced by low-energy
supersymmetry, but at the price of some tuning.

Unlucky circumstances or wrong track?
&9



COANNIHILATION
Consider more particle species with dm < T;

: O
Since X =20-25 = —mES%

iy
Boltzmann equations for the different species

0,=0(xx, = XX') o, =0(xX—=xX) T,=T(x,— x,XX')

% = E[<H“v XH"”J = R T) - ((U;'F>” My = <glﬁ">” e ] g Fria‘(ﬂ,- -n )]

X

Since all y; eventually decay into y,, we use n= 2”;—
dn F

dr —~3Hn - <Urﬂ"”>(ﬂz - HE‘I)

3/2 m;

W. W (F.. i

2O ()

(Ufﬂ"’> = 3 . W.=|—— e
(Zw)

m
Annihilation rate of other species can be much larger than | SP

l



TO OBTAIN CORRECT x RELIC ABUNDANCE

* Heavy susy spectrum: Higgsino (1 TeV) or Wino (2.5 TeV)
* Coannihilation Bino-stau (or light stop?)

* Nearly degenerate Bino-Higgsino or Bino-Wino

* S-channel resonance (heavy Higgs with mass 2m.)

* Tpyclose to T;

All these possibilities have a very critical behavior
with underlying parameters

* Decay into a lighter particle (e.g. gravitino)
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Q. ,h*=0.1

T, (GeV)

GRAVITINO

If gravitinos were in thermal equilibrium at early times
ULEYP:

Possible in gauge mediation with /F =600 TeV
100eV

Assume inflation and a maximum temperature Ty

Light gravitinos are produced through their spin-1/2
component, with coupling constant 1/F ~ 1/(m5,Mp)

IIIIIII'| I||II| I I'I|'|'|I TTTTIE T T ]

Heavy gravitinos decay late

3
il I[G]={Tev] 4 x10° sec
10° My,
10* o
10 From BBN, T, < 106 GeV
10°

for my,= TeV
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Gravitinos can be produced by late NLSP decay

il
,,=—"=Q

m,

X

This can dilute the excessive Bino relic abundance

However the case y — G}f is ruled out by BBN,
and possibly a window remains for T — Gt

Gravitino DM requires a mixture of thermal and
non-thermal components

The link DM <= weak scale is lost

Slow NLSP decay detectable at the LHC?
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How can we identify DM at the LHC?

Establishing the DM nature of new LHC discoveries
will not be easy. We can rely on various hints

« If excess of missing energy is found, DM is the prime
suspect

« Reconstructing the relic abundance (possible only for
thermal relics and requires high precision; LHC + ILC?)

+ Identify model-dependent features (heavy neutralinos,
degenerate stau-neutralino, mixed states, m, =2m,)

« Compare with underground DM searches

94



DIRECT DM DETECTION

MW has a halo filled with y, and locally
Phao = 0.3 GeV/ecm3, v = 300 km/sec

Scattering off nuclei leaves an energy deposition

i

3 i .
B S 2=(1+76§“V 150keV on Ge
LY %
MF‘:

visible in the form of scintillation light, ionization energy
or thermal energy

Small rate: sheltering from cosmic rays

Annual modulation: Earth velocity around the Sun

adds to the velocity of the solar system in the MW
95



i
5

=

I
=
=

=

2

Cross—section [cm”] (normalised to nucleon)

|
'S
]

=

10 1o 10
WINMP Mass [GeV]

v gives 3x10-38 cm?
A weakly-interacting massive neutrino is ruled out

Why not the neutralino?
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% 7 SCATTERING RATE

: 4 - A
7 ] _fil'__ P p—
| = AL }!5}: q}’.;{]}ﬂq
g

/\\ 9 Non-rel matrix element on the nucleon
q q Is proportional to nucleon spin

Scalar interaction only from
i X

N

: X g X
B >—-gg—< - XxX49
AN g 7

q q
G:Mym, _ _
y XX449

m,

Only for mixed states 2m,

- _2my —
<N"”¢;‘?‘?‘N> Y, TERLTEY o




: 2 ;
Cross—section [cmi™] (normalised to nucleon)

hrtpoidmicn s buown edug
Cariske MEMandic

Improvements from
CRESST, ZEPLIN, XENON
will explore the most
interesting region

m—'“ Brmace_ i
10" i 10’
WIMP Mass [GeV]

Detection rate depends on local density

Use collider data to extract halo density
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GRAND UNIFICATION

* Fundamental symmetry principle to embed all gauge
forces in a simple group

 Partial unification of matter and understanding of
hypercharge quantization and anomaly cancellation

To allow for unification, we need to unify g,g’,gs from
effects of low-energy degrees of freedom (depends on
the GUT structure only through threshold corrections)

SM susy GUT ?
— —

MmzMsg Mgyt
dg? b WM p=_7, b=-19/6, b;=41/6
dIn 4

¢ w@ww b=-3, b=1, b=11




“mean” SUSY mass in GeV

oL

3 equations, 2 unknowns
(agyr Mgyr): predict ag
in terms of « and sin%6,,

a & =0.1176+0.0020

4 6 =] 10 12 14 16 18
Log,,(QM1 GeV)

L1 e success of susy
naive
string

ky arbitrary,

perturbative

» does not strongly

depend on details of soft
terms

* remarkable that Mg, is
predicted below My and
above p-decay limit

0.1 012 0.14 0.16 100
o, (M) in MS scheme with DR



PROTON DECAY

New feature of supersymmetry: p-decay for d =5
f= CLOL + CROR O.L = Q.EQ.EQLLJL OR = U;E;E;EL
O, vanishes if k=I=i and Og vanishes if i=k

Generated by q\\ - f‘/ d

b

-7 He g

Depends on Yukawa couplings (with naive
SU(5) relations), on M, and on 2 new phases
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DRESSING

L

q. | ™ %
XW X H
i-lh‘l

'-:‘"H_h
qL qL

p— K'v dominates over p— a'v (Cabibbo suppressed)
p—K"u" (suppressed by m )
Rates depends upon

* SUSY mass spectrum
« flavour violations in susy-breaking sector
* couplings and mass of H

* new phases (possible cancellation in
LLLL or RRRR, but not both) 102



M,. | GeV ]

1ﬂ1E

10"

1{]13

107°

no solution

tan f =25

Hp—= K V)>55x%10%yr

tin— K"V =086 10" yr

C i neglected

500 1000 1500 2000 2500 3000

mi ﬁl ) | GeV |

M. [ GeV |

1019

1&15

10'7

108

6,,= 2107
6, = 150°

mi ﬁl_ y< 1 TeV

Sk C.p neglected, miu ) <1 TeV
By e -
4 6 8 10 30
tan B
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Determining M, from threshold corrections

Sa(MGw) 'Sl(MGu;-")

Define ¢ (M =g(M and ¢=
51( GL'T) 31( GUT] £ Sl(MGUT)

oo =0.7¢

0 500 1000 1500 2000 0 500 1000 1500 2000 2500
my (GeV) my (GeV)

33 i

M M
—03%aury He | o 35x10" <« < <36x10° (90% CL)
T S GeV

Thresholds from other GUT particles?
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d =5 PROTON DECAY

* depends on unknown aspects of susy GUT
* doublet-triplet splitting

* fermion mass relations

* most plausible estimate in conflict with observation

* need for mechanisms to suppress or eliminate d=5

operators * new symmetries

« orbifold projections

105



d =6 PROTON DECAY

Unavoidable contribution from X gauge boson exchange
(E{I )L }’;{QL (EE )L :};;.:QL (E{ )L :};;{QL ("‘Ef )L }’;eﬁ L
Neglecting GUT threshold effects
TP(;J — €+:mﬂ) ~10"° 10" yrs

SuperKamikande r‘,}(p — €+J"Eﬂ) >5x10% yrs

Future experiments can reach 1034 yrs or even 103 yrs
106



What screens the Higgs mass?

boson fermion vector 8
¢—p+a Y —:-g"”*'-‘tp A,—~A, +d,a
no m¢’ no myy no m-A,A" > Symmetry
Spont. broken global Chiral Gauge
symm. symmetry symmetry N

LITTLE HIGGS| |SUPERSYMMETRY| | HGGS-GAUGE UNIF.

my
f__#,_-.--—f*”"_'m? \;)\

| TECHNICOLOR HIGGSLESS | | EXTRA DIMENSIONS
Dynamical EW Delayed Fundamental R
breaking unitarity violat. scale at TeV y
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IS THERE A SYMMETRY OR DYNAMICAL
PRINCIPLE BEHIND THE HIERARCHY?

Cancellation of Existence of
electron self-energy positron
n*-nY mass difference p
K, -Kgs mass difference charm
gauge anomaly top

cosmological constant 103 eV??

108



AN UNORTHODOX USE OF SUPERSYMMETRY

Abandon hierarchy problem (speculations on probability distributions
of theories) and use only observational hints

Gauge-coupling unification: motivated by theory that addresses
fundamental structure of SM and by measurements on «;

Dark matter: connection between weak scale and new particle masses
0.1pb
Q _ k? s p

rel <U V>

Proposal of SPLIT SUPERSYMMETRY : retain at the weak scale
only gauginos, higgsinos and one Higgs boson (squarks, sleptons and
extra Higgs at the scale m)

109



Eliminate :

* Excessive flavour and CP violation
» Fast dim-5 proton decay

» Tight constraints on the Higgs mass
Retain :

* DM & gauge-coupling unification
013

0125 | -

Gauge-coupling
unification as 0.115
successful (or better)
than in ordinary SUSY

r, (Mz)
d

10} 10"

TR ™



Why supersymmetry? (Bottom-up)

« Minimality: search for unification with single threshold, only
fermions in real reps, and 10'> GeV < M r < 10" GeV =
SpS has the minimal field content consistent with gauge-
coupling unification and DM

» Sphitting of GUT 1rreps: in SpS no need for new split reps
either than SM gauge and Higgs

» Light particles: R-symmetry protects fermion masses

* Existence and stability of DM: R-parity makes % stable

« Instability of coloured particles: coloured particles are
necessary, but they decay either by mixing with quarks
(FCNC!) or by interactions with scale < 103 GeV

SpS not unique, but it has all the necessary features built in

g i e



Why supersymmetry? (Top-down)

X =1+0%h
[d0X'XQ'Q—=my=m*  [dOXWW, M, =i

~

fd*ﬂX*XHlHE —B, = fdze,:rg* —A=m

[d'0X" HH, — u=n

R -invariant soft terms R - violating soft terms
(choose R[H,H,] =0 so that (R[X]=0,R -symmetry
f d*0 H H, forbidden) broken by F )

* R-symmetry “splits” the spectrum (M and p mix through renorm.)

* R-invariant = dim = 2 R-violating = dim = 3
12



Split Supersymmetry determined by susy-breaking pattern

D-breaking Y =1+0%m"
fa"‘ﬂ }’Q*Qﬂ‘-ﬁi’é:ﬁg J‘a"iﬂ li’f—f]h"l4-'-5';'!“=1'=3'“E2

s D

Non renorm. operators Lj’d“g YW W, — M. = m-
M. £ M.
l A 3 i’ l 4 s m
—([d0YQ —~ A= d0YD*(H.H,)— pu=-——
Mﬁf Q M,. M*f ( 1 H) .Iu M*

* Analogy: in SM, L not imposed but accidental. m, small,
although L-breaking is O(1) in underlying theory

* In supergravity, u not generated at O(Mp,) but only O(M*/Mp)
* Here, M, and p not generated at O(/m) but only O(m*/M.)
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my (GeV)

OBSERVATIONAL CONSEQUENCES OF
SPLIT SUPERSYMMETRY

* Only one Higgs boson with SM properties
» With respect to MSSM, larger log corrections to A=g?

170 |

150
140
130 |
120

1o |
10
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Age of the universe
Gamma rays

I

i - o
0 e o
- .

«+—Nucleosynthesis

T [se

— m =05 Te¥

—=m =1Te¥
m =2 TeY

= M =5TeV

!

0

107 <, | «—— Gluino hadronizes

1o 10 1 10" ' ™
m (e )

* Charged R-hadrons. Time delay & anomalous ionization energy
loss. At LHC, M<2.5 TeV. Mass resolution better than 1%

* Neutral R-hadrons. Tagged jet M<1.1 TeV. Once tagged,
identify gluino small energy deposition

* Flippers. Difficulty in tagging
* Gluinonium. M<1 TeV, direct mass reconstruction
» Stopped gluinos. Possibility of measuring long lifetimes 115



GAUGINO COUPLINGS
In SUSY, gauge (g) and gaugino (g) couplings are equal

tan =1

o, f(gsg) =gaflgcg) ________~---’""_ '

{]Ig \

T D T T 1 T T S ]

* Fit of M, u, Q @ from y cross N
section and distributions At LHC A(9/g-1)=0.2-0.5

* H y  final states AtILC A9 /g -1) = 0.01-0.05
: BR(X gl 4 H) 116



Heavy squarks and sleptons suppress flavour & CP violation,
dim-5 proton decay

New source of flavour-diagonal CP violation remains

M 5550 & guss Bl o o
L=—WW+uHH,+2-H'WH +2LHWH, +hc.

) J2 V2

et W s

ungF‘)

Effects on SM matter at two loops: EDM

CP violationin Im

H

My



1072
singh =1
= sin2f=1
o e S cexcluded N
=i e, R T
= -
2 i, "
u ., T
.\:.\. H":—:\_H '-_
":r - s ‘:\'l"\-\.._\_\_\_
10-# oy s
I |'|'||| "'|| i 'I._I'l. :"'1!-\..:_\_\‘_\- 1 :".-;._\___H_.
My = Gl Giely T,
- b
107" |
2 3
10 10
M, /GeV

Present limit: d,<1.7 10%’ ecm at 95% CL (DeMille et al.)

Future: DeMille et al. (Yale) 102 ecm in 3 years and 107! ecm in
5 years.

Lamoreaux et al. (Los Alamos): 10-! ecm and eventually 1035 ecm.

Results from Hinds et al. (Sussex) and Semertzidis et al.

(Brookhaven) plans to improve by 10° sensitivity on u EDM



STATISTICAL CRITICALITY

Assume soft terms are environmental parameters

Simplest case: m=c; Mg and Mg scans in
multiverse

Q.= M; x F(c,,a,,\,) is fixed
Two possibilities:
1) Mg > Q. : unbroken EW
2) Mg < Q : broken EW
Impose prior that EW is broken

(analogy with Weinberg)
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In “field-theoretical landscapes” we expect N x M

(M. aMm.
n( "’) > for M, <Q,

Probability distribution dP= < | Q. z
. 0 for M, > Q,
M\ 2dm: [, o
M;/ M;dnQ\ M,
oA 1 0.15
o - x — ==
4 n n

* Susy prefers to be broken at high scale »
Susy near-critical
* Prior sets an upper bound on Mg

Little hierarchy: Supersymmetry visible at LHC,
but not at LEP (post-diction) 120



Distribution Prior of EW
of vacua breaking
(— ) cam—

<A=r>»0=—==20

Supersymmetry looks tuned because there many
more vacua with <H> = 0 than with <H> = 0

The level of tuning is dictated by RG running, and
it is of the order of a one-loop factor
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