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Supersymmetry:
fermions < bosons



Motivations

% Phenomenological
e Solves the hierarchy problem
* Precisely predicts gauge coupling unification
e Provides a natural DM candidate (needs Rp)
* See below...
* Theoretical
e Unification of fermions and bosons
* Local supersymmetry = supergravity + crucial in string theory
e Completes the list of possible symmetries of S (under hypotheses)

e Powerful technical tool



Beyond the Standard Model

* Experimental “problems” of the SM:
* Gravity
* Dark matter
e Baryon asymmetry
* Experimental hints of physics beyond the SM
* Neutrino masses
e Quantum number unification
* Theoretical puzzles of the SM:
o <H> << Mp
e Family replication
e Small Yukawa couplings, pattern of masses and mixings
* Gauge group, anomaly cancellation, charge quantization, quantum numbers
* Theoretical problems of the SM:
* Hierarchy or Naturalness problem
e Cosmological constant problem
e Strong CP problem



The hierarchy problem as a handle on new physics

% The SM is an effective theory valid below a cut-off Qnp

e Where is Qup? Which physics at Qup?

* The main guideline is still provided by the naturalness
argument (hierarchy problem)

* Which arises if the Higgs exists as a fundamental
interacting scalar up to Qne and Qe > Mp
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More on renormalizability and naturalness

kgdk ]. cut-o 3G
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enormalization: (m7 )phys ~ (M7 )tree + Jond £Q% Q. — oo
713

* The naturalness problem arises if Q corresponds to a physical threshold
[Luty, hep-th/0509029]

* (renormalizability might not be a fundamental property of 4D QFT)



How supersymmeitry solves the hierarchy problem

% Note that it is crucial that the coupling are exactly equal. Supersymmetry
breaking, if it is not to spoil the solution of the hierarchy problem should
maintain this equality



How well supersymmetry solves the hierarchy problem:
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LEP and the residual hierarchy

No hint of physics at Qne:

Leff E<Q i —(97,‘|' Cq =
(P < One) = L3+ D 2 QZp ~ (5TeV)?

50 TeV composite SM fermions
Anp 2 /G - HTeV = 5TeV composite Higgs
0.5 TeV 1-loop perturbative

’ Qne \°
: if my, = 115 GeV
e 7 (O.5TeV> 7l %

miQnp = 9

Smi ~ 5
2
(= 174 0oV } Var m3 ( AL ) if mp = 250 GeV

2TeV

\



B TV Iy

SUsY

S TR SRR B TV

M

1 Quw=m

- < =174 6eV -

- My

)

unification
? neutrino masses
baryogenesis

J —

MSSM

QNP = /¢ - 5TeV =~ 0.5 TeV

10

AY
RS )
Y4
’

(R I RO



Little Higgs

Higgs mass protected by H(x) = H(x) + ¢

E A
1
r My * Qnp: Qstrong = f = global symmetry breaking scale
: (separate the top loop cutoff from Qstrong > 5 TeV)
: * Bounds on Qnp from EWPT still worse than MSSM
: (unless T-parity is used), FT similar
|
: % No dramatic gain but interesting alternative
:
1
o
B frong 8 <
3G ¢
T 1 Wi Zy J> Sy ~ NI —— Q% log —22 =t 1 2-loop )th )th )@
( - Que=f 50 NP ; 3
7K
: 5mh % my ;Q%p
V272
SM 1 <Hh=174GeV -

[Arkani-Hamed Cohen Georgi 01, Arkani-Hamed Cohen Katz Nelson 02,
Arkani-Hamed Cohen Katz Nelson Gregoire Wacker 02]
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CFT
(dval to
AdS)

a few
weakly
coupled KK |

(

M

Warping and composite Higgs

- Mo = Awy

i Qs’rrong = Air

- Qup = mkk

r < =174 GeV

AdS.

1y

UV (M)

IR (TeV)

myg ~ Mse ™E

k = curvature
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Breaking of Guuik by bcss:

H = (As)o, or Little Higgs + UV
completion and solution of the
hierarchy problem

my protected from Qstrong by 5D
gauge symmeftry, or collective
breaking

UV brane: elementary
IR brane: composite (H, tr)

Qstrong > 5 TeV as usual
mkx > TeV, watch Z — bb

Gauge coupling unification in a
novel way (but limited
calculability)

[Contino Nomura Pomarol hep-ph/0306259
Agashe Contino Pomarol hep-ph/0412089
hep-ph/0605341]



The cosmological constant problem

dmy < Q3 — Qsm ~ mp SA < Q5 — Qp ~107°2eV?7?
SUSY: dm?3; o< m?log QSPSY SUSY N ve m e ay
m
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Notations

% r] 7 diag("'---)/ (O-IJ) - (llo-i)l € = (_01 é)/ Eo(B EBY = 60(Y

* Y Dirac spinor & Y, Y. left-handed Weyl spinors: ¥ = (650)

:IjLa\Ij—Ji‘i‘thRy\Ij—g <—>+ (VRSB

(0.1/2)  (1/2,0)

U0y = S + (01)s)" Uiy Wy = Plotehy — (15) T aHaps

b= (o )oti= ()

(¢1¢2 - 4 ¢2¢1 ST ¢1a6a5¢25)
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From general principles to
the most general
renormalizable N=1
supersymmetric lagrangian



The general supersymmetric algebra

[Sohnius, Phys Rept 128 (1985)
Wess and Bagger, Supersymmetry

G = set of symmetry generators G such that e T o
Martin, hep-ph/9709356
e GS=SG Nilles, Phys Rept 110 (1984)]

v ; :
e G =/da di Gij(aaﬁ)a;{aajﬁ on asymp’ro’ric states (aTia creates the particle i

with quantum numbers «)

* Spin statistics connection holds

[Coleman Mandula, Phys Rev 159 (1967)
THEN Haag Lopuszanski Sohniius, Nucl. Phys B88 (1975)]

G=B+ F,where Bo2B:b—>bf>f, FoF:b—>ff—b

G is a graded Lie algebra: [B,Bl, 1. Ft < B, [B.Fl < F
[[G1,G2]):,Gs): + [[G2,G3):,Gi): * [[G3,G1):,G2): = O “graded Jacobi identity”
Gi € G bosonic or fermionic, “-” if two are fermions

[G1,G2]: = [G1,G2] if G; or G2 bosonic, = {G1,G2} otherwise
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* B = Poincare ® Lin+ generators: Py Ly Br (hermitian)
U(G,L)TBr U(G,L) = Br (OI" [pp, Br] = [Luv, Br] - O)

Lint = compact semisimple © abelian

* 7T = supersymmetry generators: Qix, Qix = (Qia)
i =1,..,N number of supersymmetries & = 1,2 left-handed Weyl index
UlaL)" Qix UaL) = La® Qig
U(@)" Qix U(g) = R(Q)j Qja
{Qia, Qjpt =20i;005P  {Qia, Qjp} = 2€apZ;

Zj € Lint antisymmetric, [Zij, anything] = O (“central” charges)
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*

Properties and N=1

Supersymmetry generators: b < f; #b = #f
[P2, Qi =0 = mp = ms : supersymmetry must be broken
<QIHIQ> « 3ix (IQixQl? + 1QixQI?) 2 0 : SSSB « vacuum energy > O
N supersymmetries: massive 1P states have j > N/2
massless 1P states have [j| > N/4 (if odd, N—N+1)
jc2=>Nc<38
jsl1=N<¢4

chiral gauge theory = N <1
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N=1 supersymmetry algebra

% @G = Poincaré + Internal group generators + Qu, Qu

* Qu = LoP Qp, [Py, Qal = 0
Qu = e® Qu ("R-symmetry”) or invariant under internal symmetries
{Qa,Qp} =2043P, {Qa,Qp} =0

* 1 particle supersymmetry multiplets:
m#0

1P multiplets

#B = HF
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Field multiplets

Z )
* (A, @, F) “scalar” (“chiral”) multiplet m # O

A, F complex scalars, P left-handed Wey!l spinor
Off-shell real field DOFs: 4B+4F; on-shell: 2B+2F (F auxiliary)
[Al=1,[p]=3/2 [F] =2

* (v, A\, D) massless “vector” (“real”) multiplet
V¥ real vector, A left-handed Weyl spinor, D real scalar
Off-shell real field DOFs: 4B+4F; on-shell: 2B+2F (D auxiliary)

W) =1 AN =372,/ [DF =2
& 9

* (v, A, X, C, D, N) massive vector multiplet

X Weyl, C N complex scalars, D N auxiliary

20



Renormalizable N=1 supersymmetric gauge theories

* Specify the gauge group G

%* Specify the chiral superfield content ®; = (A, Wi, Fi) and the representation
of G on them: g € G: ¢ — U(g)ij OF

* Associate a massless vector superfield to each generator of G:
th « (VA A%, D?) (A%, D” transform with the adjoint, v®, as usual)

% Specify a gauge invariant olomorphic function W(A): the superpotential
[W] = 3: renormalizability = W = (Nijx/3) AiAjAc + (Lii/2) Ailxj + m3 A

% N .

Losiindrid) ATD“AZ- 4 oplich D b, + FVF, [In superfield formalism:
i o e W = W(d), [6] = -1/2
—Zvﬁf va, + Al a“DM)\A—I—iDi b= A+ 4240 + FO7

F, D non-dynamical

— §aiajW(A)¢z-wj — OW(A)F; + hec. [F] = [D] = 2

= (\@gAAZTj{)\ij i h.C.) — gAAl-LTj{DAAj
+ gaéaD? + 0 term
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Eliminating auxiliary fields

* Equations of motion for F, D: F! = ;W (A) Dy = gsAITVA,
% Omitting FY and O term:

4 )
Lqusy = Kinetic + gauge for A;, 1;, v'4, Aa

- (%aiajW(A)wmj + V294 AT M + h-C-) - V(4)

1
V(A)=F'F,+=-D% >0
N 2 y,

% Continuous symmetries (commuting with gauge):
* commuting with supersymmetry: Q(A) = Q(W), Qvy) = QA) =0, Q(W) =0
* R-symmetries: R(P) = R(A)-1, R(vy) = 0, R(AA) =1, R(W) = 2
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Non renormalization theorem
and the solution of the hierarchy problem
* Second line in Lsusy does not get perturbative radiative corrections
% First line does, but it is (logarithmic) wave function renormalization

* Example: W 2 -pij; AiAj = V 2 (M) ATiAj, quadratically divergent?

W i M
A7 N A b My Sl
Aink A jnk et 7 Keior
A Ph ! 1) An
From -(1/2)0n0kW(A) WnWk Aink N jhk

+ gauge contributions
W(A) 2 (Nink/3) AifnAx )

From F T uFh, Proof at all orders uses superfields formalism
F'h = o0nW(A) or Seiberg argument (hep-ph/9309335)

* Interpretfation: supersymmetry relates scalar masses to fermion masses,
which are protected by chiral symmetry
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Explicit (soft) supersymmetry breaking

Me > 100 GeV, not = 0.5 MeV

Most mechanisms of supersymmetry breaking take place at Q » TeV, give
rise to effective, explicit, soft supersymmetry breaking terms at Q = TeV

"Soft” = do not give rise to quadratic divergences
f

L= »Csusy + »Csoft A

[Girardello Grisaru , NPB 194 (1982)]

2
\_ J

* w(A) olomorphic, w = (aijk/3) Ai”AiAx + (b%;/2) Ailj + c3 A
e All terms in Lsft proportional to a (supersymmetry breaking) mass scale

e (Myj)/2 Wip; can be reabsorbed, w(A,A™), Mai AaWi give quadratic
divergences in the presence of gauge singlets (and very suppressed in
explicit models)

M
—Laﬁt:7n%AjAj*_( ABAAAB-+HKA)+JLQ)

Gaugino masses break R-symmetry

Back

24



Spontaneous supersymmetry breaking (SSSB)

* SSSBoeV>0oF£00rD#0 VA= B iD= g
(if Vmin = O, there could still be SSSB in false vacua)

% SSSB should not couple to the SM fields at the renormalizable + tree level:
e Tr(M20) - 2 Tr(M3.1/2) + 3 Tr(M2;) = O (tree level, canonical kinetic term)
* no gaugino masses [Ferrara Girardello Palumbo, PRD20 (1979)]

* Typically: SSSB in hidden sector at Qsssg » TeV, communicated to the SM
fields by "messengers” at Qmess » Qssss (gravity, heavy charged fields, etc)

25



The MSSM



The Minimal Supersymmetric Standard Model (MSSM)

% “Minimal” = minimal number of fields
%k G = Gsm = SU(3)cxSU(2)wxU(1)y

* Embedding of SM fields in
(A, W) (chiral) or (vy,A) (vector)

[Martin, hep-ph/9709356; Drees Godbole Roy, Haber Kane, Phys Rept 117 (1985)]

1/6 -2/3 1/3 -1/2 1

multiplets:
2 A T : « - ”
Gauge bosons S vector multiplets 9y 79 : = (9,,+9 )~ (with “gluinos”)
(with gauginos) Woion W= (Ve sty (wishe S\Wanos?)
B, — B = (By, B) (with “Binos”)

Fermions < chiral multiplets (with sfermions, s for “scalar”)

f g; — G, =%a:,q;)

R 4 3
G, ( 7 Z) (Wlth “sleptons”) uf 5). ’Lbf == (uf, uf) (Wlth “squarkS”)
c ARl T SCFSAC
gre €F = 1ecies) dc_)jc_(d“c d°)
7 i ke

Higgs S chiral multiplets (with Higgsinos)
lepton number conservation: h # I;
anomaly cancellation + fermion masses: h — hy = (hy, hy) + ha = (ha, ha)

ApuSqh* + Apd°qh — A\puqhy + Apd©q hyg

27



The MSSM superfield content

1/6 -2/3 1/3 -1/2

1

1/2 -1/2

vector chiral

“sparticles” , s for “supersymmetric”

28




The superpotential and R-parity

The most general renormalizable gauge invariant superpotential:

% B oaeh 2 e _ SM Yukawas
quhd + X; -équhd + 1 hy hy ?A%: + Higgs and Higgsino mass

Tt ; ;
+ more interactions

_ WUreri g D jc
W= Ajjt;qjha + Aj;d;
T 7oA A /1 ~c Jc jc 177
+ Alijklily €y, + Apjilidydy & Ngpjr Wi d dy 3 pilihe j iy
."{:“5 L and B violation:
~ proton decay,
neutrino masses

In the MSSM: L, B accidentally conserved once matter parity (Pm) or
equivalently R-parity (Pr or Rp) is imposed

In the SM: L, B accidentally conserved (welcome)

Pm = +1 on hy, hq (scalar component € SM)

Pm = -1 on §, G, d<, 1, é° (Fermion component € SM)

Pm = (-1)3-Y) (remnant of B-L gauge symmetry?), commutes with SUSY
Rep = +1 on q, uS, dS, |, e, hy, hg (SM fields)

Rp = -1 on g, U, d°, 1, &, hy, ha (supersymmetric partners)

Rp = (-1)3B-L+2s discrete R-symmetry

29



Consequences of Rp

* Constrains the form of W, Lss+ (B, L accidentally conserved)

4 R o . . )
W = Masqih, + A\PdSqihg + MEeSlihg + pwhuhg

17 1 17 1 1] -1

Loty = AVUSGF hy + APdSG@ hg + AEEST hg + m2 jhyhg + h.c.

1] 1 1] 71 1] 1
+ (M2)i;@1 G5 + (M2e) i (@505 + (M3 )iy (d5)TdS + ()11
+ (m2)i(69)1eS +mi hih, +mi hihg

ec
My -~

Ms ~ M, ~ ~
+ 3004+ =2 W W, + 71BB+h.c.
N y

9 2

* MSSM = Gsm + field content above + most general Rp-invariant W, Lot
* Sparticles are produced in pairs
* The Lightest Supersymmetric Particle (LSP) is stable

% Rp = +1 and -1 fermions and scalars do not mix

30



Xk
Xk

Parameter counting

3 gauge couplings, quantum numbers, Oqcp

Supersymmetric part: (3x18+2) - (9x5+2-5) = 14 = 9 fermion masses + 4
CKM parameters + 1 Higgs/ino mass = SM - 1 (Higgs coupling predicted)

With Lsft: [3x18+2 (W) + 3x2 (gaugino masses) + 3x18+2 (w) + 5x9+2
(scalar masses)] - [9x5+2 (U(3)°xU(1)?) + 1 (R-symmetry) - 3 (B, L, Y)] = 120
= SM + 105 = 14 + 3 gaugino masses + 3x6+3 sfermion masses + v, tanf, ma
+ 79 mixing and phases

Too large FCNC and CPV processes in most of the parameter space, e.qg.:

31



The Constrained MSSM (CMSSM)

% Assume that at some scale Mo » TeV the soft term satisfy:

e M; = Mz = M3 = My/2 (universal gaugino masses)

* Aupe = Ao Aupe (A-term proportionality) (also define m?y4 = Bo M)

o (M%) = (M2 = (M%) = (M2 = (M2); = Mm% Oy (universal scalar masses)
% Motivation:

e Benchmark model with few parameters and FCNCs under control

e Minimal supergravity (msugra) gives the CMSSM (with model-dependent
Ao-Bo relation)

% Parameter counting: 106 — 4 dimensionful pars + 2 phases (no new mixing
pars, all mixing can be expressed in terms of CKM: an example of Minimal
Flavour violation)
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Phase convention

Complex soft

parameters: H Mu/z Ao BoM

R-symmeftry: u Mi/z e29| A eZ® |Bou e2iw

Peccei-Quinn o 7
symmetry K€ Mizz Ao BoM e

R-symmetry: Ly invariant, R[AA] = 2, R[W] = 2 = R[w] = 2
Peccey-Quinn: hya = hud €% PQ(ucghy) = PQ(d°qhs) = PQ(eclhg) = O
Standard phase convention: Myz > O, Bop = m?y4 > O, phases in Y, Ao
also used in the MSSM (provided that the gaugino phases differ by )

Constraints from EDMs: |sinyl, Isingal < 1072 (supersymmetric CP “problem”)
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CP-conserving CMSSM

Physical parameters (besides gauge, fermion masses and mixings)
~00 < M?p < 00, —00 < Ag < 0, |ul > 0, Myz2 > 0, m?u4 > O, sign(p) = +1
Trade |pl| for Mz, m2.4 for tanP (see below):

—00 < M?%p < 0, -0 < Ag < 00, M2 > 0, 0 < B < /2, sign(p) = +1

Plots often in mo-M/2 plane for fixed B, Ao, sign(H)

S
I I I 8 1400 ‘N ‘ T ST ‘ g ["LJ}\\ ‘ Tl ‘ T 1§ ‘ T 1T ‘ ey
1400 Ta g E, miss Signature ]
E— e IBQTSO). 4
tan(p) = 10, u;l), Ay=0 -
1200 7
1200
1000 A
1000, N e T e e S [P N 0 ol g %, |
e 800 . B0750) \ L - S
> 800 o e -
Example: ¢
ICURET o S| T e R € A G TS SRR T e N [ T SR R L L e
CMS reach & 600

600

e 400 e . : srg

200 g 200
visibility of dileptonO §
structure 9
| | | d
0 |
E P 1000 309 e 0 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)
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Electroweak

symmetry breaking
(EWSB) in the MSSM



Electroweak symmetry breaking (EWSB) in the MSSM

~

Vois ‘/susy + Voot = V<hua hd, G, ~ch d’f’l ~C)
% Issues:

1. V bounded from below? (“UFB” directions)

2. <G> = <U%> = «d> = <Ii> = <&> = 0?2 (“CCB” (and L breaking) minima)

3. <hw>, <hg> preserve U(1)em ? I e e 1

1. Not guaranteed. E.g. along (h,) = (O) R 7 (w) , <f> _o |ma=ma, +ul

w 0
V = (m2 +m2 —m?2,) w? is unbounded from below unless m2 +m3 > m>,

2. Not guaranteed. E.g. along (hg) = <w> : <l~z> = <O> e _we 94D (else) = 0

0 w

V(w) has a (deep) U/Qrfem minimum unless |4} |* < 3X2 [(m7)ii + (M2e)si + m3]
Analogously:  [AD 12 < 33, [(M2)s + (M3 )i + m3]
Also: check positivity of mass eigenvalues [AY|? < 3)2 [(7m2),; + (m2.)i; + m?]

Note: |Al S A ™M, A= ANA
3. Guaranteed (provided that 1. and 2. are fine)
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* Assume <G> = <U% = <d%> = <[> = <€%> = 0. Then

2 12 5 2
Vo9 Jgg (R = Wita) L Bl + (P (R 4 hiha)  from Lo,
+m2 hihy +m2 hhhg +m2, (hyha +hc.) o

A . 0 AR R COS Y Vu,d > 0
* Up to a gauge transformation: h, = v, (1) g =vg€ (Smx) 0<y <1/
* X # 0 & U(l)em spontaneously broken
el® £ +1 & CP spontaneously broken

* V minimum at X = 0, e =1 (for given vya)

0 1 Uy, =vsinf v~ 174 GeV
e huzvu ) hd:Ud
1 0 vg=wvcosf 0<(G<m/2
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g+ g 2 2 9 2 2 2
* V(vyvd) = - —2
( u ) 3 (v vd) + m,v,, + myvy m:, qVuVd £ m%d % ’M|2

* Quartic term dominates at large v, except for tanf =1 (vy = va = V/J/2), in
which case: V(v/v2,v/V2) = (m2 +m3 — 2m2,)v?/2. V bounded from below iff

(M2 +m3 > 2m2,(> 0)]

%k Local extrema:

Sl 0qV OV
. 2 Y2 aD G e 4 9272 2 212
v # O: iff [m mg < (mig) ] from e VA e (myss — mics)
g*+4g? m?2 tan® 8 —m?2 M3 05 2m? | Bis leen bY
i U7 tand—1 2 sin 200 = m2 +m2 | the solution with

L 3 tanPB = 1 if m%3 = m?,
% Bounds on p:
Radiative corrections

* At Landau pole beyond Mpi: tanP = 1 (see below) o ST e el

* Higgs mass bound: tanf = 2 (see below)

e B-physics: tanf <

38



We typically need m?,, < O
while m?p4, M3 > O:

an accident?
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Radiative EWSB

* Soft terms generated at Mo » TeV e.g. in sugra Mo = Mp

M2
% Rad corrs to soft terms enhanced by large logs: t = e log SST ~ 0.4
T
o2 o e 1 A p
* RGES: 2 =—"gAME +3g3M3 + — gt ME — N} (2, + ik + i+ | A,f?)
i 52 _E 27712 i 272 o9V2 (52 ~ 2 ~ 2 112
Mmie =—g3 M3 + — gy My = 2X; (g, + Mg +my + | Ay
dt 3 15 ;- Y
d 3 5 z ¥ ~
—mi = X 3G3ME+ SgiME {37 (2, + i + i, + |A.?)
d % (e [Martin Vaughn, PRD50 (1994)
%mothers i Only salge P Barger Berger Ohmann, PRD49 (1994)]
d d M;(Q1)  g;(Q1)
* BTW: —gZQ — —big?, — M, = —bzg,?Mz = = =
dt dt Mi(Q2) g7 (Q2)

Mi=Mz2=Ms,g=0gz2=3g3s @ Meur = M; : M2 : M3 = g4 = g% = g%
Mi:Mz2:M3=1:2:7
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mass (GeV)

Evolution of sparticle masses

800

700
600 r
500 r

400

B

— Myp

300 |

200

100 r

Q (GeV)

Fig. 1. An example of the running of the soft-supersymmetry breaking parameters
for as(Mz) = 0.120, my(my) = 150 GeV, tan 8 = 10, mi = 250 GeV, mg = 100

GeV, and A = 0, where the superscript G denotes the GUT scale.

Barger Berger Ohmann, hep-ph/9311269
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E A Fine-tuning in the MSSM

- Mo \
unification
? neutrino masses
baryogenesis
3G F Mz
Susy e et AR Aop bk
K ( 2
e / 2 ( Qe if my, = 115 GeV
ST e (O.5TeV O g
- Oy, ~ /22 myQnp = O \2
M+ <H>=174Cev ms (QTeV) if mp, = 250 GeV
\
TR e
P s et ST AT B —om2 —2uP? (large tan )

tan? 3 — 1
~ =2 (mj (Mo) + |uf*) +20mj .

* Large logs + color factors + lower bounds on gluinos and squarks: dmj; > M
A moderate (up to %) fine-tuning is required to obtain Mz = 91 GeV
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Mq = Mu: “focus point”

M2 ~ (91 GeV)? | 2 ity My Z
2~ O1GOV) | G Gev)? ~ (B0GeV)? | (d0GeV)E | (70 GV

* FT ~ maximum contribution in [...]  (+ possibly in tanf3 and m;)

%* Benchmark points:

M1/2 = (250 o 1840) GeV . FT ~ 40 = 2000 [De Roeck, Ellis, Gianotti, Moortgat, Olive, Pape]
mg = (1500 < 4300) GeV :  FT ~ 430+ 3700 or M/, =500GeV : FT ~ 150

[Kane, Lykken, Mrenna, Nelson, Wang, Wang]

* Direct lower limits on squark and gluinos

195 GeV 3 300 GeV 25
M;>{260GeV = FT > 6  m; > {260GeV = < 10
500 GeV 20 100 GeV 50

* Indirect lower limit on the stop mass

St

3 ~2
(114 GeV)? < mj < MZ cos® 28 + @h?mf log %

t

= F'T ~ 50 =+ 100
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What is left?

120 |
% Quantitative measure of naturalness

nicely taking into account and
combining all the considerations
above

100

80 _ll.
e Scan the relative sizes of SUSY
parameters and the SM

60 F
paramefters in their ranges -

e Set the overall scale of SUSY
parameters from <H> = 174 GeV

40 -

lightest higgs mass in GeV

e Calculate SUSY spectrum and 20 |
compare with experiment
* o - : 0t I— I——
Few Q(IA) of points §a’r|sFy all ; . 30 100 200 1000
experimental constraints lightest chargino mass in GeV

[Giusti R Strumia]
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A comment on numerical scanning procedures

* The FT problem typically intfroduces a bias in numerical scans of the MSSM
parameter space

* Physical parameters (besides gauge, fermion masses and mixings)
—00 < M?p < 0, -0 < Ag < 0, |H| > 0, Mys2 > O, m2uq4 > O, sign(p) = +1

* |ul is traded for Mz, which means that the (necessary) cancellation is forced
to take place between P2 and all the rest in
miu tan? B — m?

M= 5 ha _ olul? = —2m; —2|ul* (large tan3)
tan® 0 — 1

~ =2 (my,, (Mo) + |pl?) +20m;,
% Example: LSP is rarely an Higgsino
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Addressing the FT problem

Low Mo

NMSSM

Supersymmetric Little Higgs
Sliding overall soft mass scale
Environment

Who cares?
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The particle spectrum
of the MSSM



MSSM fields:

~ ~

9o W,y B, GW B quldSlelhyhg G asdSl; & hy hy

~

Mass matrices = masses + expressions in terms of mass eigenstates

Selection rules (after EWSB): spin, color, charge, Rp
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Gauge bosons

g% W4 B,

L D |(gW2To + ¢'BuYa) (ha)|” + [(9W2Te + ' BuYa) (ha)|’

959, Ta + gWiT, + ¢'B.Y

= gsg;leA‘F%(W/j_T—l— + WILL_T—) + @

5

g

Z(T3 — S%/VQ) +eA4,Q

Same as in the SM, with v2 = v&, + v
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Rp =1 (SM) fermions

* g uS dS5 Li e
mUZAUUSinﬁ

* —L D A\uiqihy + Adiqihg + Aiieflihg  —  mp = Apvcos 3

Mg = Agvcos (3

m A : :
it )\—t tan 3: mp « mt either because A, « At (as in the SM)
A P or because tanf » 1 (allows Ay ~ A4, relevant for rad corrs,
Yukawa unification (PQ symmetry?))
m
* A\ = ’USiII;ﬁ : AM(Mcgut) < 0 = tanP = 1 (depending on what goes on from Mz to Msur)
(1.0 TY. o)/ ,
mu =il .= (10) = Ul
77| diag (Ud)ijdj c __ T c’
* mp = Ugelmp™=|Uq / di = (Uge)izd;
T | diag . = (Ui)w Y c T c’
mp = UL|mS8|U, P = (U, e; = (Uee)ijeé;
L e/t] =

% [V —= UUUC;] appears in SM CC interactions, fermion-sfermion relative
orientation appears in supersymmeftric inferactions
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Rp = -1 fermions (gauginos and Higgsinos)

gs have mass M;
h*« W* / h-a W- can mix (“charginos”)

h% h% WO° B can mix (“neutralinos”)
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% Charginos: —L D (W‘ h;

~

e (%

u

) fro-

e.g. V2Myewcg from ﬂhL(g%Wa +9

% Neutralinos:

Mo \/ﬁMZCWSﬁ
\/§MZCWCB

e’

)

2

| i

1 ~ = axy
S \/ihl}(g%Wa — g 5B)hg

2

B
T e w3
£ (B W3 R h2> My | 5o | +he
Py
hO
i M, 0 —\/§MZSWCIB \/§MZSW3B ‘
e 0 M, V2Mzewes  —V2Mgewsg
YU —V2Mzswes  V2ZMzewes 0 —|plet®
V2Mzswsg —V2Mzewsgs —|plet®n 0
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* Small v/M;, v/lul:
* W*W- — 1 Dirac spinor, mass M;

* h*. hq¢ = 1 Dirac spinor, mass |y

h h% — 1 Dirac spinor, mass |u|

B, WO — 2 Majorana spinors, mass M;, Mz

%* In general:

: Z X\ B —
g (W () (W) [ | W] Moo=V Mc™U
o1 af h- b ht Y= R0 _ N T g ydiag
X2 d X2 d X3 g My =N" My™ N
X4 ho

yo it = 1 £
mass terms = ijxjxi + 5 Xg.X?X? e b MX?:C@‘CZ' = §Mx; N;N;

_ ok 0*
() nel)
(ordered by mass: Mi ¢ M; if i < j)
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gsgATA + gWaTa + g/BY — gsgATA

+ %Ufnng— + %anxiﬂ + (gNﬁvngs + g’NémY) Xom

* My: = (90 - 105) GeV (depending on scenarios)

* My > Q = M?% + U2 > 2Q%4+2QMy

* The LSP can easily be in the neutralino/chargino sector
* Composition of the lightest neutralino/chargino:

e In the limit of small EWSB effects and assuming gaugino unification:
X% mainly Bino if M; < M, mainly Higgsino if M; 2 g

e If M; 2 Y, EWSB and loop effects guarantee Mfl 2 Mf;
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Rp =1 scalars (Higgs sector)

% hy hg 8 real dofs: 2x(Q=1) + 2x(Q=-1) + 2x(Q=0,CP+) + 2x(Q=0,CP-)

V(hy, hg) breaks SU(2)wxU(l)y, preserves U(1)em, CP

(barring ¢y effects
through loop corrections,
neglecting dckm)

% 3 massless Goldstones G* G- G° (CP-)

% 5 physical dofs: H* H- A (CP-) bu ¢a (CP+)

cgHY 4+ isgG™T Oaq + i(CﬁGO — sgA)
hy = L Gu—i(s5C0+epd) | ha= " o /3
vsp \/§ S@H_ -|—iCQG_
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* Masses: the 8x8 mass matrix decomposes info

* a vanishing 3x3 block corresponding to the Goldstones G* G~ G°

0%V cgH' ve
[ ) S 2 = == B B
a mass term for H*H: mj+ SH O | m g Vo=V (( 50 >’<55H_))
02V 4
® 3 2 =
a mass term for A: my = —-5 ‘A:O

e a 2x2 mass matrix for ¢y Pg: —L 2 _% (¢u Da) M£ (22)

Mg = R(a) (m%’ 2) e T (ca —Sa)

Oq = coH — s, h
¢u = coh + s H

* Decoupling limit: ma » v & mus » v & my » v (Mmh ~ v) & = B-11/2
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In the MSSM

* m% m% m%: m?A o B < MSSM parameters

TSI (A et M)
¢:

—sgca(my + Mz)  mich + Mzs:

2 _ 2 2
my+ = my + My,

% Decoupling limit: m?, = M?z cos?2f

' 1

% 1In general:|m? ,, = = | M2 +m? £ /(M2 +m2)2 — 4M2m2 cos? 2

g hH = 5 Z A Z A ALY
g 2 2 M2 —
m M PRI ) s
tan 200 = —=2- - g tan 203 S m3 — m3 s 7
sin 2a = ——A sin 23
2 2 2 my —my,
* my, < MZ COS 26 (tree level) [Ellis Ridolfi Zwirner]

. : 3 g
%* 1-loop corrections (very basic approx): m7; < Mz cos® 23 + —h2mt log —% mt < 130 GeV
t
e Lower limit on m?, — lower limit on m: = lower limit on FT for m; < 1-2TeV
 lower tanP requires a larger correction (upper limit on m; = lower limit on tanp)

e m?, > 115 GeV can be evaded in the MSSM but requires even more FT

%



Radiative corrections to my

* Full 1-loop computation: Coleman-Weinberg potential + self-energy

% Moderate tanP: corrections dominated by top-stop sector

* The stop mixing (A+ + pcotP) has a significant impact on the results

%* log(m?/m?)-enhanced contributions:
» consider the limit M} > m}

e match the MSSM at Q > M with the SM at Q < m:

2 2
= %
A (7724 = 9 49

ht = )\t Sinﬁ = mt/v
e compute leading-log corrections to the SM Higgs coupling

cos’ 23

h2 =2

An(me) = My (1) + 6 log %
()2 2 25
e mi = 2Ap(me)v® = M2 cos® 26 + 12 m; log —¢

(4m)> m;

58



Rp = -1 scalars (squarks and sleptons)

) " C 'y St ~ K BAEEE < ~ %
P R R R [ A G b S (T G T b e S
AR C TLdm s - 2 (AT * C* (k7 A~k 73

% Possible mixing between

SU(3). triplets, Q=2/3 (up squarks): u; uS’

SU(3)c triplets, Q=-1/3 (down squarks): d; d<"

SU(3). singlets, Q=-1 (charged sleptons): e; e’

SU(3). singlets, Q=0 (sneutrinos): Vi
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~

L= (@ )M (u’“) - (F EYM ( j) (5 )M (€> + 0" MZ7

2 MT I My + M2zyca51 — (Al + peot B)M, LR
u(Ay + p* cot B) B MUM(T] + M%zu copl RR
AT g—I—MTMD—I—Mszc%l (AE—i—,utanﬁ ]\4T
A7 —Mp( AD—I-,u tan (3) +MDM£+Msz capl
(e m? +MTME—|—MZ260251 —(Ag—i—,utanﬁ)MZj
iz AE + p* tan B) ﬁzgR + MEME + M%zeccwl
M? = m? + M2z,c051 Aup,e = Au,psAupr mk = (m2)*

24 = t3(A) — sin? Oy q(A)

* Super-CKM basis: write the scalar mass matrices in the basis in flavour
space in which the corresponding fermions are diagonal (U or D)
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% FCNC/sugra-inspired ansatz for colliders: (il = m
(neglecting small off-diagonal entries, Vcbu) s

2

* I and II families up squarks: m; , =m; + z,co3 M3

U1, 2
. 2
muiQ P muc —|_ Z'UICCQBMZ
* III family (stops):
ﬁzgg +mi + zycopM3 —my (A + pcot 3)
—my (A + peot B)  Mge +mi + zuccap M7

51 7 Co Se I?L 5 2

* Analogously in the D, E sectors. Relevant LR mixing in the third family only
for large tanf
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%* In general:

MG = UL MUy
M% = UL ME 28U
M3 = UL ME U

M?]diag 25 (m%]I
My = (m},)
M = (75, )
M2 (172 )
(Ul)w

= (UL (ir3)7Es

>Z/{£L] = relative rotation between up quarks and squarks

enters supersymmeftric gauge interactions and extra

Yukawa interactions (analogously in D, E, v sectors)
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Interactions and
phenomenology



4 )
Lqusy = Kinetic + gauge for A;, 1;, vy, Aa

) (%@ajwmmwj VAT + h) S

1
V(A)=F'F,+-D% >0
. 2 y

4 )
L= £susy + £soft

M
—Loopt = m?jAIAj + ( ;B Aadpg +w(A) + h.c.)

\_ J
4 R o . . )
W = A0S ha + AL dSGiha + A E5Lihag + phyhg

17 1 1) 1

—Loots = AV UG hy + AP dSF hg + AEECU hg + m2 Jhyhg + hec.

’L] 1 ’Lj 1 Z_] 1
+ (M2)i0 @5 + (M2 )i (A5) TS + (M3 )i (d5)TdS + ()11
+ ()i (86)T8S +mi hihy +mi hihg

Ms My ~  ~ M
+ —SQAQA + ’ WaWa + 71

— BB +h.c.
5 5 + h.c

[+ express fields in ferms of mass eigensfa’re]
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Example: dark matter detection

* Assume the LSP is the lightest neutralino

% The detection process proceeds through h (spin independent) or Z, (spin
dependent) exchange

a T a ~1 7
58 hX?X(l) from hL (gWa? + g 'B= ) h, + hT <gW“% — g’B§> £) T S8 6%
> XS |ca (9 ts(hl) Vi + g'y(hS)NT3) Nizo = sa (9 t3(hd) N + g'y(hNT5) Niio)

note: the coupling vanishes in the small v/M limit
of

Xk X1 0 Xlz from hJr i) 27 +h U“Duﬁd—FWTia“DMW—l—BTia“D B
g g ( : ) 0t 1,0
[DM = (T3 — s3yY) ZM] 2 23 |\ Nng Ning = Nung 1ho ) X1 0¥ X1 4,
e izho (Nlthfho —Nlthfho)N—lL’YuNlLZ/x
Cw o d

note: the coupling vanishes in the small v/M limit

Uy = by + (019hs)* Ty Wy = olatehy — (v5)Toa§
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Dark matter abundance

600

500

100
0O 500 1000 1500 2000 O 500 1000 1500 2000 2500

m, (GeV) m, (GeV)
FIG. 1. Contours of constant LSP mass m,, in GeV in the (my, M1/2) plane for Ag =0, u > 0,

my = 174 GeV, and two representative values of tan 3. The green shaded regions are excluded by
the requirement that the LSP be neutral (left) and by the chargino mass limit of 95 GeV (bottom
and right). We have also delineated the regions with potentially interesting values of the LSP relic
abundance: 0.025 < QXh2 < 1 (yellow) and 0.1 < Qxh2 < 0.3 (light blue). In the black region,
12m, — mp| < 5 GeV, and neutralino annihilation is enhanced by a Higgs resonance.

[Feng Matchev Wilczek, hep-ph/0008115]
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Example: supersymmeitric contributions to €

% €x: CP-violation in K°(ds) - K°(ds) oscillations

% Induced by == CzQz Qz ~ (STd)2

= (57" Prda) (57, PLdp) Qe = Q1 =L SR
= (8aPrda)(58Prdp) Q7 = Q2= Qa|r—r
= (8aPrdg)(5sPrda) Qs = Q3 = Qs|Lor
Q4 = (8aPrda) (53 Prds)
Q5 = (54Prdg)(53Prdy)

* SM interactions only contribute to CiQ;, supersymmetry fo all

d —7>» oA XS d —>r = rg, ]
W+ ' gA '
Ui y A Uj U Y AU;
w B
5§ —— NN g S — < =

+ another diagram
+ chargino and neutralino exchange
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2 A A AR
Sz, \@gsquA7qz ﬂgs(df)TgAfdﬁ + h.c.

A A e
= V2g, W}, . Dy 5 dig" — vVag Wi, DS 5t (d55%)" + e,

)\ —A
_fgs L% (WTDJdLPL_'_WTDJdRPR)wd

U Wy = ¢§ihy + (Pr05)" WinyH Wy = ohlotapy — (5)Totaps
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Gauge coupling unification

SU(3) su(2) u(1)

1 2 -1/2

1 1 1
3 2 1/6
<5 1 1/3
3 Yer o7 3
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Gauge coupling unification

SU(3) su(2) u(1)

1 2 -1/2

1 1 1
3 2 1/6
<5 1 1/3
3 Yer o7 3

SO(10)

)
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Gauge coupling unification

SU(3) su(2) U(1)

1 2 -1/2

1 1 1
3 2 1/6
<5 1 1/3
7 Yer o7 3

SO(10)

)

69




Gauge coupling unification

SU(3) su(2) U(1)

1 2 -1/2

1 1 1
3 2 1/6
<5 1 1/3
7 Yer o7 3

SO(10)

)
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do !

47 - =b:
dlog(M?/Q?)
. N,
b = =7+ ?3 ART( WA R 735AB N3 > 0 integer
19 NV .
by = 7 + ?2 Frlt b= 725ab N5 > 0 integer
41 N N
by = G + 1—51 (SU(5) norm.) TrEY 2 = Fl Ny > 0 integer (from SU(5) multiplets)

1;

(only fermions; with scalars: N = N¢+Ns/4)
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The p-problem

(" A

W = AVt Gihy + ADdSGiha + AEeSTiha + phyha

—Loots = AV UG hy + AP dSF hg + AEECU hg + m2 Jhyhg + hec.

’L_] 1 ’Lj 1 Z] 1
+ (M2)i0 @5 + (M2 )i (A5) TS + (M3 )i (d5)TdS + (i) i5111;
+ ()i (86)T8S +mi hihy +mi hihg
My My~ - M ~-
+ TSQAQA + TQWaWa + 7133 + h.c.
\_ y

% 100 GeV < u s TeV

* As the soft supersymmetry breaking parameters: why?

e U is actually a supersymmetry-breaking parameter (Giudice-Masiero) Reminder

* U =<S>, <S> induced by supersymmetry breaking (NMSSM)

#1



Beyond MSSM: xMSSM

Minimal extension: ASHH4 (with no pHH4 because of symmetries)
* harmless (unification OK)
e welcome (U = A<S> = susy scale)

Spec’rrum: hH — h h h3, A = a; az, Ni...Ns = No Nj...Ns

3 22
Help with FT From (114 GeV) < mi < M2 cos® 28+ T 2h2mt log Zt ;
)\ (7
R N = g _Z g COS 25—#? sin? 23 + loops (A bound by Landau poles)

e m;<(114GeV)? through invisible decays h = aa (m. protected by PQ, R)
Persistent FT from

* direct bounds on SUSY partners

* arranging the invisible decay (shuster Toro hep-ph/osiziss]

Signatures:



C‘ﬂ.. %\ <t
8 <
4 <
<
10 . qqﬁAﬁgAq
I A
o 10 5 < %
5 [85001 -
- r < 434
| #ge %
4
I %q .
1 ¢ &, )
Theoretically -
Inaccessible \ 2 NMSSM
NN < n/sMSSM
0 20 40 60 80 100 120 140 L

m, (GeV/c®)

* InViSible nggs decays: h =080 4X [No loose theorem? Ellwanger Gunion Hugonie Moretti hep-ph/0401228, ...]

* 3leptons — multileptons from additional steps in chargino/neutralino decays
* C1+Nz2 and then
* N2 = Ni+2l = No+4l (if No is lightest and mainly singlino)

e C; = No+l+Vv (5l overall) or even C; = Ni+l+v — No+3l+Vv (71 overall)

%* Deviation from MSSM coupling relations: VVh = VHA = sin¥(x-B), VVH = VhA
= cos¥(x-P) (optimistic)

* Z'if pis protected by a gauge symmetry
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Other variations on the MSSM

% Combine MSSM with extra-dimensions not far from TeV

[Pomarol Quiros hep-ph/9806263
M Barbieri Hall Nomura hep-ph/0011311]
i Pl

unification W
? neutrino masses
baryogenesis

AR R %

3GF M2
2% 2 Y2 o
Susy > 5mh e \/7 2mt NP 1Og 9

J —

3 QNP=m

_—

SM 1 <b=1746eV -
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Other variations on the MSSM

% Combine MSSM with extra-dimensions not far from TeV

[Pomarol Quiros hep-ph/9806263
Barbieri Hall Nomura hep-ph/0011311]

A
T M
SUsy G
t Qw=wm 5
[ 5777% ~ m?QIQ\IP
V272
SM 1 <H>=174GeV
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Other variations on the MSSM

% Combine MSSM with extra-dimensions not far from TeV

[Pomarol Quiros hep-ph/9806263
Barbieri Hall Nomura hep-ph/0011311]

Mt 3G ]\42
SuSY boomp ~ ==

£
5

M
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AR R %

SUsY

_—

M

- < =174 6eV -

Other variations on the MSSM

% Combine MSSM with (Simplest) Little Higgs

[Berezhiani Chankowski Falkovski Pokorski hep-ph/0509311

unification
? neutrino masses
baryogenesis
2
2 3GF 2,2 MPI
5mh x> —2 mt NP ].0g —2
V2m NP
- Que=m Z
2 3GF 2 2
- 0my, ~ t NP
V272

75

Roy Schmaltz hep-ph/0509357]



AR R %

SUsY

_—

M

- £:8)3) :

- Que = <

r < =174 GeV

Other variations on the MSSM

% Combine MSSM with (Simplest) Little Higgs

[Berezhiani Chankowski Falkovski Pokorski hep-ph/0509311

- Mp

unification
? neutrino masses
baryogenesis

Y

v

A\

75

Roy Schmaltz hep-ph/0509357]



* Issues
 Potentially > 100 parameters (CMSSM) )

 FCNCs and CP-violation in particular EDMs
(SUSY breaking mechanism, symmetries)

e Proton decay from dimension 5 operators & i
(non minimal models)

e Gravitino and moduli problem (low reheating T)

e Fine-tuning (NMSSM)

% Successes of the MSSM

* Gauge coupling unification

. . : } fermions
e Natural dark matter candidate (with R-parity)
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Is a natural myg unavoidable?

- Mp

T Qw

L2 =
R 12 KL R W TR T 2 s

1+ <b=174GeV
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Is a natural myg unavoidable?

E A
- Mn
* What about the cosmological constant?

|
NP
K T Quw
(
SM 1 <b=1746eV
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\/—%_’

M

Is a natural myg unavoidable?

- Mp

- Que

r < =174 GeV

* What about the cosmological constant?

% If the my naturalness criterium is irrelevant, what are
the observable consequences?

77



Is a natural myg unavoidable?

E A
- Mn
* What about the cosmological constant?
* If the my naturalness criterium is irrelevant, what are
‘ the observable consequences?
N( * LHC.?
[ - Qe
SM 1 <b=1746eV
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Is a natural myg unavoidable?

E A
‘ - Mo
NP * What about the cosmological constant?
K A % If the mn naturalness criterium is irrelevant, what are
T utoff

the observable consequences?

% LHC..?

SM 1 <H>=17406eV

77



\/—%_’

+

M + unif

e Y L

M

Is a natural myg unavoidable?

- Mp

i ch’roff

- Qwr

r < =174 GeV

* What about the cosmological constant?

% If the my naturalness criterium is irrelevant, what are
the observable consequences?

% LHC..?

% Dark matter still motivates NP at the TeV scale

[Arkani-Hamed Dimopoulos 04,
Giudice R 04,
Arkani-Hamed Dimopoulos Giudice R 04]
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Squarks
Sleptons
Heavy H

(

Gauginos
Higasinos

\
(

M

- Mp

- SYSY +K

r < =174 GeV

¥ ¥ X *

Split Supersymmetry

DM: [ < 1.2 TeV (M; < M2), mostly Bino favourable for LHC
No bounds from EWPTs
my < 170 GeV, in terms of of M, tanP

Long-lived gluino R-hadrons (charged: slow, highly ionizing

track; neutral: missing energy, mild hadronic activity;

actually: Energy, charge, Baryon-number exchange)

LHC sensitivity up to (1-2.5) Tey e cen somd v ooimoss.
Kraan Hansen Nevski hep-ex/0511014]

(quasi-stable coloured particles also e.g stop in some 5D
SUSY models or in MSSM with fine-tuned M = Mn1)

Wilder: stopping gluinos (1-2 jets in any direction from
denser parts of the detector + m.e.), displaced vertexes
(low m), charge flips
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