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1 Introduction: Finetung Problem

fIn SM: loop corrections to Higgs boson mass diverge T
quadratically:
Jt Jt
6 -----%  f----- 6 om?, = A2+ O(A/my)

A: cut—off for momentum in loop.

my Likes to be at highest relevant mass scale, e.qg.
Maut ~ 101° GeV, Mprna ~ 1018 GeV!

|
ohys, = M3 +6m2 = ~ (100 GeV)?: Need to finetune

2 : 30
ngb’o to 1 part in 10°°! J
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Nature abhors finetuning

- N

# Quantum corrections to gauge or Yukawa couplings, as
well as fermion masses, at worst diverge
logarithmically: not so bad even for A = Mpj,pck.

o |
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Nature abhors finetuning

- N

# Quantum corrections to gauge or Yukawa couplings, as
well as fermion masses, at worst diverge
logarithmically: not so bad even for A = Mpj,pck.

#» Standard cosmology has “flathess problem?”:
Qppn — 1 ~ 1016 (Qnow — 1)
Here: Q = p/peit; €2 = 1 means flat Universe.
Is solved by inflation, which predicts:

o Qpow = 1

» Approximately scale invariant spectrum of density
perturbations

Both predictions were confirmed by WMAP!

o |
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Supersymmetry solves finetuning problel
L -

Postulate symmetry between bosons and fermions:
boson — fermion, fermion — boson

This is called a supersymmetry to distinguish it from the

usual (gauge) symmetries.

Requires doubling of particle spectrum: each known
particle gets superpartner!

In particular: higgsino & is superpartner of Higgs boson ¢.

Quantum corrections:

omg =_0my X In mA
_ _ SuUsY ¢
No quadratic divergencies!

Primary virtue of SUSY!
- .
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Secondary Virtues of Supersymmetry

- N

#® Biggest possible symmetry of interacting QFT:
(Lorentz symmetry) ® (gauge symmetry) ® Supersymmetry !
HLS theorem

#» Local supersymmetry invariance implies invariance
under coordinate trafos, i.e. GR: local SUSY = SUGRA

#» New particles automatically lead to unification of gauge
couplings at scale Mgyt ~ 2 - 10'° GeV.

# Automatically contains good Dark Matter candidate, if
R—parity Is conserved.

o |
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2 Breaking supersymmetry

-

Exact SUSY predicts mparticle = Msparticle = SUSY must be
broken!

-



2 Breaking supersymmetry

-

Exact SUSY predicts mparticle = Msparticle = SUSY must be
broken!

-

Two basic approaches:

#® Postulate simple form of supersymmetry breaking at
some high energy scale: Good for global analyses.
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2 Breaking supersymmetry

- N

Exact SUSY predicts mparticle = Msparticle = SUSY must be
broken!

Two basic approaches:

#® Postulate simple form of supersymmetry breaking at
some high energy scale: Good for global analyses.

# Allow general values for parameters relevant for specific
process: Good for dedicated phenomenological
analyses; too many parameters for analysis of all LHC
data?

o |
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1 Minimal Supergravity model (IMmSUGR,

fSUGRA Interactions automatically mediate SUSY breaking T
from “hidden sector” everywhere else, at/near Planck scale.



1 Minimal Supergravity model (IMmSUGR,

fSUGRA Interactions automatically mediate SUSY breaking T
from “hidden sector” everywhere else, at/near Planck scale.
Postulate universal boundary conditions:

mo, m1/27 AO7 tanﬁ? Signlu
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1 Minimal Supergravity model (MSUGR,

fSUGRA Interactions automatically mediate SUSY breaking T
from “hidden sector” everywhere else, at/near Planck scale.
Postulate universal boundary conditions:

mo, M1 2, Ao, tan 0, signp
Implements radiative symmetry breaking:

# Atinput (GUT) scale: m?, = m? at lower scales: RGE

drive mj; 4 < 0, keeping m? > 0.
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1 Minimal Supergravity model (MSUGR,

fSUGRA Interactions automatically mediate SUSY breaking T
from “hidden sector” everywhere else, at/near Planck scale.
Postulate universal boundary conditions:

mo, My /2, Ay, tan 3, signpu
Implements radiative symmetry breaking:

# Atinput (GUT) scale: m?%, = m? at lower scales: RGE

drive mj; 4 < 0, keeping m? > 0.
#» |u| fixed to get correct M.

LWorks In all models discussed here! J
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MSUGRA (cont.'d)

-

#® Easy to detect at LHC:
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#® Easy to detect at LHC.:
$ N0 < m§/6

o |

SUSY Challenges — p. 9/18



MSUGRA (cont.’d)

- N

#® Easy to detect at LHC:
» M0 < m§/6
» Many different channels (missing Er + n; jets +ny
leptons +...)

o |
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MSUGRA (cont.’d)

- N

#® Easy to detect at LHC.:
$ N0 < m§/6
s Many different channels (missing Er + n; jets +ny
leptons +...)

# Passes all phenomenological and cosmological (Dark
Matter) constraints
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- N

#® Easy to detect at LHC.:
$ N0 < m§/6
s Many different channels (missing Er + n; jets +ny
leptons +...)

# Passes all phenomenological and cosmological (Dark
Matter) constraints

#» Light sparticles still allowed
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MSUGRA (cont.’d)

-

Easy to detect at LHC:

$ N0 < m§/6

s Many different channels (missing Er + n; jets +ny
leptons +...)

Passes all phenomenological and cosmological (Dark
Matter) constraints

Light sparticles still allowed
Difficulties:

|
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MSUGRA (cont.’d)

-

Easy to detect at LHC:

$ N0 < m§/6

s Many different channels (missing Er + n; jets +ny
leptons +...)

Passes all phenomenological and cosmological (Dark
Matter) constraints

Light sparticles still allowed

Difficulties:
» Why universal boundary conditions?
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MSUGRA (cont.’d)

#® Easy to detect at LHC.:
$ N0 < m§/6
s Many different channels (missing Er + n; jets +ny
leptons +...)

# Passes all phenomenological and cosmological (Dark
Matter) constraints

°

Light sparticles still allowed

# Difficulties:
» Why universal boundary conditions?
® Mg, Mmoduli ~ M gives cosmological problems

o |
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2b  Anomaly mediated SUSY breaking
- -

# Choose “hidden sector” such that all soft breaking
masses vanish at tree level (but m ~ # 0)
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2b Anomaly mediated SUSY breaking
- -

#® Choose “hidden sector” such that all soft breaking
masses vanish at tree level (but m ~ # 0)

#» “Weyl anomaly” automatically generates sparticle
masses through loops

# Masses proportional to breaking of scale invariance, i.e.
to 3—functs, anomalous dimensions: Same masses for
sfermions with same gauge interactions; no FCNC!
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2b Anomaly mediated SUSY breaking

-

©

-

Choose “hidden sector” such that all soft breaking
masses vanish at tree level (but m ~ # 0)

“Weyl anomaly” automatically generates sparticle
masses through loops

Masses proportional to breaking of scale invariance, I.e.
to 3—functs, anomalous dimensions: Same masses for
sfermions with same gauge interactions; no FCNC!

Predicts rather long-lived ¥ state, fewer leptons than
MSUGRA

|
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2b Anomaly mediated SUSY breaking

-

o

©

-

Choose “hidden sector” such that all soft breaking
masses vanish at tree level (but m ~ # 0)

“Weyl anomaly” automatically generates sparticle
masses through loops

Masses proportional to breaking of scale invariance, I.e.
to 3—functs, anomalous dimensions: Same masses for
sfermions with same gauge interactions; no FCNC!

Predicts rather long-lived ¥ state, fewer leptons than
MSUGRA
Difficulties:

s Simplest model has mz < 0!
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2b Anomaly mediated SUSY breaking

-

o

o

-

Choose “hidden sector” such that all soft breaking
masses vanish at tree level (but m ~ # 0)

“Weyl anomaly” automatically generates sparticle
masses through loops

Masses proportional to breaking of scale invariance, I.e.
to 3—functs, anomalous dimensions: Same masses for
sfermions with same gauge interactions; no FCNC!

Predicts rather long-lived ¥ state, fewer leptons than
MSUGRA
Difficulties:

s Simplest model has mz < 0!

» Why this form of hidden sector? J
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> Gauge Mediated SUSY Breaking (GMS
- -

® SUSY broken in “secluded sector”
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> Gauge Mediated SUSY Breaking (GMS
- -

® SUSY broken in “secluded sector”

#» Needs “messenger sector’ to generate soft breaking
terms

# Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!
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> Gauge Mediated SUSY Breaking (GMS

-

9
9

-

SUSY broken in “secluded sector”

Needs “messenger sector’ to generate soft breaking
terms

Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!

Low SUSY breaking scale — small gravitino mass:
gravitino is LSP. (Might also be DM.)

|
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SUSY broken in “secluded sector”

Needs “messenger sector’ to generate soft breaking
terms

Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!

Low SUSY breaking scale — small gravitino mass:
gravitino is LSP. (Might also be DM.)

As easy to detect at LHC as mSUGRA
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> Gauge Mediated SUSY Breaking (GMS

-

9
9

o o

-

SUSY broken in “secluded sector”

Needs “messenger sector’ to generate soft breaking
terms

Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!

Low SUSY breaking scale — small gravitino mass:
gravitino is LSP. (Might also be DM.)

As easy to detect at LHC as mSUGRA
Difficulties:
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> Gauge Mediated SUSY Breaking (GMS

-

o

9
9
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-

SUSY broken in “secluded sector”

Needs “messenger sector’ to generate soft breaking
terms

Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!

Low SUSY breaking scale — small gravitino mass:
gravitino is LSP. (Might also be DM.)

As easy to detect at LHC as mSUGRA

Difficulties:

» Need some non—gauge interactions of messengers
to make them decay: re—introduce FCNC?

|
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> Gauge Mediated SUSY Breaking (GMS

-

o

X
9

L I

-

SUSY broken in “secluded sector”

Needs “messenger sector’ to generate soft breaking
terms

Sfermion masses « (gauge coupling)?: Same masses
for sfermions with same gauge interactions; no FCNC!

Low SUSY breaking scale — small gravitino mass:
gravitino is LSP. (Might also be DM.)

As easy to detect at LHC as mSUGRA

Difficulties:

» Need some non—gauge interactions of messengers
to make them decay: re—introduce FCNC?

» No A—term — smaller m;, = “Little hierarchy
problem” worse than in mSUGRA. J
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2d Mirage Mediation

K. Choi et al., hep-th/0411066, hep—th/0503216; M. Endo et al., hep—ph/0504036

# Combines AMSB and (m)SUGRA

o |
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construction)
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cosmological problems
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# Combines AMSB and (m)SUGRA

#® Comes from “String phenomenology” (KKLT
construction)
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cosmological problems

#® Spectrum resembles mMSUGRA with boundary
conditions at reduced scale:
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# Combines AMSB and (m)SUGRA

#® Comes from “String phenomenology” (KKLT
construction)

# Gravitinos/moduli sufficiently (?) heavy to avoid
cosmological problems

#® Spectrum resembles mMSUGRA with boundary
conditions at reduced scale:

s A||m?;>0
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2d Mirage Mediation

K. Choi et al., hep-th/0411066, hep—th/0503216; M. Endo et al., hep—ph/0504036

o

Combines AMSB and (m)SUGRA

Comes from “String phenomenology” (KKLT
construction)

Gravitinos/moduli sufficiently (?) heavy to avoid
cosmological problems

Spectrum resembles mSUGRA with boundary
conditions at reduced scale:

s A||m?;>0

s Smaller mass splittings between gauginos, and
between sfermions, but for small gaugino mass

splitting: LSP Is higgsino, myo < mg/3. J
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2d Mirage Mediation

K. Choi et al., hep-th/0411066, hep—th/0503216; M. Endo et al., hep—ph/0504036

# Combines AMSB and (m)SUGRA

#® Comes from “String phenomenology” (KKLT
construction)

# Gravitinos/moduli sufficiently (?) heavy to avoid
cosmological problems

#® Spectrum resembles mMSUGRA with boundary
conditions at reduced scale:

s A||m?;>0

s Smaller mass splittings between gauginos, and
between sfermions, but for small gaugino mass

L splitting: LSP Is higgsino, myo < mg/3. J
# Difficulties: Universality?



3 The Little Hierarchy Problem
|7R. Barbieri, ... —‘

# Recall: Correction to Higgs mass parameter (in
potential)

3 2
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3 The Little Hierarchy Problem
|7R. Barbieri, ... —‘

# Recall: Correction to Higgs mass parameter (in

potential)
3f7
2 . 2Jt . 2
5mH“_87T2m5

# Correction to mass of lightest physical Higgs boson:

322 [ m2 42
sm = Sy T ALy
h 42 m?  m?
i

o |
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3 The Little Hierarchy Problem
fR. Barbieri, ... —‘

# Recall: Correction to Higgs mass parameter (in
potential)

3ft2mt2 my A% ( o )

om2 =
h A2 m;  mz

» Need mj;, > 114 GeV, mj; ~ M7 = few % finetuning
Inevitable?

o |
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“Solutions”

-

#» Patch up model! T

o SUSY version of little HIggS (Z. Berezhiani et al., hep—ph/0509311;
A. Falkowski et al., hep—ph/0604066). (reatly complicates model!
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o SUSY version of little HIggS (Z. Berezhiani et al., hep—ph/0509311;
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» Appeal to large A—parameter; explicit model has
relatively light ¢;, higgsino-like ¢ (Can be tested in
M+ - spectrum) (Kitano & Nomura, hep—ph/0602096)
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#» Give up “primary virtue”
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o SUSY version of little HIggS (Z. Berezhiani et al., hep—ph/0509311;
A. Falkowski et al., hep—ph/0604066). (reatly complicates model!

» Appeal to large A—parameter; explicit model has
relatively light ¢;, higgsino-like ¢ (Can be tested in
M+ - spectru m) (Kitano & Nomura, hep—ph/0602096)

#» Give up “primary virtue”

o “Split SUSY": Only gauginos/higgsinos at weak
scale, for DM, Grand Unification; Relies on
“fanthropic reasoning” (Arkani-Hamed et al., ...)
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“Solutions”

-

#» Patch up model! T

o SUSY version of little HIggS (Z. Berezhiani et al., hep—ph/0509311;
A. Falkowski et al., hep—ph/0604066). (reatly complicates model!

» Appeal to large A—parameter; explicit model has
relatively light ¢;, higgsino-like ¢ (Can be tested in
M+ - spectru m) (Kitano & Nomura, hep—ph/0602096)

#» Give up “primary virtue”

o “Split SUSY": Only gauginos/higgsinos at weak
scale, for DM, Grand Unification; Relies on
“fanthropic reasoning” (Arkani-Hamed et al., ...)

» “Normal hierarchy” (1. Baer et al., hep-ph/0403214); 3rd
generation sfermions heavier than 1st/2nd
L generation: worse finetuning, but easier DM J
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Don’'t Worry, Be Happy!
-

® Few % finetuning isn’t so bad! Examples:
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Don’'t Worry, Be Happy!
-

#® Few % finetuning isn’t so bad! Examples:
s ZeTe™ vector coupling: gy oc sin® Oy — 11 7%
“finetuning”
s I(J/Y — ggg) x (7% —9): 9% “finetuning”

# Simple models still allow rather light sparticles! In
MSUGRA: mg > 360 to 410 GeV, m= > 105 GeV,

Djouadi et al., hep—ph/0602001
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Don’'t Worry, Be Happy!

Few % finetuning isn’t so bad! Examples:

s ZeTe™ vector coupling: gy oc sin® Oy — 11 7%
“finetuning”

s D(J/Y — ggg) x (7% —9): 9% “finetuning”

Simple models still allow rather light sparticles! In
MSUGRA: mj > 360 to 410 GeV, m+ > 105 GeV, ...

Djouadi et al., hep—ph/0602001

Worry about finetuning only if LHC does not find SUSY!

|
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4 R-—parity
-

Is it broken or not?
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5 Summary

-

LHC experiments need to:
® Discover SUSY: Quite easy, If mz; < 21to 2.5 TeV
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5 Summary
fLHC experiments need to: T
® Discover SUSY: Quite easy, If mz; < 21to 2.5 TeV

® Show it's SUSY: If mg 5 < 1.5 TeV: Easy to strongly

motivate (see lots of new particles, large spread in
spectrum); difficult to “prove” (test SUSY relations for

couplings)
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5 Summary

L N

HC experiments need to:
® Discover SUSY: Quite easy, If mz; < 21to 2.5 TeV

® Show it's SUSY: If mg 5 < 1.5 TeV: Easy to strongly

motivate (see lots of new particles, large spread in
spectrum); difficult to “prove” (test SUSY relations for
couplings)

# Determine parameters: Need to use all available
Information: kinematical distributions, (ratios of) cross
sections for different final states. For m;; < 1.5 TeV: no.

of observables > no. of parameters!

o |
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Summary (cont.'d)

- N

# Lots of models already exist, more keep being
suggested

o |
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# Lots of models already exist, more keep being
suggested

» Not all models are created equal (motivation,
appeal)
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# Lots of models already exist, more keep being
suggested

» Not all models are created equal (motivation, appeal)
» Important to keep an open mind!
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Summary (cont.'d)
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# Lots of models already exist, more keep being
suggested

» Not all models are created equal (motivation, appeal)
» Important to keep an open mind!

» Almost any signal can be realized in some SUSY
model!
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Summary (cont.'d)

- N

# Lots of models already exist, more keep being
suggested

» Not all models are created equal (motivation, appeal)

» Important to keep an open mind!

» Almost any signal can be realized in some SUSY
model!

#® Analyses should be model-independent, or one needs
sufficiently many analyses to cover all cases
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Summary (cont.'d)

f # Lots of models already exist, more keep being T
suggested
» Not all models are created equal (motivation, appeal)
» Important to keep an open mind!
» Almost any signal can be realized in some SUSY
model!

#® Analyses should be model-independent, or one needs
sufficiently many analyses to cover all cases

#» Data will quickly narrow down field of candidate models

o |
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