The Higgs Completes the
Standard Model
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With the inclusion of the
Higgs particle, the theory
remains predictive.
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Theory requires a Higgs mass < 1 TeV
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Models of Softly Broken
Supersymmetry (and their
phenomenology)



Higgs Potential
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SUSY-breaking loop required - same size as tree.

(mi)tme + ﬁmi > (114 GGV)Q (Big Susy-breaking in top sector)




Source of Tuning
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Forging ahead

We will now go through the “standard” models of
supersymmetry and ignore the painful fine-tuning.
Tomorrow we will see what could fix it.




Breaking Supersymmetry

What gets a “vev” to break supersymmetry?
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The potential itself breaks supersymmetry?




Breaking SUSY: Example

W = S(¢* — v°) + mX ¢




The Superpotential

You pick a superpotential W, generate the potential V using the rules
below, and you have a supersymmetric theory.
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The Superpotential

You pick a superpotential W, generate the potential V using the rules
below, and you have a supersymmetric theory.

1 1
W =g M"¢i¢; + gy”ktﬁ’ifi’jﬁf’k

V(6,w) = — 5 (Wi + Wiyt




Breaking SUSY: Example

W = S(¢* — v°) + mX¢
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Breaking SUSY: Example
W = S(¢* — v*) + mX¢
= [ | = vt —0%(¢? + ¢ + gl

= m?¢|°

— |25¢ + mX|?
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Breaking SUSY: Example
W = S(¢* — v*) + mX¢
= |62 — o] = vt —0?(¢? + ¢"2) + |g*
= m?|¢|’
— [25¢ + mX|?

If m > v, then (¢)=0.




Breaking SUSY: Example

W = S(¢* — v°) + mX¢
Boson masses:

Mass of X 1s m, mass of S1s 0
m?|g[* — v (¢* + ¢%) = (m? — 2v°) g% + (Mm® + 20%) ¢

Fermion masses:

Mass of X, ¢, and S are m, m, and 0.




SUSY Breaking: Lesson 1

Supersymmetry breaks when:

Called “F-term breaking”.




SUSY Breaking: Lesson 2




SUSY Breaking: Lesson 2

e,’\él, 62 1 q c

At tree-level in a renormalizable theory, the following is satisfied!:

Tr(m2) — 2Tr(m}mp) + 3Tr(m?) = 0 “Supertrace”

TExcept for anomalous U(1)




SUSY Breaking: Lesson 2

c, €1, €2

At tree-level in a renormalizable theory, the following is satisfied!:

Tr(m2) — 2Tr(m}mp) + 3Tr(m?) = 0 “Supertrace”

This 1s why supersymmetry breaking 1s
“mediated”.

TExcept for anomalous U(1)




Supersymmetry Breaking

SUSY breaking mediation) Visible sector

Hidden sector (MSSM)




Supersymmetry Breaking

SUSY breaking mediation) Visible sector

Hidden sector R (MSSM)

A A

Mass scale M

Mass scale F

Soft masses ~ F/M ~ 1 TeV




One More Superpartner

scalar e- o

Spin0 < » Spin 1/2
/ photon partner
Spin 1

photon




One More Superpartner

scalar e o

Spin0 <

» Spin 1/2

/ photon partner

Spin 1

photon

Spin 2 +  Spin 3/2

graviton gravitino




One More Superpartner

Mass of the gravitino:

nsjs; = FiM Planck

In standard “gravity mediated supersymmetry breaking”,
of which mSUGRA 1is a subset, the soft masses are:

Mmsoft ~ 100 GeV -1 TeV ~ F/Mpignck = m3p

Puts F at ~ (10'! GeV)?




Gauge Mediated
Supersymmetry Breaking

SUSY breaking ..
. Visible sector
(not-so) Hidden > (MSSM)
sector SM gauge
Interactions

New particles of mass M (or M.ss) are charged under SU(3)xSU(2)xU(1),
yet are in the “Hidden Sector™.




Gauge Mediation
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Gauge Mediation

Ma — QGANb'}
47

3 2
N [ Ca
mii — 2A2N5 Z Cﬂ(?;) (E)

a=1

A= N5 = number of messengers




The Messenger Scale

M ness can be as low as 10 TeV. Only requirement is

A < Mmess

(but this can be a factor of a few)

This means when we “run” the soft masses down to the weak scale, we start
from a much lower scale than the Planck scale - namely the messenger scale.




Running masses
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Running masses
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But the starting point 1s NOT unified.




Gaugino masses

mSUGRA

At leading order, and at any M 1 M 9 M 3

scale below the GUT scale,
gaugino masses satisfy: X1 (X9 (X3

GMSB

Gauginos already start

proportional to the M a AN 5%
m

gauge couplings: 4

The gaugino spectrum is the same.



Gaugino masses

Mg : Mo : My ~T7:2:1




Gaugino/Higgsino -> Neutralino
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Gaugino/Higgsino -> Chargino
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Typical Spectrum - mSUGRA
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Typical Spectrum - mSUGRA
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Typical Spectrum - GMSB

dL ﬂL 52 Eg

iipdp _ b1
t1
—_— A
g
H:t
HO A0 N ) . Mass

— Cﬂj' €L T2
N3 2 De Dy

No 4
RY ER T1




N

Typical Spectrum - GMSB
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Phenomenology of Standard
Scenarios

q q’ i"":rl J”
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Cascade decays common - heavy colored particles
produced copiously and decay to “inos”.

N 9 — 14 +£ N 1
Most visible decays are through leptons: ~ Lo~
G 1 — {~UN 1




Phenomenology of Standard
Scenarios

Look for kinematic endpoints.

Events/GeV
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Squark and Gluino Searches
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GMSB - Decay to the Gravitino

100 GeV 100 TeV

- —4
- - M 5 JF)
(N1 —»~G) = 2 x 1073 51,};( Al ) ( ) eV

About 100 microns for these values.

If the stau is the next-to-lightest, it could leave a visible stiff track.




Anomaly Mediated
Supersymmetry Breaking

SUSY breaking

Sequestered —>
sector Gravity

Visible sector
(MSSM)




Anomaly Mediated
Supersymmetry Breaking

)gg?( Gravity g $3‘$

Ls

Supersymmetry breaking mediated via
pure 5-dimensional gravity




Anomaly Mediated
Supersymmetry Breaking

All masses can be computed as a function of the gravitino mass:

(F')
Fyp) ~ — ~m
(Fy) Mo 3/2
Mﬂf — Fﬁb/@gu/gﬂ?
1 d
2\t 2 1
(m?); = SlFsl”—=;




Anomaly Mediated
Supersymmetry Breaking

All masses can be computed as a function of the gravitino mass:
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Anomaly Mediated
Supersymmetry Breaking

All masses can be computed as a function of the gravitino mass:
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(minimal) Anomaly Mediation

Scalar masses - must fix:

2 2

6msm£m‘ — m(}

(actual models can produce almost this - would prefer to add gauge mediation)

gaugino spectrum new:

M3:M21M12711:3




I Typical Spectrum - mAMSB
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Typical Spectrum - mAMSB
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Typical Spectrum - mAMSB
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Typical Spectrum - mAMSB
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Lightest Chargino Decays

Large |u| Limiting Case
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Lightest Chargino Decays

Large |u| Limiting Case
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AM (GeV/c?)
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Delphi Chargino Search

Standard search (a)
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Delphi Chargino Search
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AM (GeV/c?)
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Delphi Chargino Search

Standard search (a)
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Delphi Chargino Search
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The Higgs Sector

Vo= (lpl® +my, ) (H? +[H[?) + (e +mi ) (1 Hy* + [ Hy |*)
+[b(HIH; — HIHY)) + c.c.]

1, . : - 1 ' —s
+3(0" + gV (H* + [ H | — |Hgl* = |Hg ) + 597 |HU HE + H Hy ™|




The Higgs Sector

Vo= (lul® +mi ) Hyl* + (pl* +mi, )| Hal* — (0 HyHg + c.c.)

1, , ’
+3lo” + o) (H " - |Hal")".

Conditions for EWSB

2b < 2|p|* + miru + mird

b° > (|uf* +miy, ) (|uf® +mi,)




The Higgs Sector

2 2 02 2 2 02 0 z70
Vo= (lu]” + miy, ) H " + (|ul” +my )| Hg|” — (bH Hy + c.c.)

1, , ’
+3lo” + o) (H " - |Hal")".

Conditions for EWSB

2b < 2|p|* +mf, +my,
b> > (|| + mi ) (|ul* + m%,)

vy = (Hy), vg = (Hg) tan 8 = vu/vq




The Higgs Sector
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The Higgs Sector

m%o = 2b/sin(28) = 2|u|* + m§, +my,

1 .
Moo = 5 (Mo +m F V (m3 — m3)2 + 4mZm? sin?(26))
mis = Mo +miy.

The simplest measure of fine-tuning in your model is one part in:
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