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1. Why do we need to look beyond the Standard Model?
2. What is supersymmetry? What is the MSSM?

3. What are the selling points for supersymmetry?

4. SUSY breaking and superpartner masses

5. Minimal supergravity: the simplest SUSY model

6. Signatures of SUSY at hadron colliders
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The Standard Model in One Page!

= The SM gauge symmetry is SU(3). x SU(2) x U(1)y

g'chL:L...,S7 W/i:LQ’S, B,u — EWSB — 9221,...,8’ le— W,u_ Z,ug A,u

= Matter content involves three generations of quarks and leptons

(u) , UR, dR; (V> , €R, UR — 16 of SO(10)
d ) ©Jr

= The Higgs sector consists of a single doublet of SU(2) which performs
two crucial roles: EWSB and fermion mass generation

¢:<¢+> L3 D' D*é+ Qour + Qoldr + ..
0 )’ D,=0,+gA,+...

= Total SM Lagrangian contains 19 undetermined parameters

= Has (thus far) provided a good-to-excellent description of almost
all accelerator/particle physics data ever collected!!



So Why Did we Build the LHC?

= Well...we still haven’t found the Higgs field

= Even if we did, scalars have problems

)\2

Technicolor

“Little Higgs” Models
Composite Higgs Models
Large Extra Dimensions
Supersymmetry

= Three things the Standard Model cannot explain

e Baryogenesis
e Dark matter

e Dark energy



The Building Blocks of Supersymmetry

= What is meant by a “supermultiplet™?

e Irreducible multiplet of the supersymmetry algebra

e Fields of the same quantum number(s), but different spin

Chiral supermultiplet: F = {f, f, Ff}
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= What is meant by a “supermultiplet”?

e Irreducible multiplet of the supersymmetry algebra

e Fields of the same quantum number(s), but different spin
Chiral supermultiplet: F = {N, f, Ff}
Vector supermultiplet: A, = {Xa, (A)a, Da}
Gravity supermultiplet: G = {gW, %, by, M}

e Supermultiplets must have a common mass if SUSY unbroken

= Auxiliary fields F, D, M, b,

e NOT dynamical — no kinetic terms in the component Lagrangian

e Required for SUSY algebra to close “off-shell”

e Solve EOM 0L/0® = 0 for auxiliary fields to eliminate them (more later)

e But important: vevs trigger SUSY breaking (more later)!



The MSSM I: Field Content

= Fields of the MSSM

Names spin 0 spin 1/2 SU3)c, SU2), U(l)y

squarks, quarks | Q (ur, dp) | (up dp) (3,2, %)

(x 3 families) 7 uh ul, (3,1, —2)
d s, dp, (3,1, 3

sleptons, leptons | L (v 1) (v er) (1,2, -3
(x 3 families) & et el (1,1, 1)

Higgs, higgsinos | Hy | (HF HY) | (x;7 x9) (1,2, +3)

Hy | (H) HY) | (xg x3) (1,2, —3)
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The MSSM I: Field Content

= Fields of the MSSM

Names spin O spin 1/2 SU3)c, SU2), U(l)y

squarks, quarks | Q (ur, dp) | (up dp) (3,2, %)

(x 3 families) 7 uh ul, (3,1, —2)
7 gt 2 1 1
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Higgs, higgsinos | Hy | (HF HY) | (x;7 x9) (1,2, +3)

Hy | (H) HY) | (xg x3) (1,2, —3)

Gauginos: B, WO, W, g
= Why two Higgs doublets?
e One Higgs doublet of scalars OK for anomalies
e New fermions create triangle anomalies, e.g. Tr [Y3| 0
e Need opposite hypercharge fermion

e Yukawa (mass) interactions: superpotential cannot involve Qd%(H,,)T, etc.
Huh?



From “Superspace”to Real Space

= A supersymmetric Lagrangian is defined by a superpotential W

e A superpotential W must itself be a chiral (holomorphic) object
e This is ensured by making it a product of chiral supermultiplets only

e But how to find the component expression? Tensor calculus
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From “Superspace”to Real Space

= A supersymmetric Lagrangian is defined by a superpotential W

e A superpotential W must itself be a chiral (holomorphic) object
e This is ensured by making it a product of chiral supermultiplets only

e But how to find the component expression? Tensor calculus

= To make accounting easier, the superfield was invented

hT + F
us = % + 0uS + 0°F, H, = Z By qu + 92 I(_)Iu
hu Xu FHU

e Tensor calculus made simple: every term must have two thetas

W 3 MQuisHy — Agiipuhx® + AquriGx® + Aaupubho + Madpubxt + -



The MSSM II: Superpotential

= Most general gauge-invariant, renormalizable superpotential
W = Wwumssm + Wr

WMSSM — )\uQu(]:%Hu =+ )\de%{Hd + )\eLe(j:sz + )\VLV%H’U, + ,UHqu
Wr = NQdSL + N'dSdsus + N LLeS, + i LH,

= The second set of terms are allowed, but dangerous!

e Higgs states can mix with leptons
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The MSSM II: Superpotential

= Most general gauge-invariant, renormalizable superpotential
W = Wwumssm + Wr

WMSSM — )\uQu(]:%Hu =+ )\de%{Hd + )\eLe(j:sz + )\VLV%H’U, + ,UHqu
Wr = NQAGL + N'dRdyu% + N LLeG + ' LH,,

= The second set of terms are allowed, but dangerous!

e Higgs states can mix with leptons

e New contributions to FCNC's at loop level — X\ ~ 0.05

e Products of operators can allow rapid proton decay (7, ~ 7,)

e.g. p— LT’ via fSVR,ER exchange — A\’ ~ 107°Y



The MSSM llI: R-Parity

= So we introduce R-parity : R, = (—1)3(B-L)+2s

e Without 2s we have “matter parity”

PM<Q,’LL,CZ,L,€) = —1 PM<HU,Hd) =41

e With spin it instead separates SM from superpartners
Rp(‘]ag; h?u hga (A,u)a) = +1 RP(&;Z’ Xi_v X(z)m Xga X?b )\a) = -1

= Require each term in component Lagrangian have R, = +1
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The MSSM llI: R-Parity

= So we introduce R-parity : R, = (—1)3(B-L)+2s

e Without 2s we have “matter parity”

PM<Q,’LL,CZ,L,€) = —1 PM(Hu,Hd) =41

e With spin it instead separates SM from superpartners
Rp(qag; h?u hcoia (A,u)a) = +1 RP(&;Z’ ij_v X(z)m Xga X?la )\a) = -1

= Require each term in component Lagrangian have R, = +1

e Immediately forbids all of Wx
e The “two superpartner” rule

e All superpartners must decay into Lightest Supersymmetric Particle (LSP)

Stable
Neutral and weakly-interacting — cold dark matter?
Signature implication: missing energy



Feynman Diagrams with Superpartners

= Example: scalar field decays

L=
=
R



OK... So Why Supersymmetry? (I)

= It provides a solution to the so-called “hierarchy problem”

e Consider corrections to SM m?; via AV = —\g|H|?|s|?
om3 |, = Al —2A7, + 6mFIn(Ayy/my)]
H f T 167-(-2 i Uuv mf 1l Uv mf
As

e Scalars will diverge like fermions (logarithmically) provided
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OK... So Why Supersymmetry? (I)

= It provides a solution to the so-called “hierarchy problem”

e Consider corrections to SM m?; via AV = —\g|H|?|s|?
om3 |, = Al —2A7, + 6mFIn(Ayy/my)]
H f T ]_67-(-2 | uUv mf I Uv mf
As

e Scalars will diverge like fermions (logarithmically) provided

2 scalars per every (Weyl) fermion v/
The couplings satisfy A\s = |\p|* v
The scalar and fermion masses are similar

87

e Hence the desire that (m3 —m3) S 1 TeV

10



OK... So Why Supersymmetry? (ll)

e Dark matter

LSP is R,-odd — nothing to decay into — stable!
Interacts weakly with itself and with SM — perfect CDM candidate!

e Baryogenesis

SM has only one (small phase); MSSM has 40 of them!
Phase transition for EWSB strongly first-order in MSSM, but not in SM

e Gauge coupling unification
60 |
50 |
o 305

20 |

2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)

11



Gaugino Masses |

: Esoft = _%Ma)\aAa
= Gluinos (M3)

e Only s =1/2, SU(3) adjoint-valued fields — no mixing

e Adjoint irrep.’s — self-conjugate — “LH” and “RH” components identical
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Gaugino Masses |
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: Esoft = _%Ma)\aAa
= Gluinos (M3)

e Only s =1/2, SU(3) adjoint-valued fields — no mixing
e Adjoint irrep.’s — self-conjugate — “LH” and “RH” components identical
= Charginos (M, and pu)
e Four 2-component spinors: Higgsinos (x; , x;) and W-inos (Xl, Xg)
F = (Wﬁx;ﬁfﬂv/‘,xc?)
e Charged — can be grouped into two Dirac spinors (51, 52)

o Mass terms in 4 x 4 notation: £ 3 —1 (%) Mz (%) +c.c.

0 X7 Moet+2 Vo
M, = X — 2 92.
X 0 gava  per



Gaugino Masses || — EM Neutral Sector

= Neutralinos (M, M, and p)
e Four 2-comp. spinors: Higgsinos (x°, x%), W-ino As = W° and B-ino B

Y = (E,Wo,xg,xﬂ)

e Neutral — can be organized into four Majorana spinors V;

13



Gaugino Masses || — EM Neutral Sector

= Neutralinos (M, M, and p)
e Four 2-comp. spinors: Higgsinos (x°, x%), W-ino As = W° and B-ino B

Y = (EN?, Wo,x?pr)

e Neutral — can be organized into four Majorana spinors V;

e Mass terms in 4 x 4 notation: £ > —1 (wO)TMN (¥°) +c.c.

( Me*#1 0 —g'vq/V2  gv./V?2
0 Me®2  gug/V2  —g've/V2
N —g'va/V2  gva/V?2 0 —pe'Pr
Go/VE  —gvu/V2  —pets 0 )

= Typical eigenstates if M; S My < p

mﬁlf:Ml; mNQQméleg; myg, My, = me >
Ni~B; No~WY N3 Ny~ H

61NWi;OQNHi

~
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The p parameter

= A supersymmetric mass term

W > uH,Hi= M(Hu)a(Hd)ﬁeaﬁ
—  pOxitxg = xoxa) + 117 (|hel? + |hgl? + |hE | + |7 ]7)

e Non-vanishing ;1 needed to give Higgsinos mass
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The p parameter

= A supersymmetric mass term

W > uH,Hi= M(Hu)a(Hd)ﬁeaﬁ
—  pOxitxg = xoxa) + 117 (|hel? + |hgl? + |hE | + |7 ]7)

e Non-vanishing ;1 needed to give Higgsinos mass

e Butif Vg ~ m%|h|? + A\|h|*, need m?%, < 0 if we want (h) # 0

e Sowe need |u|? S m% ~ (1 TeV)?

= But not tied to SUSY breaking, so no need to be EW scale!

14



Higgs Sector I: EWSB scalar potential

= Assume that only Higgs fields obtain vevs at minimum

e Minimum can always be found such that (h;}) = (h; ) =
e Phase rotations on remaining two Higgs states can make potential real and
(h2) = vy, (hY) = v, real and positive

Vo= (lul®+m3,) lhol? + (Ju]> + m7) 1hgl?

1
(9% + 97 (|hy]* — [hgl*)”

—(bRYhY + cc)+8
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Higgs Sector I: EWSB scalar potential

= Assume that only Higgs fields obtain vevs at minimum

e Minimum can always be found such that (h;}) = (h; ) =

e Phase rotations on remaining two Higgs states can make potential real and
(h2) = vy, (hY) = v, real and positive

Vo= (lul®+m3,) lhol? + (Ju]> + m7) 1hgl?

1
(9% + 97 (|hy]* — [hgl*)”

—(bRYhY + cc)+8

= Two minimization conditions (9V/dh%, 1Y) =0

m2, —m?, tan’f 1
2 H Hy, 2, _ 2 2 2\ o
p? = dtanzﬁ—l —§Mz, 2b = (my, +my, + 2u°)sin 23

e Here we have introduced the parameter tan g = v, /vy

o Note that v% = v2 4+ v2 ~ (174 GeV)2 and M2 = 2 (3(¢)2 + g2)

z



Higgs Sector Il: Mass Eigenstates

= Two doublets — 8 d.o.f. - 3 d.o.f. (eaten) = 5 Higgs eigenstates

A ~ sinBIm(hY) + cos B Im(hY)
HY ~ cospf h: + sin 3 (hg)*

hY A Bl sin o Re[h?] — v,
HO sina cosa Re[hY] — vq

16
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= Two doublets — 8 d.o.f. - 3 d.o.f. (eaten) = 5 Higgs eigenstates
A ~ sinBIm(h)) + cos B Im(hY)
HY ~ cosfBhf +sing (h;)*

hY 5| cose - sin o Re[h] — vy

Y

HO sina cosa Re[hY] — vq

= Masses of these are given by

m% = 2b/sin2B; mye =m35 +miy
1
mom = o ( %+ M2 F ([ (m + M2)2 — 4M2m? cos? 25)

= Parameterizing the Higgs sector: minimization conditions allow
swap of u, b for M., tan (8



Breaking SUSY, Generally

= What is a hidden sector ?

e No tree-level (renormalizable) interaction of MSSM fields to SUSY breaking
order parameters (F'), (D), (M)

e Thus (Dy) # 0 and (Fy, u,) # 0 can’'t be dominant source of SUSY
breaking

17
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Breaking SUSY, Generally

= What is a hidden sector ?

No tree-level (renormalizable) interaction of MSSM fields to SUSY breaking
order parameters (F'), (D), (M)

Thus (Dy) # 0 and (Fy, u,) # 0 can't be dominant source of SUSY
breaking

Instead, expect terms like (F'x /Mx) Ag), OF {|Fx|?/M%) ki;j(¢")* ¢/

That is, SUSY breaking is spontaneous in the hidden sector, but appears
explicitly in our sector

= Why must we break SUSY in one?

e If no hidden sector, then at least some scalars lighter than fermions!

e Spontaneous breaking in our sector can only be through (Dy, D3) # 0 and

(Fry,m,) #0

m% ~m? + (aDy + bD3)

17



Gravity Mediation

As a result of putting SUSY breaking in a hidden sector that models are
classifed more by how SUSY breaking is transmitted to our sector than how it
was actually broken in the first place.
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classifed more by how SUSY breaking is transmitted to our sector than how it
was actually broken in the first place.

= Sterile (gauge-singlet) chiral superfield as spurion

e Imagine soft Lagrangian given by
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e M, are the scales of the mediation fields (what's been integrated out)

e If we take M,; = M, we have gravity mediation



Gravity Mediation

18

As a result of putting SUSY breaking in a hidden sector that models are

classifed more by how SUSY breaking is transmitted to our sector than how it
was actually broken in the first place.

=- Sterile (gauge-singlet) chiral superfield as spurion
e Imagine soft Lagrangian given by
_J\Z—Cc;; D aAata — | ‘ 21k (¢f)*(/b] - %J\ZBB“H Hq — —AZ wk&;gjgk
e M, are the scales of the mediation fields (what's been integrated out)
e If we take M,; = M, we have gravity mediation
= Resulting soft terms

_ Fgq 2 _|Fs2 ja _ya Fa B
Mmi/2 = pp, Mo = WS| y Ayl = )\zng , b= Haig



Minimal Supergravity (NSUGRA)

Defined by parameter set: {m1/2, mo, Ag, tan 3, sgn(,u)}

my (GeV)

tan =10, p>0

B preveprTTY
l
l
|

7004 myp, =114 GeV E

l

r"

:

] E
=l 14 GeV c
:

l

I

100 200 300 400 500 600 T00 BOO 900 1000
my 9 {GE"F}
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MSUGRA Sample Spectrum A

600

500

J00

200

100

2
1-:'-_:-_- ELFC =
U 5. EE_:, E’E
o) = b]_
-0 A s - -
' %E Iri:!: (31
3
! iz T
“ x5 xE
1] IR F'F]-
h =
=] x’].

20



MSUGRA Sample Spectrum B
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LHC: The Environment

— One can assume 1fb~* — 10fb ™' per experiment to tape in first year
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LHC: The Environment

= One can assume 1fb~' — 10fb~ " per experiment to tape in first year
o W — pv ~ 7 x 107 events

o 7 — L ~ 1.1 x 107 events

e QCD jets with p; > 150 GeV  ~ 107 events

o tt — uv+ X ~ 8 x 10° events

e g7 (mz=1TeV) ~ 103 — 10% events

= Recorded to tape: 107 events/3 days [0ssy ~ 100 events/day ]

= Total: 1Pb of data/year/experiment = 10'° bytes

22



Overview of Classic SUSY Signatures

= Break up into channels by n jets + m leptons + Hr

e O leptons + > 2 jets + K (“multijet’channel)
e 1llepton+ > 2jets + Hr

e 2 leptons + Hr

Same Sign (SS) vs. Opposite Sign (OS) sub-samples
Can be “clean”(no jets) or with > 2 jets

e Trilpetons, clean or > 2 jets, + Hr

= Remember: invisible, stable LSP means no mass peaks !

23



Jets plus Missing Energy

= Squark, gluino production rate ~ SM jet production at similar Q*

=- Multijet signal via quark decays

~

g — chﬁ?, g — tt, i, — qCN’;—L, etc. [and subsequent cascades]
= The ultimate inclusive signature

e Just count events — does not matter what the original particles were

e Look for excess over (known) SM rate
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Jets plus Missing Energy
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= Squark, gluino production rate ~ SM jet production at similar Q*

=- Multijet signal via quark decays

~

g — chﬁ?, g — tt, i, — qCN’;—L, etc. [and subsequent cascades]
= The ultimate inclusive signature

e Just count events — does not matter what the original particles were

e Look for excess over (known) SM rate
= Kinematic variable M.g = Fr + Zi(pjﬁt)i can be useful in SUSY discovery
e Claim: peak in Mg distribution proportional to Myysy = min(M;, M)

e This channel alone can find SUSY for squarks/gluinos
up to 1 TeV with 1 fo—! — 2.5-3 TeV for 300 fb—!



Mg and Kinematic Distributions

e SM backgrounds

(&3

—_
o

QCD (gg — gg, etc.) with
extra jets from parton
showers

Heavy flavor production

Z + multijets with Z — 71
or Z — vv

W + multijets with W — 7v
orW — (v

4
10

Events/50 GeV/10 fb

3
10

e A typical set of cuts

EX* > 100, 50, 50, 50 GeV 10
No isolated lepton with

pr > 20 GeV

Transverse sphericity 10 —
St > 0.2 0 500 1000 1500 2000 2500
Transverse plane angle M., (GeV)
30° < A¢(Hr,7) < 90°

Hr > 0.2 Mg




Multilepton Events: OS dileptons

= Multi-lepton signals are comparable in reach/discovery to
multijets with 100 fb~! data

= OS Dilepton events (inclusive)

e Many paths to this signature in SUSY:N(:V*li pair production,
N — (20F — N =, g, — NYq — N+ i—q, etc.

e Main SM background is ¢t production

e Inclusive OS and same flavor can be a SUSY discovery mode
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Multilepton Events: OS dileptons

26

= Multi-lepton signals are comparable in reach/discovery to
multijets with 100 fb~! data

= OS Dilepton events (inclusive)

e Many paths to this signature in SUSY:N(:V*li pair production,
N — (20F — N =, g, — NYq — N+ i—q, etc.

e Main SM background is ¢t production

e Inclusive OS and same flavor can be a SUSY discovery mode
= Reduction of SM background (for clean OS dileptons)

o Useete™ + utp~ —etuT sample to reduce tt

e Veto Z — /¢ via invariant mass cut My, # My + 10 GeV

e Off shell v and Z decays to taus reduced by A¢(£¢) < 150°

= Remaining background includes Drell-Yan ¢¢ production and
W W~ production






