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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, (Au)a Da}
Gravity supermultiplet: G = {gW, @ZM, b, 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)!



More on Auxiliary Fields

=- Potential part of the Lagrangian determined by auxiliary fields

V:Z‘F'F—I_}Z‘DF_‘M‘Z
— 024~ 3ME

e Consider global SUSY limit M, — oc

(V) =0 if SUSY intact
(V) > 0 when SUSY broken

= Auxiliary field equations of motion

ow
0P,

P—o

Da — Ya Z (/b;r(Ta)qbz

(M) = —3mg)



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

c ~ c 2 hfj; X’ZIL_ 2 FE

u

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

W 3 MQuésHy — Aatipuhx® + Aaupabx® + Aupubho + Aedpubxt + - -

e Terms involving auxiliary fields: the scalar potential V' ~ . |F;|?

W = MNQuiH, — GG Fy, + - — |agag* + -



The MSSM I: Field Content

= Fields of the MSSM

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

squarks, quarks Q (uy dr) (ur, dr) (3,2, %)
(x 3 families) i W ul, (3,1, —2)
d ds dh, (3,1, 4

sleptons, leptons | L (v er) (v er) (1,2, —3)
(x 3 families) & e el (1, 1, 1)
Higgs, higgsinos | Hu | (H} Hy) | Oaf x4) (1,2, +3)
Hy | (H] H) | (xg x3) (1,2, —3%)
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Names spin 0 spin 1/2 SU3)c, SU(2),, U(1l)y

squarks, quarks | Q (wr, dp) | (up dr) (3,2, %)
(x 3 families) i uk ul, (3,1, —2)
d ds dh, (3,1, 4

sleptons, leptons | L (v er) (v er) (1,2, —3)
(x 3 families) & e el (1, 1, 1)
Higgs, higgsinos | Hu | (Hy Hp) | (xi xu) (1,2, +3)
Hy | (H] H) | (xg x3) (1,2, —3%)

= Why two Higgs doublets?

e One Higgs doublet of scalars OK for anomalies
e New fermions create triangle anomalies, e.g. Tr [Y?| # 0
e Need opposite hypercharge fermion

e Yukawa (mass) interactions: superpotential cannot involve Qu%(Hy)', etc.



The MSSM II: Superpotential

= Most general gauge-invariant, renormalizable superpotential

W = Wassm + Wg

WMSSM — )\uQu(]:%Hu =+ )\de%{Hd + )\eLe(j:sz + )\VLVJCQHu + ,uHqu
Wr = NQAGL + N'dRdRu% + N LLeG + ' 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 = Wassm + Wg

WMSSM — )\uQu(]:%Hu =+ )\de%{Hd + )\eLe(j:sz + )\VLVJCQHu + ,uHqu
Wr = NQAGL + N'dRdRu% + 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 — A ~ 0.05

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

e.g. p— LT’ via fSVR,ER exchange — A\’ ~ 1079
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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



Interlude on the “Hierarchy Problem”

= Quadratic vs. Logarithmic divergences
e Scalar masses (and (V) itself) get power-law divergences at one loop
)\2

1672 %Y

a2 2 2
S}one—loop o mS’bare +om” ~ mS‘bare +

e Fermion mass terms protected by chiral symmetry
A

1672

+5mpwmp‘bare 1+ IH(AUV//L)

mF‘one—loop — mF‘bare

e Similarly, gauge bosons protected by Ward identities (gauge symmetry)



Interlude on the “Hierarchy Problem”

= Quadratic vs. Logarithmic divergences

e Scalar masses (and (V) itself) get power-law divergences at one loop
)\2

1672 “Y

2 } 2 ’ 2 2 ‘
mgs one—loop Ms|bare +om” ~ Ms|bare +

e Fermion mass terms protected by chiral symmetry

A
mF‘one—loop — mF‘bare + 5mF ™~ mF‘bare 1+ 167’(’2 In (AUV/'M)

e Similarly, gauge bosons protected by Ward identities (gauge symmetry)

= Consider corrections to SM m?; via AV = —\g|H|?|s|?

A\ 2
Sm3; ;= ‘16];'2 [—2/\[2JV +6m?e ln()\Uv/mf)]
As
S T [A?jv — 2m? ln(AUV/mS)]
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Breaking Supersymmetry

e Scalars will diverge like fermions (logarithmically) provided

2 scalars per every (Weyl) fermion v/
The couplings satisfy A\g = |Ap|* v

The scalar and fermion masses are similar
Q 2 2

5m%{‘f—|—s ™~

e Hence the desire that (m7; —m3;) S 1 TeV

=- Breaking should be “soft”

e Super-renormalizable terms (positive mass-dimension)
e NO new non-supersymmetric contributions to chiral symm. breaking

e No interference in the dimensionless relations such as A\ = |\r|?

= Breaking parameterized by spurion field vevs...spontaneous



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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: 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;

11



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

~

11



SUSY Breaking in the Scalar Sector

= Scalar masses and analytic, super-renormalizable scalar potential terms

- . 1 - - 1 e
Lot D — Zfz(m?)‘zfj* - (§bz‘jfzfj + C-C-) - (éaz‘jszzfjfk =+ C.C.)
f

e Scalar masses will generally not be diagonal in same basis where fermion
masses are diagonal
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SUSY Breaking in the Scalar Sector

= Scalar masses and analytic, super-renormalizable scalar potential terms

- . 1 - - 1 e
Lot D — Zfz(m?)‘zfj* - (§bz‘jfzfj + C-C-) - (éaz‘jszzfjfk =+ C.C.)
f

e Scalar masses will generally not be diagonal in same basis where fermion
masses are diagonal

o A-terms a;;; and B-terms b;; need not be proportional to A;;; and ;;

= Many contributions to physical scalar quark (lepton) masses

mé?) + m% + Dy vuar — Auvg

SN

VGt — ApUg miB + m% + Dy

12



The p parameter

— A supersymmetric mass term

W 3 ,uHqu = M(Hu)a(Hd)ﬁeaﬁ
—  pxitxg = xoxa) + 17 (|hel? + |hgl? + |hE | + |7 ]7)

e Non-vanishing ;1 needed to give Higgsinos mass

13
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The p parameter

— A supersymmetric mass term

W > pHyHg= p(Hy)a(Ha)ge™”
— G xg — Xaxa) + 1 (Ihal® + [hgl® + 1h 1P 4 |hy %)
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!

e Example: consider a singlet of SM gauge group S
AW = gSH, H,

e If S has other Yukawa interactions, may have DSB (S) # 0 and peg = Ag (5)

13



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)
HT ~ cosBhl +sing (h;)*

h° " 3 cosa —sinq Re[h?] — v,
HY sina cosa Re[hY] — vq

15



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(h))
HT ~ cosBhl +sing (h;)*

hY cosa —sino Re[hV] — v,
HY sina cosa Re[hY] — vq

= Masses of these are given by

m% = 2b/sin2B; mye =m5 +miy
1
Moo = 3 ( 2+ MIF \/ (Mm% + M2)? — 4M2m? cos? 2ﬁ)

= Parameterizing the Higgs sector
e Minimization conditions allow swap: M., tan 5 for u, b

e A useful low-energy parameterization: my4, ¢ and tan 3

15



Feynman Diagrams with Superpartners

= Example: scalar field decays

o9

=
R



Scalar Field Woes

— FCNCs: 1 — ev, K — K9 mixina, ...

e

= CP violation: lepton EDMs, ....

(a)

—)-—)(— —}—

—-(--x—-:-

17



Connecting Scales — RGEs |

= Gauge couplings run independently at one loop

d b,
— G = go  t=In(u/M,)

dt 1672

e Beta-function coefficient b, defined by
bo = 5., Ca(Rs) + 530, Co(Ry) — 5C2(G)

e For SUSY multiplets, this simplifies to b, = ), C2(R) — 3C2(G)

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

18



Connecting Scales — RGEs |l

19

= Dimensionless couplings run as a group {)\, 92}
e Thatis £ (ga, \i) = f(gas M)
e Allows Yukawas to be run upwards from known low-scale quantities

my — )\t(mt)vu = )\t(mt)(174 GGV) sin 5,
my = \p(mp)vg = Ap(myp) (174 GeV) cos 8 as(M,), etc.

= Gaugino masses run independently at one loop

e Beta-functions coefficients for M, proportional to gg

MM M My s My : Mi=7 021
91 92 93

e To all orders mass-dimension 1 operators run as a group {M,, a;;x}



Connecting Scales — RGEs Il|

=- Scalar masses depend on everything:

d 6
167r2£m%1u = 3X, — 695 Ms|* — 59%‘M1|2
od 5 32 2 2 2
167 Em% = Xt+Xb_€g3’M3| — 6g5| Ma|” —

Xt — 2|)\t|z(mz{u + miQS + m,z%) + 2\at|§
Xy = 2|yp|*(myy, + mg, + mg,) + 2|

2

15

g7 M )?

20



Connecting Scales — RGEs Il|

=- Scalar masses depend on everything:

o d

1672 —m?,

dt
d

1672 —m

dt

2
Q3

6
= 3Xt—69§\M2\2—59%\M1|2
B 32, 2 2 2
= Xt —I-Xb 93’M3| 692|M2|

Xt — 2|)\t|z(mz{u + miQS + m,z%) + 2\at|§
Xy = 2|yp|*(myy, + mg, + mg,) + 2|

= b and p run as a system

e Thatis £(b,u) =

f(b7 My Ga s )‘Z)

2
15

91|]\41|2

20



Connecting Scales — RGEs Il|

=- Scalar masses depend on everything:

,d 6
167°—my, = 3X,—6g5|Mof” — Zgi| M|’

dt 5

d 32 2
167r2£m223 = X+ X, — g5 | Ms[* - 663 Mal* — g7 | M|

X, = 2|)\t|z(mz{u + m§23 + ng) + Q\at|§
Xy = 2|yp|*(myy, + mg, + mg,) + 2|

= b and p run as a system

e Thatis —(b ,u) f(ba s Gas AZ)

e This means M, and tan 8 can be used to determine b and p at the high

(input) scale too

20



Variation of Parameters with Scale

mass [Lbey)

#00

400

600

500

400

300

200

100

Evoluton of spartiv:lc [(M1A55C5

Q (GeV)
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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

22
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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)

22



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

12 Y Xada — [TEP Y KL (00) ¢ — S uHLHg — 17 Y0 X500 6"
e M, are the scales of the mediation fields (what's been integrated out)

e If we take M,; = M, we have gravity mediation
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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)
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Defined by parameter
set:

{m1/27 mo, A07 ta’nﬁv Sgn(lu)}

Many special cases

No-scale models
Dilaton-dominated
models

Focus-point models....

Generally have B-ino
LSP (or stau LSP)

This case:
A = —-100 GeV
tan 0 = 10
sgn(u) = +

my (GeV)

B
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0 .
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'
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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’].

25



MSUGRA Sample Spectrum B
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Gauge Mediatied Supersymmetry Breaking (GMSB)

e Start with a vector-like pair of chiral superfields ®; and ®;
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Gauge Mediatied Supersymmetry Breaking (GMSB)

e Start with a vector-like pair of chiral superfields ®; and ®;

e Couple them to a Standard Model singlet X via W = \;®,; X ®;
= This becomes a mass term as soon as (X) # 0

 Now postulate that X also carries an F-term vev F'*
= This produces a mass splitting in the ®/® system of order v I'X
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Gauge Mediatied Supersymmetry Breaking (GMSB)

Start with a vector-like pair of chiral superfields ®; and @,

Couple them to a Standard Model singlet X via W = \;®; X ®,
= This becomes a mass term as soon as (X) # 0

Now postulate that X also carries an F-term vev FX
= This produces a mass splitting in the ®/® system of order v I'X

If ® and ® carry SM quantum numbers then they contribute to soft masses

2(A FX 2(A 2 (FX\°
SMy(Avy) = 9a1(67TU2V)NaMX; dm3 (Agy) = QZNaCf (%) <M—X>

Contribution can be non-universal, depending on the messenger index NV,

Universality if complete SU(5) multiplets N, — Npes (Minimal GMSB)
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Gauge Mediatied Supersymmetry Breaking (GMSB)

Start with a vector-like pair of chiral superfields ®; and @,

Couple them to a Standard Model singlet X via W = \;®; X ®,
= This becomes a mass term as soon as (X) # 0

Now postulate that X also carries an F-term vev FX
= This produces a mass splitting in the ®/® system of order v I'X

If ® and ® carry SM quantum numbers then they contribute to soft masses

2(A FX 2(A 2 (FX\°
SMy(Avy) = 9a1(67TU2V)NaMX; dm3 (Agy) = QZNaCf (%) <M—X>

Contribution can be non-universal, depending on the messenger index NV,

Universality if complete SU(5) multiplets N, — Npes (Minimal GMSB)

One must reduce the impact of gravity — mg/2 ~ O(eV — keV)
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GMSB Phenomenology

Parameter set:
A= Fx /My,
NmeS1 ta’nﬁ

LSP is gravitino;
NLSP is slepton
or neutralino

No missing
energy signal!

This case:
A=2 N =3,
tan 3 = 15

1000

m [GeV]

900 L

600 L

S0

300 L

200 L

100 L

T
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A Look Forward

1. Case study: the BSM trilepton signal
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1. Case study: the BSM trilepton signal

Why do we think this is BSM?
What do we measure?
What kind of information can we extract from this?

[
[
[
e How model-dependent is the above?

2. Case study: Using lepton kinematics to extract information
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e How model-dependent is the above?

2. Case study: Using lepton kinematics to extract information

3. How “inclusive signature space” can be a tool
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A Look Forward

29

. Case study: the BSM trilepton signal

Why do we think this is BSM?

What do we measure?

What kind of information can we extract from this?
How model-dependent is the above?

o
o
o
o
. Case study: Using lepton kinematics to extract information

. How “inclusive signature space” can be a tool

. A set of projects for future study



