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CH Signatures Overview

Composite Higgs signatures: (classified by robustness)

e Higgs coupling modifications
robustly predicted by symmetries.
But hard (and long) to improve at LHC

® Vector resonances
reasonable compromise.

® Top Partners
“Naturally” light, but smart (crappy?)

model-building might make them heavy.

e Light quarks Partners

relevant in some models.

More robust, i.e. more
discovery chance or
more effective exclusion

Less robust, but maybe
easier to make prog.s



The Minimal CH Couplings

Let’s see what we got
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1. EW boson masses: (with custodial ,0:1 relatlon)
1 vV 1 V
mW:cme:§gfsin7:§gv v:fsin7:246GeV

2. SM-like couplings: (¢=v?/f*=sin’V/f)
.oV N
"""" < =\/1—&xSMpyy < = (1 =2§) x SMunvy

3. Non-SM vertices: < ~Eg° v+ ..

Predicted Higgs Coupling deviations, e.g. ky = /1 — &
As expected, SM is recovered for £ = 0.
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The Minimal CH Couplings

We now turn to Higgs plus fermions

Composite Sector
“Exact” symmetry SO(5).
Spontaneously broken to SO(4).

Elementary Sector
SM gauge fields: W', B,..
Coupled by gauging.

SM fermions:{t; ., b}, tg, ...
Coupled by ?2.

m, ———— Resonances

pPNGB Higgs

Partial Fermion Compositeness:
Ll =\fO
with © a Composite Sector fermionic operator.



The Minimal CH Couplings

More precisely (focusing on the top quark sector)
Ll =ArtrOL + A\.G; Or

Int

with O, g (being CS op.s) in some SO(5) representation.



The Minimal CH Couplings

More precisely (focusing on the top quark sector)
Ll =ArtrOL + A\.G; Or

Int

with O, g (being CS op.s) in some SO(5) representation.

Simplest choice is O € 5:  (CAVEAT: extraU(1) xfor hypercharge)
] 1
Ll =AgT RO + X.Q,; Ok

Int

“Embeddings” T’z and ()1, pick up the right components:

1
Tr =1{0,0,0,0, tg} Or zﬁ{—ibL, —by, —itp, tr, 0}



The Minimal CH Couplings

More precisely (focusing on the top quark sector)
Ll =ArtrOL + A\.G; Or

Int

with O, g (being CS op.s) in some SO(5) representation.

Simplest choice is O € 5:  (CAVEAT: extraU(1) xfor hypercharge)
] 1
Ll =AgT RO + X.Q,; Ok

Int

“Embeddings” T’z and ()1, pick up the right components:

1
Tr =1{0,0,0,0, tg} Or zﬁ{—ibL, —by, —itp, tr, 0}

Symmetries: Tr—gTr, Qr—9-Q1



The Minimal CH Couplings

More precisely (focusing on the top quark sector)
Ll =ArtrOL + A\.G; Or

Int

with O, g (being CS op.s) in some SO(5) representation.
Simplest choice is O € 5:  (CAVEAT: extraU(1) xfor hypercharge)
[’ifnt :)‘RT;(/)/{ + )‘LQQ 0{‘{

“Embeddings” T’z and ()1, pick up the right components:

1
Tr =1{0,0,0,0, tg} Or zﬁ{—ibL, —by, —itp, tr, 0}

Symmetries: Tr—g-Tr, Qr—9-Qr
U] — U9 = ¢g- U] - h'[g,10] [h—{h‘lox‘* ﬂesom_%j




The Minimal CH Couplings

Result:
ﬁHiggs+Top: ( ) (@L)I(U)? (UT)g(TR)I
1 . .
TR — {O, O, O, O, tR} QL :ﬁ{—z bL, —bL, —ZtL, tL, O}

Symmetries: Tr—gTr, Qr—9-Q1

U] — U[d9] = ¢ U[] - hi[g, 0] [h—{h‘lox‘* ﬂesom_%j




The Minimal CH Couplings

Result:

Lriiggs+top= ( -+ ) [(@QL) (W) (UN)5(TR):
Under the symmetry ...

(@L)I(U)? o (@L)J(QT)JIQIJ(U)Ikth’)

1
Tr =1{0,0,0,0, tg} Or :ﬁ{—z’bL, —by, —itp, tr, 0}

Symmetries: Tr—g1Tr, Qr—g-Q1
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The Minimal CH Couplings

Result:

Lriiggs+top= ( -+ ) [(@QL) (W) (UN)5(TR):
Under the symmetry ... ... Is invariant
Q) (U7 = Q)BT (V) I = Q1) (U)°

O
1

Tr =1{0,0,0,0, tg} Or :ﬁ{—z’bL, —by, —itp, tr, 0}

Symmetries: Tr—g1Tr, Qr—g-Q1

Lmﬂ—»ﬁﬁ@H:g-Umth%ﬁ]GFF§4ﬂe%@pﬁj




The Minimal CH Couplings

Result: (in the Unitary Gauge)

ﬁHiggSwLTop: ( s ) (@L)I(U)? (UT)g(TR)I
1 . 2(V+h(z))-
= (... ) sin tt
We get: 2v2 /

1. Top mass
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S111
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We get:
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The Minimal CH Couplings

Result: (in the Unitary Gauge)

\@mt Va

L:Higgs Top — L ! U? U g I

o= (@) (0] (U1 (T
Vv 2m, 1 Q(V—I_h(x))ft

S111

T Ji1-92V2 f

We get:
1. Top mass, sets normalisation (¢=v?/f*=sin*V/f)
2. Couplings: L= —mqutt — kt@hft — CQ%hQEt + ...

v . V2
1 — 25 \\\\ 4mt
------- < V1—¢& X SMpee //'< : V2
SM-Like: k= (1 — 26)/+4/1 — ¢ Non-SM-Like:

(visible in HH prod?)
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Same result for the bottom: (if again in the 5)
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Same result for the bottom: (if again in the 5)
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Different results for different representations:
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The Minimal CH Couplings

Same result for the bottom: (if again in the 5)

V1 —2§
Ry — Rt — R —
V1—¢
Different results for different representations:
1 — 2¢
MCHM5@5 s S kF —
v1-=¢
MCHMygqy == kp =+/1—¢
1 — 2¢
MCHM14@1 ) L —
V1—=¢

For the vectors the result is universal:

KV:\/l—f




The Minimal CH Couplings

CPéJrrent bound (from ATLAS) is ¢ < 0.15.

- LHC (7 TeV + 8 TeV)

161 o standard Model R _ATLAS “
14: * Best fit //’ > o ]
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Ky

Expected LHC-300 reach (with SM central value): ¢ < 0.1.



The Minimal CH Couplings

C%Jrrent bound (from ATLAS) is ¢ < 0.15.

- LHC (7 TeV + 8 TeV)

161 o Standard Model I _ATLAS |
14: * Best fit _-" > o |
"} — 688%CL g N

1oL —— 95% CL

1.0
0.8 0.

06 7 e == -

04l . . 1
0.7 0.8 0.9 1.0 1.1 1.2 1.3

CAVEATS: 1) Easyto encounter k; # Kp

2) Easy to find extra Goldstone
scalars that contribute by mixing
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CH Resonances

We expect resonances associated with CS operators ...

(0|OJres.) # 0 res. dudp (V)

... With the same quantum numbers of the operator.
We encountered two (sets of) operators ...

Composite Sector
“Exact” symmetry SO(5). SM gauge fields: W, B,..
Spontaneously broken to SO(4). Coupled by gauging.

m,———— Resonances SM fermions:{t;,b.}, iR, ...
_ Coupled by partial fermion
PNGB Higgs compositeness

... we expect two (sets of) resonance multiplets:

CH Vectors dw=p ./ CH Top Partners €==p (O -



CH Vectors

Must be at least one triplet and one singlet (SM currents)

Triplet has the most interesting phenomenology:
1. M ~ M, (essentially degenerate), 0. ~ 20,(from PDF)

2. Couplings to quarks potentially small (suppressed prod., lept. decay)
3.T[Vo - WTW ™ ~T[Vy = Zh]| ~T[Vy - WEZ] ~T[Vy — WTh]
4. Dilepton or diboson final state cover different regions of par. space
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CH Vectors

Must be at least one triplet and one singlet (SM currents)

Triplet has the most interesting phenomenology:
1. M ~ M, (essentially degenerate), 0. ~ 20,(from PDF)

2. Couplings to quarks potentially small (suppressed prod., lept. decay)
3.T[Vo - WTW ™ ~T[Vy = Zh]| ~T[Vy - WEZ] ~T[Vy — WTh]
4. Dilepton or diboson final state cover different regions of par. space

: theoretically ’:' Com OSite
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Very different from Elementary Z'/W’!



CH Vectors

LHC projections:
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CH Top Partners

They are QCD coloured objects! (easy to produce)

Typical EW Quantum Numbers:

Two SM doublets: One SM singlet:
T X5/3 i
() (22 7
Nearly mass-degenerate, only one charge-2/3 state

since part of fourplet.

Typical Branching Ratios: T _
X555 [
Xa/5, T |



CH Top Partners
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— £=100 fb~! |
- £=20 "
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Very Important: Top Partners mass directly connected
with the level of tuning in the theory:

oms; ~

)\2

LR 4,2 2

(

Somewhat like stops in SUSY

Mrp

500 GeV

)2 (125 GeV)?
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Summary

The Composite Higgs idea has been with us since before
the standard Higgs model (theory of superconductors).

Continuous “underground” development over the past
decades:

PNGB Higgs: Kaplan, Georgi, 1984

Partial Compositeness: Kaplan, 1991

5d models: Agashe, Contino, Pomarol, 2004

Comprehensive LHC search program is currently being
developed. Room for big improvements with 13 TeV run.



Summary

In short ...



Summary

inshort ... GO and search for it!




Natural Models

Half a century of thoughts led to only two mechanisms
that provide a Natural microscopic origin for Higgs mass

Compositeness Supersymmetry

The rest of the course is (mostly) devoted to show how
they work
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SUSY theory

Supersymmetry is the ultimate symmetry

In a relativistic QFT (with mass), the most general content
of symmetry generators (conserved charges) looks like this:

Poincareé Internal
P.,P,]=0 [B,, B,] = ic,' B,
:Pw Mptr] = i(ﬂupPa' - ﬂua-Pp) [Brs P.u] = [B,, Muv] =0

(scalar charges)

M,., Mo ] = 1(n,,M,.0 — NoMup = NupMoe + NuoM,yp)

SUSY More SUSY

:Qm', PM]=[Oid5PM]=O {Qaia OjB}zzaé(o'u)aBPM
| , . SUSY charges

?ﬂh Yl ()5 G |_—7 are Spinors {Qai» Opi} = 2£2pZ,;
Q' s, M, )=~ Q' 4(d, v)‘B (O, Q) sy = 2,427
Qi B 1= (0,)/ Qs SUSY charges

Q's,B,]=-04(b)/} Anticommute




SUSY theory

Basic Notation: Weyl spinors

- 1 WeylLeft = fT@+
(wL)a g =0
Dirac = W = — +

(Yr)®

Weyl Right , = ]T +
- - ey Igt(m_:O) ﬁ




SUSY theory

Basic Notation: Weyl spinors f 7
(L) Weyl Left =, I@+ %}

Dirac = V¥ = = T _
_(wR) ) Weyl Right = 0) fk} + f[@

Weyl spinors ¥1,r are distinct Lorentz representations

M_{O O"U} O-M:{]laéz}
! a0 5“:{]]-7_5:}

0 0 (TH)“

0 [%0[“5’/] 0 } _(0“”) B 0
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SUSY theory

Basic Notation: Weyl spinors f 7
(L) Weyl Left =, I@+ %}

Dirac = V¥ = = T _
_(wR) ) Weyl Right = 0) fk} + f[@

Weyl spinors ¥1,r are distinct Lorentz representations

p 0 ot ot ={1,7}
A = {E“ O} = (1, —5) Lorentz on Left
. i Y
SV 3 [f}/'u ,,yl/] — ZU[“U ] | 0 — (O"UJ )a 0 :
gt 0 igltg” 0o @)%

|

Lorentz on Right



SUSY theory

Basic Notation: Weyl spinors

_(wL)a_

Dirac = WV = —

(Yr)®

Weyl Left =, fT@+ 4 %}
4+

Weyl Right =, ‘% . I@

Weyl spinors ¥1,r are distinct Lorentz representations

Transform independently:

[/

(591)e = W (") (Y1) s
1

< . | .
L(OPR) = =W (@) (Yr)”




SUSY theory

Basic Notation: Weyl spinors 1 7
_(wL)a- Weyl Left =, I + %}
Dirac = W = | = +
(Wr)T ] ey Right I + I@

Weyl spinors ¥ r are distinct Lorentz representatlons

(

| (00L)a = — g ("), (Y1)
Transform independently: - .
(5"¢R) — _iwuv (UMV) (wR)
Different, but conjugate: [WV) } = ea€” (@)

—

o1 = 7 [(¢vr)s] transforms like UR.



SUSY theory

Basic Notation: Weyl spinors 1 7
(L) Weyl Left =, I@+ %}

Dirac =WV = | = + B
(VR)?_ Weyl Right = ‘%+ fk}

Weyl spinors ¥1,r are distinct Lorentz representations
i

(0Y1)0 = W ()] (1) 5
Transform independently: - . ; . .

L(OYR)® = —gwm (@) (Yr)”
Different, but conjugate: [(O“V)f } = ea3€” ()7

—

o1 = 7 [(¢vr)s] transforms like UR.

Trade all Right for Left. Vs B
In SUSY, only use Wey! Left. Y=g Pa=(va)"

Raising and lowering:

6122612:—612:—612:+1
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SUSY refrain: Bosons = Fermions. Let’s see why.

Take one particle moving along z-axis, with helicity X ...
and apply an infinitesimal SUSY transformation ...

[02) = [dx) +iCQuldr) + - -

End up with particles of same mass ...
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SUSY theory

Simplest SUSY: 2 complex (4 real) charges Q. = (Q,)"
with the (N=1) Algebra ...

[QQ,PM] =0 {QQ,C_QB}:O
Qo MM ]=(0"")," Qs {Qa,Qz}=2(c"),; P,

SUSY refrain: Bosons = Fermions. Let’s see why.

Take one particle moving along z-axis, with helicity X ...
and apply an infinitesimal SUSY transformation ...

[02) = [dx) +iCQuldr) + - -

End up with particles of same mass ...
Py Qaléa)] = (Qabyu + [Pi@al)|0x) = puQaldr)

but different helicity. 1
M2 (Qul6n)]=(@uM? + M2, Qulor)=| 2

B
_I'%Lé Q6‘¢A>



SUSY theory

Simplest SUSY: 2 complex (4 real) charges Q. = (Q,)"
with the (N=1) Algebra ...

[QQ,PM] =0 {QQ,C_QB}:O
Qo MM ]=(0"")," Qs {Qa,Qz}=2(c"),; P,

SUSY refrain: Bosons = Fermions. Let’s see why.

SUSY

h =\
Boson/Fermion

h — )\ 1 1/2
Fermion/Boson

Degenerate multiplets with Fermions and Bosons
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SUSY theory

Famous SUSY multiplets: Vector Multiplet

Bosons: Fermions:

W

1 gauge 1 Weyl
gauge (e.g.7,9) and gaugino

Chiral Multiplet

Fermions: Bosons:

ftof s18
I{} % I I Gravity Multiplet

Bosons: Fermions:

T

graviton gravitino

1 Weyl 1 comp. scalar

quarks and squarks
leptons and sleptons
Higgsino and Higgs




SUSY theory

Famous SUSY multiplets: Vector Multiplet

Bosons: Fermions:

At A 47
Chiral Multiplet P} %} P} [{}
Fermigns: Bosons: 1 gauge 1 Weyl

fk} f%} SI 5[ gauge (e.g.7,9) and gaugino

1 Weyl 1 comp. scalar Gravity MUltipl_et
quarks and squarks Bosons: Fermions:

leptons and sleptons gtn & gt g
Higgsino and Higgs ﬁ ﬁ {L ﬁ

graviton gravitino

General Rule: #B = #F.

equal number of B and F particles with the same mass
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SUSY theory

B=F poses an issue for writing SUSY-inv. Lagrangians.
Issue is solved by Auxiliary Fields:
" (aj) . { 2 physical particles (after solving EOM)
Q . . :
4 real fields (before solving EOM) SUSY trans.
[ 2 physical particles (after solving EOM) Sh=2(1
EORE B . A
2 real fields (before solving EO 0Yp=—CF—10,¢0"C

Implementing SUSY on fields requires: OF ==2i0,¢o*(

F(m) . { 0 physical particles (after solving EOM)
" L 2 real fields (before solving EOM)
A simple SUSY Lagrangian:

L =iypa 0, p— % (Y Y+pp) 40,0 O p—m(pF+ T FT)+ FTF



SUSY theory

B=F poses an issue for writing SUSY-inv. Lagrangians.
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Q . . :
4 real fields (before solving EOM) SUSY trans.
[ 2 physical particles (after solving EOM) Sh=2(1
EORE B . A
2 real fields (before solving EO 0Yp=—CF—10,¢0"C

Implementing SUSY on fields requires: OF ==2i0,¢o*(

|5 (ﬁ) : { 0 physical particles (aftar solving EOM)
2 real fields (before solving EOM)
A simple SUSY Lagrangian
L =iy5"d, w——www)w P10 p—m(¢pF+¢' F1)+F'F
Algebraic EOM forF F = m¢' == Fis non-dynamical



SUSY theory

B=F poses an issue for writing SUSY-inv. Lagrangians.
Issue is solved by Auxiliary Fields:
" (a:) . { 2 physical particles (after solving EOM)
Q . . :
4 real fields (before solving EOM) SUSY trans.
[ 2 physical particles (after solving EOM) Sch=2(1
EORE B . A
2 real fields (before solving EO 0Yp=—CF—10,¢0"C

Implementing SUSY on fields requires: OF ==2i0,¢o*(

|5 (ﬁ) : { 0 physical particles (aftar solving EOM)
2 real fields (before solving EOM)
A simple SUSY Lagrangian
L =iy5"d, w——www)w P10 p—m(¢pF+¢' F1)+F'F
Algebraic EOM forF F = m¢' == Fis non-dynamical

Solving EOM: £ — wﬁ“w—g(www ) +0,0"0 - m*pT¢



SUSY theory

Famous SUSY multiplets of fields:

Chiral Multiplet Vector Multiplet
Fermions: Bosons: Bosons: Fermions:
(0 ¢, F AP, D A

(0,A" =0)

I | IR

1 Weyl 1 comp. scalar 1 gauge 1 Weyl

General Rule: #B = #F.

equal number of B and F particles with the same mass
equal number of B and F fields as well
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SuperFields: a tool to write SUSY Lagrangians

Basic idea:
ordinary space-time super space-time

coordinates z* coordinates {xz",0%, 04}
translations translations

o, o,
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ordinary field F'(x) # super field F(x,0,0)




SUSY theory

SuperFields: a tool to write SUSY Lagrangians

Basic idea:
ordinary space-time super space-time

coordinates {z*,0%,0,}

g trans})’ations 9 | p
S Pu=—ig— Qarv—igas @ ~—iom

ordinary field F'(x) # super field F(x,0,0)
Important details:
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SuperFields: a tool to write SUSY Lagrangians
Basic idea:
ordinary space-time super space-time

coordinates z* coordinates {xz",0%, 04}
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PM:_Z@ P,LL__Z—

ordinary field F'(x) # super field F(x,0,0)
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SUSY theory

SuperFields: a tool to write SUSY Lagrangians
Basic idea:
ordinary space-time super space-time

coordinates z* coordinates {xz",0%, 04}
translations translations

o, s,
P’UJ:—Z@ P,U__Z—

ordinary field F'(x) # super field F(x,0,0)
Important details:

0 —Q — 9, :
_ (oM . _ S : (— 1\ QL N
Qa=—1 ((9904 i(0") sl 8u> Q 0 ((%) i(ch)* 0 Q,J)

A, 6 are Grassmann variables: 0={0%,0"}={0,, 051={0%0s}

F(z,0,0)=a(x)+0b(x)+0c(x)+00d(x)+00e(x)+00"0 f, (x)+000g(x)+000h(x +0000i(x)

General SF is a polynomial in 6, §. Coefficients are ordinary B and F fields



SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (Wess-Zumino gaugel)
V = 00"0A (x) + i000\(x) — i000\(x) + 596’@D($)



SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (Wess-Zumino gaugel)
V = 00"0A (x) + i000\(x) — i000\(x) + 596’@1?(@

Rules:

* SF can be summed and multiplied, giving other SFs
e Functions of Chiral SF (ho conjugate) are Chiral SF

e Covariant derivatives, D.., D, can be defined on SF

e SUSY invariants: #9060 comp. of any SF, or66 of ChSF



SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (\Wess-Zumino gauge)
V = 00"0A (x) + i000\(x) — i000\(x) + HHHHD( )

The ChSF Lagrangian: (one or many ChSF)
[®TD] )75 =105" D)+, O 9+ F1F

oW 1 O*W
W(®)loe + h.c. ——\¢F_§@q)aq)’¢¢¢+hc

1
W (®) = superpotential =a®+ 2m<1>2+ 3>\<I>3




SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (\Wess-Zumino gauge)
V = 00"0A (x) + i000\(x) — i000\(x) + HHHHD( )

The ChSF Lagrangian: (one or many ChSF)
[®TD] )75 =105" D)+, O 9+ F1F

oW 1 O*W
W(®)loe + h.c. ——\¢F_§@q)aq)’¢¢¢+hc

1
W (®) = superpotential =a®+ 2m<1>2+ 3>\<I>3

Eliminating auxiliary fields:
0w OW
FT = ~ G lo  — Vr[¢] = | 55 ¢

2
= F-term potential
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SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (Wess-Zumino gaugel)
V = 00"0A (x) + i000\(x) — i000\(x) + 596’@D($)

The VeSF Lagrangian: (SUSY gauge theory) no need to know
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SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (Wess-Zumino gaugel)
V = 00"0A (x) + i000\(x) — i000\(x) + 596’@D($)

The VeSF Lagrangian: (SUSY gauge theory) no need to know

: pY L 1 what W is
Z [WaWa]@Q + h°C°:i)\EM8H)\_ZA/LVAMV‘|—§D2

- Dy =0y — 1994,
[qﬁ@ng@]GQ@:DuquD“ganin“DqurFTF is ordinary cov.der.

—iV2q9pY A +iV2q9¢T YA~ q9¢' ¢ D——| “SUSY-gauge”
Interactions



SUSY theory

Chiral SuperField:
d = ¢(y) + V20¢(y) — 9OF (y), with y* = a* — ifo"0

Vector SuperField: (Wess-Zumino gaugel)
V = 00"0A (x) + i000\(x) — i000\(x) + 596’@D($)

The VeSF Lagrangian: (SUSY gauge theory) no need to know

1 - 1 1 what W is
— (W Walpg + h.c.:iAﬁ“auA—ZAWAW+§D2
01299V @), o=D, ¢' D" ¢+iya" D, o+ FTF IS ordinary cov.der.

_@\/§QQ¢E+Z\/§QQ¢T¢)\— qgngqu—) “SUSY_gaugeu
= ] = mgm ] = t t-
Eliminating auxiliary fields: interactions

1

D =qq|¢|" = Vp[¢] = 4’9" |¢|'= D-term potential
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SUSY theory

At this point of the lecture, audience should be split in two
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Try to make everybody happy by “SUSY and Naturalness”



