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SM Theoretical “Problems”

e Assignment of matter Quantum Numbers
e Unification of Gauge Couplings

e Origin of Spontaneous Symmetry Breaking
e Accomodate Quantum Gravity

e Large number of Flavour Parameters

SM Observational “Problems”

e Need of non-baryonic Dark Matter
e CP violation source for Baryogenesis

e Mechanism of Inflation
We DO need Physics Beyond the SM !!
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Supersymmetry

e Only possible extension of symmetry beyond
Lie Symmetries (Coleman—Mandula Theorem).

e Correct Unification of Gauge couplings at Mgyr,

GUT assignment of Quantum numbers (anomaly cancellation).

e Solution of the Hierarchy Problem,

strong motivation for low-energy SUSY.

e “Natural” Mechanism of Electroweak Symmetry
Breaking , Radiative Symmetry Breaking.

e SUSY is a necessary ingredient in String Theory.
Local Supersymmetry < Supergravity.
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| Coleman—Mandula Theorem]

In the 60's attempts to combine internal and Lorentz symmetries ...

The only conserved quantities that transform as tensors under
Lorentz transformations in a theory with non-zero scattering
amplitudes in 4D are the generators of the Poincare group
and Lorentz invariant quantum numbers (scalar charges).

2 x 2 spinless particle scattering, bosonic conserved charge, ¥,
<1|Z,uu‘1> = O‘P};pi + /Bg/w

So, in the scattering process,
PPy + Paps = PPy + Papy & p,+ P =P+ P,

Not possible in a theory with non-zero scattering.
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However: Coleman—Mandula theorem does not forbid conserved
spinor charges, Q, (transforming like fermions under Lorentz)

Q«|Boson) = |Fermion)  Q,|Fermion) = |Boson)

[Qu, H] = 0 [{Qa @y}, H] = 0

‘ Supersymmetry Algebra ‘

{Qa,@g}zzasﬂpp, {QaaQﬂ}:O {Qon@ﬁ}zo

Supersymmetry relates particles of different spin with equal
quantum numbers and identical masses.

()~ (g &) ()~ ((E&m))

Chiral supermultiplet Gauge supermultiplet
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Hierarchy Problem

v f
o .
f
A
§me = 29emm, log mAe sm?,(f) = —2Ng |16f|2 [A2 — 2mZIn mAf]
with me — 0, chiral symmetry No symmetry protects m?, ...
Quadratic div.!!
A = 10° GeV
odme = 0.24 m, ‘ 5mf_, ~ 10%0 GeV

- -
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5mH(?):—2N~LZ[/\2 2m2|nmA?+ N

(5!7‘1%_,(7() + 6mH(f) =0 if Np= N?, |)\f|2 = —)\? and my = my
= Supersymmetry + Chiral symmetry solve hierarchy problem.
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5mH(?):—2N~LZ[/\2 2m2|nmA?+ N

5!7‘1%_,(7() + 6mH(f) =0 if Np= N?, |)\f’2 = —)\? and my = my
= Supersymmetry + Chiral symmetry solve hierarchy problem.
But ... no scalars degenerate with the SM fermions, SUSY broken!!

‘ Soft Supersymmetry breaking ‘

e Preserve cancellation of Quadratic divergencies requires
dimensionless couplings still supersymmetric: |Af|*> = —Az

e SUSY only broken in couplings with possitive mass dimension:

Soft Breaking m% =m? +4°

to solve hierarchy
problem § < 1 TeV

el

Sm2,(F)+6m2,(F) ~ 2 L

52|nmA?+...
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GUT and coupling unification

‘ Grand Unification ‘
e Simple gauge group unifying SU(3)¢, SU(2). and U(1)y

e All matter multiplets in 1 generation unified in a single (two)
representation of the gauge group:

d° 0 u® u® u d

de 0 v u d
SU(s) b= |d° 10 = 0 u d

e” 0 ef

Ve I 0 L

50(10) 16=10+5+1

= Explains the assignment of quantum numbers in the SM
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RGE evolution of gauge couplings| Running the couplings to

high energies they come close at Mgyt ~ 1016 GeV

SM 60 frorr- - Using SU(3) and SU(2),
oo _—  to predict sinfy with
- correct unification :

40 -

ne - sinfl, = 0.214£0.004
osu o StandardMedel o gn gew 0 93149 4 0.00017
%0 10t 100 10 10 10 10t 10 10

u (GeV)
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RGE evolution of gauge couplings| Running the couplings to

high energies they come close at Mgyt ~ 1016 GeV

SM 60 o - Using SU(3) and SU(2),
to predict sinfy, with
correct unification :

50 vy

40 -

s 05U

0 ~ sinflf, = 0.214+0.004
osu o StandardMedel o gn gew 0 93149 4 0.00017

[ sl " " i
1010 10° 10° 10" 10 10" 10" 10"

u (GeV)
M S S M (0 5in’0,,)
Much better agreement:

sinflf, ~ 0.232
sindj’ = 0.23149 4+ 0.00017

if (MSUSY ~1 TeV).

m, m, m, M, My

= Strongly suggests Supersymmetric Grand Unification !! 9/35




Radiative Symmetry Breaking

e In MSSM many scalars but (typically) only Higgs gets a vev
e All soft masses possitive O(Myy) at Mgyt

o uHiH, € W, 1o ~ O(Myy) (SUSY 1 problem)

e Approx. RGE evolution from Mgy7 to Myy:

dm? 6
2 Hy 2(,2 2 2 212 212
167 ar = 6Y(my, +mo, +my,) —6g3 M — 5éi Mz, ,
dm?, 6 m pushed
H.
167° dt b= ogEMi - EgIZM%’ dovx2/n by Y:
dm? 32
tort T = 2¥i(mh, i, ) - g - e 1o SUG)
coupling

2
663 M3 — 2 gFM,

EW symmetry breaking occurs naturally as a radiative effect
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Gravity and strings ...

Global bosonic sym. Local, Gauge Theory

Local

Global SUSY ——  Supergravity
e SUSY transformation parameters £* deppend on space-time
position. Anticonmutator of 2 SUSY transformations is a
translation

{Qu, @ﬁ} = 2056'0“

Local SUSY implies local coordinate tranformations: Gravity

e Superstring can unify gravity with gauge interactions.
Supersymmetry necessary ingredient of consistent String Theory
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Non-interacting Wess—Zumino

Weyl fermion + complex boson  Ref: Martin, hep-ph/9709356
S= / d*xL = / d*x (ipa" 00 + 0"¢*0,9)

SUSY transformation: scalar <+ fermion, with & Weyl spinor
([] = —1/2) transf. parameter

0 = V2 Pa = V26 56" = V2EP% = V280
OLscar = +V2E 9" 90" + V2E D" D,
for a fermion, comparing 6Lsca and Leym must be:
0o = iV2(0")alud  00a = —iV2(60")a0,u0"
OLter = V2(E 05" 0,1)0,0" — V2¢ 7" 0"€), 0,0
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SO’ we arrive at 0L fermion = _\/55 (9”¢ 8,u¢* - \/55 a”& ap¢ +
V2 0" (€ 8, + EDud” + (€ 0¥5MY) 8,07]
=05 = /d4x(5l-scalar + 5Lfermion) =0

Theory is invariant only if the algebra closes, i.e. if the conmutator
of two supersymmetric transformations is a symmetry of the theory
scalar

(0g20¢, — 0,06, ) = 2i (E107Ey — £207E1) Db

But, for fermion, only on-shell, 50,4 = 0, it closes. Off-shell we
must introduce auxiliary field, F with L., = F*F and dimensions
mass?. It does not propagate, the eqs. motion are F = F* =0
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we modify the transformation properties
6 = V269 00" = V28¢
§ha = iV2 (0"€)a0up + V2 EuF
s = —iV2 (€0)adue* + V2EaF”
OF = iV2 £5"9,p  OF = —iV2 9,05"¢
Now theory is Supersymmetry invariant even off-shell:

Lwz = )"0, 0 + 0"¢* 0, + F*F
(0e,06, — 0e,06,)X = 2i (610"85 — &2061) 9, X
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we modify the transformation properties

3¢ = V28 5¢* = V28
5o = iV2 (01€)alud + V2 EoF
5 = —iV2 (£0)adu¢" + V2E4F*
OF = iV2 €519, 6F* = —iV2 9,4p50¢

Now theory is Supersymmetry invariant even off-shell:

Lyz = ihd" 0, + 0"¢*0u0 + F*F
(6e,0¢, — 66,0¢,)X = 2i (&10"& — E20%E1) 9, X for X = ¢, 9, F

‘SmmmwnmeUyA@dna‘{QMQQZQﬁQ& [P, Qa] =0
{QaaQB}:O {Qa,@ﬁ}zo

Chiral Supermultiplet= 1, ¢, F with four fermionic d.o.f. (2
complex components of 1) and four bosonic d.o.f. ( 2 complex
scalars, ¢ and F)
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| Matter Interactions |

General set of renormalizable matter SUSY interactions is given by,
L i i
Lins = —5 WJ’L/J,'Qﬁj + W'F; + c.c.

with Wi, wi functions of bosonic fields [W9] = M and
[Wi] = M2 ([L] = 4, WY and W' cannot be functions of ¢ and F )

- Ljpy must be SUSY invariant by itself

—> |Superpotential W

Analitic function of the (complex) scalar fields (not of ¢*), at most
cubic in ¢ and dimensions of mass?

oW P

1 . 1 .. .
— MU beh 1 =Nk b b i —
w 2M Gigj + 6)\ i djdx, w 50; 50ib0;
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F;, F™* eliminated using equations of motion: F; = -Wr
Fi* = —W/, i.e. functions of scalar fields, no derivatives. Then
Lagrangian,

Leniral = LW2+Lint = Y5 O + OM¢ 0,0 +
1, 1 I* *
——WJT/J% Wi ihj — WW;

The scalar potential V/(¢, ¢*) is given by
V(¢,¢*): Wim/l_*:/_-i,_—;k_ Mlk¢j ¢ 4= Mlk nk¢l¢1*¢n*

)\Jnkgbl*Qde)n 4+ )\U”Ak/n¢l¢j¢k*¢l*

Superpotential: general SUSY
invariant matter interactions
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Example: top Yukawa

W = h: QLHtg Gives rise to the Lagrangian,

Line = — —W” iy — W iy — WIW

— —5 h, [H Quts + QL ht,% + 15 Q,/Nw} +c.c.
— b2 (IHEP + [HGP + | QuER?)

and the Feynman rules

N tL tR
- - tC \><
AN
t% ty

— i hy L —zh2




Vector Superfields

Gauge multilplet: massless vector boson A7 + Weyl gaugino A\? +
auxiliary field D?

1 < 1
Lgavge = — 3 Fi, F""? + iX*G" Dy A* + SD*D*?
F2, = 0uA% — 0, A% + gf P ALAS Dy = 9\ — gf*PC APAC

Lgauge is already Supersymmetric with the transformations
(Wess-Zumino gauge)

§A? = ifo, A7 — iNGuE
1
0N = =5 (0"5"€)aFl, — i€uD?
§D? = — &MDN 4+ D NGHE
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Gauge Interactions

Replacing 0, — D,, = 0,, + ig T? A7, obtain Gauge invariant
Lagrangian, but not SUSY invariant, we need gaugino and D
interactions,

¢*Ta,¢) )\a 5\3 1ZT3¢ ¢*Ta¢ D2

Then the full Lagrangian is Supersymmetric replacing also in the
SUSY transformations derivatives by covariant derivatives,

L= Lgauge + Letirat + iV2 g [¢"T* N + X 0T76] + g ¢" T D

where W must also be Gauge invariant by itself. Moreover D? can
be eliminated using eqs of motion,

D' = — g ' T%
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The gauge invariant SUSY Lagrangian,

L= i'l/_)La'HD,u'IZ)L + DH¢ZD#¢[_+(L—> RC) + %Fivl_‘uua
— X"&“Du/\" —+ I \/Eg I:(b;" Ta'l)bi A2 + S\a ,l/_}i Ta¢i:|

— Iwi gy — Lwi By — wing — 1 g2 (5,65 T

therefore the gauge interactions are (U(1)),

.

V5, s R’ \QiL ¢£/
gl - DWW Y "%
~ & v EN

%C?, v e ¢L //d)L (b;i\\
—1 9 igV2 L —ig(+p)u —2ig
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SUSY Lagrangian

e All interactions determined by gauge quantum numbers and
Superpotential

e Write all kinetic terms with covariant derivativesplus gaugino
interactions and D—-terms

e W must be a gauge invariant analitic function of the scalar

fields
e Matter interactions determined by W/ W and W1,
—> Lagrangian is Supersymmetric
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Minimal Supersymmetric Standard Model

e Must include all Standard Model particles and interactions

e Supersymmetric partners and SUSY SM interactions

e Supersymmetry must be softly broken

LH SM fermion <  Scalar partner

Chiral supermultiplets @, u$, dS, L, e Q, i, ds, L, &5
2 Higgs < fermionic part.
Hl, H2 /:/1, FI2

gauge bosons <> fermionic part.

Vector supermultiplets By, W;;, G B,wWi g
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MSSM Superpotential

Includes the Yukawa interactions of the SM
W = Yo’}jQ;Hl dg; + YiLiH eR; + ¢ QiHaug; + pHiHy

e Need of two Higgs doublets

in the SM H, = H and Hyz = H*. However, a Superpotential
containing H* would be non-supersymmetric.

A second doublet also required by anomaly cancellation.
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R — Parity | Other Gauge invariant terms can appear in W

War=r = A LiLjegy + N P Li QiR + €/ LiHy
Wapg=1 = \" URidRidrk
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R — Parity | Other Gauge invariant terms can appear in W

War=r = A LiLjegy + N P Li QiR + €/ LiHy
Wapg=1 = \" URidRidrk

violate baryon or lepton number by 1 unit. If both A and \” # 0
= rapid proton decay!!

C
Up . €+
SR
- — - — - +_> +O:>)\l*.>\l/ <2X10_27
" N* P e 112 " M12 =
e 12 A2
R Up uL

o

New discrete symmetry, R-parity, forbids these terms
Rp = (_1)3B+L+2S

SM particles and Higgs bosons Rp = +1, superpartners Rp = —1
24/35




Rp conserved in the MSSM|

e Wha;—1 and Wapg—7 absent in the MSSM.
e Lightest Supersymmetric Particle (LSP) stable (dark matter).
e Any sparticle decays into final state with odd number of LSP.

e In colliders, Supersymmetric particles only produced in pairs.
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Rp conserved in the MSSM|

e Wha;—1 and Wapg—7 absent in the MSSM.
e Lightest Supersymmetric Particle (LSP) stable (dark matter).
e Any sparticle decays into final state with odd number of LSP.

e In colliders, Supersymmetric particles only produced in pairs.

It is also possible an Rp violating MSSM with Wa;—1 or Wag—1
(not both) and stable proton.

e [ or B is violated
e LSP not stable anymore (not dark matter candidate).

e Single production of SUSY particles possible.
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Soft SUSY Breaking‘

e SUSY must be broken, mg # me, mg # 0.

e Solve hierarchy problem, broken by terms of possitive mass

dimension Soft Supersymmetry Breaking, and Mgs, < O(1 TeV).

e Gaugino masses
L) =4 (My BB+ My WW + My 28) + hec.

soft —
e Scalar masses
LGk = (%) Q7 + (m2)yiig gy + (m2)gdg;ds + (m2)yLiLi+

(m 2)'Jelci’:éfc?j+(mH1)HlHl (mHz)H2H2
e Trilinear couplings and B—term
L = (Y2 QiHydr; + (Y2)TLiHi8g; + (YT QiHatig; + BuHyHs

soft —
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e Minimal and simple realization of the MSSM.

e Similar sparticle masses in a general MSSM.
e Any generic MSSM must include at least the CMSSM physics.
e Main difference in FCNC and CP violation observables.

e Representative MSSM example for collider phenomenology.

Minimal number of new SUSY paramenters

m3 —  Universal scalar mass. M/, — Common gaugino mass.
Ao — Universal trilinear. B —  Soft Higgs mass.
¢ — Susy Higgs mass. tanf — Ratio of Higgs vevs.
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Soft breaking parameters defined at ~ Mgyr. Evolve them to My,
with Renormalization Group Equations (RGE).

e Gauge couplings and gaugino masses

da;* b dM, _ 1

2
di -~ o2n gt = gy2ba8aMa

M, _ M, _ M _ (33 _
:>O(7117047227047; ba*(?717_3) t—lﬂ(é?o)

dM./g: _
—dr =0 =

e Yukawa couplings (b-7 unification ...)

d)/t Y [ 2 2 16 2 2 13 2
RCAT 6 — —3g2 _ =

dyp v | 2 2 > 16 5 2 [
b _ 6 T g2 3,2
dt 1671'2 i Yb +.Vt +y7' 3 83 82 15g1
dy- yr [,00 2 > 95

—_ = 4 — I

dt Tom2 |7 T3~ 38 — géi
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e Soft masses

16#2%%242 = 6y (mpy, + m, + mi,) — 6g3 M — ggf My

167r2%m;241 = —6g2M2 — 6 2M1

16w2%mé, = 27 (miy, + m, +mi,) — 33_25’3? M3 — 6 M; 125g1 "
167T2%m%1, = 4y (miy + m, +mi,) - 332 &M - ﬁ s

Full set of RGEs in literature. Fortran codes, ISASUSY,
SOFTSUSY, SPHENO ...
Mass of Hy pushed down by top and absence of SU(3) coupling

Radiative Symmetry Breaking
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Collider phenomenology

Sparticle production

Gluino and Squark production (1st gen.) dominates through

q o4
.7 g g
g3 ~ g
g
93 gs 93
~. 9 7
q T
LHC very stringent con- 9 g i q
straints on gluino and 1st i
gen. squark masses, pro- gs g3 "~
duced strong g AN q
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Squark & gluino decays

e If two body decays with strong coupling are allowed they always
dominate

g — q8, g —4qq

Otherwise squarks decay to quark chargino or neutralino through
electroweak couplings

g —qxi. 4'x;
and gluinos decay through an off-shell squark

g —qqx?, qd'x;
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| LHC constraints]|

— Production of coloured particles with long decay chains. ..
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— Search of jets + missing Et:

MSUGRA/CMSSM: tan(B) = 30, A_ = -2m,, it > 0

1000

= T T T T T T T T T T T T T T T T —]
S - ER T Al timits at 95% GL. .
0] C Lsp \ e ]
O, n \ = = Expected (£10,,.) -
8 900 A TLAS \ Observed (+1 cﬁzf;) —
= L =t _\ 1 -~ - Expected  (0+1)-lepton combination 7
S - s=8TeV, L=20fb _ Observed ) ]
C \ ---Expected  0-lepton + 7-10 jets + E™° ]
800— —— Observed T ]
n o ---Expected  0/1-lepton + 3 b-jets + E™*° ]
_ ~ — — — - —— Observed 5 T —
C ---Expected Taus + jets + ET'*° n
700 — ) — Observed T ]
C ---Expected  SS/3L + jets + EI'*° -
C — Observed T —
600~ 1-lepton (hard) + 7 jets + E?‘ss__
500[—
400[—
3005
0
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— Stop (%) production:

T, production, T> b 1'%} /T ¢ X5 /T> Wb R /T 7] Status: Dec 2017

S L L L R R RN RN IR R R

8 [ ATLAS Preliminary Vs=13 TeV, 36.1 fb™! ]

= C -’i"ati‘:/'fvawbi oL [1709.04183] ]

gx'mo_— Tty T WhR, [T bty 1L [1711.11520] -

[ BTt - Wox f-birg, 2L [1708.03247] ]

600 WX AbirR Monojet [1711.03301] i

[~ (s=8Tev, 200" Run 1 [1506.08616] ]

500" Observed limits === Expected limits Al limits at 95% CL -

m v ]

400~ -

300 1
200
100~

i
700 800 900 1000
m; [GeV]

—> already ver stringent constraints for minimal models (CMSSM
like), but not yet dead!!!
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Weyl spinors | Susy described in terms of 2-comp. Weyl spinors:

EDirac = i\Tf’yﬂau\U - M\TJ\U

Weyl repres. T = ((&OH Uo“)) = (<_012 g))

(op)aa = (k,0i)aa (51)% = (o, —0i)*®
w0 =((5)) e ((5)) ()
¥o =95 = ((x* &), )t =6
:> L = iE510u€ + ixo"Oux — M(&x + &X)

Uik LWy =&5,6 Wiy R Wy = xaou%2
Dirac — Weyl: Ui LWy =x162 U1 RVWo=E1n
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