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Photino, Zino and Neutral Higgsino: Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.

Two Higgs doublets necessary. Ratio of vacuum expectation values
denoted by tan /




Why Supersymmetry ?
Helps to stabilize the weak scale—Planck scale hierarchy

Supersymmetry algebra contains the generator of
space-time translations.
Necessary ingredient of theory of quantum gravity.

Minimal supersymmetric extension of the SM :
Leads to Unification of gauge couplings

Starting from positive masses at high energies, electroweak symmetry
breaking is induced radiatively

3B+L+2S

If discrete symmetry, P = (-1) is imposed, lightest SUSY
particle neutral and stable: Excellent candidate for cold Dark Matter.




Notation Refreshmen

¥ All standard matter fermion Pelds are described by their left-handed
componerts (using the charge conjugates for right-handed belds)!

¥ All standard matter fermion superpartners are desaibed the salar
pPelds A;. There is one for each chiral fermion.

¥ Gauge bosons are inside covariant derivativesand in the G, terms.

¥ Gauginos, the superpartners of the gauge bosonsare desaibed by the
fermion belds " ;. There is one Weyl fermion for each massless gauge
boson.

¥ Higgs bosonsand their superpartners are desribed asregular chiral
pelds. Their only distinction is that their salar components acquire
av.e.v. and, aswe will see, they are the only scalars with pogtive
R-Parity.




Lagrangian in terms of Component Fields

¥ The supersymmetric Lagrangian hasthe usual kinetic terms for the
boson and fermion Pelds. It also contain generalzed Yukawa
Interactions and contain interacti ons between the gauginos, the scalar

and the fermion componerts of the chiral superpbelds.
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¥ The last term is a potential term that depend only on the auxiliary
pelds




Scala Potential

I I
V(Fi,F",DY) = F'F + 5 (DY (2)
[ a
where the auxiliary pelds may be obtained from their equation of
motion, as a function of the scalar components of the chiral pelds:
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Observe that the quartic couplings are governed by the gaugecouplings
and that salar potential is pogti ve debnte ! The latter is not a surprise.
From the supersymmetry algebra, one obtains,
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¥ If for a physical state the energyis zero, this is the ground state.

¥ Supersymmetry is broken if the vacuum energy is non-zero !
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Higgs Mass Parameter Corrections in SUSY

One loop corrections to the Higgs mass parameter cancel if the
couplings of scalars and fermions are equal to each other
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If supersymmetry is exact, there is always an additional, logarithmically
divergent diagram, induced by the presence of Higgs-scalar trilinear
couplings, that ensure the cancellation of the logarithmic term.




Minimal Supersymmetric Standard Model

SM particle

(S = 1/2)

SUSY partner
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Higgs Doublets
¥ Two Higgs doublets with oppogte hypercharge.

(S=0) (S = 1/2)
H; H, (1,2,-1/2)
H, H, (1,2,1/2)
¥ Both Higgs belds acqure v.e.v. New parameter, tan! = v, /v;.

¥ One should useboth Higgs doublets to give masssto quarks and
leptons
P[! ] = hyQUH» + hQDH, + hy LEH, (5)

¥ Once these two Higgs doublets are intro duced, a massterm may be
writt en

"P[l']= pHi1Hp (6)




Higgs Fields

¥ Two Higgs beldswith opposite hypercharge.

(S=0) (S = 1/2)
H, H, (1,2,-1/2)
H> H (1,2,1/2)

¥ Both Higgs belds acqure v.e.v. New parameger, tan! = vy/v .

¥ It is important to observe that the quantum numbersof H, are
exaaly the sameasthe ones of the lepton superbeldL.

¥ This meansthat one can extend the superpotential P[! ] to contain
terms that replaceH, by L.
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Baryon and Lepton Number Violation

¥ General superpotential contains, apart from the Yukawa couplings of
the Higgs to lepton and quark belds, new couplings:

P[! Joew = !' ' LQD + ! LLE +!" UDD (41)

¥ Assgning every lepton chiral (antichiral) superbeld lepton number 1
(-1) and every quark chiral (antichiral) superbeld baryon number 1/3
(-1/3) oneobtains:

b Interactionsin P[! ] consave baryon and lepton number.
b Interactionsin P[! ]J.ew Violate either baryon or lepton number.
¥ One of the mog dangerousconsequencesof these new interaction is

to induce proton decay, unlesscouplings are very small and/or
sfermionsare very heavy.
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Proton Decay
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¥ Both lepton and baryon number violati ng couplings involved.

¥ Proton: Lightest baryon. Lighter fermions. Leptons
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R-Parity

¥ A solution to the proton decay problem is to introduce a discrete

symmetry, called R-Parity. In the language of component fields,

Rp — (! 1)BB+ZS+L (7)

¥ All Standard Model particles have Rp = 1.
¥ All supersymmetric partners have Rp =1 1.

¥ All interactions with odd number of supersymmetric particles, like

the Yukawa couplings induced by P[! |hew are forbidden.
¥ Supersymmetric particles should be produced in pairs.
¥ The lightest supersymmetric particle is stable.

¥ Good dark matter candidate. Missing energy at colliders.
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Feynman Rules for Supersymmetric Theories

u (d)
‘ lig,T?"# Start with SM couplings
g u (d)

"'1: U (D) | ig,T*(p+ k)* Change fermion by scalars

Lk and gammas by momentum
g N — - | (D)

u | i a Change one fermion by scalar
— 1T R+ 9 F) and gluons by gluinos and
u--—"—"49 gammas by constants (Yukawa
d Couplings). Extra factors are
110, T?(cy P + s;P;)  mixing angles that project mass
D -- = - P g eigenstates into gauge

eigenstates.
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Gluons and Gluinos
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Gluinos are strongly interacting particles and, unless very heavy,
are one of the most copiously produced particles at hadron colliders
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Scala Interactions

¥ As we said before, the scalar potential may be obtained by adding
the D-terms, that depend only on the gaugestr ucture, with terms
that depend on the square of the derivative of the superpotential.

¥ For the given superpotential, we get terms like

Ve = hyp' H{ QU + h.c. (8)

¥ Once the Higgsacquire a v.e.v., this induces a mixing betweenthe
right handed stop and left handed stop

| hep! vaty tr (9)

¥ This will a! ect the masss that, however, shoud be equalto the
top-quark massesif supersymmetry is to be preserved! What is
going on ?
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Efective Potential of a Supersymmetridheory

V(1) Presewvation of SUS

Y

!

Non-trivial Mininum could lead to the rakdavn of gauge or global
symmetries buSUSY is mseved, provided the value of the efttive

potential at the minimam is equal to za, like in the Figue aboe.




Presevation of Supersymmetry

¥ LetOdook at the potential for the neutral Higgs bosons

! "o+ g)! "2
Vigo = [UZ [HDIP+ [HZ]? + 1T2 HDI2 1 [H3J? (10)

¥ To presave supersymmetry, we need the vacuum state to have zero
energy

¥ This may be only obtained, oncethe Higgs acquire v.e.v., if :

u= 0, tan! =1 (11)

¥ The potential presents a [Rat direction under these condition s.
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Supersymmetry Breaking

¥ No supersymmedric particle have been seen: Supersymmetry is
broken in nature

¥ Unlessa speabc mechanism of supersymmetry breaking is known, no
information on the spedrum can be obtained.
¥ Cancdlation of quadratic divergences
b Relieson equality of couplings and not on equality of the masses
of particle and superpartners.

¥ Soft Supersymmetry Breaking: Give di! erert massea to SM particles
and their superpartners but preseaves the structure of couplings of
the theory.
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Supersymmetry Breaking Parameters

Standard Model quark, lepton and gaugeboson massesare protected by
chiral and gaugesymmetries.

Supersymmetr ic partners are not protected.

Explanation of absence of supersymmetric particles in ordinary
experience/ high-energy physics colliders: Supersymmar ic particles can
acquire gauge invariant masses, as the one of the SM-Higgs.

Di! erert kind of parameters:

Squark and slepton masses Mg, M
Gaugino (Majorana) masses M, 1= 1-3
Trilinear scalar mas®es(f{ fr H;) As , -1t (Thi s last one comes

from the scalar potential derived from the superpotential |! P/! A;|?.
They induce mixing betweenleft and right sfermions.

Higgsino Mass 1 and associated Higgs Mass Parameters

|1u|? + m&  (The brst term may be derived from the superpotential).
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Higgs Potential

¥ Aft er supersymmetry breaking e! eds are considered, the Higgs
potential reads

V(H1,Hz) = miH{H, + m2H£H2+ mi(H{im2Ho + h.c) +
I

| I
iy 22 i o i e BT
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g + 03 g! o %
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)\1 )\2 A )\3 4 >\4 2 ( )
¥ This e! ediv e potential is valid at the saale of the SUSY particle
masses.

¥ The value of the e! ective potential at low energies may be obtained
by ewlving the quartic couplings with their renormalization group
equations.
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Largetan! Limit

¥ This limit ariseswhen, approximately, only one of the two v.e.v.Ods
di! erent from zero. To keep the top Yukawa coupling small, it shoud

be Vo.
m; = htV2 Mp = hbvl (13)

¥ If one makeshy, large of the order of h¢, tan! is about 50
¥ For this limit to happenm3! 0.

¥ Then, the doublet H, contains the Goldstone modes and the
OplysicalO SM-lik e Higgs boson, while H; cortains a scalar, a
pseudscalar and a charged Higgs boson.

¥ Physical Higgs mass(m3 = " M2/2)
mZ = 2',v2 = M5 (14)
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Evolution of Paramters

¥ In general,the parameters that one measires at low energes (large
distances) are not the fundamental ones but they are modibed by
guantum corrections.

¥ For instance, if you put a chargeinto the vacuum state, it will
polarize the vacuum by inducing the production of virt ual particles
and antip articles, which OsceenOth e original charge.

¥ This also happens with other couplings and also with mass
parameters. There are equations, called renormalization group
equationsthat allow to relate the fundamental parameters to the
onesat low energies.
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Higgs BosonMassat large valuesof tan'!

¥ The RG ewlution of ! , is given by

d! 3 ! "
d—tZ! e 12+ 1,h2" h (15)

with t = log(M 2,5y /Q 2).

¥ For large valuesof tan # = v,/v 1, the Higgs H, is the only one
asciated with eledr oweak symmetry breaking.

¥ The Higgs boson massis approximately given by m2 = 2! ,v?2

$
M §UZSY + 2A'[2 1 n Aztz
M Msusy 12M 35, sy

%&
mi! M2+

(16)

¥ The Prst term comesfrom the SUSY contrib ution. The logarithmic
term comes from the RG ewlution, while the A; dependencecomes
from threshold el ectsat Msysy .
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Diagrams Contributing to the Quarc Coupling

H>
\\\htAt H2 \\HZ ,//
1\\ . \\\ //
: R hZ R hiAgr=—==--- ThtAt
Q,U JES
i /// \\\\ Q: EQ
~” ~ I
// \~ I
/I/ U,Q H htAt!_ _______ ' htAt
Pl 2 - )
/// htAt /// U \\\ H2
H> H \

This diagrams @vide the Pnite theshold corections after
decoupling of the top quark supergaers.




Top Quark Contribution to the Higgs Qudic Coupling

This diagram mvides the dominant logarithmic contribution
below the stop quark mass scale




Stop MassMatrix

¥ The stop, and other squarks, acquire masses that are controlled by
the supersymmetry breaking parameters.
¥ Once the Higgs acquires a v.e.v., the mass matrix is
!

. MG +myf m¢(A¢! p'/ tan!) 3

M2 —

k (17)

m¢(A; ! W tan!) m3 +m?

¥ In general, the existence of A; and U denote couplings of the stops to
the Higgs bosons, that induce finite corrections to the quartic

couplings.
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Higgs Spectrum
¥ The two Higgs doublets carry eight real scalar degrees of freedom.

¥ Three of them are the charged and CP-odd Goldstone bosonsthat
are absorwed in the longitudinal componerts of the W and the Z.

¥ Five Higgs bosonsremain: Two CP-ewven, one CP-odd, neutral
bosons, and a charged Higgsboson (two degrees of freedom).

¥ Generically, the electroweak breaking sector (Goldstonesand real
Higgs) is contained in the combination of doublets

| = cos! Hy + sin!li",H5, (18)

whil e the orthogonal combination corntains the other Higgs bosons.
Their massesare:

m2 | ma3, m. ! mz + M§ (19)

with m%z = m? + m3. These relations are preserved, in a good
approximation, after loop-€' eds.
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Masses of the Higgs boson peales

There is a light Higgs bosowhich,for supersymmety breaking
masses of the aler of 1Te\, has a mass

m; ! 135GeV

This Higgs boson is theeal Higgs® the sense that it is the one
connected to th mechanism of eleotweak symmety breaking.lIt
has SM -l properties.

Thenthere are two other neutral Higgs bosonene being CP-odi
and the other CP-ge.Their mass Is contiled by the parameteriiia

This parametewhich contols also the charged nggs mass IS
governed by supersymmety breaking massesms = m7 + m5
and theefore can be gry large (but it could be @aund the corner
too)




Gaugino/Higgsino Mixing

¥ Just like the gaugebosonmixes with the Goldstone modes of the
theory after spontaneous breakdown of the gaugesymmetry,

gaugnos mix with the Higgsnos.
| _
¥ Mixing comesfrom the interaction 2gAi! T,! "2, when onetakes

A" Hi,and"a" Wa, B_, and!i: H,

¥ Charged Winos, W, + iW,, mix with the charged componerts of the
Higgsinos H1 ,. The masseigenstat es are called charginos #* .

¥ Neutral Winos and Binos, B, W3 mix with the neutral components of
the Higgsinos. The masseigenstates are called neutralinos, #°.

¥ Charginos form two Dirac massive belds. Neutralinos give four
massive Majorana states.
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Chargino Mass matrix
Lets take, for instance, the chargino massmatrix in the basisof Winos
and Higgsinos, (W* ,H, ) and (W' ,H; ), with W* = W+ iW?2. The

mixin g term is proporti onal to the weak coupling and the Higgsv.e.v.Os
' o

Mz Qv %
Vi M

M!;_r = (20)

Here, M, is the soft breaking mass term of the Winosand p is the
Higgsino mass parameter.

¥ The eigenstatesare two Dirac, charged fermions (charginos).

¥ If yis large, the lightest chargino is a Wino, with mass M, and its
interactions to fermion and sfermionsare governed by gauge
couplings.

¥ If M, is large, the lightest chargino is a Higgsino, with massy, and
the interactions are governed by Yukawa couplings
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Neutralino MassMatrix
Similarly, for neutralinos in the basisof Binos, Winos and Higgsinos

| : . %
M1 0 I 91V1"/ ? 91V2/ ? 8/
: 0 Mo g2V1/ é I 92V2/ é
Mpo = " . f (21)
g tavi/ 2 gvi/ 2 0 I u é
Vel 2 D govel 2 lp 0

¥ The eigenstatesare four Majorana particles.

¥ If the theory proceeds from a GUT, there is a relation between M,
andMq{, Mo # 1 5(M2)/! {(Mz2)M{ # 2M .

¥ So,if u is large, the lightest neutrali no is a Bino (superpartner of the
hypercharge gaugeboson) and its interactions are governed by g;.

¥ This tends to be a good dark matter candidate.

26




Counting degreesof Freedom

¥ The charginos are two Dirac particles, with eight degrees of freedom,
and are an admixtu re of the superpartners of the charged gauge
bosons and Higgs bosons.

¥ The bosonsector hasthe W* , that has six degrees of freedom, plus
the charged Higgs, with two degreesof freedom. Observe that before
electroweak symmetry breaking thereis no mixing and the numbers
are four and four, respectively.

¥ Neutralinos are four Majorana particles, and have eight degrees of
freedom.

¥ There are bve in the neutral gaugebosons(photon and Z) plus three
in the neutral Higgs bosons. Again, before electroweak symmetry
breaking, the numbers were four and four.
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Minimal Supergravity Model

All salars acquire a common mass m3 at the Grand UniPcation scale
All gauginos acquire a common massM ¢, , at the GUT scale
Massesewlve di! erently under R.G.E. At low energies

Squark Masses mé l m3+6M2,
Left-Slepton MassesmZz ! mg+ 0.5M 7,
Right-Slepton MassesmZ ! mg+ 0.15M 7,

Wino MassMj, = 0.8 M 4, ».
Gluino Mass M3 = i—;Mz
Bino MassM; = LM,

Lightest SUSY particle tends to be a Bino.
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Electroweak Symmetry Breaking

¥ The above relations apply to most squarks and leptons, but not to
the Higgs parti cles and the thir d generation squarks.

¥ The renormalization group equations of these mass parameters
include negative corrections proportional to the square of the large
top Yukawa coupling.

¥ In particlular, the H, Higgs mass parameter m3, is driven to negative
valuesdue to the inf3uence of the top quark Yukawa coupling.

¥ Electroweak symmetry breaking is induced by the large top mass !

¥ Also the superpartners of the top quark tend to be lighter than the
other squalks. This el ect is more pronouncedif M4, , is small.
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Higgs Mass Parameter Corrections in SUSY

One loop corrections to the Higgs mass parameter cancel if the
couplings of scalars and fermions are equal to each other

N 2' $2$ | $2$*
! zf )#2$2 + 3m; logh —2§+ 2$2#2mf~log§—2 :
m; % 7 Y,
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If supersymmetry is exact, there is always an additional, logarithmically
divergent diagram, induced by the presence of Higgs-scalar trilinear
couplings, that ensure the cancellation of the logarithmic term.




If SUSY exist s, many of its most imp ort ant moti vation s dem and some
SU SY partic les at the TeV range or below

I Solve hierarchy/natu ralness problem by having! m? ! O(v?)

SUSY breaking scale must be at or below 1 TeV
if SUSY is associated with EW SB scale!

=
N
o
o

'_\
o
o
o

| EWSB is radiativ ely generated

masses [GeV]
)
3

In the evoluti on of masses from high energy scales 600
' a negative Higgs mass parameter is induced

via radiative correction s 400
. 200 :
=# important top quark e! ects! m.
O\\\‘2\\::\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘
0 2 4 6 8 10 12 14 16 18

log,,(Q/GeV)
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Reasonsdr the negatie mass of the Higc

Higgs Is aficted ly the top quarkvukava couplinghut so ae the stops.
Sagwhy does the Higgs mass becomes negadivd not the stop ones “

There are three main easonskirst,the stops leceie a positie
contributions coming fsm their quark-gluino interactionghich is
proportional to the gluino masslhis is model dependergince the
gluino mass might besgy small.

The secondmost impottant reasonis that theHiggs couples to thee
Dirac fermions (thee colors)and their superpaners,while the right-
handed stop of a gan color couples to on two (due to the doublet
structure) and theFinaly the left-handed stop of a @& color couples
to only one Dirac beld his3:2:1 elationmales the negate
contribution to the Higgs mag important than the one of the stops.

Final, there is the m7, factor that acts likan external magnetic belc
In a spin system and induces thegence of non-vanishing Higgswo
even if the massesould be positie.




Gluino Contributions to the Stop Masses




SUSY Spectrum from Universal Boundary Conditions at Mcut

Coloured, strongly interacting particles tend to be heavier than
weakly interacting particles.

Lightest Supersymmetric Particle is lightest Neutralino.
Squarks and sleptons of first two generations are degenerate.

Small splitting in the slepton sector. Third generation squarks are
Typically lighter.
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Comments

The previously presented spectrum depends strongly on the condition of
equality of sfermion and gaugino masses at the GUT scale.

Setting, for instance, different masses for particles of different
guantum numbers at the GUT scale could lead to a very different
spectrum.

In general, very little is known about the supersymmetry breaking
parameters and one should NOT make conclusions about the Tevatron
and/or LHC reach for SUSY based on strong assumptions about them.

In particular, although it is clear that the LHC has a larger reach, the

Tevatron one is not at all negligible, and one should be open to the
possibility of a SUSY discovery before the start of the LHC !
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