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Is there a

“SUPERWORLD” ?

of new particles 7

Could half of the particles (at least)

have escaped our direct observations 7



STANDARD MODEL

describes

strong, electromagnetic and weak interactions

of quarks and leptons

SU(3) x SU(2) x U(1) gauge group

spin-1 gauge bosons:  gluons, W i photon

spin-; fermions: quarks and leptons

+ 1 (still unobserved)

spin-0 Englert-Brout-Higgs boson

associated with spontaneous breaking

of SU(2) x U(1) electroweak symmetry

— remarkably successful

— but leaves many questions unanswered

(a long list ...)




Among which

¢ why fundamental Higgs fields 7

( do they actually exist 7)

[ no fundamental spin-0 Higgs fields ?

—+ technicolor — extended technicolor, ... |

« why a Higgs potential

Vie) = Xlp|* — p?lp* ?

%

what is the mass of the Higgs boson ?
(Mpiggs = £ V2 = vV2X..)

what fixes U ?
what fixes the cﬂupling constant A7

® is the Higgs sector (if exists) the one of the SM

or a more complicated one ... 7

——3= odo New particles exist?

(maybe also new forces 7)

[after LEP, we think we know all (sequential) quarks and leptons |

this has become essential,

in view of growing evidence for

5 non-baryonic dark matter




Other interrogations:

—% @ role of gravity
(related to spacetime through general relativity)
can it be more closely connected with particle physics ?

can one get a consistent theory of quantum gravity 7

question of cosmological constant A

w3 ® can interactions be unified ?

approach of grand-uniﬂcatiun:

SU(3) x SU(2) x U(1) C simple gauge group, e.g. SU(5)

gluons — W:‘l:, Z, ( 4 other gauge bosons)

quarks +—— leptons

with its own questions ...

(Higgs potential and symmetry breaking, origin of hierarchy of mass scales,

many coupling constants, relations betweon g and [ masses ...

® can one relate particles of different spins ?

etc. ...
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We now have a “new” tool,

SUPERSYMMETRY

BOSONS +— FERMIONS

(integer spins) (half-integer spins)

SUPERSYMMETRY ALGEBRA.:

{Qaé} ="-2'T#P“
[ Q, P*] 0

Gol’fand-Likhtman, Volkov- Akulov, Wess-Zumino, 1970-73

P# = generator of space-time translations

relation with spacetime

—  connection with general relativity

B—

—  supergravity (1976)

a new structure

what to do with it 7



Why was SUSY algebra introduced 7

e Golfand and Likhtman, 1970: SUSY algebra, written as:

{Q,Qr} = -2~ 2 P

at the origin of parity non-conservation (in weak interact.) 7

e Volkov and Akulov, 1973:

is the neutrino a Goldstone particle 7

m, = 0 from SUSY algebra ... ? (no ...)

V.A. model includes only fermions, no boson ..

(dgygy fermion = composite bosonic field made of two fermions ...)

SUSY without bosons !!! —
( SUSY without superpartners ... not the SUSY we know and like ...

e Wess and Zumino, 1973:

Extend to 4 dim. “supergauge” transformations
acting on 2d string worldsheet

-d

Construction of

renormalizable SUSY gauge theories in 4 dim.




Can supersymmetry be a symmetry

of the fundamental laws of the world 7

It does not look like it !/




1

Possible answer:

(Situation in 1974)

Nature is “obviously”

not supersymmetric !

bosons and fermions would have equal masses:

— 2 - ]
M bpogson = mterm_,mn 11

But

break (spontaneously) supersymmetry

=

spontaneous supersymmetry breaking

did not seem possible !

(in contrast with ordinary symmetries)

+ spontaneous breaking of supersymmetry

would generate massless Spi_uw-% Goldstone fermion

where is the spin-% Goldstone fermion of SUSY ?

— soft explicit breaking (much easier!) considered very early

(eg. mj (g,0) in 1976 ..)

— “rules of the game”:

generate susy-breaking terms spontaneously,

so that susy may be realized locally (within supergravity, after 1976)

V>o
v

O
Susy!
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2 Which bosons and fermions relate 77
.? -
photon +— neutrino

l?
gluons +— quarks

o this does not work ...

3 SUSY theories systematically involve

(self-conjugate) I_\/Iajp_rana fermions

while Nature only knows Dirac fermions !

3’ Conserved quantum numbers B and L

carried by fermions (quarks and leptons), not bosons !

—-—

this cannot be, in a supersymmetric theory ...

seemed to make supersymmetry irrelevant

to the description of the real world !!

® How to deal with Majorana fermions of susy theories 7

e How to construct the Dirac fermions known in Nature 7

e How to attribute them conserved guantum numbers

(Band L) 7
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1 @ How to obtain a correct set of interactions

i.e. weak, electromagnetic and strong interactions

due to the sole exchanges of

W*’s, Z’s, photons and gluons,

avoiding

unwanted exchanges of spin-0 particles 7

Exmmp&_ oc? umwonleol  unleracdions
due lo dpom- O ex hamges ; B

A p s
Ahodd  mol appear
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. related with introduction of

R-symmetry and R-parity,

Co WL wuoud danceie
essential in searches for

“supersymmetric particles”

(pair production of SUSY particles)

and on the nature of

non-baryonic dark matter

of the Universe

LSP stable

usually a neutralino
with annihilation cross sections roughly =~
weak-interaction cross sections

neutralino = natural WIMP candidate

— -
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Which bosons and fermions may be related 7

Could one relate the Fermions

constituants of matter

to Bosons, messengers of interactions ?

and arrive to some sort of

Unification between Forces and Matter 77

would be very attractive, but ...

lllll
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Which BOSONS and FERMIONS may be related 7

Are they fundamentally “of the same nature” 7

May be:
? ;
photon +—— neutrino
but which one: Ve, Uy, Yy N 77
o 7
w — electron
but what about p and » 77
?
gluons +— quarks
(neutral) charged

none of these direct associations suitable!

14




For example :
e Not one neutrino, but three ...

difficult to select one (even a combination)

to associate to photon ...

nevertheless, led to developing extended

N = 2, then IN = 4, supersymmetric theories ...

more symmetry ! great ! (?)

but: — mnew (bigger) multiplets; more constraints

N =2 hypermultiplets, requiring central charges in algebra

possibility of “mirror particles”, ete.

connection with | extra spacetime dimensions ...

e.g. photon associated with two spin-; fermions

(but not neutrinos! — now to be called “photinos”)

and 2 “spin-0 photons”,

now to be viewed as extra degrees of freedom for

the photon in a 6-dimensional spacetime.

Not the easiest way to go to a complete, and realistic, theory ...

Which degrees of freedom should actually be present in the low-
energy theory ¢

We leave this for the time being, and return to
—>  “simple” (N = 1) supersymmetry ...
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o Not all possible superpotentials are admissible ...

W

¥ <> v
f

04 | )
=¥ \Wwowid hove o Colly

L=

L1
| f - L
Sone Mg,

® If one neutrino could be associated with photon:

SUSY generator would have to carry

one unit of the corresponding lepton number.

But it is a self-conjugate Majorana spinor...

How could a real object carry a “charge”, i.e. one unit

‘?

of a conserved additive quantum number 3

possible solution, and subsequent byproducts:

Led to introduce a | continuous R-symmetry

acting “chirally” on the supersymmetry generator as:

Q — emQ

(Continuous) R-symmetry ( U(1l)g ) leads to

further restrictions on possible (superpotential) interactions

Further restrictions to be taken into account,

in addition to supersymmetry and gauge invariance...

Continuous R-symmetry the progenitor of R-parity ...

— @ stable dark matter candidate
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Furthermore:

If v «— 7,

v interactions would be fixed by gauge invariance 4+ SUSY,

This “v” would interact with charged particles only,

proportionally to their electric charge

(not the case for a normal neutrino (v, v,, v;), which interacts with Z)

Such o “neutrine” could not have weak-neutral-current interactions ...

cannot be identified with v, (nor v, or v, ),

but should be identified as a new particle,

a “photonie neutrino”

called in 1977 “photino”

mixes with zino, higgsinos ... =~ — neutralinos

SUSY exlevaions of W Sramdad Model

F

— e
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Basic ingredients of

Supersymmetric Standard Model

(1976-77)

1) SU(3) x SU(2) x U(1) gauge superfields
2) chiral quark and lepton superfields

3) two doublet Higgs superfields H; and H,

for electroweak breaking

4) trilinear superpotential for ¢ and ! masses

e Superpotential consirained to be

even function of quark and lepton superfields!

includos

he H{.EL + hg H.DQ — h, H,.UQ

+ p KB,
® Otherwise: introduces unwanted (and dangerous)
»
B and/or L violations! X B H.N ..

associated with unwanted exchanges of new spin-0 sparticles !

“R-parity-violating” superpotential in general excluded

No real utility, only a source of problems,
+ philosophy is to restrict £ by symmetries,
not write as many contributions as possible ...
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Minimal particle content of

Supersymmetric Standard Model

Spin 1 Spin 1/2 Spin 0
gluons g gluinos g
photon -y photino ~
w* winos W5 HE )
Z zinos Z). H | Higgs
bosons
higgsino h' h, A
leptons | sleptons ]
quarks g squarks ¢

2 neutral gauginos + 2 neutral higgsinos mix inte 4 neutralinos

+ possible additional ingredients

additional singlet chiral superficld (“NMSSM”),
with trilincar A H, H, N <4 ... superpotential

and/or, possibly, extra U(1) gauge superfield

“hidden sector” associated with supersymmetry-breaking

new “vectorlike” families of quarks and leptons




2 Higgs doublets —

charged Higgses H*,

several neutral ones, now knownas h, H, A, ...

Higgs potential:

D¥ Dn
Viiews: =
Higp > + 2 +
= g—th?f’h +hiFh 3+£{h'h hhs)? +
T8 1 1 2 2) 8 iftr— 3*2}
2 & 2 . 2
= £ =5 (bl - b + & |l +
V. = i 2 2*+4” 2 4
I‘Iiggﬁ- ——— 8 ( Ty ) + S ( Ty ) rew
— quartic Higgs potential of “MSSM”
Wy } f:'{ 5 M ruprlace ¢ "{L :

quartic Higgs couplings fixed by
g?

2 2
g +4g”° snid g
8 2
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Early attempt [Nuel. Phys. B 90, 104 (1975)]
at toy-model relating
the photon with would-be “neutrino”,

reinterpreted as a “phﬂtiﬂﬂ”

the W~ with would-be ““electron”,

reinterpreted as “wino” or “chargin(}“

led to a

SU(2) x U(1) electroweak theory

with electroweak symmetry spont. broken by

a pair of chiral doublet Higgs superfields,

now known as H; and H;.

HY H,'
HLS (Hl_) e b (quJ

both left-handed

with < h) > = ,_{hg::a-:%

S

and a mixing angle 3

tan 8 = — .

21



Why tWO doublet Higgs superfields 7

® With only one Higgs doublet (H;):

one charged Dirac “gaugino” A7 = Ap + Ap
+ one chiral charged “higgsino” e.g.

= one massive charged Dirac fermion (¢p + AR)

one charged chiral fermion (Ay) would stay massless

® With two Higgs doublets, we get

two charged Dirac fermions,

-

which may be defined as ..
- L

Wi = ¢p + Az

Wz_ —; E -+ \{{;@

[\

now known as “charginos”

Also: higgsino sector vectorlike — no anomalies ...

® (initially massless) Majorana fermion

Ay = sinf A3 + cos@ X

partner of photon under supersymmetry

— “photino”

22



Charged fermions:

gaugino /higgsino mixings with mass matrix

(s = 0) 9%?. = mwV2 sin 8
M =
%:mwv’ﬁmsﬁ p =0

“winos” or “charginos”.

e for the time being:

e no gaugino mass term: |mg = []‘

[ absent in global supersymmetry (unless radiatively generated) ]

e mno “p term”

[| u Hi Hy |superpotential (violates continuous U (1) g symmetry)

may be replaced by trilinear coupling

A HiHy N | with extra singlet chiral superfield N ]

® Translation of singlet allows for regeneration of the p term:

AH[H:N — A {N::" H],H'z
7

® Chiral singlet allows for the gauging of an Extra—U(l) symmety

— new Z’ boson
or U boson light (useful for Light Dark Matter annihilations)

23



e i H{H, becomes allowed once we drop continuous| U(1)g

reducing it to a discrete subgroup of

R-parit transformations.

we shall come back to this later



Continuous R-invariance acts as

V(z,0,0) — V(z,0e ™, 0e)
Hljg (iB, 7] ) — H]_sg ($1 0 et )

for SU(2) x U(1) gauge superfields V and V*
and chiral Higgs superfields H; and H-,

associated with (additive) 'i"r'.I%-I].!.IIII]I_.‘IJZ)EI‘H conservation

® Superpotential W (z, 6 ) transforms according to:

W(z,0) — e** W(z,0e™)

so that its * F-component” ¥R |/ W d?@ is R-invariant.

—> no p H; H; superpotential term at this stage
as long as continuos R-invariance is present

Will be broken anyway, and reduced to R-parity, by the
gravitino mass term ...

As a result, continuous R-invariance may be used to control
the size of the (supersymmetric) g term, which may remain
naturally “small”, i.e. of the order of the gaugino mass
parameters my/z ...

No gt problem here!

25



The question of gluino masses

What about our initial

continuous U(1) R-symmetry 7

It acts chirally on gluinos
g —ehg

and would force them to be massless ...

Unbroken continous R-invariance
—
massless GLUINOS !!!

which don’t seem to exist !!

a3




Wefhwc..er%d: nld a§ Ha

e Wadtd R-SYMMETRY
A~ ST

Ao Wik

G LUINOS caon be MASSIVE

How ?

Foubwaake uy

GRAVITY does £ J’n Ars !

SP{m % gﬁ.avilim ) Madﬂma.

-

(o amae : Ao diohl ve wae Jione
Coms vided bu yvedoliMe wassempan 1uudts)



3/1.@&@ oo e, m‘-’:/z

baeaKs R- vavauamce 2.8 7o (1977)kél

= U(t) aeduced Jo R.PARITY

28 38+L



No confinwous R- v vauamee =

5 M H, H,_‘ lesm.

-

ek .n;.q,@ﬂwu'- ta  Supupolewlial,




Thhe malinal mmosn Acale of
SUSY pouts clae
A48 MW&% %P'-de d Jo be

’é TN Acale

( Undependowty £ CUTs )

o Rer wise Hee cﬂmrmdma mow Acale

wo olld ceale a M%Mcﬂa y-l:eezw



SUSY afFamdaddl Mo del

)

HO Sowe '_‘*

];.

ol q“g‘ L_‘_L._(:' \

(ue.r[:. nao oy

v olle poss: L& o
[ \m‘.tbk-m% Mﬁ.mﬁm o
_w'“ N = Coup b ge s> 9 3=

(#H-OSI‘&J Wawbls lo
2 Htg?d dollhs + "".17"‘;‘#5)

T
am—



((Mivimol SUlS) 3 I5
EQUIVALENTLY GuUT ) €7 9,

A B .23
da(mz)ﬂ * ,1

NOW, WE KNOW :
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EVOLUTION OF THE COUPLINGS

IN THE

SUPERSYMMETRIC STANDARD MODEL:
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Extended supersymmetry :

N=1 — N=2 — N=14

—= Role of possible

extra (compact) dimensions of spacetime

® extremely small 77

~ Lplanck =~ 10733 cm (or fixed by the GUT scale 7) 777

® or significantly larger 7
~ 1078 or 107" ¢cm « TeV scale?

Size of extra dimensions
may determine supersymmetry-breaking

and mass scale ol superpartners

o h .
cf. mzp = T (or ﬁz) Hsng

—+ relations like m?*(winos) = m¥, +
e “large” (non-universal) extra dimensions?

optimistic point of view :

Both supersymmetry and extra dimensions
could show up at particle colliders !!

many scenarios possible

we would already be happy with supersymmetry !

We are waiting for experimental data

especially from LHC ...
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