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New physics at the Large Hadron Collider

1. The first thorough exploration of the energy

scales well above G}l/ ’

Aocp, G;m

2. No comparable prior situation at
the SppS or at the TEVATRON

1983: W, Z
1993: top




A road map

1. Higgsless: a “conservative” view

2. The “naturalness” problem
of the Fermi scale
a. Supersymmetry
b. Goldstone symmetry I

c. Gauge symmetry 1n extraD

3. Dark Matter
4. The Planck/Fermi hierarchy < extraD

a. Gravi% weak by flux 1n extraD

b. G,/°/Mp as ared shift effect
c. Symmetry breaking by boundary conditions




Subjects touched in the following

(in logical order)

1. Higgsless: a “conservative” view

2. The “naturalness” problem
of the Fermi scale
a. Supersymmetry

b. Goldstone symmetry @
c. Gauge symmetry 1n extraD I

3. Dark Matter @

4. The Planck/Fermi hierarchy < extraD
a. Gravi% weak by flux 1n extraD

b. G,/°/Mp as ared shift effect
c. Symmetry breaking by boundary conditions




Can one make it without the Higgs boson?

SU(Z)L X SU(2)R X U(I)B_L
U(2)V X U(I)B—L

SU2) x U(1)y Uen

VV amplitudes saturate unitarity at /s ~ 1.2 TeV

Electroweak chiral Lagrangian, Technicolour and all that
Not calculable or, when calculable, inconsistent with the EWPT

A potential improuvement: unitarity saved by KK-vectors
Wi Wi

(see below)




A “composite” Higgs boson
SO(S) X U(I)B—L

U(1)p-1 A/(/)

Agashe, Contino, Pomarol

A two scale picture: f > v

The Higgs boson as pseudo-Goldstone boson
(or the fifth component of a vector in SD)

The hVV-coupling suppressed, relative to the SM one,
by a factor (1—+v*/f*)"?
Still need KK vectors to restore unitarity

Top and gauge loop corrections to m% cut off by
states with same spin and gauge quantum numbers




Comparing simplest models with the EWPT

Higgsless Composite

-0.3 = =
0.3 -02 -0.1

B, Bellazzini, Rychkov, Varagnolo
A problem, unless something missing

One deals with strongly interacting theories, so ...




Main phenomenology

Higgsless Composite
~ sV ~s/f
gv<1TeV gv<1TeV(f/v)

gy strongish g, strongish

g (g/gs) g (g/gs)

? strongish

KK — quarks(T?*3,B~'/3 x°/3) Yes, with ~ TeV mass




A\

KK-vector signals 'V

qq—qqV qq—V V —VV, i, (hV)

(t or b, depending on the charge)
V — ff probably not useful, because of small BR

V canalso be a KK-gluon

pp — qqW — qqWZ — qq jet jet I

| Resonance mass - Topo4 |

SIGNAL+SMbg

TTbg: gone after cuts t t mass distribution
—¥— total reconstructed
total partonic

SMbg: 8 events in peak region

Pre"minary .: Wdjetsbg: gone after cuts

SIGNAL: 15 events in peak region W+jets background

SM prediction

—1
100 fb
1t Resonance peak at =~ 649 G
_ ¢ resolution ~ 27 GeV
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Azuelos, Delsart, Idarraga Agashe et al




KK-quark signals
0 = (T2/3,B_1/3,X5/3)

qq9 — 00 Q —tV, th

(t or b, depending on the charge)

If they exist, easier to catch than KK-vectors
(like squarks, but without £7)

Single production also possible
pp—>XX+BB_>lili+j€l‘S—|—ET T(l TeV) 7t —= 1Tl vb

ar
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Dark matter: a numerical coincidence

Suppose you have a stable particle x
that decouples from the hot primordial plasma by xx —ff

with a cross section a. Then, for its relic density Q

~ (0.2—
3935 (Ho /R Mo c

and o = pb is a typical weak mteractlop2 Cross section
for a particle of mass my ~ G

Oh* =

688m°/2T3 (n 4 1)a ™ pb @

against the observed  Qpyh? = 0.113 + 0.009 @

2 minimal 1llustrative models
(unlike the susy case)




1. A scalar-doublet model (“inert”)
B, Hall, Rychkov

V = —,ufH;'H] —|—Ju:::H;H3 -+ quartics

For natural flavor
conservation impose

-~

N
N —s — Hh +
e e Hy = (Hfj—fﬁl)

couples to matter

is “inert”
\ J

This is not the
usual phase in the
fine-tuned limit of

0 B
. H = (Lr—l—ﬁ) similar to SM Higgs V2 <V

2. H> mass splittings lead to AT ~ 0 controlled by approximate SU (2)y

3. H»— —H> s exact, and not spontaneously broken

Lightest Inert Particle (LIP) is stable and could be Dark Matter




Tytgat et al
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] Enberg et al
2 A neutrino-type model  D’Eramo

Mahbubani, Senatore

8 1
AL =-ANLHN — NL°HN + M; LL® + 5MNN2 + h.c.

) = (2)

| 250 GeV— A = 200 GeV

45

/L the spectrum
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blue is the desired Q




Direct DM detection versus LHC
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Supersymmetry at the LHC

(if you care of the prediction!)
Pros

= Neatly solves the naturalness problem of the Fermi scale
= Gauge coupling unification
= Alternatives in worse shape (EWPT)

Contras (none decisive)
V" = No Higgs boson ¥V

= No flavour effects (but follow u—e+7v at PSI|)

= No superpartners




mSUGRA: gluinos, squarks decaying into lighter
MSUGRA, tanf = 10, A, =0, & > 0 gauginos/higgsinos

200 400 600 800 1000 1200 1400 1600 1800 2000
\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

w0 a much studied case
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mSUGRA discovery potential: Easy (?)

tang =10, A0=0,M>0
jets = 3 + ET"**>600 GeV
with systematics

m, =120 GeV

m, =114 GeV

m, =,103 GeV

O EWSB

200 400 600 800 1000 1200 1400
m, (GeV)
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other “useful” Susy searches

= gluino/stop decays (simple and motivated by naturalness)

1. ppﬁff—>tt_+EOT 2. pp—>§§—>jets+OET
|_)l' |_) 7

(BR:D +X qq +X

3. pp— 88— 22+ Fr 4. pp — it — tt + jets+ Fr
L 71 0 L—> 1+¢

= ew gauge/higgs-ino decays (simple in physical space)
5. pp— x?xg — 3leptons + Kt
— v+’
= light gravitino

mSUGRA or above &P xo — gravitino +7, gravitino+ @ )
L— bb




“Stable” R-hadrons (made of §or of 7 )

because “LSP”, up to gravitino decays, or because of
superheavy squarks (in the gluino case)

by dE/dx and time-of-flight

600 GeV gluino (0.5 £t })

30-
B Entries 93
25 : 1 Constant 23.22 = 3.21
Mean 595.7 = 6.3

20_ Sigma  56.41:4.71

150

B L 1 1 1 | 1 1 1 1 1 1 | 1 1 I L 1 1 | 1 1 1
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A. Rizzi
1 TeV gluino reachable with 1 fiy 1




Where is the supersymmetric Higgs boson?

[View n(’]]

MSSM 2x4 -2+1)=5=2+1+1+1
Hh H A
m2 A2 A2

m;; < Mzcos® ZB+ log t2+mg(1 - 22 5)]

= Take large tanfs (muon anomaly?) _

for At/mg Ny 1 my Z 900 GeV

to comply with the LEP bound

= Swallow, e.g. in SUGRA, AM ~ (2+3)m; > 100 M

= h just around the corner and quasi-standard




Where is the supersymmetric Higgs boson?

(View nOZJ

1. Even assuming, for good reasons, that supersymmetry is relevant
to nature, NO theorem that requires it to be visible at the LHC

2. For supersymmetry to be visible at the LHC, need a
maximally natural solution of the hierarchy problem

3. Since the top, and so the stop, are the particles with the strongest
coupling to the Higgs boson, insist on a moderate stop mass

= Motivates search of (reasonably simple) alternatives

= h not standard and not even light?




Two examples, based on the NMSSM

(others have been considered)

AV = A |H H,|*
CP+Z h1<h2<h3 CP : A1 <A I‘Ii

@ k(G;l/ *)~2 (not obviously consistent with unification)

but very much
m(hy) = 150+300 GeV and = standard (NON—S}lllsy—like)

h2—>h1h1 —>4V—>l+l_ 6]
Al —Z—=VVZ—=ITl4j

@ k(G}l/ )~ 0.7 (consistent with unification)

m(hy) = 115 =125 GeV
h2 — AlAl — 4[7




}\‘IOW energy < 2
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Cavicchia, Franceschini, Rychkov




pp ?Vh—=lvGG — 1v4b

— signal ] s |— signal

- 4bW BG ] I - 4bW BG

— 3b1jW BG ] — 3bljW BG
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T T
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my, = 120 GeV mg = 30 GeV

Carena, Han, Huang, Wagner




Summary



The road map again

(my own vote)

1. Higgsless: a “conservative” view ©

2. The “naturalness” problem
of the Fermi scale
a. Supersymmetry
b. Goldstone symmetry © ©

c. Gauge symmetry in extraD © O

3. Dark Matter © O

4. The Planck/Fermi hierarchy < extraD

a. Gravit%/ weak by flux in extraD ©

b. GEI/ /Mp; as ared shift effect ©
c. Symmetry breaking by boundary conditions © ©




Final Summary of signals
TENTATIVE and biased

(and obviously not all
[ / Ldt <1 fl’?_1 j compatible with each other)

1. mSUGRA 3. “stable” R-hadrons
2. gluino/stop decays 4. light gravitino

_I__
[/Ldt:1+30fb1j By — I"1

5. SM-like Higgs boson 6. KK quarks
(a 15-20% consistency check between my, and the EWPT)

[ /Ldt > 3Ofb1j

7. ew gaugel/higgs-ino decays 10. KK gluons

8. extra-Susy Higgs bosons 11. KKW, Z
9. Minimal Dark Matter 12. Heavy vectors




The central question of particle physics

4 )
What is the next relevant symmetry

\ in particle physics, 1f any? )
L —
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1897 1925 1932 1973
(The key to the economy of equations)

The LHC should shed some light here




The key to the economy of equations

(the merit of space-time and internal symmetries)

e
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2008

Supersymmetry as the most interesting theoretical candidate




The Higgs boson spectrum

A=2

1 1
25 3

3.5 4
tanp B, Hall, Nomura, Rychkov

h—ZZ— 1717171 easy, but very much NON-susy

H—hh—4V — 17" 6j
A—hZ—VVZ—=ITI"4j

possible with 100 fb~"

Cavicchia, Franceschini, Rychkov




(%)Z(MGUT) < 0.1

mp|GeV ], with a moderate stop mass

m:=300 GeV

NMSSM with standard matterA

in the MSSM

1.5 20 3.0 50 7.0 10.0 tanp
B, Hall, Pappadopulo, Rychkov, Papaioannou

Ny = 3
as(Mz) | ag
0.117 | 0.103 | 1-loop
0.123 | 0.154 | 2-loop Ols(Mz)|exp = 0.1176(20)




The NMSSM with extra matter and a light stop
§h1 77 mh—120 GeV

8 90 95 100 105 110 115
m [GeV]

can rather easily be made compatible with the LEP bounds
while keeping manifest perturbative unification




Partial Summary of signals

[/Ldt = 1+30fbﬂ

5. SM-like Higgs boson 6. KK quarks
(a 15-20% consistency check between my, and the EWPT)

[ /Ldt > 3Ofb1j

10. KK gluons

11. KKW, Z
12. Heavy vectors




