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The energetic balance of the universe

Dark matter: interacts

te intordtioa I gravitationally but not
explained by the electromagnetically

Standard Model (SM) s‘yh

6975

\

Dark energy: correspond to the
accelerated expansion of the universe

Ordinary matter
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The SM in one slide...

QUARKS

EM, weak & Standard particles

strong interactions - discovered @LHC
July 2012

- Nobel price 2013

Englert, Higgs

° Leptons . Force particles

Based on gauge symmetry SU(3)xSU(2)XU(1)
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gluons and photons are massless

Fermion masses come from the interaction of the fermion and the Higgs:
the larger the coupling

R
the heavier the mass EF S _Yf / my = yfﬁ
i F
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Why we need to go beyond the SM?

v/ the SM have been tested at the %. level in LEP
v/ the last missing piece = Higgs boson have been
discovered at the LHC
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— Even to explain completely ordinary matter
the SM must be extended



Why we need to go beyond the SM?

v/ the SM have been tested at the %o level in LEP
v/ the last missing piece — Higgs boson have been
discovered at the LHC

However:
neutrino oscillation exps have revealed that neutrinos are
massive (and veeery light) while in the SM are not.

— Even to explain completely ordinary matter
the SM must be extended

@ simplest extension: just add vk and Dirac neutrino masses
@ “nicer” extension: add Vg with heavy Majorana mass
(— new physics scale) and get neutrinos naturally light
8 — “seesaw mechanism”










Why we need fo go beyond the SM?

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Why we need to go beyond the SM?

@ V mass

@ Dark Matter (DM)
@ baryogenesis

@ strong CP problem

@ Dark Energy (DE)
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Why we need to go beyond the SM?

@ V mass

@ Dark Matter (DM)
@ baryogenesis

@ strong CP problem
@ Dark Energy (DE)

@ (hierarchy problem)

< NOT AN EXPERIMENTAL ISSUE
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Why we need to go beyond the SM?

@ VvV mass

@ Dark Matter (DM)
@ baryogenesis

@ strong CP problem
@ Dark Energy (DE)

@ (hierarchy problem)
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The most studied BSM physics: SUSY

SUPERSYMMETRY: fo each bosonic degree of freedom
corresponds a fermionic one and viceversa

Standard particles
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The most studied BSM physics: SUSY

SUPERSYMMETRY: fo each bosonic degree of freedom
corresponds a fermionic one and viceversa

Standard particles SUSY particles

SUSY exact: mass of susy partners should be equal
so far no SUSY particles = SUSY must be broken

SUSY solves the hierarchy problem (if light sparticles)
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The most studied BSM physics: SUSY
Minimal Supersymmetric Standard Model (MSSM)

In order fo avoid fast proton decay: R-parity

Standard particles

R=1

Conseqs: 1. stable Lightest SUSY Particle (LSP): DM candidate?
2. @LHC SUSY particles produced in pairs
3. @LHC if LSP neutral, a lot of MET (missing energy)
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The most studied BSM physics: SUSY

Introduced to solve the hierarchy problem

Moreover, for free:

— Dark Matter candidate

- baryogenesis

- gauge couplings unification
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The most studied BSM physics: SUSY

Introduced to solve the hierarchy problem

Moreover, for free:

- Dark Matter candidate

- baryogenesis

- gauge couplings unification
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Supersymmetric Standard Model |

log,,Q (GeV)

24



The most studied BSM physics: SUSY

Introduced to solve the hierarchy problem

Moreover, for free:

— Dark Matter candidate

- baryogenesis

- gauge couplings unification

All this work (especially the solution to the hierarchy

problem)
if SUSY particles are lighter than 1 TeV
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The most studied BSM physics: SUSY

Introduced to solve the hierarchy problem

Moreover, for free:

— Dark Matter candidate

- baryogenesis

- gauge couplings unification

All this work (especially the solution to the hierarchy

problem)
if SUSY particles are lighter than 1 TeV

However LHC started operations...
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ATLAS SUSY Searches*

Status: SUSY 2013
Model

SUSY and t
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Summary of CMS SUSY Results* in SMS framework SUSY 2013

gluino production

= A, v 1 > Wi
§—aalx,—~vx
§— b~ 1t = Wx)

eft-handed to
Rpolariedeiop,

x =0.50
x=0.75

stop

T-bE —wWy)
T—1tb (% — HG)

sbottom

Sethz
b—bZ3

~0~0

X, % =M 0 : ' .
KR VR CMS Preliminary

For decays with intermediate mass,
=Xxm -(1 -x)-mI

mintermediate - mother

EWK gauginos

slepton

0
Observed Ieruts, theory uncertalntlgs .not included Mass scales [GeV]
Only a selection of available mass limits
Probe *up to* the quoted mass limit




SUSY and the LHC

No signal of SUSY so far
(no signal of any BSM physics so far...)

SUSY is “in trouble™:

- It can always be there at a higher scale

- but the original motivation (hierarchy problem) would
be lost; at least stops must be “light”

is it possible that low scale SUSY is there but "hidden”?

— look for alternative SUSY scenarios!
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A (new) idea

The recently discovered Higgs boson H
and the neutrino v have the
same gauge quantum numbers:

L= ( ZV; ):(1,2)1/2 i ( ;ﬁ >=(1,2)1/2

but L is a fermion and H is a boson

can they be one the superpartner of the other?
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A (new) idea

The recently discovered Higgs boson H
and the neutrino v have the
same gauge quantum numbers:

L= ( ZVZ ):(1,2)1/2 i ( ;Zi >=(1,2)1/2

but L is a fermion and H is a boson

can they be one the superpartner of the other?

YES, but not trivial
2 conditions have to be satisfied
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H= v :is it possible? (1)

Minimal Supersymmetric Standard Model (MSSM)

Standard particles
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H= v : is it possible? (1)
Higgs as a slepton

Standard particles

U C

( ')r S ['J

Quarks ’ Leplons
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Higgs as a slepton

Standard particles

U C
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H= v :is it possible? (1)

Higgs as a slepton

Standard particles

r J— C- rt ‘
a S b Higgs

Quarks ’ Leplons

35



H= v :is it possible? (1)

Higgs as a slepton: R-parity is still viable?
Standard particles

=
L

o

Quarks ’ Leptons ’ Force particles
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H= v :is it possible? (1)

Higgs as a slepton: R-parity is sftill viable? NO!

Standard particles

R=1

The scalar vev breaks R-parity and L-number
— p-decay
— large neutrino masses

37
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H= v :is it possible? (1)

It condition:
replace the R-parity with a U(l)z symmetry

Standard particles SUSY particles

Example:

R-charge =

Fayet 76 - Gherghetta Pomarol 2003 - Frugiuele Gregoire 2011 -
Riva, CB, Pomarol 2013 ..
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H= v :is it possible? (1)

It condition:
replace the R-parity with a U(l)z symmetry

Consequences:

- new decays @ LHC — leptoquark decays qg— gl
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15* condition:

replace the R-parity with a U(l)z symmetry

Consequences:

- new decays @ LHC — leptoquark decays qg— gl

2 2 2

- relations among squark masses m; =m; — My
br, tr1,

- Dirac gaugino masses — no same-sign dileptons
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H= v :is it possible? (1)

It condition:
replace the R-parity with a U(l)z symmetry

Consequences:

- new decays @ LHC — leptoquark decays qg— gl

2 2 2

- relations among squark masses m; =m; — My
L L

- Dirac gaugino masses — no same-sign dileptons

- lepton-gaugino mixing: lepton couplings modified
7

| A NI

— gaugino masses > TeV
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. is it possible? (2)

Can be supersymmetrized

Cannot be supersymmeitrized:
(superpotential must be analytic)
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H= vV :is it possible? (2)

q
mq H"“{ Can be supersymmetrized
d
HY e
My ~~< Cannot be supersymmetrized:
u (superpotential must be analytic)

Usual solution:

q
=
el 3 { Two scalar doublets:
d - MSSM

q - H, + L=H4 Fruqgiuele Greqoire 2011
o { u d Frug g
U
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H= vV :is it possible? (2)

q
mq H“‘{ Can be supersymmetrized
d

J280 q :
My T Cannot be supersymmetrized:

u (superpotential must be analytic)

We would like to have only 1 scalar doublet, identified with
a lepton superpartner
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H= Vv : is it possible? (2)

q
mq H"“{ ./~ Can be supersymmetrized
d

J280 q :
My T Cannot be supersymmetrized:

u (superpotential must be analytic)

We would like to have only 1 scalar doublef, identified with
a lepton superpartner

— 2" condition:
the masses of the up-type quarks should come
from a SUSY breaking sector
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Masses from SUSY breaking sector: not a surprise!

my=125GeV requires SUSY :

(125GeV)? = m7 cos® 26 + ém”
SUSY: < (91GeV)? N SUSYT > (86GeV)?
(In the MSSM

large A-terms or
heavy stops)
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The Higgsinoless MSSM

— m. (not for Ls)

W — YdHQD—F}/ew HLZEJ
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The Higgsinoless MSSM

— m. (not for Ls)

W — YdHQD‘F}/ez] HLZEJ

All the rest comes from SUSY breaking terms:
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The Higgsinoless MSSM

— m. (not for Ls)

W — YdHQD‘l—)/ew HLZEJ

All the rest comes from SUSY breaking terms:

1. up-type quarks Yukawa couplings
2. L3 Yukawa coupling
3. gaugino masses

4. Higgs quartic coupling
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The Higgsinoless MSSM

— m. (not for Ls)

W — YdHQD—F}/ew HLZEJ

All the rest comes from SUSY breaking terms:

1. up-type quarks Yukawa couplings

T T
/d B cald /d20 Y, HT QU [

MA

M A
\

SISY mediation scale . effective op. scale

Y, ~ 1 =% i e SN
Jupr g ] el

This model is an effective theory valid up to ~ 10 TeV
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Typical Spectrum

_________ Gauginos
................. iR
1'leV —ur
L
...................... dNR
................. br
tr No
o Higgsinos
...................... tR

Hierachy problem still solved, natural “splitted” spectrum
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Phenomenology: the Higgs

Only 1 scalar, tree-level couplings as in the SM.

Possible deviations from:

1. modification of couplings from loops mediated by stops
2. higher dimensional operators
3. invisible decays
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Phenomenology: the Higgs

Only 1 scalar, tree-level couplings as in the SM.

Possible deviations from:
1. loops mediated by stops

guyy > [(H—YY) modified — small effect
gHgg > [(H—gg) and Oprod modified « sizable effect

Fit to Higgs data:

heavier stops are favored...
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Phenomenology: the Higgs

Only 1 scalar, tree-level couplings as in the SM.

Possible deviations from:
1. loops mediated by stops

guyy > [(H—YY) modified — small effect
gHgg > [(H—gg) and Oprod modified « sizable effect

Amir<<mi. m>280 GeV

mi<<mir  M>290 GeV
M+ =M+R m>420 GeV

Stops lighter than fops seem
to be excluded in our model
from Higgs data fit

300 350 400 450

Mstop

Courtesy of A. Falkowsky s



Phenomenology: the Higgs

Only 1 scalar, tree-level couplings as in the SM.

Possible deviations from:
3. invisible decays

H and Vv superpartners — inferact with goldstino
@ if the gravitino is light (LSP):
1.0

0.8

- 0.6
=
a2

«/Fz 1T€V i Brinv = ].O% [ 04

0.2

Brinv #0 lighter stops still allowed *%00 20\(;\500 400 500

my,
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Pheno: stops and sbottoms

No A-terms = prediction:

Vi HQDy
LG

~ ~ m;—m=> . ~
TooHls

Y, QH Dl
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Pheno: stops and sbottoms

No A-terms = prediction: (T

%t ét-L

Only jets + MET
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Pheno: stops and sbottoms

No A-terms = prediction: m: =mi —m; +m;

by, tr1,

Decay

Only jets + MET .
Both jets + MET

and leptoquark decays
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Pheno: stops and sbottoms

tz and by decay only into top/bottom + MET
= MSSM searches can be adapted

from b — by with massless neutralino:

——— —v - °1

i

!
mg, > 670 GeV

from t — X0 with massless neutralino:

stops lighter than tops in principle still allowed (m;, > 150 GeV)
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L Pheno: stops and sbottoms

< light gravitino

or small F
400 500 600 700 800 900 1000 heavy gravitino 400 500 600 700 800 900 1000
mg, (GeV) or [arge = — myg, (GeV)
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L Pheno: stops and sbottoms

< light gravitino

or small F
400 500 600 700 800 900 1000 heavy gravitino 400 500 600 700 800 900 1000
or large F — m;z, (GeV)
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L Pheno: stops and sbottoms

< light gravitino

or small F
400 500 600 700 800 900 1000 heavy gravitino 400 500 600 700 800 900 1000
or large F — m;z, (GeV)
searches jets + MET: searches lep’roquarksz
jet+e th > 660 G e
jet+g m > 10 l V?
jet+T th 34 (
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Ny

b Pheno: stops and sbottoms

Light gravitino: b+MET dominates (factor ~10);
otherwise:

Similar Br, both controlled by Yy,
bounds from b-jets+MET

400 500 600 700 800 900 1000
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LHC search strategy
(an example of how to distinguish from MSSM)

> b-jet + MET observed:

— it's our bg _only if observe also leptoquark decays @ same mass
— it can be by if observe T. @ slightly heavier mass

> t + MET observed:

— it's our fL lF observe also b+| decays
— it can be tg; look at top helicity
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LHC search strategy
(an example of how to distinguish from MSSM)

> b-jet + MET observed:
> ¥ ' Top helicity: _
— its our br onl tr — trG as MSSM

tR — tLVL

: o mz. = 170GeV
— its our 1 if ¢ '

— it can be fg;

— o ——
—_ -~
-_—
-
-
-
-

80 100 120 140 160 180
me(GeV)







Pheno: 15" and 2" gen. squarks

@ light gravitino (and FxTeV?)

d = qG ~» jets + MET m>830GeV

@ heavy gravitino (or F>>TeV?)

2-body decays suppressed by small Yukawas
= 3-body decays can dominate

jet (no b-jets) + W/Z + MET/lepton  « Look for them!!
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Pheno: sleptons
@ light gravitino (and FxTeV?)

121G ~ leptons + MET m>270GeV
V = VG ~ MET ; monojet, dijet+MET

@ heavy gravitino (or F>>TeV?)

3-body decays can dominate

e vt B AW [ et W [Ty

éR—>C+lZ+W"- ﬂR—)M+VL(5O%) %R—)T+VL(5O%)

| v+ (50%) — vy + 1 (50%) |
e+l +Z | puop+Z+1g by = T+ 1y |
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Conclusions and outlook

@ The SM should be extended
@ One appealing possibility: SUSY
@ LHC is putting SUSY in a corner
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Conclusions and outlook
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@ However SUSY could be already here, if the Higgs
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@ This model shows an interesting spectrum (only light
stops and sbottoms) and interesting signatures @ LHC
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@ However SUSY could be already here, if the Higgs
is the SUSY partner of the neutrino

@ Under certain conditions this could be realized

@ This model shows an interesting spectrum (only light
stops and sbottoms) and interesting signatures @ LHC

@ Even if at present SUSY seems to be disfavoured,
do not desperate,
maybe we are already in the SUSY era!
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Conclusions and outlook

@ The SM should be extended
@ One appealing possibility: SUSY
@ LHC is putting SUSY in a corner

@ However SUSY could be already here, if the Higgs
is the SUSY partner of the neutrino

Groz\®:

@ Under certain conditions this could be realized

@ This model shows an interesting spectrum (only light
stops and sbottoms) and interesting signatures @ LHC

@ Even if at present SUSY seems to be disfavoured,
do not desperate,
maybe we are already in the SUSY era!
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