17 /s Che year 20I2...

y g,
. where s ) # /y/ pg L5 7

POPULAR SUSY

SCIENC

MEOQ) INET- <, LY

Mechanics & Handicrafd
. P

David G. Cerdeino

MULTIDARK




Outline

« SUSY...

 ...NOT BEEN
FOUND YET...

« ...BUT IS STILL
ALIVE...

SUSY parameter space
Simplifying assumptions
... and extended models

Direct SUSY searches
Higgs searches
Low-energy observables

Parameter space of SUSY models
Implications for dark matter

02/02/2012 IFIC

Deividu Serdenu



Conclusions

« Supersymmetry is more than just the CMSSM (and the experimental
bounds have to be applied for each individual model)

« LHC searches + Higgs mass "measurement (+ dark matter
requirements) impose very stringent constraints on the
parameter space of SUSY models

« mh~125 GeV seems to imply a heavy spectrum with maximal stop
mixing

« Potential conflicts with low energy observables (g-2) and rare decays

« Implications for dark matter Dark matter

02/02/2012 IFIC Deividu Serdenu



Supersymmetric models

]
|
¥

New symmetry relating particles with different spin statistics

The more general symmetry of the S matrix

The best approach to solve the naturalness problems of the Standard Model



Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more

fundamental theories

EW SUSY

Effective MSSM

All parameters defined at low scale - inputs are all the new terms in the Lagrangian and
Superpotential (the Yukawas are normally fit to reproduce experimental values)

Gaugino mass parameters My, My, Ms Parameters describing the Higgs sector
Slepton soft masse 2 2
p S asses mLij’ mEij . /8 <Hu>
2 2 2 anf =
Squark soft masses meg,.» My, Mb,, <Hd>
ili ) ) '7. ’LL, mA
Trilinear parameters AZEJ’AQ’AZDJ
12something parameters
1 ~ S~ -
L1 = 5 (MiBB + MyWoW* + Msjiag®) + h.c.
2 2 2 2 I
Lsopto = —Mp H{‘aH“—MHQH;aH“—M LfaLj ME’ijEij
2 2
—MQ ”QMQ“ Ung*U M3 D,L. Dj
b Sa 77b - b rrar b
Loopts = —ea (AGLEHYES + ADQIHY D} + ALQVHSU; — BuH{H)

+h.c.




Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more

fundamental theories

EW SUSY

Effective MSSM

All parameters defined at low scale - inputs are all the new terms in the Lagrangian and
Superpotential (the Yukawas are normally fit to reproduce experimental values)

Gaugino mass parameters My, My, Ms Parameters describing the Higgs sector
Slepton soft masses 2 2
P MLy My tan 8 (Hu)
2 2 2 anp =
Squark soft masses mq,., My,., Mp,, <Hd>
ili Bj AL pb Hy A
Trilinear parameters Ay AR A

12something parameters
Simplifying assumptions

Universality of soft masses in order to avoid FCNC

Gaugino mass parameters My, Ma, M; Parameters describing the Higgs sector
Slepton soft masses m%l’g, m2EL3 tan § = <Hu>

Squark soft masses Mg, ,, My, Mp, ) m_ (Ha)

Trilinear parameters Ag, Ay, Ap I

19 parameters (pMSSM)




Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more
fundamental theories

EW  SUSY

Extended scenarios are also well-motivated (and have a larger number of parameters)

Next-to-MSSM
e Addition of a new superfield, S, singlet under the SM gauge group

2 extra Higgs (CP — even, CP — odd)
1 additional Neutralino

NMSSM = MSSM + S {

e New terms in the superpotential
1
W=Y,HsQu-+Y;H Qd+Y.H; Le—)\S H;Hs + 5553

e New terms in the Lagrangian

soft

. ‘ 1
— cHises _ m?qi H H; +m%S*S+ (=\A\ SHHs + gfiAn.SS +H.c.)




Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more
fundamental theories

EW SUSY GUT Scale
String Scale

Parameters are defined at a high scale (normally GUT-scale) and Renormalization Group
Equations are used to determine the low-energy parameters

Gaugino mass parameters My, My, M; 1500
Slepton soft masses m%ij, szij i
Squark soft masses méij, m%]ij, m%ij
Trilinear parameters A%j,Aﬁ}j,A%j ;1000_ ‘
Higgs mass parameters quda quu i -
0
H 3 I
tan 8 = EH:g z 0
Impose conditions for REWSB

N | N N N
2 2 2 2 4 6 8 10 12 14 16 18
2 = my, tan” 5 +my, 1 12 Log,,(Q/1 GeV)
tan? 3 — 1 24




Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more
fundamental theories

EW SUSY GUT Scale
String Scale

Gravity-mediated models
Constrained MSSM: Universal choice of parameters (4-parameters)

Non-universal models, e.g., non-universal Higgs model (NUHM) (6 parameters)

M, m, A, tanf, sign(u) m%ld, m%{u

Gauge-mediated scenarios

Anomaly-mediated scenarios




Supersymmetric models contain a relatively large number of free parameters unless
simplifying hypothesis are made on the origin of these or they are related to more
fundamental theories

EW SUSY GUT Scale String Motivated
String Scale Supergarvity models

The soft parameters are understood as originating from a Supergravity theory (assuming
a SUGRA-breaking mechanism)

My, M, Ms . Kahler potential superpotential
m3 ., my, - )
L ST | Gor 6i) = K (6ar, 6y) + log [W (6]
mq,;» M, Mp,; B ! » §
vl terms f (gb )
AP LAY LAY of a\PM
my,, my, - Gauge kinetic function

More fundamental models
Less parameters (related to the geometry and size of the compact space)

Justification for some universality principles (e.g., we can recover the CMSSM or NUHM)




m,/GeV

So when we see this plot....

... we should understand
that this is not valid for all
SUSY models

Although within the CMSSM some of
these bounds are not too sensitive to
the actual values of A and tanb

B.C. Allanach, arXiv:1102.3149 A
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| | T T T T T T T ]
— 2011 Limits - CDF %, g, tanp=5, u<0 -
===:2010 Limits DO 3,7, tanp=3,u<0 ]

B =P %,

tanf = 10, Ao=0, u>0
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Allanach 2011



,,.CMS Preliminary \s=7TeV, [Ldt=1fo"

that this is not valid for all

(\/I\ I I I T T T I T ]

: ) — 2011 Limits CDF 2,7, tan=5, u<0 ]

So when we see this plot.... S m Rt
[0} =--2010 Limits DO 2,7, tanp=3,u<0 ]

S tang =10, A =0, >0 [ LEP2 %, ]

q [ Jiep2 T -

... we should understand g JetssMHT ]

Razor (0.8 fb™)

SUSY models Z(1000)Gev]
... the bounds on the parameter S ANALA e T
space of different scenarios might EEm— s e e

show more profound differences



The HIGGS BOSON s
the theoretical particle of
the Higgs mechanism,
which physicists believe
will reveal how all matter
in the universe get its
mass. Many scientists
hope that the Large
Hadron Collider in
Geneva, Switzerland will
detect the elusive “l*_’:‘_‘,\
Boson when it begins
colliding particles at
99.99% the speed of light.

ool felt with
gmz.'c'/‘ /I// /hl'

maxrimum mass.



Higgs in the MSSM

The lightest CP-even Higgs receives important loop corrections to its mass coming from

top-stop loops

my M3 cos* 23 +

Maximising the 1-loop expression leads to

Which, in terms of the trilinear parameter
translates into

Alm ~ +2

X? X? v? = v+ vl
+ =t (1-
m% 12’]77% m; — (TngLTn]gR)l/2

X = Ay — pcot 8

X, = \/gmf

L my, = 124-126 GeV

Suspect

FeynHiggs

500 700 1000 15002000 3000

m; [GeV]

300

Hall, Pinner, Ruderman 2012



Higgs in the MSSM

The lightest CP-even Higgs receives important loop corrections to its mass coming from

top-stop loops

3m? m2
2 ) ) t 7
m;, ~ M7 cos” 26 + (6202 log 2

Maximising the 1-loop expression leads to

Which, in terms of the trilinear parameter
translates into

Alm ~ +2

X; X? V2 = v? + v?
1 — t 1 2
2 2 S . \1/2
m; 12ms m; = (mg,mg,)
Xy = Ay — pcot B
Lightest Stop Mass
3000F e T
25000~ \\ || [
Suspect
FeynHiggs
2000} _ -l e
z
O, 1500} 0] T
é-' ~
10000 o\ )T ]
N S T R
>00¢ \:::I:_\-: ---------- ,,—::;:If—
e m;,
X,/

Hall, Pinner, Ruderman 2012



Higgs in the MSSM

The lightest CP-even Higgs receives important loop corrections to its mass coming from

top-stop loops

3m; m?2
2 o Af2 a2 t i
m;, ~ M7 cos” 26 + (6202 log 2

Maximising the 1-loop expression leads to

| X:| = V6my

Which, in terms of the trilinear parameter
translates into

Alm ~ +2

+ =L (1
t

X? X2 v? = 0¥ + 02
o 2 o o \1/2
12m£ mp = (thmtR)/

Xy = Ay — pcot S

)

-
i
=]

T T 7T 1T T 1T T 7 T 1T T T 7 T T 177 III1|__-IJ||_|II.II

i DT

3 4
XM

Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon 2012
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Imposing the Higgs

LA

2500 p=r—r—r—

o

50
tan

m,,[GeV]
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mass constraint implies heavier spectra

2500
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Buchmuller et al. 2012



In the Next-to MSSM maximal stop mixing is not needed

1=06,07 |
m: = 1200, 500 GeV |

140/

mi = M% cos? 20 + \20? sin? 20 + (5152 1301 &

my, [GeV]
K

Tan g =2

3000 100,

2500, O e
| Tan B
2000}
= Hall, Pinner, Ruderman 2012
(5 I
©. 1500
g |
1000} In principle, lighter spectra are also possible
500

e (. 4



mSUGRA: M >0’ mt :173_3 Gev ;140 L L A T T T T T T T 7]
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Tensions with low energy observables

Experimental bounds in low-energy observables, when combined with LHC constraints (or

when trying to fit the Higgs mass “"measurement”) lead to some tension in the parameter
space of SUSY models.

BR(Bs; = pp™) < 4.5%x107°

2.85 x 107 < BR(b — s7) < 4.25 x 1074

10.1 x 1071 < afV5Y < 42.1 x 10719

2.9 x 1071 < a7V < 36.1 x 10717



Muon anomalous magnetic moment

The SUSY contribution to the muon (g-2) decreases if the spectrum is heavy

o 100
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m,,[GeV]

Muon anomalous magnetic moment

The SUSY contribution to the muon (g-2) decreases if the spectrum is heavy
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m, ,[GeV]

Muon anomalous magnetic moment

The SUSY contribution to the muon (g-2) decreases if the spectrum is heavy
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Muon anomalous magnetic moment

The SUSY contribution to the muon (g-2) decreases if the spectrum is heavy
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Implications for dark matter

LHC constraints INDIRECTLY lead to constraints on the DM model

Strege et al. (2011)
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A lower bound in the
neutralino mass is found
that excludes some
regions with large
scattering cross-section
IN THE CMSSM

Bertone et al. 2012

If mh~125 GeV is
imposed, the scattering
cross section for
neutralinos is generally
beyond the reach ofdirect
DM detection

IN THE CMSSM

Ellis, Olive 2012



Constraints from rare decays

LHCb has obtained an unprecedented
upper bound on the rare decay of Bs into
muons

BR(Bs = ptp™) < 4.5%x107°
BR(B.—U)sy = (3.2 + 0.2) X 107 <81}

2
. tan®g [ uA
B(BY — ptp) o« — < 2t>

w|

my

This constrains regions with small pseudoscalar mass and large tanb, but also those in which the stop
mixing is sizable. This affects:

* Regions with heavy Higgs mass (typically maximal stop mixing — normally large tanb)

* Models for very light neutralino dark matter (small m,, large tanb)



Constraints from rare decays

* Models for very light neutralino dark matter (small m,, large tanb)
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Bottino, Fornengo, Scopel 2011

No more annihilation mediated by the pseudoscalar — now the relic density is obtained by light-
squark exchange



Constraints from rare decays

BR(Bs = ptp™) < 4.5%x107?
BR(B;—MM)sy = (3.2 £ 0.2) x 10

L I T
slepton NLSP
chargino NLSP

Arbey, Battaglia, Mahmoudi 2012
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A specific string-motivated scenario

Let us consider an F-theory construction in which SUSY breaking is transmitted solely by
the moduli fields (having no contribution from the dilaton)

Fields live on a 7-brane

¢S
f=T; K, =
2 2 Lo
2 1 2 3
—  ZIMI?(1 =2
m SIME( = Spn)
In the case of vanishing 1
A = __M<3 _ ,OH);

fluxes one recovers a 9
special case of the l o

CMSSM, for non-vanishing = —M(1—pn),
fluxes, the NUHM

Sy

M = V2m = —(2/3)A = —B

Two parameter model (M, py,)
“Similar” to the CMSSM (actually a special case)
tanb is NOT an input, it is derived in order to fulfil the boundary condition for B



A specific string-motivated scenario

Can we

reproduce LHC constraints + DM relic density?
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Imposing the relic density constraint forces us
to stay in the coannihilation region with large
values of tanb

p,=0.16 A= —3/\/§m ~ —9m.
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tan

S
BR(b — s y)<2.85 x 10™

BR(B_— u*uw)>1.1x 10°

BR(B, = u* w)>4.5x 10°

114 116 118 120 122 124 126 128

m, (GeV)

The conditions for maximal stop
mixing are fulfilled and the Higgs can
have a sizable mass



A specific string-motivated scenario

Can we reproduce LHC constraints + DM relic density?
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Rare decay constraints only leave the region That could only be explored with the LHC in
with the largest possible mass spectrum a 13-14 TeV configuration.



Conclusions

« Supersymmetry is more than just the CMSSM (and the experimental
bounds have to be applied for each individual model)

« LHC searches + Higgs mass "measurement (+ dark matter
requirements) impose very stringent constraints on the
parameter space of SUSY models

« mh~125 GeV seems to imply a heavy spectrum with maximal stop
mixing

« Potential conflicts with low energy observables (g-2) and rare decays

« Implications for dark matter Dark matter
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