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The the Standard Model is very successful |
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o mass is discovered on the
precision measurements 4™ of Tuly 2012
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Higgs Boson Status

A\ = Yukawa coupling for fermions For the first time, non-universal,

Vg/2v = couplings for W/Z bosons  pqss-dependent couplmgs observed &
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SM is empirically incomplete

* the presence of non'-?bar'yonic cold dark matter: DM is

neutral, . , hon-baryonic and | (cold or
warm). Neutrinos are too light, make instead hoT DM
Ga,l,?hf:c rotation curves | CMB WMP PLANCK Large Scale Structures
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: DM is
neutral, = , hon-baryonic and (cold or
warm). Neutrinos are too light, make instead ho’r DM

Leptons
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SM is emplr'lcally mcomple’re

* the presence of scale- mvar'lan’r Gaussian, and apparently acausal

density perturbations: consistent with a period of inflation at early
Times the universe, on large scales, is
extremely homogeneous and isotropic

The CMB fluctuations are
at the 105 - 10-¢ % level

tiny irﬂctlun :
of a second

years b VY.
F - - ',, ..' "
o N5 - - .
13.7 SRR T R
billion o B
years i
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SM is empirically incomplete

* the observed abundance of matter over anti-matter: note,
moreover, that inflation would destroy any asymmetry imposed as an
initial condition.

The amount of CP violation in the SM
which could lead to baryon-antibaryon
.asymmetry is too small (would provide
BAU orders of magnitude below the
observed one)

/1 B
.,

— (61793 10710

Empirical problems of the SM stated above have been
established beyond reasonable doubt.
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SM is aesthetically unacceptable

* inability to describe physics at planckian scales: General relativity makes
perfect sense as a theory of quantum gravity up to planckian scales (as an
effective field theory) but beyond that we need a theory of quantum
gravity, such as string theory

* hierarchy between the observed cosmological constant and other scales:
the measured energy density associated with the accelerated expansion of
the Universe is (102 eV)?, but receives contributions of size GeV*and
TeV* from QCD and weak scale physics respectively. How is it achieved?

* the hierarchy between the weak and other presumed scales: as above,

- but now the question is how to get a TeV from the Planck scale.

SM? |gf - ] d*k tr [(k+p+ 'Tﬂf)(]’i? +m f)]

s l?

= T Ak 2A% + 6m% In (A/my)]
m

M3 = M3, ..+ dM%

there is a cancellation of over 30 orders of magnitude to have 125 GeV Higgs
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Higgs Boson Discovery has completed the puzzle of the
Standard model ...
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Higgs Boson Discovery has completed the puzzle of the
Standard model ...

But the SM itself is just a piece of a bigger puzzle -
BSM one |

The Nature of
Higgs Boson?,

Connection to
GUT & couplings
unification
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Beyond the Higgs discovery

* Higgs properties are amazingly consistent with all main compelling
underlying theories (except higgsless ones!) Some parameter
space of BSM theories was eventually excluded.

CPNSH workshop
CERN 2006-009
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Beyond the Higgs discovery

* Higgs properties are amazingly consistent with all main compelling
underlying theories (except higgsless ones!) Some parameter
space of BSM theories was eventually excluded.

Present
Status
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What do we know about

Dark Matter?
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What do we know about
Dark Matter?

Stable

| Yele

symmeftry
behind stability| :

No | :
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What do we know about

Dark Matter?
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What do we know about
Dark Matter?

\/ Stable |
¥ = Yes .7 No | ?]

Couplings ~ TR
gravity v behind stability| ?| :
Weak 2| —
glyg sk b % hermal relic |
uarks/gluons| :
Leptons ZI s ZI e Z’
New sector ZI
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Supersymmetry (SUSY)

boson-fermion symmetry aimed to unify all forces in nature
QQ|BOSON) = [FERMION), Q|FERMION) = |BOSON)

extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{f.f} =0, [B,B]=0, {Qavéﬁ}—27aﬁp

Golfand and Likhtman'71; Ramond‘'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino ‘74
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Supersymmetry (SUSY)

boson-fermion symmetry aimed to unify all forces in nature
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Supersymmetry (SUSY)

boson-fermion symmetry aimed to unify all forces in nature
Q|BOSON) = |[FERMION), Q|FERMION) = |BOSON)

extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{f,f}=0, [B,B]=0, {Qa,Qp}=27,sPu

Golfand and Likhtman'71; Ramond‘'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino ‘74
': _ -
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dx > SR < L
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could give rise the proton decay!

0
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Supersymmetry (SUSY)

boson-fermion symmetry aimed to unify all forces in nature
QQ|BOSON) = [FERMION), Q|FERMION) = |BOSON)

extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{f,f}=0, [B,B]=0, {Qa,Qs}=27";P,

Golfand and Likhtman'71; Ramond‘'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino ‘74
- — +
= e
d- > SR < L
P < U, le
u

could give rise the proton decay!
the absence of proton decay suggests R-parity

y Y
R=(-1) 3(B—L)+2S q).‘ﬁ
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Supersymmetry (SUSY)

boson-fermion symmetry aimed to unify all forces in nature
Q|BOSON) = |[FERMION), Q|FERMION) = |BOSON)

extends Poincare algebra to Super-Poincare Algebra:
the most general set of space-time symmetries! (1971-74)

{f,f}=0, [B,B]=0, {Qa,Qp}=27,sPu

Golfand and Likhtman'71; Ramond‘'71; Neveu,Schwarz'71; Volkov and Akulov'73; Wess and Zumino ‘74
': _ -
= e
dx > SR < L
P - Ug le
u

could give rise the proton decay!

he absence of proton decay suggests R-parity
W

0

R=(—1)3B-1)+2

v y
R-parity guarantees Lightest SUSY particle (LSP)
is stable - DM candidatel
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We are still inspired by this beauty ...

papers
QS
LW

N

nurg_zber of
Q

1980 1990 2000 2010
year
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We are still inspired by this beauty ...

even after more than 30 year unsuccessful searches ...

__*er S
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pap
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year
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Another source of inspiration?!-

S "-
10 i
& a
Q. :
— :
@) :
~ :
Q .
Q :
£70 ;
3
S
] i . 0
L | |1 J’ L] L ‘ L1 L1 | Lt ‘ | h‘l |
1980 1990 2000 2010
year

Alexander Belyaey ~ NiE& Interplay of the LHC and DM search in unravelling Natural SUSY 29



Beauty of SUSY

h h /STOP ™,
Provides good DM candidate - LSP h h, _;_1___‘_~:_.=:f_'_ h

CP violation can be incorporated - h?
baryogenesis via leptogenesis AM?2, ~ M2, ¢y log(A/Msysy)
Radiative EWSB - - S
Solves fine-tuning problem R = er  mssm
Provides gauge coupling unification | NG
local supersymmetry requires “f 2
spin 2 boson - graviton! CETTT AT e
allows o introduce fermions inte *| mpr e
string theories 1: BRRRNR 1: NN
0 2 46 6101211 1 0 2 4 5 5 101214 16 18

log,,Q log,,Q

It was not deliberately designed
to solve the SM problems!
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How do we search/constrain SUSY?

¢ Collider search
» strong SUSY particles production, cascade decay: missing PT
+ jets/leptons
» EW DM pair production: mono-jet signature

¢ Direct/Indirect DM detection experiments
¢ Constraints from Relic Density

¢ Constraints from EW precision measurements and rare
decays
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Mass spectrum for mSUGRA scenario

— 700 . .
3 tan B = 50 independent parameters:
E 600 ﬁL Yt = }rh = YT
=
500 er. Gluino mo
AN universal scalar mass
400 Viwgrmey g o
300 universal gaugino masses
U e A
P e S i N S P ~mmsm | trilinear soft parameter
]'R ..............................................
0 tan(beta) = v1/v2

2 4 6 8 10 12 14 16
: 3

ISASUGRA, SPHENO,SUSPECT,SOFTSUSY
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Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is

annihilation/co-annihilation diagrams 9"’3" by Boltzmann equation 5
[Griest, Seckel:92] /dt——BHIl— <O'AU> ( I@eq)

i 2 "LL H 0.001 _r T > mX ‘é

o7 X s

P = 10_1; Increasing <o,v> 1

] V

| s 07F N\ T 3

~ I - 0 10-1 1 -

X . X ~ W+ glo-: r __‘___9/1

S X+ W D o ¢ L

~ I o ~ — E 10-1 r E

X ! / X NN\ E sonp T :

= 10-1 ;— T << mX E

x=m/T (time =)
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Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is

annihilation/co-annihilation diagrams Q'Ve" by Boltzmann equation )
- [Griest, Seckel:92] / dt=-3Hn- (o AU> ( e q)

X T " 5& ‘4’ H 00022: : T > X :

o X "

s’ ’ "3 10- r Increasing <o,v> 1

- T

. ' X o WT o B v

' Xt e -

Y ! r v - T i

L A f X "\/\/\/\/ E 1o Tt i

© o r T < My }

relic density depends crucially on (oA V)
thermal equilibrium stage: T >m,, xx < ff o U WO |

x=m/T (time =)

Alexander Belyaev ~ NiE=& Interplay of the LHC and DM search in unravelling Natural SUSY 34



Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is
annihilation/co-annihilation diagrams Q'Ve" by Boltzmann equation )
) [Griest, Seckel:92] /dt——BHIl— <O'AU> ( Ifrllleq)
X 2 A H 0.001 r T > Ty "
S < i
,/ -g w_,? Increasing <o,v> 1
- gk e
X ' X A L.
S X+ W D o ¢ L
Y | r Y _ E 10-1 r 4
X L F X AN, B = :
© 10-1 ;— T << mX E
relic density depends crucially on (0‘ A’U) :
'rhfar'mal equilibrium stage: T > m,, XX < ff o= " W
universe cools: - _ x=m/T (time -)
n = Neg~ e—m/T TS my, XX f’L) Ir
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Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is
annihilation/co-annihilation diagrams Q'Ve" by Boltzmann equation )
) [Griest, Seckel:92] /dt——BHIl— <O'AU> ( Ifrllleq)
X 2 A H 0.001 r T > Ty "
S < i
,/ -g w_,? Increasing <o,v> 1
- gk e
X ' X A L.
S X+ W D o ¢ L
Y | r Y _ E 10-1 r 4
X L F X AN, B = :
© 10-1 ;— T << mX E
relic density depends crucially on (0‘ A’U) :
'rhfar'mal equilibrium stage: T > m,, XX < ff o= " W
universe cools: - _ x=m/T (time -)
n = Neg~ e—m/T TS my, XX f’L) Ir

neutralinos “freeze-out” at Tr ~ m/25
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Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is
annihilation/co-annihilation diagrams Q'Ve" by Boltzmann equation )
[Griest, Seckel:92] /dt—-BHH— <O'AU> ( ”fruzeq)

L' > m.

e

\
_ L d

’
T '

<

P "g 10-7 Increasing <o,v>
g 10 W
[
T s 1 =T =Y =TSSPy e e 3
— ~ o -10 .i
X I~ X H/ + g 10-! d/ 1
f v < 10 P oo
I X+ W_ _Eﬂ 10-12 ¢ =
- 14 -

>~
‘-‘hl
/<
Comovi
o o o

—-
o
AL AL R e At I R IRl IR IR AL L AL AL IR Rl WAL B

. T <m, ;
relic density depends crucially on (oA V) o :
thermal equilibrium stage: T > m , xx < ff . " ]
universe cools: - _ x—m,/T (time )

N = Neg~ e—m/T T s my, XX Yad i

neutralinos “freeze-out” at Tr ~ m/25

Packages:
MicrOMEGAs (Pukhov et al), DarkSusy, ISARED
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Evolution of neutralino relic density

Challenge is to evaluate thousands time evolution of number density is
annihilation/co-annihilation diagrams Q'Ve" by Boltzmann equation )
[Griest, Seckel:92] /dt—-SHH— <O'AU> ( ”fruzzeq)
i )2 A H 00022: r = T 1
Pl x /0 )
7’ "g 10-7 Increasing <o,v> 1
£ NN R
)2 . i ) W gi:l : \ :
oS X+ PR
x S A VO = S
AVAVAVAVERREE hel T <my,
relic density depends crucially on (o' A’U>
'rhfar'mal equilibrium stage: T >m,, xx < ff o PR W 1
universe cools: T < x=m/T (time -) N
N = Neg~ e”M/T S My xx 9 fF 0. — 10”1°GeV
neutralinos “freeze-out” at Tr ~ m/25 ( X (cAav)
Q, =0.112—— (0 av) = 1pb
Packages: (V) = o
MicrOMEGAs (Pukhov et al), DarkSusy, ISARED A 8m?2
mass of the
m = 100GeV mediator
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Neutralino relic density in mSUGRA

most of the parameter space is ruled out! QA2 > 1
special regions with high 0 A are required to get 0.094 < Qh2 < 0.129

- - Baer, A.B., Balazs '02
X T L I R R R L UL U B W+

- N Q. tanp=30,u>0 ] X X+
v ’ 3 Qh’< 0.094 W—
o ® 0.094< Qh’< 0.129° AVAVAVAV
2. stau coannihilation = ® 0.129< Q%< 1.
degenerate y and stau S
] 7 /J 3. focus point:

mixed neutralino,

low u, importance of
higgsino-wino
component

W +M:/2=—em] +2m1,

NO REWSB

% :f f 1'5110 (Tezvfn) 3 35 4 45 §
1
X ! f 1. bulk region: light sfermions
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Neutralino relic density in mSUGRA

most of the parameter space is ruled out! QOH2 > 1
special regions with high 0 A are required to get 0.094 < Qh2 < 0.129

- - Baer, A.B., Balazs '02
X - , B w+

tanp=55,1>0
X A H b
X b

| Qh’< 0.094
® 0.094< Oh’< 0.129
4. funnel: (large tanf)
annihilation via A, H

<

&<

® 0.129< Qh’< 1.

stau (s LSP

3. focus point:
mixed neutralino,

low u, importance of
higgsino-wino
component

W +M:/2=—em] +2m1,

additional regions:
Z/h annihilation
stop coannihilation

05 1 15 2_25 3 3
m, (TeV)

X ! f 1. bulk region: light sfermions

<
<
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Collider signatures in DM allowed regions

¢ DM allowed regions are difficult for the observation at the colliders:
stau(stop) co-annihilation , FP region: small visible energy release

mSugra with tan3 =55, A,=0,1>0
10 Qh2< 0.129
| LEP2 excluded

—Baer;A. B Krupovmckas 03

1600

1400

400

200

0 1000 2000 3000 4000 5000
m, (GeV)
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Collider signatures in DM allowed regions

¢ DM allowed regions are difficult for the observation at the colliders:
stau(stop) co-annihilation , FP region: small visible energy release

mSugra with tanp =55, A, =0, 1 > 0 production . decay

e Gh'= 6129 o d wzi > ,.~Z..»1
LEP2 excluded ,
g Wj W‘] /

Ls—Baer;A: B Krupovmckas '03-- ~W,H" e
. | TEV: 3(+ ET + jets

| ~
> - ~
g "% : >WW B Z2, . | 6
Eg 800 LHC ILC 27_—|— ET ZhH A
e™ W =y O
o LW g
w: Wy A
400 e ‘Wi L WH e d
ILC: ¢+ Er + jet ) )
200 ‘ gm—{—a Ve q
- ~ u
0 1000 2000 3000 4000 5000 0 g g 6 g N < = 3
G e Ui
mo.( =Y LHC: jets + {+ Lt ‘</~
LHC and ILC are highly complementary! W,
42
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Limits from LHC8 for mSUGRA scenario

m,, [GeV]
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— : == Expecled (-1 |apton, 2 bjets —
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Limits from

LHC8 for mSUGRA scenario

195" (8 TeV)

> 1000 (;I\L'I; -4 | cMSSM/mMSUGRA
S, 900 _ -__;3-“ l \\ p‘ | tan(p) = 30, Ao = -2max(m m, )
X L T \ L us>o; M, = 172.5 GeV
= 800 ' e
700
600
o001 EESSE i e e
400 R | -
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No

Summary of CMS SUSY Results* in SMS framework
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SUSY hint from the experimental searches ...

ICHEP 2014

CMS Preliminary

For decays with intermediate mass,
R Mintermediate — x'mmmner-'-m_x-]'mmp

I 1 1 I L L I 1 1 I 1 L I 1 1 I 1
400 600 800 1000 1200 1400 1600 1800

*Observed limits, theory uncertainties not included
Only a selection of available mass limits

e esColoured Sparticles are excluded below 1TeV
if their mass gap with LSP is large enough

Mass scales [GeV]

N
= 3
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What is

CMS Preliminary, 19.5 fb, {s = 8 Tev

about DM mass?

CMS Preliminary, 19.4 fbL /s =8

TeV

— 600 . =~ ~1200 - ~
> ~e ~0 - 2 S ~ 0 aQ
) PP — 00,4 aX, NLO+NLL exclusion — 10 RS O pPp—=00,0—0 ﬁ';ﬁl NLO+NLL exclusion — 10 ="
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500) z:: ] B 1000| -~ p =
% PP 222 Expected £ 16, ien ] S % 222 Expected £ 16, oiment ] S
w w
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What is about DM mass?

CMS Preliminary, 19.5 fb, {s = 8 Tev

o
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95% C.L. upper limit on cross section (pb)

1200

m, sp (GeV)
S
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CMS Preliminary, 19.4 fol Vs = 8 Tev

pPp—00,d— q ﬁ'jg NLO+NLL exclusion
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There is no limit on the LSP mass if the mass of
strongly interacting SUSY particles above ~ 1.2 TeV
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95% C.L. upper limit on cross section (pb)
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What is about DM mass?

~~~

0 .
e L

C MS Preliminary == Observed ---- Expected
C SUS 15-003, 0Hep (M), 2.3 o' (13 TeV):

qjqq('ds'j
q= unehghtq

q= b
SUS-16-001, O-ep (sbottom), 2.3 o' (13 TeV):

M3 [GeV]
S §
i

100

\
n
| il |
[ T | I

. IIII|IIII|III '|.‘III|IIII|IIII|IIII|IIII
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== Observed ---- Expected

—SUS-15-002 (H™), 2.3 b (13 TeV)
SUS-15-003 (M,,), 2.3 b (13 TeV)

= SUS-15-004 (Razor), 2.1 b (13 TeV)

—SUS-15-005 (ct;), 2.2 b (13 TeV)
—SUS-13-019 (M), 19.5 fb' (8 TeV)
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There is no limit on the LSP mass if the mass of
strongly interacting SUSY particles above ~ 1.7 TeV
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Complementarity of DM searches

Correct relic density - Efficient annihilation

DM indirect
detection:

signatures from
neutralino annihilation

in halo, core of the
Earth and Sun

photons,

anti-protons,
positrons,

neutrinos

>

X X

(Particle colliders)

q q

D>

<
Efficient production now

(uoid242p 432ulpuI)
MOU UOILD|IYIUUD Ju3i21443]

Neutrino telescopes:
Amanda,

Icecube,

Antares

Efficient scattering now
(Direct detection)
DM direct detection: neutralino scattering off nuclei
Stage 1: CDMS1(2), Edelweiss, Zeplin(2)

Stage 2: LUX, XENON 100, ...
Stage 3: XENON 1 ton, WARP
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Summary of DM search potential

TperGDMS Soudan CDMS-lite ArXiv:1310.8327

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013 Snowmass CF1 Summary

Alexander Belyaev
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Complementarity of DM searches

Baer, A.B., Krupovnikas, O'Farrill '04
MSUGRA, A,=0, tan=55, u>0

1600
. . » Lo 400 Oz p =10°pb
Correct relic density > Efficient annihilation &
:,,"': § 1200 E*
~ Th A —~ .
58, X X c 0>
oo S & $1000
3 3 + 0 =
o g= =
%5 T S E 800
Q. E !‘5. Q
® = o :\ Lctooo ...
S8 £% 600 5 G
a2 9§
>S Vv q q &S
S = 400
= é > w 0 [ -\--LC300....
Efficient scattering now 200 . no REWSB

(Direct detection)

0 1000 2000 3000 4000 5000
m, (GeV)

d(p)=3e”’ GeV' ecm?s ' st . (S/B),,=0.01
- D(1)=10""cm? s >™"()=40km?yr'  m =114.4 GeV
. d)ear‘lh(“)=4o km™2 yr_1 — 0‘(21p)=1 0° pb
0< Oh%< 0.129
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PMSSM combined results

ArXiv:1305.6921: Cahill-Rowley, Cotta, Drlica-Wagner, Funk, Hewett
dark matter
can be discovered

F o =g i
. ' '%ﬂ J‘#‘ . . —
- 1?‘1 f b »

v -
-

10—7_

Qin DD experiments

e =

b
-.' L ]
A
e
-

1o ‘| @inID experiments
2
2 p-u @ in both, DD and ID
3
- - © may be

discovered at the
upgraded LHC, but

10715 escape detection in
future DD or ID
s detection
10 experiments

m(x}) (GeV)
XENON 1T
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The EW measure of Fine Tuning

Lmssm = [ Hul:ld + h.c. + (fngz_;u + ‘;3‘2) ‘Hu‘z + (mfz-[d + ‘}3‘2) ‘Hd‘z + ...

Low EW FT & no large/unnatural cancellations in deriving m,
from the weak scale scalar potential:

m%- B (mQHJ + Eﬁ] — (m?{ﬁ + %) tan? 3 ,[EE 2 ’“2
o o . — :HT.I. T -

2 (tan®? 3 — 1)

using fine-tuning definition which became standard

Ellis, Enqvist, Nanopoulos, Zwirner '86; Barbieri, Giudice '88
Olnm? p; Om?

Apr = mazx|c;|, ¢ =|— = |—5—
J In p; m7 Op;

one finds ArT =~ Apw which requires | || ~ M
as well as 'm?3, | ~ M2

The last one is GUT model-dependent, so we consider
the value |u?| as a measure of the minimal fine-tuning
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"Compressed Higgsino” Scenario (CHS)

chargino-neutralino mass matrices

- i~ (B0 1770 70 770 :
in (W—. fI-) basis in (BY,W", Hy, H5) basis

( My O —MzCaSw  MZSgSw \
Mo ﬁmwcﬁ O MQ mzcaCw —mzspCw
ﬁmwsﬁ L —MmzC3sw MzCECw 0 — U
charginos \ Mzspsw  —IMZ55Cw —H 0 /
neutralinos

My real, My = |Mile=®Pt, p=|u|e!®n

¢ Case of p << M1, M2: x° , and x*become quasi-degenerate and acquire

large higgsino component. This provides a naturally low DM relic density
via gaugino annihilation and co-annihilation processes into SM V's and H
¢ This is the case of relatively light higgsinos-electroweakinos compared to
the other SUSY particles.
¢ This scenario is not just motivated by its simplicity, but also by the lack
of evidence for SUSY to date
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CHS Mass Spectrum and Challenge for the LHC

¢ The most challenging case takes place when only Xol , and X* are accessible at

the LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono- jet signature
[ “Where the Sidewalk Ends? ...” Alves, Izaguirre,Wacker '11] ,

which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13; Han,Kribs,Martin,Menon '14

process detector
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CHS Mass Spectrum and Challenge for the LHC

¢ The most challenging case takes place when only Xol , and X* are accessible at

the LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono- jet signature
[ “Where the Sidewalk Ends? ...” Alves, lzaguirre,Wacker '11] ,

which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13; Han,Kribs,Martin,Menon '14

process detector

Nothing!
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CHS Mass Spectrum and Challenge for the LHC

¢ The most challenging case takes place when only Xol , and X* are accessible at

the LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono- jet signature
[ “Where the Sidewalk Ends? ...” Alves, lzaguirre,Wacker '11] ,

which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13; Han,Kribs,Martin,Menon '14

N

N  detector

et ' Large N
> ¥ missing P High P,

o = 20 o0 et )
\ 1" @

~ process

/

\

’ /

High P_'g | R

\\\\ P -
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CHS Mass Spectrum and Challenge for the LHC

¢ The most challenging case takes place when only X01 , and X* are accessible at

the LHC, and the mass gap between them is not enough for any leptonic signature

¢ The only way to probe CHS is a mono- jet signature
[ “Where the Sidewalk Ends? ...” Alves, lzaguirre,Wacker '11] ,

which has been used in studies on compressed SUSY spectra, e.g.
Dreiner,Kramer, Tattersall '12; Han,Kobakhidze,Liu,Saavedra,Wu'13; Han,Kribs,Martin,Menon '14

T Note that W*
r'ocess
P S: \ / detector‘\decay products

do not get large

g

| / \ boost - it s

/' Large

m,;'smg P High P_ p;oporhonal to
| t

o = oy W et (@) Ihe e of

\ / PN ’ / much smaller

By 'than the mass
\ / of the LSP

\\\
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Analysis Setup

MSSM

¢ SPHENO for mass spectrum, cross checked with ISAJET

¢ micrOMEGAs for DM relic density, DM DD and ID

¢ MadGraph for parton level simulations, cross checked with
CalcHEP

¢ PYTHIA6 for hadronization and parton-showering

¢ Delphes3 for fast detector simulation

¢« CTEQ6L1 PDF

Main backgrounds for p_ jet + high MET signature

¢ Irreducible Z +jet = vv +jet (Zj)
¢ Reducible W +jet = &v + jet (Wj) when £ is missed
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Spectrum and Decays in CHS

For |u| < |M1]|, |M2]| one has

~ m ﬁ (1 % 593) Sty + iy . . ) (S . S
'T”'Xliz = F||H] F 5 523 M, Mo Am, = M0 — Mgy ~ My (E T E)
| N a(mg) ﬁ . ﬁ Amyg  a(mg) -n‘rQZ
??l-ﬁc = |ﬁ.£| (1 + - (2 +—n ﬁi? )) 528 M, Amy = -mﬁ: — -n‘.r)z[lj ~ T + [ - (2 +In “—2)
]0-"I""I""I""I""I""I"
D5 — f 70 = ct Am? S SIS M,;=1TeV,M,=2TeV
X1 X2 X1) = 19073 A4 ] _
! B T B
.- 1g 2 2 - [
ct ~ Lo (5w —1/2) > 6 i
w <0 720 O ¢
Am \ 5 X2 frxi = )
L =ct~001cm (1 GeV) (Z-exchange) a 4 - .
Ay \ =5 Xi = N Sl T T )
L = ¢t~ 0.006 cm (1 GeV) (W-exchange)
Am < 1 GeV - displaced vertices ~0.1mm 0100 200 300 400 500 600
Am < 0.1 GeV - DM is collider stable
u(GeV)
NEX- 60
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Dark Matter Relic Density

M;>0 M;<0
0_2[}|""|""|""|""|""| rr r v g v r. r . r r r 1t [ Tt T T T [ T T T T ]
a, tanB=5 ] 0.15k % tanf=5
0.15F| 3 |
_ ., 0.0t
< 0.10F =
S )
- 0.05}
0.05}-
[ Mi= p+600_ ] AL
e R A 0.00c ™, .
50 100 150 200 250 300 50 100 150 200 250 300
U [GeV] p [GeV]
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Dark Matter Relic Density

M;>0 M;<0
0_2[}|""|""|""|""|""| T T r T T T T T [ T T T r [ T T T T [ T T T T ]
: o tanB=5 015l % tanB= 5
0.45F| 3 :
0.10F
¢ ' RS
< 0.10f 9
c C
- 0.05r
0.05
L [ A\ — == =— —'SDD 1
0.00k- o00f [ M
50 100 150 200 250 300
HIGeVI ww-threshold piGeV]

Z-resonance H-presonance

¢ DM relic density is below the measured one because of intense
LSP annihilation and co-annihilation processes
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Dark Matter Relic Density

Mﬁ*ﬂ
0)..20) s
tanB= 50 [
n, _ 0.15}
0.15} E ]
N . 0.10
< 0.10 <
) o)
- 0.05
0.05 -
0.00k 0.00

° The pattern is independent of tanb
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Direct Detection Prospects

LEP

50 100 150 200 250 300 50 100 150 200 250 300
p [GeV] p [GeV]

° DD cross section rescaled with the relic density is low in
the small AM region. Chance for the LHC?
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DD in M, - plane

m, o and My;—M, 0 [GeV]

m, o andm =M, [GeV]

700 A Or
O - s 2 5 :
O -100F
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= ]
Q I
O, : _ :
g 300 ‘-21::—: :
200+ : |
100} -600F i, s ipim iy iy
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LHC potential to probe NSUSY space
through the pp = xxj : x = x° , . X*, process
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LHC sensitivity to CHS
through the pp = xxj : x = x°% , . X*; process

PP XX

PpP— X X]

| o'} PJ > 50 GeV |
10°} A
1000 P/ 600GeV —----
_ 1000¢ 100}
: | S
> 100F S
o | R
]..|....|....|....|....|....|.. 0'l_|||.|.|||...|....|..-h.|‘1-|..
100 200 300 400 500 600 100 200 300 400 500
H(GeV) u(GeV)
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Signal vs Background analysis

difference in rates is quite pessimistic ...
PP—VVj VS. Pp—yxl

c 10°

.
%10
2 10°

#
10°

— Background
- u:93 el
-- u=500 GeV

IIIM] Illlﬂl IIIM] Illlﬂ] Illm Illllﬂﬁlllm‘ IIIE‘:IIIIH_II Illm‘ Illm[

10-3EFI 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
p/(GeV)
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Signal vs Background analysis

but the difference in shapes is quite encouraging

PP->VVj VS. pp->y

-

— Background
— M=93 Ge'/
1= - --u=>500 GeV

a
in
S 1 1 A 1 AL A1 AL WAL

10° &5t
107 &t
10° 7
10'9III|III|III|III|III|III|III|III|III|III
200 400 o600 800 1000 1200 1400 1600 1800 2000
P/ (GeV)
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Parton vs Detector simulation level

Parton level Delphes level

PP—XX] |
500 ey 500 ..pr’xﬁx}'.—....;._a,,_n
| . : . ..'b.:;'.ii_
400} 1 400 N ¥ W

E
[
=
=

T
L

[e—
—
e
—_—
—

T
1

—

=

=

100 200 300 400 500 100 200 300 400 500
P/ (GeV) P/ (GeV)

T

e . .

¢ the lack of the perfect p_i' vs MET correlations leads to a visible

difference of the S/B ratio and significance, and should be taken into
account.
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S/B vs Signal significance

m,9=105GeV A M=3 GeV LHCI13 100fb™*

m,0=203 GeV A M=3 GeV LHC13 100 fo™*

0.10¢ 0.100; 110
0-08¢ 110 0.050} 15
0.06¢ 15 : -
0.04} '
= | |, @ & 0.010} 11
0.02| 105 0.005¢ 0.5
S 0.001 b ]
200 400 600 800 1000 1200 200 400 600 800 1000 1200
E™S [GeV] ET [GeV]
a=2(VS+B-vB)
Z(wv)j | W) | p=93GeV | p =500 GeV , ,

N YRR _iE)“; ’?9(E)é = SEErS b SIS There is a strong tension
Ppet > 30 Ge . |Mjet| <5 ﬁ_-’) + - + = - — between S/B and signal
Ve pli e jrs >1020GeV | 62E+7 | 12E+8 | 2545 921 significance
p! >500 GeV 25E+4 | 20E+4 1051
p; = Er >500 GeV I.5E+4 | 41E+3 747 Higher S/B needs high
p! = Er >1000 GeV 315(375) | 65(32) | 21(31) 2(2) E,"* cut to reach an
p; = Er >1500 GeV 18(20) | 2(1) 1 (2) 0 (0) acceptable systematic
p! = Er >2000 GeV (N 0(0) 0(1) 0(0) Higher significance needs

low (< 500 GeV) E. ™= cut
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What is the minimal S/B value one can deal with?

¢ S/B systematic study by ATLAS and CMS LHC@8:

sources of systematic uncertainty and their contributions (in %) to the
total uncertainty on the Z(vv) background from CMS PAS EXO-12-048

E%‘iss (GeV) =250 =300 =350 =400 =450 =500 =550
Statistics (N°%) 1.7 2.6 3.9 5.6 7.6 109  14.6
Background (N%&%) 0.8 0.6 0.8 0.2 0.0 0.0 0.0
Acceptance (A) 2.0 2.0 2.0 2.1 2.1 2.2 2.4
Selection efficiency (e) | 2.0 2.0 2.1 2.2 2.4 2.7 3.1
Total 4.5 4.9 5.8 7.1 8.9 12.1 15.6
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What is the minimal S/B value one can deal with?
¢ S/B systematic study by ATLAS and CMS LHC@8:

sources of systematic uncertainty and their contributions (in %) to the
total uncertainty on the Z(vv) background from CMS PAS EXO-12-048

Emiss (GeV) >250 >300 >350 >400 >450 >500 > 550

Statistics (N°%) 1.7 2.6 3.9 5.6 7.6 109  14.6

Background (N%&%) 0.8 0.6 0.8 0.2 0.0 0.0 0.0

Acceptance (A) 2.0 2.0 2.0 2.1 2.1 2.2 2.4

Selection efficiency () | 20—20———21 2.2 2.4 2.7 3.1

Total (45 49 58) 71 89 121 156
— I
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What is the minimal S/B value one can deal with?
¢ S/B systematic study by ATLAS and CMS LHC@8:

sources of systematic uncertainty and their contributions (in %) to the
total uncertainty on the Z(vv) background from CMS PAS EXO-12-048

Emiss (GeV) >250 >300 >350 >400 >450 >500 > 550

Statistics (N°%) 1.7 2.6 3.9 5.6 7.6 109  14.6

Background (N%&%) 0.8 0.6 0.8 0.2 0.0 0.0 0.0

Acceptance (A) 2.0 2.0 2.0 2.1 2.1 2.2 2.4

Selection efficiency () | 20—20———21 2.2 2.4 2.7 3.1

Total (45 49 58) 71 89 121 156
— I

¢ So, the realistic S/B ratio we can afford is ~ 5% or more
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Interpreting LHC@8TeV results (CMS EXO-12-048)

Selection Wijets  Z4] Z(mw)4] T  QCD Singletop | Total
Crosssection (pb)  229.0 341 5883 2252 190438 113.5
ESS > 550 GeV 136 1 429 3 0 0 569

LHC8 L=19.6 fb™ E"*°>250 GeV

LHC8 L=19.6 fb™ E"*°>550 GeV

?DOﬂ II;-._,III T T T T 7T T = ?DO_—I""I |....J;|....| =
[ 2%, 1% 1 C
600 | |2 ] 600}
500} 500t
> 400] 1 > 400!

O, 1 O

<' 300} ] < 300} ,
200} 200¢
100} 100F

O-I||||I||||I||||I||||I||||I_ 0_|...|....|....|....|....|_

50 100 150 200 250 300 50 100 150 200 250 300

p [GeV] p [GeV]

¢ Both S/B and Significance are too low - so LHC@8 is unfortunately
not sensitive to NSUSY space ...
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Optimisation of the E

LHC13 L=3000 fb?

35_1" I L B T T T T T ]
E"“ Red: a=2
301 \ Blue: S/B=3% _
R Dashed: EJ"**= 850 GeV 1
5| ' Solid: E”"SS_ 900 GeV
2 20!
O,
= 15}
< i
10; excluded
- S/B>3% (o >2)
5 excluded
ol a >2 (S/B>3%) W\l
50 100 150 200 250
mxg[GeV]

1;

T miss

] ¢ The shapes of S/B and

contours are very similar -
easy to optimise E cut

We chose E. . value to

bring S/B and «
iso-contours together:
they move into opposite
directions

T miss
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LHC@13 Reach for NSUSY

LHC13 20 contour (M1>0)

35 —T r r [ ‘v ‘t T T [ T T T T [ T T T T [ T T T
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qa | TN M ]
: M 7 (34, | ¢ For S/B ~ 3% (based on
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LHC@13 Reach for NSUSY

LHC13 50 contour (IVI1>O)

395
i AB Barduccn Bhar'ucha Por'od Sanz ]
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LHC@13 Reach for NSUSY

LHC13 2o contour (M1>0) LHC13 5o contour (M1>0)
350 ¢ 9777 ] 35—+—/7m2mnn n m7vnv 00— _
30 1 30
25} y 25¢
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5:_ \\‘\ _: 5:_ \“‘
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Similar recent studies:

¢ Han,Kobakhidze,Liu,Saavedra,Wu,Yang 13 :
“NSUSY can be probed up to 200 GeV at 5 sigma level with 1.5 ab-"”
but S/B < 1% for 200 GeV LSP — not quite realistic to probe

¢ Baer, Mustafayev,Tata '14 :
“NSUSY can not be probed at the LHC, since S/B ~ 1%”

too conservative, since S/B can be improved with high P_cuts, this however requires

high luminosity to keep statistics up

¢ Han,Kribs,Martin,Menon 14
interpreted LHC@8TeV results, found sensitivity up to 70-90 GeV
study was done at the parton level
At the detector level (as we have found) both S/B and significance are too low for
LHC@8TeV to be sensitive to NSUSY

Alexander Belyaecy  NE& Interplay of the LHC and DM search in unravelling Natural SUSY 81


mailto:LHC@8TeV
mailto:LHC@8TeV

OUTLOOK PRI

¢« There are blind spots for DM DD

— 0003 — |

= 10°
Yy )
9L g My + psin (23) <
Ch ~ —SsSinUw iz
X2 p2 — M?
Badziak, Delgado,Olechowski, Pokorski,Sakurai .
arXiv:1506.07177 10* | 10°
| [GeV]
tan 8 =50
= high tanb region: h — H cancellation 108 |
m | | o 1 ey ™ e ]
ag ~ — _dl__ cos B(my + psin23) —5 — psin Jcos 23 —?] g : LS
cos 3 ms, my |5 0 .
5 ' {
Huang, Wagner, arXiv:1404.0392 ol :
¢ Signatures to cover AM>10 GeV region W% e B a0 o

» di-leptons + MET (+ )
» VBF (di-leptons + MET)
5 ?
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Conclusions

¢ Light Higgsino (LH) DM is well-motivated but hard to test:
LH DM with 100 GeV mass and above is consistent will all
experimental data | (the best limit comes from LHEP so far)

¢ Assuming S/B ~ 3% control is possible LHC@13 can
» probe LH DM up to 250 GeV @ 95% CL

» or discover LH DM with the mass up to 200 GeV

¢ So, LHC has a good chance to discover LH DM, the lightest
SUSY particle, even if squarks and gluinos are heavy

* DDM search experiments - LUX and XENONI1T are very
complementary to LHC - they probe LH DM space with
AM> 5 GeV
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Thank you!

Alexander Belyaev

Interplay of the LHC and DM search in unravelling Natural SUSY

84



Backup
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S/B vs

Signal significance

0.08 p=93 GeV I [ =93 GeV
I u=200 GeV —2[;{] GeV
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I - {=500 GeV
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Vetopli s/pe >10020GeV | 6.2E+7 | 12E+8 |  2.5E+5 921 significance
p! >500 GeV 25E+4 | 20E+4 1051 32 e
pl = Er >500 GeV 5E+4 | 41E+3 747 27 ¢ S/B pushes E™* cut up
p; = Er >1000 GeV 315(375) | 65(32) | 21(31) 2(2) towards an acceptable
pl = Er >1500 GeV 1820) | 2(1) 12) 0 (0) systematic
pl = Er >2000 GeV L (1) 0(0) 0 (1) 0 (0) ¢ significance requires

comparatively low (below
500 GeV) E. ™= cut
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AM pattern for M,>0 and M, <O cases

m, o and my;-m o [GeV] m o and My =M, 0 [GeV]
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Direct Detection Pr'ospec‘rs
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LHC@13 Reach for NSUSY

LHC13 2o contour (M1<0)

LHC13 5o contour (M1<0)
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