Supersymmetry
Status



Supersymmetry

Motivation: unifying matter (fermions) and interactions
(mediated by bosons)

Symmetry that relates fermions and bosons

Prediction: new particles supersymmetric partners of all
known fermions and bosons : differ spin 1/2

Not discovered yet
Hierarchy problem

SUSY particles (~TeV) to stabilize Higgs mass against
radiative corrections =2 should be within reach of LHC

R-parity and dark matter



Supersymmetry

Supersymmetry transformation
Q|Fermion) »= [Beson) , Q| Boson) = |Fermion) {QL.Q} = (5")as Py
Symmetry of the Lagrangian which mixes fermions and bosons

00 = W 2T ) . o bz A
ﬁ - L= 8,66+ blic - )
Oeth = V2o - Dopeg”

Most general renormalizable Lagrangian with chiral superfields
(scalar, fermion) and vector superfields (vector, fermion)

L= JCgauge + £Fcé.-n. + EYufmuru + f‘-’-hlhﬂ

If SUSY exact

sparticles and particles : same mass
Interactions dictated by SUSY



MSSM particles




Additional Higgs doublet

Only one additional field: Higgs doublet
H (scalar), A (pseudoscalar) H, H-

Give masses to all fermions, Y(h,)=1/2, Y(h,)=-1/2
W = N9T pho@Ql 4+ NV dph Q) + N\ hi L,

In SM use ¢ and ¢* but using h,* gives a Lagrangian which is not
supersymmetric



Minimal Supersymmetric Standard
Model

Standard Model particles and fields Supersymmetric parfners

Minimal field content: partner to Interaction eigenstates Mass eigenstates

SM particles (also need two Symbol Namne Svmbol  Name Symbol  Name
Higgs doublets) g=d.ehust  quark Q.G squark a.q  squark
|= €T le'])lnll jL. jR .\]t'l)lull il. [) al("[)[nll
V=g ly,lr  Deutring I steutrino y snettino
i oluon i glumno i oluino
Neutralinos: neutral spin Y2 v W-boso W o)
partners of gauge bosons i Higes boson I l higgsino ) l’ , chargino
(bino, wino) and Higgs i figsbsr B bigio |
scalars (Higgsinos) i Bl Boobio
5 dd W i |
\i = Ny B+ NpyW + NygHy + Ny, H, ”? ][?’“‘3“'"'"““"‘ i Hisio kiges Teutali
”lf “1}:},"‘\ hoson -|]_| o
Hg l[i}:},"h hoson ”‘2 hlm\m“




Hierarchy problem

N HFf —\s|H|?|S]?.
Higgs mass (~100GeV) 1s not stable against .
radiative corrections ! AR
H o l\ ’I
One solution: introduce new particles - Q H _ s_< __.
If supersymmetry is exact each SM fermion ) (®)
contribution is cancelled by that of two
2 Am?3 = —|)\f| A2 2 As T2
scalar partners (Ag= Ag”) HT gz fUve Amy = o5 Mgy
(SUSY partners
of SM particles not observed)
Quadratic divergences still cancelled if Am3; = m2 # In(Auy /Msott) =+ . - -

only soft susy breaking terms

Corrections to Higgs mass ~Mg_ %, the
SUSY scale.



Indications of supersymmetry?

Coupling constants “run” with energy

Precise measurements of coupling
constants of Standard Model
SU(3),SU(2),U(1) at electroweak
scale (LEP) indicate that they do
not unify at high scale (GUT scale)

SM coupling constants unify within
MSSM
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Proton decay
To prevent this introduce R parity
R=(-1) 3B-3L+25; R=1: SM particles R=-1 SUSY

The LSP is stable : could be a suitable DM candidate if
neuftral




Minimal Supersymmetric Standard Model



MSSM — Lagrangian

Ciin =Z{(D#5’§)(D“S‘) VD, ,m} +Z{——Fm prva 2}. o' Dy, }

i
JII::1111;. scal—fer.—gauginos  — —'Vf?-z t’mlq T aL)‘ + h.c. ]

Superpotential : scalar potential + yukawa interactions



MSSM — Lagrangian
Interaction Lagrangian z: superfields

ow 2 1 — OPW

F-terms and D-terms contribute to scalar potential

3 2
Ve =Y [W[* with W' =oW/ds,  Vp=5>_ (Z 925, T Sf)

Superpotential
I{r = Z —}r;; EERiHQ . Q,.i' —|— }/;f O*;Ré Hl . (‘?j —I— };i (jRéH]_ . E’,‘r —|— ILI-HQ‘ Hl
i,]=gen
Exact SUSY : only one new parameter : u

Supersymmetry must be broken : no sparticles with SM
masses



MSSM — soft terms

Many possibilities for SUSY breaking instead write
most general Lagrangian which violate SUSY
without disturbing cancellation of quadratic
divergences 1n scalar mass (Grisaru and Girardelo 1982)

3 3
MBE + M, WOW, + M 3 606,

a=1 a=1

Pl | =

- Lgaug;ilm —

2 Ao 2 77 2= 2 207 |2 2712
- "Csfermicrns — Z m@ﬁQjQ? + T??-LLILE + T??-{LJHRJ + 'm'{]_T*JdRJ + T”EJ{RJ

i=gen

- ":Higgs — m?igH%HQ + m?lelTHl + B:u(HﬂHl + h(‘)

i g ij =i

— Luit = Y [A;Y;;*ﬁ;ﬁHg-QﬁAf.f.}’f?drgﬁHl-Qj+A*‘:.}f.f’.€thH1- L; + he.|l

i, j=gen



Electroweak symmetry breaking

Higgs potential
Vhiges = (?’n?{d + ,uQ)Hj,;Hd + (?’n?jru +puH! H, + Byu(H, - Hy + h.c.)

2 2 2
+ DR b, — H )+ 2 () (),

Electroweak symmetry
breaking: negative Vo JOHO — Ve JOH — 0
mass? for some H ,H, tiggs/ O Hg = OViriggs/OH, =
combination

C e " 1
Minimization condition uz o= 5 {tan 23(m3,, tan 3 — rn?jrd cot 3) — M %]
and Bpu
1
Bp = 5 sin 23 [m%u + -m?{d + 27
tan 3 = v, /vg '



Higgs masses

5 scalars: h,H A.,H" H- .
T (H) B ( CoS allm) (HP)
- . N S, 0
mi = —Bpu/sinFcos 3 h sina: cosa |\ Ay
m.?r_f L= mi + 'f”%v

1
2 _ 2 a2 2 o232 A2 a2 coe2 O
Mha = 5 (M4 +my F \/(m.A + m7)* — 4dm7m? cos® 29

Upper bound on light Higgs mass

mpy < myzcos 2

Increase with radiative corrections (stops)

3 Ty Ty
_ o4 1 i
Ami = ooy sint gin (252

472 m?



Light Higgs mass

Mass at 125 GeV

— need large radiative corrections

Lightest Stop Mass
3000F s : ‘
2500~ \\ || T
Suspect
__ FeynHiggs
2000k, W\ /s -
2
O, 1500} B [E
10000 e\ ]
N D 1
SO0 fr e T e
sl m;,
0_‘4 ) 0 5
X /my

m; = M cos® 28 + 67
— 0r~85 GeV (comparable to tree-level)

— Large stop mixing

m; ~ my cos 283 +

4
3 m,

(47)2 v?

m2 X2
[ln —g + —t2 <1 —
m;  ms

X7
12m§

X=A-w'tanf




The MISSM case

Fine-tuning 1ssue

Unless u ~O(100)GeV (natural SUSY) need large cancellation

— implications for DM since u determines the Higgsino
component of the LSP

Fine-tuning also from radiative corrections — my, strong
dependence on parameters of stop sector
A

3y?2
2 _ i 2 2 2
5mHu - _87I'2 (mQ:s + mu:; + |At| ) In (E)



Fine-tuning

Barbieri-Giudici measure

O log m?%

Ologp

In MSSM : (A, <100 if u<700 GeV)
A>100 -> %level fine-tuning

Casas et al, 1407.6966



MSSM parameters

Soft Lagrangian: many new parameters ~105

Soft parameters obey RGE equations (can be quite different at weak scale
and messenger scale (e.g. GUT scale or Planck scale or other
intermediate scale)

If assume

All parameters are real (no new source of CP violation) — no real
justification

All mass matrices and trilinear couplings are flavour diagonal -- want to
avoid FCNC

First and second generation are identical (constraints on rare processes,
K, lepton)

MSSM : 22 new parameters



MSSM parameters

Real parameters and no flavour structure : 22 parameters

e tan J: the ratio of the vevs of the two-Higgs doublet fields.

e mj ,m %d: the Higgs mass parameters squared.

o My, My, Ms: the bino, wino and gluino masses.
® NG, Mg, Mg, M, Mey: the 1st/2nd generation sfermion masses
® Mg, Mi,, My, M, Mz the 3rd generation sfermion masses

o A, Ay Ao the 1st/2nd generation trilinear couplings.

o A; Ay, Ar: the 3rd generation trilinear couplings.

Can trade scalar mass for more physical parameters : y, M,
Trilinear couplings of light fermions mostly irrelevant(except g-2,DD)



Constrained MSSM

Underlying theory at high scale : relations amongst parameters at GUT scale —
renormalisation group equations used to get MSSM spectrum at SUSY scale

Heavily used in early studies — reduced number of parameters

Unification of gaugino masses: m, ,, scalar masses m,, trilinear couplings A at
GUT scale

Gaugino mass M;:M,:M,= 6:2:1

Sfermions RH< LH me =~ Myt bmyp, my, ~ mg + U.acmyg,  mz, ~my+U.lomy,
Squarks heavier than sleptons

In general p>>M, - bino LSP

Focus point region (at large m0) p ~M,

Fixed point behaviour — value of Higgs mass parameters independent of
boundary value (depends on top Yukawa)



Properties of supersymmetric particles



The neutralino mass matrix

M, 0 —MycosBsinfly My sin Bsin by
| ( M, My cos Feosty =My sin fcos by
My = — My cos Bsinly My cos cosfy, ( — |l

My sin Fsinthy =My sin f cosfy, — Il (

Mass and nature of neutralino LSP : determined by smallest mass
parameter

Determine couplings of neutralino to vector bosons, scalars...

In most studied SUSY model CMSSM (or mSUGRA) the LSP i1s
usually bino



Chargino mass matrix

V — M,y V 2my sin 3
T\ V2mw cos 3 1L

M diag = UM LIT

i'+ =V 'E_;";+

_E?._..-;Jr _ ( —sw0t ’ ﬁzr )T T ( i ‘_ ,j:, l_ ) T

3: - =U (o



Sfermion mass matrix

2 ), 12020 Vo2 o0 e
mg, g £ (5 — 58 by Jmy cos 2 | mét (4; |
my (A; — peot §) m;_ +m; + 5sin byt

— jieot )
' n5 cos 2

2 tml- (4—5111 By )m? cos 2 m. (A; = putan )
m: (A; — ptanj) ma +m? - sin” By cos 2

R



Neutralino

Neutral spin %2 SUSY partner of gauge bosons (Bino, Wino) and
Higgs scalars (Higgsinos)

\.\.lll — ‘\rl]l.; + \]3” + ‘\7];;171 -+ “\-11173

Lightest neutralino 1is stable because of R-parity (also stabilizes the
proton)

Neutralino 1s Majorana particle

Exact nature of neutralino (model dependent) will determine its annihilation
properties — relevant for relic density, for indirect detection rate, for direct
detection through interaction with nuclei in large detector

orders of magnitude variations in DM observables

Since only SUSY particles known are SM ones : large parameter space to
explore



Neutralino dark matter

Annihilation of LSP depend on parameters of model
Mass of neutralino LSP
Couplings of LSP : whether neutralino (bino,wino, higgsino)

Mass of sparticles exchanged
Mass of NLSP (Stau, Neutralino2, Chargino)

v f L J_,rr
\/ X roo f \r
if _i_ Z 1-:
/\ _ _ A

X oo I T L



\‘l'\\ H{/h
0
)

Bino_: annihilates_into
fermions — sfermions must

ov ox m2/ms
: X l
be light

Mixed B/Higgs-ino :
efficient into o
ov o< 1/m3
Mixed W/B/H-ino

All (not pure bino): 9 9 212
annihilation Higgs GIROET A ==
resonance X/( X H)
All: coannihilation possible
suppression exp(-AM/T)



General remark

Bino(U(1)): annihilation into
fermion pairs, usually relic too
large unless light sfermion and/or
coannihilation

Higgsino — annihilation into W
pairs, large cross section, relic
density too small unless DM mass
>1 TeV

Mixed state (bino/higgsino and/or
wino) : adjust coupling for correct
relic density

Possibility of annihilation through
resonance: if mLSP~mh/2 coupling
can be very small




Direct detection

* Coupling of neutralino to Higgs maximal for a mixed state

Ihxx = Q(Nx2 - thx1)(Nx3 sin o -I—NX4 cosa)-

Constraints from DD (LUX) on
Neutralinos that naturally
Reproduce measured relic density

0.0 0.2 0.4 0.6 0.8 1.0

Higgsino fraction



LHC - Higgs

Discovery of SM-like Higgs with mass of 125 GeV impose
strong constraint on supersymmetric models

Need large enough corrections to tree-level mass (bounded by
MZ) — constrain stop sector
Higgs couplings are SM-like — decoupling limit — large M,

No large contribution from susy in loops + small invisible width

19.7 fb' (8 TeV) + 5.1 16" (7 TeV) 60 CMS pPreliminary, h,H,A 11, 19.7 b (8 TeV) + 4.9 b (7 TeV)
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20 0= .
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Particle mass (GeV) m, [GeV]



O OO

SUSY production at LHC

pp collider 10-14TeV
Direct production : missing energy no trigger
Production of coloured particles: DM in decay chain

Signatures include Missing E; § VissingPT —

: MNew part y

b

Mew partc\
- DM

-
For direct DM production : gluon or \
radiation from initial state




LHC — SUSY

Standard susy searches : coloured particles

|||I ||||| |I|I|II|III| I|III

O, lpbJ: pp = SUSY
VS -8 TeV
NLO+NLL
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LHC — SUSY

e Signatures of squarks and gluinos : jets+MET




Neutralino in CMSSM

Traditionally predictions in context of CMSSM (scenario with
parameters defined at unification scale) full spectrum
predictable from handful of parameters

Neutralino is generally bino U(1) (too much dark matter
unless m ~100GeV) or bino/higgsino

Relations between masses of particles —e.g. m ~6om

gluino

LHC has put strong constraints on this model — because
m, =125GeV with SM-like couplings, no squarks and/or gluino
discovered, no evidence of SUSY in B physics



LHC limits on CMSSM

800
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400

300

mh>122 GeV

MSUGRA/CMSSM: tan(p) = 30, A0 =-2m,, u >0

Status: ICHEP 2014

* Gluino>1.4TeV, squark > 1.7 TeV

] 1 1 1 I\_ _l ;_l ] 1 I 1 I 1 1 1 1 1 ] ] 1 | 1 I 1 1 Ll Ll
[ = N 95% CL limits. 65S" not included. -
—LsP imi 3 .
C ATLAS \Frelumlnary =~ Expected o jopton, 2.6 jets .
= Ldt=201-207f", s=8TeV - X 1408.7515 ]
C == Expected g 1apton, 7-10 jets -
= = Observed  arxiv: 1308.1841 |
= \ - = Expected g 4 jonton, 3 bjets -
— . 2.y \ wes Observed  5/xy: 12)7,06'00 l —
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C N \ Tr—-—.| e Observed A7 AS-CONF-2013-062 _
= N == Expected ¢ 5 taus + 0-1 lept. + jets + MET —
— \ \ w Observed  5xjy: 1407.0603 —
C ~~ Expected  555/3 |eptons, O - = 3 b-jets ]
L wes Observed .y 1404.2500 -
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What's left?
After fit to all observables (relic,LUX flavour,LHC)

log,, (7:'[ (pb)

BayesFITS (2014)

L
-11F

-12¢
U

CMSSM, s =0
+ Posterior pdf
Log Priors

vvvvvvvvvvvvvvv

ner contour: lo
outer contour: 2o

0.5

1
m, (TeV)

log,, ov (cm® /s)

-24

-25

-28

L. Roszkowski 1405 4289

BayesFITS (2014)
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CMSSM, ;=0
Posterior pdf
Log Priors

26
-27
inner contour: lo ]|
O outer contour: 2o
-2% 0.5 1.5

1
m, (TeV)

. Indirect detection : annihilation into bb and WW are usually
dominant, annihilation into light fermions are suppressed at
small v



Neutralino in pMSSM

Constrained model too restrictive Arbey, Battaglia, Mahmoudi, 1311.7641

v
g
o)

pMSSM : phenomenological

$

S i
MSSM - EW scale input ¢ | 08
parameters ~19 with few * |
assumptions '°°°:7] | -oe
Decouple strong and electroweak | Lo
sector I

soo] -
LHC bounds from electroweak-1no | 102
searches (much weaker) L
M e g iy | Wy gy | -0

Include all particle physics e sogm,:; GoV)
constraints, Higgs, flavour, LHC-
susy+monojet Any mass for neutralino above 30

Only upper bound on relic density GeV still allowed



SUSY search channels

Olepton + jets
Third generation
Monojet

Disappearing or charged tracks



Olepton+ 2-6jets+MET

 Wide ranging sensitivity to strong particle production with
squark-> g+LSP and gluino-> qg+LSP + various cascade decays

e High (low) multiplicity : gluinos (squarks)

ggd production; g— q q 5(?
[ T T I T T T I T T T T T T T T T I T T T I
1400 —ATLAS —— Observed limit (+1

[GeV]

+ GSUSY) —_

----------- "~ “theory: -

osz : 4 == Expected limit (J_r1cexp) ]

1200 _—_[ Ldt=2031" fs=8 TeV Observed limit (4.7 fo™!, 7 TeV4

. Oleptons,2-6jets ... Expected limit (4.7 fb™, 7 TeV) -

1000 — =

800 |- —

600 [ T -

400 |- —

200 - B

0 C 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ‘II 1 1 I 1 1 |-:EI I 1 .:'-
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mgluino>1330 Gey



Olepton+ 2-6jets+MET

 Wide ranging sensitivity to strong particle production with
squark-> g+LSP and gluino-> qg+LSP + various cascade decays

e High (low) multiplicity : gluinos (squarks)

gq production; g— q 7(?

;‘ - I LU I LU I T T 17T I T T 17T I T T 17T I T T 17T I T T 17T I LU I IIIII
8 700 — ATLAS m— Observed limit (+1 cﬁ}e’f;) -
?ég' C . - == Expected limit (+10,,,) -
600 —_[ Ldt=203fb", Vs=8 TeV , Observed limit (4.7 fo™', 7 TeVy—

0 leptons, 2-6 jets ------ Expected limit (4.7 fb™", 7 TeV) ]
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300

J,"I,\I|IIII|IIII|IIII|IIII

200

100 &'

0 11 M 111 1 11 1 1 1 E 101 l_1-1 1 H I 11 1
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* Simplified models, Stops -> t+LSP, + ...

3rd generation

T}, production, = b f % /T—c %, /T~ Wb ¥ /T~ t %]

450I_III|IIII|
- ATLAS
400 mm i1y,
T EET-WbX /iy
- EBT-Wby
350} -T}cg‘j‘
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800" . observed limits
- S
250—
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ATLAS 1508.08616



LSP mass [GeV]

~0

Electroweak-inos

Direct connection with dark matter (neutralino sector)

XZ-BZT production

900 T 1T | T T T | T T T I LI | T T T I L | T T T
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Weak constraints on charginos which decay into gauge bosons
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Sleptons

 Weak constraints, especially when small mass splitting with
LSP

ATLAS pMSSM: %° LSP
600 T T T 1x T

T T ‘ T T
- Vs=8 TeV, 20.3 fb™’
- — L — I, [1403.5294]

m(7.) [GeV]

400 | Flectroweak searches

o

Fraction of Models Excluded

200

L | L
0 200 400
m(}) [GeV]

ATLAS 1508.06608



Long-lived particles

* In SUSY, charged/neutral winos have very small mass
splitting (<3GeV) -> displaced vertex or stable

* But cannot explain all DM

LW = 7 2 W] Status: July 2015
= 1000 - o 15.510 (B 1€V)
3 u Pixel dE/dx arXiv:1506.05332 - *O- - Expected limits — 150 MS‘ T S T c
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What’s left after LHC

production of DM + jet

from ISR and/or

compressed spectra

ATLAS 1508.06608

Analysis All LSPs | Bino-like | Wino-like | Higgsino-like
O-lepton + 2—6 jets + ErTniss 32.1% 35.8% 29.7% 33.5%
O-lepton + 7—10 jets + Efss 7.8% 5.5% 7.6% 8.0%
0/1-lepton + 3b-jets + E?iss 8.8% 5.4% 7.1% 10.1%
1-lepton + jets + E?iss 8.0% 5.4% 7.5% 8.4%
Monojet 9.9% 16.7% 9.1% 10.1%
SS/3-leptons + jets + E?iss 2.4% 1.6% 2.4% 2.5%
(/) + jets + E‘TniSS 3.0% 1.3% 2.9% 3.1%
O-lepton stop 9.4% 7.8% 8.2% 10.2%
1-lepton stop 6.2% 2.9% 5.4% 6.8%
2b-jets + E?iss 3.1% 3.3% 2.3% 3.6%
2-leptons stop 0.8% 1.1% 0.8% 0.7%
Monojet stop 3.5% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5%
tb+E‘TniSS, stop 4.2% 1.9% 3.1% 5.0%
€h, electroweak 0 0 0 0
2-leptons, electroweak 1.3% 2.2% 0.7% 1.6%
2-7, electroweak 0.2% 0.3% 0.2% 0.2%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6%
4-leptons 0.5% 1.1% 0.6% 0.5%
Disappearing Track 11.4% 0.4% 29.9% 0.1%
Long-lived particle 0.1% 0.1% 0.0% 0.1%
H/A — 41~ 1.8% 2.2% 0.9% 2.4%
Total 40.9% 40.2% 45.4% 38.1%




What’s left after LHC

-1
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10'2?
10° - E Sl o4
E ' : [ W-like LSP -
CATLAS L ..E"fke LSP -
Before ATLAS Run 1 . | Flike LSP
10-4 | \\\\\I‘ . *““‘\
10° 10°
m(z) [GeV]

(a) Before ATLAS Run 1

ATLAS 1508.06608

N T T
-C%é' 10 ;
10’2?
108 S s
- . | W-like LSP
- ATLAS - MBlikeLSP -
4‘After ATLAS Run 1 o IFl-Iik? LSP
10 oo e
m(z)) [GeV]

(b) After ATLAS Run 1



What’s left after LHC
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Summary MSSM+DM

Higgs mass > fine-tuning issue with MSSM, heavily mixed stops
Coloured sector under pressure by LHC if below TeV -> more at 13 TeV
Electroweak sector still wide open
Higgs decays -> constrain light LSP (more later)
Flavour physics : constrain large tanbeta
Neutralino as a single DM component under pressure

* Bino : constrained Higgs + direct search

* Mixed higgsino/gaugino : constrain by LUX

* Pure higgsino or pure wino : not enough relic + long-lived particles



