Whither SUSY?

G. Ross, Birmingham, January 2013

whither Archaic or poetic

adv

1. to what place?

2. to what end or purpose?

conj

to whatever place, purpose, etfc.

[Old English hwider, hwaeder:; related to Gothic hvadre; modern English
form influenced by HITHER]



Low energy

SUSY - to what end or purpose?

N
Standard particles SUSY particles
Unification: SU(5), SO(10),...
‘3— 60 F V/a .‘_.:'f— 60 | o Va,
i SM N MSSM
S0 < S0 N
= " v
40 1/a, /\\ 40 uu:\
30 A~ 30| -
)“__., "\/
20 w,‘/ 20 -
."//'
10 1/ 10 i
Yo 5 10 15 Y0 5 10 s
wlog Q wlog Q

The hierarchy problem: M, .M, <M, M, . v [



Inclusive searches

3rd gen. squarks
gluino mediated

. 3rd gen. squarks
direct production

EW

direct

Long-lived

RPV

Other '

.On,yase,ec,,-onofmeava| And limits on WEAK INTERACTIONS

particles

Gluino med. ¥ (G—ady ):1lep+js+E

g—bby’ -Sovnrtualb) Olep + 1/2b's +E

MSUGRA/CMSSM : 1 lep +j's + E, .,

MSUGRA/CMSSM : O lep + multijets + E, .

Phenomodel : Olep +js +E; ..
Phenomodel : Olep +js +E, ..

T.mess

GMSB : 2 lep OSSF +E, ..
GMSB : 1-t+Js+E
GMSB : 2t +j's #E

GGM :yy +E s

T mess
g—»bbx gnrtual b):Olep+3b-j's+E, ..
g—>bbx (realb) : Olep + 3 b-'s +E; .

g—mx_n(wrtualt)_ 1lep +1/2 b-jS +Ey s

gty (virtualt): 2lep (SS) +j's + E, .o

gty (virtual t) 0 lep + multi's +E, .

g->d" (virtualT) : 0 lep + 3 b-j's +E, .
7 (regllt) Olep+3bjs+E

bb b —>bx 0 lep + 2-b-jets +E; s
[ (very Iught) t—)bx 2lep+E

ft (light), b7 : 172 lep + bjet +E, .

tt (heavy), t—>tx. Olep + bjet+E, .
it it (heavy), t—»tx 1lep + bjet+E, ..
it (heavy), t—)tx 12 Iep +bhjet+E, ..

T .mess

t

~ ILIL. I—>Ix :2lep +E, aias
l.tL A -IV(V)-IVE c2lep +E, miss
Lk, I(vv)+v+27 ):3lep +E,
AMéB long-lived x
Stable g R-hadrons : Full detector
Stable b R-hadrons : Full detector

Stable T R-hadrons : Full detector
Metastable g R-hadrons : Pixel det. only

GMSB : stable T

RPV : high-mass ep
Bilinear RPV : 1lep +js + E

T miss

BC1RPV:4lep +E, ..

~ Hypercolour scalar gluons : 4 jets, m, = m,;
Spin dep. WIMP interaction : monojet + E
Spin indep. WIMP interaction : monojet + E

T.miss
1.5

MSUGRAICMSSM: 0 lep + s + E; s

T.mess.

e |2AMtTTevi200E3  310Gev. tmass (M5<m

ATLAS SUSY Searches* -

95% CL Lower Limits (Status: ICHEP 2012)

~ L |
q=gmass
q=gmass

§ mass (large mg)

ILdt =(0.03-4.8) fo'

gmass (m@) < 2%V, bight 1) fs=7TeV

g mass (m(q) < 2 TeV, light x, )
gmass (m( ") < 200 GaV, mu )= é(mu yem@)) ATLAS
gmass (ang < as) Preliminary

gmass (tang > 20)

‘ Limit 1 TeV strong

interacting
Hpa rticles

b mass (m(; 0 Gov

gma

t mass (m(z )= 45 GeV)
120173068 t mass (mq ) = 45 GeV)

L=4.7 fb”, 7 TeV [CONF-2012.070)
L=4.7 fb”, 7 TeV [CONF-2012-074)
L=4.7 b”, 7 TeV [CONF-2012-073)
L=4.7 1b”, 7 TeV [CONF-2012.071)

380-465 tmass { =0)
230-440 GeV | tmass (m 0)
298-305 GeV | tmass (m(z) 0
230 GeV)

FSNEGe | mass (m(x)-O)

Limit 300-400 GeV
stop particles

L=4.7 1b”, 7 TeV [CONF-2012-076)
L=4.7 1b”, 7 TeV [CONF-2012-076)
L=4.7 fb”, 7 TeV [CONF-2012

V. mass (i,=010,4,,=0.05)
ASS (€1, o< 15mm)

g mass

= 140+ 3 GeV)

p (m, <100 GeV. vector D5, Dirac 1)

{m, < 100 GeV. tensor D9, Dirac x)
| | 1 1 1

an-1 4

10
Mass scale [TeV]




SUSY - to what place?

Little hierarchy problem
MSSM. 105 +(19) Parameters

~72 —~2
2
M,=) am;+ M;+...
q.1 g.W.B
~2

m->06—1TeV = A>a——~100
Z M

Z



An exception: "Natural” SUSY
light stop  m; . >250 GeV

FCNC: 1,2 sgenerations heavy

Hierarchy problem: 3rd sgeneration light

T production: T, - b7, 7~ W+3? (BR=1, m, <200 GeV): T, t+7] (BR=1, m > 200 GeV)
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The Higgs mass in SUSY ?

M3 =m, m, >(900GeV)
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SUSY - to what place?

breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters
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— Correlations between SUSY breaking parameters
and/or additional low-scale states



SUSY searches - significance
SUSY parameters
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Fine tuning measure
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Outline

7 The CMSSM

Scalar focus point

IT. Reduced fine tuning
(G)INMSSM

Gaugino focus point



I. The CMSSM Hosmy, 1y, A, By

/

assume correlation between SUSY breaking parameters

m2
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A

//
O In v?
Jlnp

A = max

Ap

Al ns .
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Couplings and masses evaluated to two loop (leading log) order

..enhanced sensitivity due to small tree-level 1= %(gf + g3 )cos’ 28

Cassel, Ghilencea, GGR
c.f. earlier work : Dimopoulos, Giudice
Chankowski, Ellis, Olechowski, Pokorski



e.g. CMSSM

Pre-LHC
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e.g. CMSSM
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e.g. CMSSM yiEMO’mO’mIQ’AO’BO
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e.g. CMSSM
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CMSSM summary:

® Minimises MSSM fine tuning (focus point)  (c.f. gauge mediation A>>A_, )
Max|A,,, A |=15(29), m, =114(116)£2GeV

® Complementary DM & LHC searches
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(a) my, > 111 GeV

e BUT A>300 form, =126GeV

(If give up on unification of soft parameters fine tuning reduced by factor ~ 10)



II. Reduced fine tuning :

..more correlations between parameters..later

..beyond the MSSM

e.g. singlet extensions - the NMSSM
W = Wlawa + ASH Hy + %53

Additional quartic interaction oV =|2,Hqu|2



Fine tuning in the NMSSM
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Reduced fine tuning : BMSSM - General Operator analysis

1
oL= J.dzeﬁ(‘u‘) + COS)(H1H2)2 , S=m,00 Dimension 5
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A wl w0l Cassel, Ghilencea, GGR
Casas, Espinosa, Hidalgo
Dine, Seiberg, Thomas
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+ dim 5 operators

2
..effect mainly comes from €1|hl| hh, term .. origin?



Reduced fine tuning : singlet extensions

W = Wyakawa + (1t + AS)H, Hy + %552 + gs?' +¢5 GNMSSM iy >> m,,

We;'NMSSM = (Hqu)2 /:us +:uHqu

V = W- g3 NMSSM B (o Pty P .
cf. W=mn Yulawa + ASH Hg + 3S ,u_S(|H"| +H,| )Hqu %7

Reduced fine tuning mainly for GNMSSM
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applied applied GGR, Schmidt-Hoberg , Staub
Tc.f. Hall, Pinner, Ruderman



GNMSSM W = Wygawa + (1 + AS)H Ha + 1557 + 5% 4 ¢5

N\ AN

R-symmetry ensures Singlet extensions natural



GNMSSM W = Wyukawa + (/J' + /\S)Hu Hg+ /J?SSZ -1- %SS + £S
NMSSM spectrum v
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Weinberg operator

SUSY breaking
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2 2
AWz}; ~my,H H,+m3,S+m,,S <— p term and mass terms “natural”

AW, ~m3,S GNMSSM (c.f. NMSSM)
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GENERAL-NMSSM PHENOMENOLOGY

Higgs structure (h,,hy,s)

® u>Uu MSSM SUSY structure with heavy Higgs

¢ us9ms9bs~l"t hleu,d_i_gS’ h2=S_8Hu,d

...h, may be lighter than LEP bound

m, v/s A for the case m, <m,
h : 1

120
my, [GeV]



GENERAL-NMSSM PHENOMENOLOGY

Higgs structure (h,,hy,s)

® u>U MSSM SUSY structure with heavy Higgs
g /’Ls9ms7bs~u hleu,d_l_gS’ h2=S_gHu,d

...h, may be lighter than LEP bound

...h, may have enhanced Yy rate

T [ T T I CMS Preliminary m,, = 125.8 GeV
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GENERAL-NMSSM PHENOMENOLOGY

Higgs structure (h,,hy,s)

® u>U MSSM SUSY structure with heavy Higgs

g Ms?ms7bs~u hleu,d_l_gS’ hZ:S_gHu,d

...h, may be lighter than LEP bound
...h, may have enhanced Yy rate

...h; may have enhanced LSP annihilation rate to photons..?

2
2 130 GeV)

12 —
4771)2? miy,

2
(0v)y = (6-1072 cm? s71) - A2k2 ( (100 GeV)? ) (m—ﬁ)
’ ’7’7 - , . X

Fermi 1356GeV line : A,k <1, m, =240-280GeV

Schmidt-Hoberg, Staub, Winkler



Input

tan 3 1.2 vs [GeV] -4.0
A 0.74 Ay [GeV] 0
K 1.4 A, [GeV] 0
pts [GeV] 103.0 by [GeV?] 3.356 - 10°
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mp, [GeV] 690.1 up fraction hy 57.8%
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CP odd Higgs sector
my, [GeV] 247.5 singlet fraction Ay 99.9%
ma, [GeV] 691.9 up and down fraction Ay 0.1%
Neutralino sector
) [GeV] 130.0 bino fraction \{ <0.1%
3 [GeV] 156.4 wino fraction \? 5.1%
3 [GeV] 316.2 down-higgsino fraction y{ 0.3%
Y [GeV] 331.6 up-higgsino fraction \? 10.0%
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Chargino sector
\i [GeV] 154.8 wino fraction \7 70.6%
X5 [GeV] 332.6 higgsino fraction \i 29.4%
Electroweak observables
R, 12 | Ry 10
Ryy 1.0 R.. 1.0
Br(b — sv) 3.4-107% || Br(Bs — up) 3.7-107°
Aa, ~1.2-1071 | 5p 45-10-°
Dark matter
Qn? 01 Xro 9249
021 [cm?] 2.2-107% O'SD [cm?] 3.8-107%0
(0V)y [cm?® /5] 0.83-107%7 || (0v),z [cm?/s] 0.79 - 10727
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Input

tan 3 1.2 vs [GeV] -4.0
A 0.74 Ay [GeV] 0
K 1.4 A, [GeV] 0
pts [GeV] 103.0 by [GeV?] 3.356 - 10°
1 [GeV] 208.0 bu [GeV? 2.4-10°
M [GeV] 1500.0 M; [GeV] 193.0
M; [GeV] 1500.0 || mscatar [GeV] 1500.0
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mp, [GeV] 125.7 down fraction hq 41.5%
mp, [GeV] 690.1 up fraction hy 57.8%
mp, [GeV] 786.8 singlet fraction hy 0.7%
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my, [GeV] 247.5 singlet fraction Ay 99.9%
ma, [GeV] 691.9 up and down fraction Ay 0.1%
Neutralino sector
) [GeV] 130.0 bino fraction \{ <0.1%
3 [GeV] 156.4 wino fraction \? 5.1%
3 [GeV] 316.2 down-higgsino fraction y{ 0.3%
Y [GeV] 331.6 up-higgsino fraction \? 10.0%
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\i [GeV] 154.8 wino fraction \7 70.6%
5 [GeV] 332.6 higgsino fraction \i 29.4%
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Reduced fine tuning : nonuniversal gaugino masses

6
ot )20, )= 6g7 | M, P =gl | M,

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if ‘M 2‘ = ‘M 3‘ at M ¢,

d
16%25%2%:3(2 |3, (2, +m

73 UE

M,:M,:M, =n,:1:n,



Reduced fine tuning : nonuniversal gaugino masses

6
ot )20, )= 6g7 | M, P =gl | M,

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if ‘M 2‘ = ‘M 3‘ at M ¢,

d
16%25m2u:3(2 13, P, +m

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24), =1+24+75+200; SO(10): (45%x45)  =1+54+210+770
n,:L:n, 2.7m,:1:0.5n,
Representation | Ms: My : M, at Mayr M;: M, : M, at Mpwsp
1 1:1:1 6:2:1
24 2:(-3):(-1) 12:(-6):(-1)
75 1:3:(-5) 6:6:(-5)
200 1:2:10 6:4:10

String: (3+5GS)3(—1+5GS)1(—?“363) (OII, also mixed moduli anomaly)



Gaugino focus point - Phenomenology

e (augino mass ratios
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... gauginos can be very heavy

e Light neutralino and 2 charginos nearly degenerate
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+for [M||< u, Bino or Higgsino LSP candidate




Summary
® CMSSM (and other MSSMs) highly fine tuned




Summary
® CMSSM (and other MSSMs) highly fine tuned

® RBCMSSM: more correlations or BMSSM

-(G) NMSSM Reduced A = GNMSSM = Z,;,Zs;

SUSY states can be (slightly)heavier
m, — 130GeV

LHC bounds already severe with conventional cosmology



Summary
® CMSSM (and other MSSMs) highly fine tuned

® RBCMSSM: more correlations or BMSSM

-GNMSSM + gaugino focus point; SUSY states heavier

Still room for natural SUSY

® Indirect hints..g-2, h—yy,



Muon g-2
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Needs light sleptons - anomaly/mirage spectrum?

With slepton universality - 7 — y v plausibly correct! Giudice et al
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Summary
® CMSSM (and other MSSMs) highly fine tuned

® RBCMSSM: more correlations or BMSSM

-GNMSSM + gaugino focus point; SUSY states heavier

® Indirect hints..g-2, h—yy,

® Hidden SUSY

® Intriguing implications of 125GeV pure SM Higgs
IRFP?, Higgs inflation?...



Implications of 125 GeV Higgs - vacuum instability
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De Grassi et al



I1I. Implications of 125 GeV Higgs
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