Whither SUSY?

G. Ross, RAL, January 2013
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whither Archaic or poetic

adv

1. to what place?

2. to what end or purpose?

conj

to whatever place, purpose, etfc.

[Old English hwider, hw%der ; related to Gothic hvadr ?Zmodern English
form influenced by HITHER]



Low energy

SUSY - to what end or purpose?
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SUSY - to what place?

Little hierarchy problem
MSSM. 105 +(19) Parameters
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g, g.W.B
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m >06—1TeV = A>a——~100
, M

Z

(a~1ltorM,~M,,, a~1/10torM, ~TeV)



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

A, =100, &°~9, & /do.f.~1




Outline

;  The CMSSM

Scalar focus point

Il. Reduced fine tuning
(G)INMSSM

Gaugino focus point



The CMSSM uO’mO’ml/2’AO’BO

/

assume correlation between SUSY breaking parameters

m2
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//
O In v?
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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
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(If give up on unification of soft parameters fine tuning reduced by factor ~10)



Il. Reduced fine tuning :

..more correlations between parameters..later

..beyond the MSSM

e.g. singlet extensions - the NMSSM

W = Wulawa + ASH, Hy + %53

..additional quartic interaction !V =

”Hqu|2

increases M,



Fine tuning in the NMSSM
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BayesFITs (2012)
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CNMSSM
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Fine tuning in the NMSSM

BayesFITS {2012)
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Reduced fine tuning : BMSSM - General Operator analysis

SL = deQML(,uO +¢,S)(H,H,) , S=m,00 Dimension 5

v =" ([ 4R b+ () = =

1007 100
80! 801
60 60
A wl w0l Cassel, Ghilencea, GGR
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Dine, Seiberg, Thomas
20/ 20/ Batra, Delgardo, Tait
Kaplan,
60 80 100 120 140 60 80 100 120 140
mh mh

+ dim 5 operators

..effect mainly comes from §1|h1|2 hh, term .. origin?



Reduced fine tuning : singlet extensions

W = Wyakawa + (1t + AS)H, Hy + %552 + gs?' +¢8 GNMSSM 1 >> my,

W§NMSSM:(Hqu)2 /:us+:uHqu

V = W- K g3 NMSSM B2 —
C-f- W = Wyukawa + ASH, Hg + 3S .U_s(|Hu| +[Hy| )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' + AS)H Hg + ESZ + iSS + £S5

2 3
NMSSM spectrum v
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Commutes with SO(10) 411 ]1]0]0 2
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f
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Weinberg operator

SUSY breaking
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Domain walls and tadpoles safe Abel M~ my,, O
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2 2 “ "
Aszf ~m,,H H,+m.,S+m,,S <€—— | term and mass terms “natural

GNMSSM (c.f. NMSSM)

2
AWzg ~ m;,,S

Lee, Raby, Ratz, GGR, Schieren, Schmidt Hoberg, Vaudrevange
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GENERAL-NMSSM PHENOMENOLOGY

Higgs structure (h,,hy,s)

® U >U MSSM SUSY structure with heavy Higgs

¢ u59msabs! ,LL hleu,d_i_gS’ h2=S_8Hu,d

...h, may be lighter than LEP bound

m, VIs | for the case m, <m,
hy o) 1

120
my, [GeV]



GENERAL-NMSSM PHENOMENOLOGY

Higgs structure (h,,hy,s)

® U >U MSSM SUSY structure with heavy Higgs
g ousamsabs! ou hI:Hu,d_l_gS’ h2=S_8Hu,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 :usamsabs! au hleu,d_l_gS’ hZZS_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 135GeV 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°
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
AtopYiop [GeV] 1500.0 s [GeV?3 0.0
CP even Higgs sector
mp, [GeV] 125.7 down fraction hy 41.5%
mp, [GeV] 690.1 up fraction hy 57.8%
mp, [GeV] 786.8 singlet fraction hy 0.7%
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%
2 [GeV] 14974 singlet fraction \{ 84.5%
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

GNMSSM be

nchmark point




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
AtopYiop [GeV] 1500.0 s [GeV?3 0.0
CP even Higgs sector
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%
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%
2 [GeV] 1497.4 singlet fraction \{ 84.5%
Chargino sector
\i [GeV] 154.8 wino fraction \7 70.6%
5 [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'ED [cm?] 3.8-10740
(0V)y [cm?® /5] 0.83-107%7 || (0v),z [cm?/s] 0.79 - 10727

GNMSSM be

nchmark point

my2 [GCV]

800

600

500

400

Stau co-annihilation limits
SUSY masses - nearly
excluded by LHC




Input

tan 3 1.2 vs [GeV] -4.0
A 0.74 Ay [GeV] 0
K 1.4 Ag [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
AtopYiop [GeV] 1500.0 s [GeV?3 0.0
CP even Higgs sector
mp, [GeV] 125.7 down fraction hy 41.5%
mp, [GeV] 690.1 up fraction hy 57.8%
mp, [GeV] 786.8 singlet fraction hy 0.7%
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%
2 [GeV] 14974 singlet fraction \{ 84.5%
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

GNMSSM be

nchmark point

my2 [GCV]

800

600

500

400

Stau co-annihilation limits

SUSY masses - nearly
excluded by LHC

to gaugino spectrum

.. but LSP nature sensitive



Reduced fine tuning : nonuniversal gaugino masses
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Reduced fine tuning : nonuniversal gaugino masses

d 6
16! 25m2u=3(2 |3, G, 4+ )42 a, F) " 6g2 1 M, P S8 M T

R |

New focuspoint: cancellation beéween M, and M, contributionsif [M,|" ! |M,|" a& M,

Natural ratios? e.g.:

. ) N _ . . —
GUT: SUG): @ c(24x24) =1+24+75+200; SQUO0): (45%x45)  =1+54+210+770
n,:1:m, 2.Mm,:1:0.9n,
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

M(@Q) ~ 0.5m

MQ(Q) |
VI1/2 Clz(‘\[X) \/ (Q)

) 2.

... gauginos can be very heavy

e Light neutralino and 2 charginos nearly degenerate

s c? M3
o — o= ) [ W W O Z
m 9 X9 Z (All T 1\[2 T ( A[QQ )

s, cy 1 stk My
o= 1 [ W W Y L U 286+ O Z
Myt =My = 5 (A 1, + M, + 22\ 3, T M, esin23 + O( 2 [z)

+for [M||< u, Bino or Higgsino LSP candidate




Non-universal gaugino masses in the CMSSM

Ms | GeV
. 8 8 8 E B B

h Ra=As [ M3

m, =1253+0.6+3GeV

Antusch, Calibbi, Maurer, Monaco, Spinrath



Summary
® CMSSM (and other MSSMs) highly fine tuned




Summary
® CMSSM (and other MSSMs) highly fine tuned

® RBCMSSM: more correlations or BMSSM

-(G) NMSSM Reduced !' = GNMSSM = Z,;,Z;

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

LHC bounds already severe with conventional cosmology
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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

rfrrrr|yrrrrrrrrrr T T r T T e T e e T T
|
|

am"®Y _ gt = (28,72 8.0)X107"] | suos e taseo

u u 500+ 65 —e—

DHMZ 10 (<-based)

Theory error from hadronic contribution: | 7=

DHMZ 10 (e*€")
5afl+€_ =360

—287 +49 —e—

HLMNT 11 (e*e)
—261+49 —e—

T
oa,=240
BNL-E821 (world average) i
0:63 &

|
|
IIIIlllllllllllllllllllllllllllllllllll

-700 -600 -500 -400 -300 -200 -100 0

S U Sy (aifmy I a;xpt)n 10"

2
5" = 13107 1299V | 1o g L

i/
SUSY 1 N

1 X m

Needs light sleptons - anomaly/mirage spectrum?

With slepton universality - 7 — y v plausibly correct! Giudice et al



h — v y enhancement in the NMSSM

AN Y g : ; Y
AN W, ]
s | ) / \\\
H; --- VX H; ---< \W,H*,f H; ---- /
N\ | - _
. _
VAVAVAV AN Y
Figure 2: Generic diagrams contributing to the decay H; — ~7.

e tanf small = 7 contribution small

e Dominant contribution t;
A =0(1), suppression (enhancement)

¥ Singlet mixing - suppressed bb - enhanced yy and WW..

King et al



Summary
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® RBCMSSM: more correlations or BMSSM
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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

10( 800|||||||||||||||_

osl " -

- __ 600 m, = 175 GeV = —]

> i

é,) 06 é og(Mz;) = 0.118 ]

E 04l Em 400 - Landau pole <Mp,anck_:

2z L not allowed _|

0.2} — 200 :— allowed —

'\,1 | ;/#

oA~ ] not allov_vgd _

o P m—— oLl | 1 | Vpepum jnstgbifity | -

102 10* 106 108 10 102 10 106 108 1020 103 106 109 1012 1019 1018
RGE - just the Standard Model Higgs coupling small

Hambye, Riesselmann



Implications of 125 GeV Higgs - vacuum instability

V(H

1 A
)=——M,|H| +=|H]|
2 4

0.0,
008
006
004}

002}

Higgs quartic coupling A(u)

M =125 GeV
30 bands in
M, =1731+07 GeV
as(Mz) =0.1184 + 0.0007

> M, =1710GeV |

\\ BN e
\\: el < M
TSsl_a,(My) = 01163

T - -

)=01205- -

10%

My, [GeV] > 129.4 +1.4 (

10* 10 10® 10 102 10 10 10'® 10%°
RGE scale g in GeV

4

872

3MWN_A4

Vi
Tunneling probability: p = mngZ exp {—

Isidori, Ridolfi, Strumia

Top mass M, in GeV
g 8 8

|S|||

o

0 50 100 150 200
Higgs mass M} in GeV

My > 1294 £1.8 GeV.

0.7

M, [GeV] — 173.1) 05 (as(MZ) - 0.1184) + 1.0,

0.0007
20 away from stability

De Grassi et al



* Higgs mass?
-y M, = 126 GeV (dashed)
RS M;, = 124 GeV (dotted)
ool ) M,=1710GevV (-20) |
3 A “‘\‘\ a;(Mz) =0.1184
< A\ 4
R/ . '\\'\\,\
2 2 14 2 0 [awms ]
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20 T REBea o
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