Whither SUSY?

G. Ross, Fermilab, August 2013

whither Archaic or poetic

adv

1. to what place?

2. to what end or purpose?

conj

to whatever place, purpose, etc.

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



Low energy

SUSY - to what end or purpose?

N

Standard particles SUSY particles
ud cd t) ' u c t ‘
d S b Higgs G S b Higgsino
n

! Quarks . Leptons . Force particles Squarks o Sleptons 0 g:JSY k;rce




Low energy

SUSY - to what end or purpose?

I\ Standard particles SUSY particles
Unification:
2, SOTS SUE) S SUEE STl Georgi Glashow 1974

8; 8; &> g
LH states SU(2) doublets

¢ Lsuo FLDe
() : ® 30,40, =0 Eud

% }SU(Z) 0,.=1/3 (10), : ‘5

(16), = (10), +(5), +(1);"



Low energy

SUSY - to what end or purpose?

Standard particles SUSY particles X
b Bal o
SE H 2
Y v by
~ ~ ~
e

SUsY Umflca’rlon ’rhe hnerarchy problem

e.g. SO(10)> SUS)oSURB)RSU(2)®U(1) Georgi Glashow 1974
8; 8; g g,

LH states SU(2) doublets

¢ Lsuo FLDe
) : @ 30,40, =0 Eud

% }SU(Z) Q.=1/3 (IO)L : ‘5

(16), = (10), +(5), +(1);"



Low energy

SUSY - to what end or purpose?

N

Standard particles SUSY particles
s ~ s
u c t
~YAY A~
d s b Higgsino

) Quarks @ Leotons @ Force partictes Squarks @ sieptons @ Susy force
[ ] [ ] (]
U T .
niTticarion.
= 60 ~ 1 /a, = 60 ~ e,
s SM \ MSSM
S0 W S0
- % 7 e
G 7
40 1/a, /:’\ 9 Ve, \
30 il 30| -
20 - 20 o
B
10 7’ 10
1 /ay Va,
0 0 L
0 = 10 ‘IOS 0 5 10 I105
log Q log Q




Low energy

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

breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

m
m. > 0.6-17TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

—> Correlations between SUSY breaking parameters
and/or additional low-scale states



SUSY - to what place?

breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

m
m. > 0.6—1TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

—> Correlations between SUSY breaking parameters
and/or additional low-scale states

Fine Tuning measure:

4 oM,

Ala; )= —
() M, da,

b

Ellis, Enquist, Nanopoulos, Zwirner

A, = MaxaiA(ai)’ Aq - (ZAgz/i )1/2 Barbieri, Giudice




Fine tuning from a likelihood fit:

“Nuisance” variable

L(data | }/l.) oc Jdvé(mz —mg)5(v-£—m—2]l/2]L(data | }/i;V)

A

— Aiq(S(nq(lnyi —ln}/f))L(data| Yi:V)

Ghilencea, GGR

Fine tuning not optional! Casasetal

Probabilistic interpretation:

Xow = Xog +21INA, A, <100



® The CMSSM yi:‘uo»m()’mm’Ao’Bo

J

assume correlation between SUSY breaking parameters



® The CMSSM ty,my,m,,, A, B,

V = m1 |Hl|2—+—m2 |Ho|2 m3 H,-Hy+ h.c.)

g M L 5 0 | Halt 4 2 [P |l + |y - Hof?

~X\s (Hy - H2)? + Xg |Hy|? (Hy - Ha) + A7 |Ha|? (Hy - Hy) + h.c.

b =

+

Minimisation conditions:

02 = —m?/\, Aai — 28/\ AN ae Ay a Aas o L o
65 65 A= - cos B+ - sin® f+ '4 2 sin® 23 + sin 23 (Ag cos” B + A, sin” 3)

2 2 2 . 25 2 .
m° = mj cos” 3+ mj sin” f —m3 sin2f3

O In v?

A= i
Olnp

A } : A, =
Plp={ug.m§.m3 ,.A§.B3}’ p

Couplings and masses evaluated to two loop (leading log) order
..enhanced sensitivity due to small tree-level 1= 8(g1 + g7 )cos’ 23

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



® The CMSSM - before LHC

A, i=U,m,m
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A increase with m,

Constraints

SUSY particle masses
3.20 < 10* Br(b — s7) < 3.84
Br(b — pup) < 1.8 x 1078
da,, < 292 x 10~
—0.0007 < dp < 0.0012
Radiative EW breaking

Relic density unrestricted

Guuge coupling unification

_~ Limit of focus point



Focus Point
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Feng, Matchev, Moroi

N(]Tur‘(]l Choice Chan, Chattopadhay, Nath

Barbieri, Giudice
Feng, Sanford
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1
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e5 A°/H° resonant annihilation

Within 3c WMAP:
A, =15, m, =114.7+2GeV

<30 WMAP:
A, =18, m, =1159+2GeV

Cassel, Ghilencea, GGR



DM - Scaled spin independent cross section for LSP-proton scattering:
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e The CMSSM - after Higgs discovery
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Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginosz Méﬁ’g Non-universal gaugino correlations

* New degrees of freedom



I. Reduced fine tuning : nonuniversal gaugino masses

6
o, ¥ )21, ) =687 | M, P =27 | M,
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New focus point: cancellation between M, and M, contributions if ‘M 2‘ = ‘M 3‘ at M ¢,
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I. Reduced fine tuning : nonuniversal gaugino masses

6
o, ¥ )21, ) =687 | M, P =27 | M,

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

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

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24) =1+24+75+200; SO(10): (45x45) —~=1+54+210+770
n,:L:n, 2.7m,:1:0.5n,
Representation | M3 : My : M, at Mayr M;s: M, : M, at Mpwsg
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+855) :(—1+64) :[—§+ 5(;5] (O1II, also mixed moduli anomaly)



I. Reduced fine tuning : nonuniversal gaugino masses

6
o, ¥ )21, ) =687 | M, P =27 | M,

New focus point: cancellation between M, and M, contributions if ‘M 5 ‘2 = ‘M 3‘2 at M ¢,qy

d
167t25m[2{u:3(2 |3, (2, +m

4
LHC8 SUSY bounds y
AT =60 (500), m, =125.6+3GeV DM relic abundance

DM searches ¥




I1.Reduced fine tuning : New heavy states - higher dimension operators

1 2
2 . .
5L:jd 0—(uy+c,S)(H,H,) , S=m,60 Dimension 5
M.
2 2 2, Ho CoMMy
5V_g1(hu +|hd| )huhd+g2 (huhd) ’ gl - > g2 —
M* M*
100 1007
80! 80!
60 60
A Cassel, Ghilencea, GGR
40/ 40/ Casas, Espinosa, Hidalgo
Dine, Seiberg, Thomas
20/ 20 Batra, Delgardo, Tait
Kaplan,
60 80 100 120 140 ' 60 80 100 120 140
nm, m,

+ dim 5 operators
Even for M«=65 y,a significant shift of m, for constant A

..effect mainly comes from G, term .. origin?



IT.Reduced fine tuning : New heavy states - higher dimension operators

1
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IT.Reduced fine tuning : New heavy states - higher dimension operators

1

SL=[d’6 (g + ¢,S)(H,H,), S=m,00 Dimension 5
2 2 2 MU com

oV = S (|hu| +|hd| )huhd TG, (huhd) s 61 = VO*7 Gy = ;)W*o

Singlet extensions

W = Wyakawa + ASH Hy + %SB NMSSM

W = Wyawa + (1 + AS)H Hy + 2552 4 g3 4 ¢g GNMSSM

/ 2 3

, >
Hg >>my, o WM = (HH, ) +uH H,

_ K
V=i (2

2 +|Hd|2)Hqu but are u, 1, naturally small?



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,

+ %(QQQL +LLH H,)

R-parity: Z, H, H,+1 SUSY states odd
L,E,Q,B,ﬁ, 9 _1 Weinberg, Sakai




SUSY extensions of the Standard Model

W =h"LH ,E+h"QH ,D+h"QH U +

M

R-parity:

=

Z% R-symmetry

N | qo |9 |9 | 49u, | 95
4111110 1] 02
8 510 1| 4 |6

+LLH H,)

Discrete gauge symmetry
-anomaly free
Ibanez, GGR

N=4,6,8,12,24

SU(S5),50(0)
compatible

R-symmetry ensures singlets light

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H +uH H,

+ i( +LLH H,)
M
R-parity:
Z: R-symmetry N=4 6 8 12 24
susy br'eaking: Domain walls safe

(W),(AL) R=2, non=perturbative breaking

Z,. =725 R-— parity LSP stable

s,
IYE QQQL)

W, e ~ ms,, O



Fine tuning in the CGNMSSM (<07

LHC8 SUSY bounds

v
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DM searches v
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GGR, Schmidt-Hoberg , Staub
Tc.f. Hall, Pinner, Ruderman



Fine tuning in the (C)GNMSSM  (A1<0.7")

X

Non-unversal gaugino masses
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GGR, Kaminska, Schmidt-Hoberg



Fine tuning v/s gaugino mass ratios

F.T.

> 100
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Dark matter

48 A' ‘. ”;;. :.
10°
= - 0.005  0.010  0.020 0.050  0.100

Q h?




Summary

GUTs — SUSY-GUTS (hierarchy problem)

Low fine tuning not optional

Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM > 350 X A(C)MSSM > 60 X

X 74
ACGMSSM > 60 A(C YGNMMS > 20

c.f. AT =(10-30), m- = (1-5)TeV



Summary

O GUTs —> SUSY-GUTS (hierarchy problem)

® Low fine tuning not optional

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

® ACMSSM > 350 A(C)MSSM > 60

ACGMSSM > 60 A(C YGNMMS > 20

Well motivated SUSY models remain to be tested
LHC14?

Compressed spectra, TeV squarks and gluinos






=
x
g,
o
10
]
U=
% 10"
— | 17a)NUGMd
101IIII|IIII|IIII|IIII|IIIIlIII||IIII|IIII|IIII|IIII
80 85 90 95 100 105 110 115 120 125 130
hlggs(GeV)

2-loop fine tuning in 75 case Ghilencea, Lee, Park



Muon g-2 a,® —a, M = (28.7 £ 8.0) x 10-10

» 3.6 "standard deviations“ (e*e")

a“ IS5 @ PIaUSIble ®» 2.4 "standard deviations“ (7)

location for a

new physics signall!! S5qa — 13- IO—IO(IOOGeV> 2tg[3
no M
: SUSY
eg COUId t,)e Ilght SUSY Status: summer 2011 (published results shown only)
(now tension with LHC) L R I RIS S B
JN 09 (e*e -based) !
—299+65 —e— i
. DHMZ 10 (x-based) i
: -195+54 F—aA— :
¥ DHMZ 10 (e*e") E
: —287+49 —e— |
HLMNT 11 (6%
oA 26149 —eo— -
i E
e en ., BNL-E821 (world average) |
; v . .
LL. "u lllllllllllllllllllllllllllllllllllill 1

700 -600 -500 -400 -300 -200 -100 0
@ Error dominated by th error from y—y 4 - aev x 107"



. BP1 BP2 BP3 BP4 BP5
BenChmGr'k pOInTS mo [GeV] 746 163 057 573 752
my s [GeV] 476 568 557 482 472
tan 3 2.7 2.9 2.8 3.4 2.8
Ag [GeV] 1433 1666 782 27 -198
A 1.43 1.47 1.58 1.34 1.12
K -0.1 0.09 -0.005 1.52 1.03
A)\ [GQV] A() AO Ao 400 192
AK [GQV] AQ AO Ao -323 -326
vs [GeV] -841 -190 -929 390 281
s [GeV] -5931 -5354 -5799 131 -37
m?  [GeV?] m2 m2 m2 9.1-10°  5.4-10°
mi [GeV?] m2 m2 m2 2.3-10°  2.4-10°
m? [GeV?] mé m2 mé 2810  1.7-10°
1 [GeV] -750 -1136 -934 -33 10
by [GeV?] —2.4-10  —12-105  —2.3-10° 147 26
b [GeV?] ~1.9-10" —54-105  —1.4-107 326 144
& [GeV?] 2.2-10° 1.5-10° 3.0 - 10° 22 -8
Misquark [GeV] 1256-1293  1207-1263  1507-1548  1211-1248 1280-1315
m; [GeV] 1219 1389 1416 1242 1235
mp, [GeV] 124 123.5 125 93.5 78
mp, [GeV] 1002 856 1257 125 124
hy singletfraction O(10™%) O(107°) O(107%) 0.8 0.85
Br(h — v7) 2.29-107%  228-107%  22-107% 25-107% 2.66-1073
Br(b — s7) 31-107*  31-107*  31-100* 31-100* 3.3-107*
Aa, ~78-107" —25-1071° —54-10"" 1.7-107 8-107"
5p 6.2-10°  6.6-10° 75-10°> 1.9-107* 3.1-107*
mgo [GeV] 229 270 168 99 70
XY singlinofraction |  O(107°) O(1079) O(1079) 0.1 0.2
Qh? 7.5 0.10 7.4 0.017 0.11
oplem?] 28-107%7 2.2.107% 6-10747  12-107" 1.3-107%
A (Fine-tuning) 34.9 51.0 51.8 44.9 52.7

Table 1: Benchmark scenarios for the GNMSSM for the universal (BP1-BP3) and the general
(BP4-BP5) case. Mgquark shows the range of squark masses of the first two generations. For
the last two points the second lightest Higgs is mostly MSSM-like.



A unique solution: Z; discrete R symmetry

MSSM spectrum
No perturbative p term N
Commutes with SO(10)
Anomaly cancellation

o | 495 | 9u, | 9u, | 9n

Green Schwarz term

v

Ag_g—zxy = p modn

. 1 . .
ASU(B)—SU(B)—V/J_.\.- = 52 [3 “q1o, + g5, — 41?] + 3R

1 1
Asu(2)-su(@)-zy = 52 [3- qr0, + a5, —4R| +2R + 5 (0t an = 28)
A 1

AU)y-UQ)y-2§ — 5

311 _
(3qfo + &) + v [3 (qm, +qu,) — 11 (R=1)

— N =3(1)6,8,12,24

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange



Effect of focus point limited by h; :

Fine tuning for measured parameter :

Ah, IM,

A'(h,) =

A(m(l,)

Pha B
Y
,g"-inﬁnn--

M, oh, o

T90 100 110 120 130

Higgs Mass /GeV

A(p)™" is probability p lies in range P> Pp+0p

p

For measured parameter, probability p lies in range,

. : : ) _
compatible with measured value is: P~6—p=A(p) lf

p

Ciafolini, Strumia
Romanino, Strumia
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LHC - Regions of low fine tuning A <100:

SUGO SUG1 SUG2 SUG3 SUG5
mo 1455 1508 2270 113 725
mi o 160 135 329 383 535
Ag 238 1492 30 -220 1138
tan 3 225 225 35 15 50
7 191 433 187 529 581
m 482 414 900 898 1252
may, 1469 1509 2331 826 1315
mg, 876 831 1423 602 1000
Mk 106 104 168 203 416
myg 108 104 181 203 416
mgo 60 53 123 155 222
A 9 50 45 68 84
Qgoh? 041 013 010 0.13 0.0
BR(b — sv) x 10* 3.4 3.7 3.4 3.2 3.2
BR(Bs — ptp™) x 10° 3.0 2.9 2.9 3.4 1.7
Say x 1010 4.5 3.2 32 225 166
oy (pb) x10™ 108 5 432 24 101
o(LO) (7 TeV) (pb) 8 12 0.9 0.4  0.02
o(LO) (14 TeV) (pb) 40 75 3 5 0.4

myp /GCV

1000 -

CMS

100" :
/ 100 200

500 1000 2000
my /GeV

(a) my > 111 GeV

5000



® (General) Gauge mediation in the MSSM

7 ]\[mes S
‘A[~ (A[mess) = k; &( ) AG
A7
m megg o QZCZC ' mess) A2
\\
k; = (5,1,1) No focus point

ko, (Mg, )=1, i=1,2,3

(Or'dinar'y gauge mediation AG = AS) Meade, Seiberg, Shih



Fine tuning in General Gauge Mediation
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Phenomenology

e (Gaugino mass ratios

’ )
‘UZ(Q) =1 GZ(Q) = M(Q) ~ 0.8M 9
‘:\[1/2 az(*\[X) ~

Mp(Q) T

.. gauginos can be very heavy

e Light neutralino and 2 charginos nearly degenerate

2 2 13
a2 Sw Cyy M3
Myg — My = Mz (Ml T MQ> +O( MQQ)
M3 7
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+for [M || < u, Bino or Higgsino LSP candidate



