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A Bitino of Shistory

: Impossible to combine internal and
external (Lorentz) symmetry —

: Extend Poincar¢ symmetry using fernionic
charges —

: Supersymmetry in 2 dimensions (for
baryons in strings) —

. First supersymmetric field theories 1n 4
dimensions: nonlinear for v —

renormalizable theories —



More Shistory

: No-renormalization theorems —
: Discovery of supergravity —
: Relevance to hierarchy problem —

: Source of astrophysical dark matter —

: Superunification of gauge couplings —

: LEP data favour light Higgs boson
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INTRODUCTION

N spite of its obvious theoretical appeal, the dual
moded! has been denied full acceptance (credibality)
because of its fallure 10 indude fermions. In this paper
we present an extension of the model 1o encompass
half-integer-spin states by making use of a structure
evident in the dusl theory of free bosons ® Namely, we
found that the following view of duality led 10 50 con-
tradiction with existing results: Each “free™ boson ap-
pearing in the theory is 2 state of a complex system. Its
structure can be parametrized in terms of an internal
motion which is periodic in an internal time coondinate
$0 that cach observable of the system is the average
over a cycle of the internal motion of suitably general.
udqanmhtbny.mwn*
theories

Mbemunlpuntpnndem\himd&t-lnnl
cycle going 1o 2ero. These precepts are illustrated by
M;pplnuomothcboonkeurn&« L. We use
these to duce a generalisation of the
Dln(mlr\aluldpnﬂuhlelniltnnmht
the free fermionic system. Its formal peoperties are
studied in Sec. 11 Section 11 will be devoted t0 a
detailed study of its solutions.

1L BOSON CASE
In order to set the notation and illusteate the ideas
behind our i tion, it is desirable 10 first consid
of the Intersatioeal Schend

8 e oo Silferent sheets of the cut j plane.

the (alveady known) free-boson theory. The free ba-
drosic system is described in terms of an internal
metion generated by the Nambue® Hamiltonian

Hym} £ [p0-p= 4ty -g®],  (1D)
-
with

s =wemw, w=0, 12 ... (1.2)
and the normal-mode coordinates are four-vector
operators satisfying the usual commutation relations

(5 as= =P ps~"]=0,
[ ] —igesd™, m,u=0,1,...

where we we ga=(1, —1, —1, —1) for the Lorentz
metric. The internal system carries & total momentum

(1.3)

Pu=E p 14
corresponding to a coordinate
Q= i «™. (1.5)
-

T\:m& 'hkhduaibu!htvdmollhu
J motions is i duced by means of the Heisen-
berg equations

(H o f)=ildf/ds), (1.6)
M/inyw. It is important 1o note that in
'Y, Namba, U-‘v-ty of Chicago Report No. EF1 0564,
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WSIOH OF THE ALGEBRA OF POINCARE QOROUP GENERATORS AND VIOLATION OF P IN-

Yu.A. Gol'fand and E.P. Likhtman
I3 - ASSy doxy Sciences
Submitted 10 March 1971

ZhETF Pis. Red. 13, No. 8, 452 - 855 (20 April 1971)

One of the main requirements imposed on quantum field theory is invariance
of the theory to the Poincare group ([1). However, only a fraction of the inter-
actions satisfying this requirement is realized in nature. It i3 possible that
these interactions, unlike others, have a higher degree of symmetry. It 13
therefore of interest to study different algebras and groups, the invariance
with respect to which imposes limitations on the form of the elementary parti-
cle interaction. In the present paper we propose, in constructing the Hamil-
tonlan rfuluion of the quantum field theory, e?ﬁue as the basis a special
algebra which 18 an extension of the algebra * of the Polncare group gen-
eratora. "hn purpose of the paper 1s to find such a realization of the algebra
'1'1:1: which the Hamiltonian operator describes the interaction of quantized
e .

The extenslon of the algebra 7 13 carried out in the following manner:
we add to the generators Pu and "uv the bispinor generators "u and H‘, which

we shall call the generators of spinor translations. In order to obtaln the
algebra A, it 15 necessary to find the Lorentz-invariant form of the permuta-
tion relations between the translation generators. In order not to violate
subsequently the connection between the %pin and statistics, we shall conasider
anticommutators of the operators wa and A generalization of the Jacobl

i{dentitlies imposes stringent limitations on the form of the possible commuta-
tion relations between the algebra operators. We confine ourselves to con=-
udor%lon of onJ.y those algebras &, in which there are no sudalgebras Q such
that < Qand ¥ Q. This choice is governed by the fact that the remain-
ing algebras & are obtalned by further extending the algebras , and the
field theories corresponding to them will have a still higher degree of sym-
metry.

An investigation of the albegras & has shown that upon spatial inversion
they do not go over into themselves for any cholce of the structure constants
of the algebra. As a result, in a fleld eheorx that is invariant against such
an algebra, the parity should not be conserved . and the form of the noncon-
servation is completely determined by the algebra itself. We shall stop to
dlscuss one of the algebras X :

l.", ..‘l_ - “"..“ - 'A.” - “‘k'- ‘..*A); (P’I Ri_=-0;

(1a)
i
l.". "l_ - I(..A’,-'ﬁ"); [.’w 'l' '— ho KL'; W= "'.-

W, W), =g (W, W, 0 (B, W] =0
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Theoretical Introduction
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The LHC Roulette Wheel

Supersymmetry




Open Questions beyond the
Standard Model

* What 1s the origin of particle masses? -
SUSY

 Why so many types of matter particles’”LHC
f * What 1s the dark matter in the Univers'SUSY &

 Unification of fundamental forces? [SUSY |

* Quantum theory of gravity? String
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Minimal Supersymmetric Extension of

Standard Model (MSSM)

* Particles + spartners

l) N { [[([)ZL()H) - q (Z(]ll(l.‘l’l{ ] < 1 ) 6.0 ( g (l[')ll(,’)f(')‘l‘l::) ) or ( g ((/[U()Il) ) |
) €9 { (slepton) “ q (squark) % 77\ (photino) ) g (gluino)

e 2 Higgs doublets, coupling 1, ratio of v.e.v.'s =

e Unknown supersymmetry-breaking parameters:

Scalar masses 111, gaugino masses
trilinear soft couplings /., bilinear soft coupling

* Often assume universality:

(

Single 1, single , single : not string? -
{ » Called constrained™* MSSM = (* at what scale?)
! + Minimal supergravity ( ) predicts gravitino

mass: and relation:




Non-Universal Scalar Masses

 Different sfermions with same quantum #s?
e.g., d, s squarks?

* Squarks with different #s, squarks and sleptons?

* Non-universal susy-breaking masses for Higgses?

~
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MSSM: > 100 parameters

Minimal Flavour Violation: 13 parameters
(+ 6 violating CP)

SU(5) unification: 7 parameters

NUHM2: 6 parameters
NUHMI = SO(10): 5 parameters

CMSSM: 4 parameters




Lightest Supersymmetric Particle

 Stable in many models because of
conservation of R parity:

 Particles have R = +1, sparticles R = -1:

Sparticles produced 1n pairs
Heavier sparticles = lighter sparticles




Possible Nature of LSP

* No strong or electromagnetic interactions

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)
(partner of Z, H, v)

(nightmare for astrophysical detection)

-
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Classic Supersymmetric Signature

zzzzz

e

Missing transverse energy

& carried away by dark ma
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onstraints on Supersymmetry

DEHZ 03 (¢"e -based)

180.9£8.0 ——A—

DEHZ 03 (t-based)

195.6+6.8 PR Voo
HMNT 03 (e"e -based)

176.3+7.4 —_——

(preliminary —L8—
based)

8 (preliminary) —0—
DEHZ ICHEP 2006 (e'e -based)

180.5+5.6 (preliminary)

e Indirect constraints

BNL-E821 04
208+5.8 | e e |

140 150 160 170 180 190 200 210
a,— 11659000 (107"°)

* Density of dark matter




Quo Vadis
g, - 27

Strong discrepancy between
BNL experiment and e*e” data:

—now~360

Decent agreement between e*e

experiments

Increased discrepancy between

BNL experiment and T decay
data

—now~240

Convergence between ete
experiments and t decay data?

j e More credlblllty"

T LE e Ty

P e oA gm—

HMNT 07 (e*e -based)
—285 £ 51

IN09 (e'e)
—299 +

Davier et al. 09/1 (t-based)
—-157 £52

Davier et al. 09/1 (e*e")
-312£51

Davier et al. 09/2 (e*e” w/ BABAR)
—2551+49
HLMNT 10 (e*e” w/ BABAR)

e

—e—

—A—

—259148 —e—
DHMZ 10 (t newest)
—195+54 F—a—
DHMZ 10 (e*e” newest)
—287 £49 —e—
BNL-E821 (world average) ;
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Pre-LHC Constraints on CMSSM

P e |

Assuming the
lightest sparticle [
1s a neutralino

100 200 300 400 500 600 700 800 900 1000
my,, (GeV)

JE + Olive + Santoso + Spanos




Global Supersymmetric Fits

* Frequentist approach
* Data used:

— Precision electroweak data
— Higgs mass limit
— cold dark matter density
— B decay data (b = sy, B, —= u'w)
— g, - 2 (optional)
* Combine likelithood functions pre/post-LHC

|+ Analyze CMSSM, NUHM1 (VCMSSM, mSUGRA) |



Pre-LHC

ow Soon Might the CMSSM be
Detected?

tanf=10,A,=0,u>0
— 1/fb @ 14 TeV
- 100/pb @ 14 TeV

— - 50/pb @ 10 TeV

full CMSSM
parameter space

— E= es%cClL.

El 95%c|.

\\\\\\ N\

""ﬂ" 00

O.Buchmueller, JE et al: arXiv:0808.4128 "b [Gev]




Pre-LHC

ow Soon Might the NUHMI1 be
Detected?

tanf=10,A,=0, u>0
— 1/fb @ 14 TeV
— © 100/pb @ 14 TeV

- - 50/pb @ 10 TeV

full CMSSM
parameter space

68% C.L.
XS 95% C.L.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

=1
B
A
l\.

N

OC
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10C
0

O.Buchmueller, JE et al: arXiv:0808.4128 "b [Gev]



What Happens if g, - 2 Dropped?

500 1000 1500 2000 2500 1000 1500 2000 2500 |
m0 [GeV/c"’] [GeV/c?]

- S()1d hns 1th “
Dashed lines: Wlthout g, -2
Focus-point still disfavoured, e. g by my,

O.Buchmueller, JE et al: arXiv:0907.5568



-

- 888 88 83 8 8 8

m,,, [GeV/c?]

J
X)
a
2

|
n
(=)

—
L34

2000 2500

Av
m,,, [GeV/c?]

—h

g 8 8 8 8

Frequentist Fits to VCMSSM & mSUGRA

e

m. [GeV/c*]
| Best-fit parameters in different models | ==
Minimum x* | Probability | myi/s | mo Ay | tanf || My (no LEP)
| mSUGRA 29.4 6.0% 550 | 230 | 430 28 107.7

33.2 2.3% 130 | 2110 | 980 7 116.9

‘| VCMSSM 22.5 31% 300 60 30 9 109.3
CMSSM 21.3 32% 320 60 | -160 11 107.9
19.3 31% 260 1010 8 119.5

O.Buchmueller, JE et al: arXiv:1011.6118




Pre-LHC

Best-Fit Spectra
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O.Buchmueller, JE et al: arXiv:0808.4128



Pre-LHC
pectra with Ranges: CMSSM & NUHM 1
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O.Buchmueller, JE et al: arXiv:0907.5568




Pre-LHC

Spectra with Ranges:
. VCMSSM, mSUGRA

mass (G:W
g

- -

2 mSUGRA solutions:
- Coannihilation region

- Higgs funnel region
with Ay? ~ 4

. 8 583888 %2

:

mmJGo\M:
g

llllllllulll!llllIllllllllllllllllllllllll'llll.

§ 8

-

o §

O.Buchmueller, JE et al: arXiv:1011.6118



Pre-LHC

=]
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3«10°
5 10 15 20 25 30 35 40 45
BR(B,—up)

Sh

Standard Model prediction

O.Buchmueller, JE et al: arXiv:0907.5568

Likelihood Function for B, =u"w

= S

x10°
5 10 15 20 25 30 35 40 45

BR(B,~u)




Pre-LHC

hood Functions fo
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Dijet + missing
energy events?

Squark - gluino
mass difference

r Sparticle Masses

1211

Neutralino

-
lIllll'lIllllllll“

Multijet + missing
energy events?

g

O.Buchmueller, JE et al: arXiv:1011.6118




Pre-LHC

Likelihood Function for Higgs Mass

4- 4
- _
3- 4 3- -
Al
>< O 1 o _
4
1 4 1- -
: , [Excluded , [Excluded
> 30 100 300 30 100 300,

O.Buchmueller, JE et al: arXiv:0907.5568 i o
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Likelihood Function for Higgs Mass

VCMSSM

|

N
.IllllllllllllllIlIlllllllllllllllllllll.

130 140 1000 520 380 340
M,,:Gew L

" 0. Buchmueller JE et al arX1v: 1011 6118 &

Y




Pre-LHC

Elastic Scattering Cross Sections

S e CDMS: 200442005 [xcanalym) +2008 Ge
——— XENONI0 2007 (Net 136 kg—d)
SuperCDMS (Projected) 25kg (7-ST@Snolab)

O.Buchmueller, JE et al: arXiv:0907.5568




Xenonl00 Experiment

No events in CDMS 11 31gnal reglon

| P
(S (=)
& 2

Cross Section lcm2|
|
o
L

Trotta et al. CMSSM 95% c 1.
Trotta et al. CMSSM 68% c 1.

~
-
-~ -
- -

= Expect sensitivity to

~ 10+ cm? with - —

2()0 days of data SR Similar sensitivity
2 with 11 days of data

Apr1le et al: arXiv: 1005 0380 ir






Supersymmetry Search in CMS

CMS prellmmary L = 35 pb i \!§ 7 TeV
o L e, .
- Observed Limit, NLO
«=1: Medlan Expected Limit

) Expected Limit = 1o EEEEY LEP2 %, ]
[ Jiep2 7 —

tanf=3.A =0.u>0
P=3, i % (800)GeV

8(650)GeV

400 500
m, (GeV)

Reach in CMSSM comparable to LEP Higgs search




Supersymmetry Search in ATLAS

; 400 LI | I LI | I LI l 1 I L I L I L l L I L I LI |
8 - ATLAS Preliminary — Observed limit . |
g o 350 __1 lepton, 3+ jets - -~- Median expected limit _| _
. = L Expected limit +1c  _ .
= -1 -
= ~— —— CMS a, 35 pb i
300 e, e B er2T 7
= fagenszn’ - < .."”"_g_("_'-_-,“i?*_“— D LEPZZ; :
—_ N\\~\\ \\. .'-, T ""i “’0 -
- //5§\\ N \\_ :: E DO p -
250 et . N a N — ] (500 GeV) (] DOg q ”<0 21" 7
- L) \\\ '“'“-CDngtan[552fb-
............. e '~ \\ _
200 w *4"“"-:,,}\- ...... I \\ N\ (500 GeV) ]
..... - R N Lo Ao ]
N B NS, I
~- N \ \ \ e -
. - ~ \\ \ "'- .
150 ST = e\ G00ceVN ", ]
N o = . —
)\\ \\ \ ‘; Tas
~ \

GeV) > & GoV) g (700 GeV) a

100 *TI 1 I L1 1 L1 1.1 I L1 11 I L1 1 1

100 200 300 400 500 600 700 800 900

Reach in CMSSM similar to LEP Higgs search | ™ !°°V]




Impact of LHC on the CMSSM

Assuming the mh 95% CL

lightest sparticle [ 7004 % §}.

is a neutralino T my, = 114 GeV

ATLAS 6004 % m,. eriy
. " Do
1 '/ A
500- / Pl
oo
= i: Yoo
WY\ i ems9swcL

1. Vo

L L Aflas195%CL
N :
s |

100 200 300 400 500 600 700 800 900 1000

my, (GeV)

WMAP eonstramt "w
! on CDM densrty ?'?frf *

Preferred (?7) by latest g- 2




Post-LHC

(m,, m,,,) Planes Revisited

m,,, [GeV/c?]

m,,, [GeV/c?]

1000

8
=]

3
=]

700

3
=]

8 8 8
S © o

3
o
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100

o

1000

700

m,;, [GeV/c?]

100 200 300 400 500 600 700 800 900 1000
m, [GeV/c?]

1000

800

500

400

900

700
600 F

3004

200"

100

© ]Illlllll'll.ll LAAJ LAl

100 200 300 400 500 600 700 800 900 1000 |

Pre-LHC: dots, *, post-LHC, solid %

m, [GeV/c?]

New best-fit points inside previous 68% CL regions

0 100 200 300 400 500 600 700 800 900 1000

m, [GeV/c?]

600
500
400
300
200
100

= | = No significant tension or conflict
3 VCMSSM E

:

100 200 300 400 500 600 700 800 900 1000

O.Buchmueller, JE et al: arXiv:1102.4585

m, [GeV/c?]



(tan B, m,,,) Planes Revisited

1000

.....

..................

45 50
tan(B) tan(p) S

Pre-LHC: dots, *, post-LHC, solid %

" | Best-fit points migrate to larger tan B: B
reconcile g —2 and LHC it




Post-LHC

Best-Fit Points Compared

o
A

Model

Minimum x?

Probability

mi/2

(GeV)

mo

(GeV)

Ao
(GeV)

My, (no LEP)
(GeV)

CMSSM
with CMS
with ATLAS

(21.3)
22.0
24.9

(32%)
29%
16%

(320)
370
400

(60)
80
100

(-170)
-340
-430

14
16

(107.9)
112.6
112.8

NUHM1
with CMS
with ATLAS

(19.3)
20.9
23.3

(31%)
28%
18%

(260)
380
490

(110)
90
110

(1010)
70
-630

(8)
14
25

(121.9)
113.5
116.5

VCMSSM
with CMS
with ATLAS

(22.5)
23.8
27.1

(31%)
25%
13%

(300)
340
390

(60)
70
90

(30)
50
70

(9)
9
11

(109.3)
115.5
117.0

mSUGRA
with CMS

with ATLAS

(29.4)
29.4
30.9

(6.1%)
6.1%
5.7%

(550)
550
550

(230)
230
230

(430)
430
430

(28)
28
28

(107.8)
121.2
121.2

No significant reductions in fit probabilities:
No significant tension or conflict

O.Buchmueller, JE et al: arXiv:1102.4585




Gluino Mass Revisited

PP EPEPEE SPEPEPE IPCPRP TRt SR IPEPE EPEPEPE EPEPEPE PR = L
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

m. [GeV/c? m. [GeV/c?]

Best-fit points migrate to larger masses:

within previous uncertainties

200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
m; [GeV/c?] m; [GeV/c?]

O.Buchmueller, JE et al: arXiv:1102.4585




Post-LHC

- Lep ' Theoretically=3 SE Theoretically]
- excluded inaccessible 3 - excluded 447 inaccessible 1
ot S o P o

110 120 130 140 9 100 110 120 130 140
M, [GeV]

LHC mmproves consistency

with indirect LEP constraint

i = 3F
2f
1.5F
1E
E Lep Theoreﬂcallv-é O.SE LEP

F excluded . ¥ inaccessible 3 - excluded

M 2 b 2 2 2 3 1l 2 2
0™=30~"""100

O.Buchmueller, JE et al: arXiv:1102.4585




BR(B > u u) Revisited

Sg
of
2f
i1E
6:

9
8
7
6
5
4
3
2
1
0

"'1.2"14'13'18“- "'a"1o'1z"-
BR(B, —u)"/BR(B —'uu) BR(B_ —un)’ /BR(B —up)™

Values > Standard Model now less dlsfavoured |

|

o -y N ) + 2 =] ~ ) w0
T T T rrrryrrrrrrrryreey

14 = -1&; ' 18
BR(B —~uu) /BR(B, —up)™

O.Buchmueller, JE et al: arXiv:1102.4585



Post-LHC

Dark Matter Scattering Revisited

1 040

10"
10"
10%
104

104

10"

aaal a2 2 o o
¢ m#[GeVIcif’

Values ~ 3 or 4 smaller possible if 2, smaller

~ g

O.Buchmueller, JE et al: arXiv:1102.4585
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No Issue of Fine-Tuning

» Standard measure of fine-tuning:
Pre-LHC A fier CMS, ATLAS 01

CMSSM 100 120, 140
| NUHMI 250 230,310
= VCMSSM 130 110, 140
| mSUGRA 250 250,250

o * No significant increase

g

iy e i 8

8 Contrast Strumia: arXiv:1101.2195

O.Buchmueller, JE et al: arXiv:1102.4585 '«
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Impact of LHC on the CMSSM

Assuming the
lightest sparticle
1s a neutralino

mh 95% CL

---_:;:---
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-

=
x
I+
- - H— -
" =
-h

=114 GeV

2 ATLAS
& | Lepton

my,
Ge

Atlas 01 95% CL

U eMs 95%cCL

i. Atlas 11 95%CL

= ‘WMAP constraint i ;/

 on CDM densrty
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Post-ATLAS OL o
VISSM (m,, m, ,) Plane Revisited

~— 1000 ety 125 «
o E o e e )
= 90
0 p—
O, =
E 700 —
600 — 15
500 —
400 10
300 [
200 5
100 - CMSSM
0 0

0 100 200 300 400 500 600 700 800 900 1000
m, [GeV/c?]

New best-fit point still inside previous 68% CL region
= No 31gn1ﬁcant tensmn or conflict

s i

0. Buchmueller JE et al: in preparation A A
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Post-ATLAS OL

CMSSM (tan 3, m,,,) Plane Revisited
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Post-ATLAS OL

SM Gluino Mass Revisited
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Best-fit point migrates to larger masses:
within previous uncertainties

O.Buchmueller, JE et al: in preparation



Post-ATLAS OL

NUHMI1 BR(B U u) Revisited
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68% of possible experiments
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DO World best published, 6.1 fb! < 42 x10-° <51 x10°
PLB 693 539 (2010)

Preliminary, 3.7 fb-! <36 x10° <43x10°
Note 9892

Potential impact of LHCb, CDF and DO

O.Buchmueller, JE et al: in preparation




Post-ATLAS OL

Dark Matter Scattering Revisited
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New results from Xenonl00 eagerly expected

O.Buchmueller, JE et al: in preparation



New CMS Jet + MET Analyses
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Limits on Heavy MSSM Higgses
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Sensitivity (@ 7 TeV

“LHC Weather Forecast” full CMSSM
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What do you do?
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Think of things for the ey Wouldq’ tit be

experiments to look for, Bs better 1f they
and hope they find VR found what
something different Vi you predicted?
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Then we would not b '
learn anything! 4
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