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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05 fb~! (at /s =7 TeV)

2011/12: <15 fb~! (at /s =7 TeV) = first physics results!
2013: shutdown, further splice checks, repairs, ...

2014 — 2016: 104+ fb~! per year at /s = 14(?) TeV
= physics results with “low” luminosity

2017: shutdown, preparation for “high luminosity”

2018 — 2020: 100 fb—1 per year = physics results with “high” luminosity
2021: upgrade to sLHC?

2022 + X (X > 0): sLHC?
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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05 fb~! (at /s =7 TeV)

2011/12: <15 fb~! (at /s =7 TeV) = first physics results!
2013: shutdown, further splice checks, repairs, ...

2014 — 2016: 104+ fb~! per year at /s = 14(?) TeV
= physics results with “low” luminosity

2017: shutdown, preparation for “high luminosity”

2018 — 2020: 100 fb—1 per year = physics results with “high” luminosity
2021: upgrade to sLHC?

2022 + X (X > 0): sLHC?

YOU live in an exciting time!!!
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Overview: [A. De Roeck et al. '10]
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First physics run in 2010-2011: 1 o' @ 7 TeV
CERN TH institute 02/09: LHC2FC: From the LHC to Future Colliders
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1. SM Higgs

Standard Model (SM) of the electroweak and strong interaction

SM: Quantum field theory = interaction: exchange of field quanta
Construction principle of the SM: gauge invariance

Example: Quantum electro-dynamics (QED)
field quanta: photon Ay

nucleus

Lqep invariant under gauge transformation:

mass term for photon: mQANAM not gauge invariant
= A, is massless gauge field
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Current status of knowledge: the Standard Model (SM)

ELEMENTARY

. 'I':-:_‘h . - -

PARITICILES

= all particles experimentally seen
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Current status of knowledge: the Standard Model (SM)

EILLEMENITARY
PARITICILES

" = .
1 r_r!_‘ L T

= all particles experimentally seen

= but theory predicts massless gauge bosons ...
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Problem:
Gauge fields Z, W, W~ are massive

explicite mass terms in the Lagrangian <

Solution: Higgs mechanism

breaking of gauge invariance

scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

ot b
Scalar SU(2) doublet: & = 0 |
¢ )
Higgs potential: 2 2
, > w0
V(g) = p?|ofo| + x|ofe[”, x>0 51/ ,
<0
u2 < 0: Spontaneous symmetry breaking / - _
2 ]
minimum of potential at P | = = —\ S N
P (@)l =5y =5
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b = = 0 (unitary gauge)
V2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
EHiggs — (DHCD) f (DMCD)
— 94QLPdr — guQrPcup
— V(P)
with
fiD, = i, — goIW, — g1Y By,

. 1 uj, 0
CDC — ZO-QCD QL ~ y CD ~/ y qDCN
dL (¥

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions
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1.) VV P coupling:

X XU X XX X

2.) fermion mass terms: Yukawa couplings:

X U X X

fo e 4+ T

U 1) N )
q —I_Z [\/_ﬁf] qd—mys =952
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1.) VV®D coupling:

V V

= VV mass terms:  g3v?/2 = MZ2,, (g5 + g5)v?/2 = M2

= triple/quartic couplings to gauge bosons

= coupling o« masses
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2.) fermion mass terms: Yukawa couplings

mr=vgr= coupling o« masses

3.) mass of the Higgs boson: self coupling

a2
v X\ P H )\ — MH/'U
U
. - My = vV free parameter
v x S H — last unknown parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings
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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;W; — WyWp

M j\i& + Mg M2 +O(1)
for £ — oo

= violation of unitarity

Contribution of a scalar particle with couplings prop. to the mass:

Mg = :}H{i + EH _gWWHM4 + O(1)
W %% M for E — oo
E? /5 2 12
MtOt:MV+MS:M—4(9WWH_g MW)+
W

= compensation of terms with bad high-energy behavior for

IgwwH = g My
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What else do we know about the Higgs boson?

Running of Higgs self-interaction:

N
N
) t
N
A
A e A e il
A e A e
N / N

e A e A 7 N

/ N / N 7 N

7/ N 7 N 7 N
!l/ \Zl !l/ \!l Zl/ \Zl

Renormalization group equation:

dx 3 [ 2, 22 _ Q°
= s [P e (g§+<gz+gl> )], L= Iog<,02>

Two conditions:
1.) avoid Landau pole (for large A ~ M%)
2.) avoid vacuum instability (for small/negative \)
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1.) avoid Landau pole (for large A\ ~ M%)

A= 2
dt 82 .
A(v9)
2y _
= MQT) = | 3002) 1o (O
- 8n2 ©9 (v—2>
8 2.2
AMA) < 0o = M7 < e . upper bound on My
H A2
3l0g ()

2.) avoid vacuum instability (for small/negative AN):V(w) < V()= AXA) >0

% = 8? [ 9 T ( g§+(g§+g%)2)]
2
= MQY = A(UQ)— [ gt + 116 ( g3 + (95 + 97) )] log (f )
2 2
- 2 [—gf + 116 ( 92 T (92 —|-91) )] log (:—2> . lower bound
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Both limits combined:

my = 174 GeV

800.0 —
IIII|IIII|IIII|IIII IIII|III|_§
700 E =
=~ A= 10° Gev —
500 E —3 600.0 |
= 10° GeV —
= 300 4 S
O " | ()]
& - ] O 400
I_Im 200 — = Landau pole
2 »
100 200.0 |
70 .
Potential bounded from below
5 O L1 11 | L1 1 | L1 1 L1 11 | L1 11 | L1 1 1 00103 106 109 1012 1015
100 125 150 175 200 225 250 A (GeV)

m,; [GeV]

/\: scale up to which the SM is valid
N = Mgyt = 130 GeV < My < 180 GeV
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Electroweak Precision Observables (EWPO):

Comparison of electro-weak precision observables with theory:

EW Precision data: Theory:
My, sin? Oasr, ay, — | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

SM: limits on My

Very high accuracy of measurements and theoretical predictions needed
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Example: prediction of My, sin? Ogsr

A) Theoretical prediction for My, in terms

Of MZ, Qf,G'u, AT
M2 T
M?2 _ W) = 1+ Ar

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]
2

AT]_joop = ANe} - ETVV\\:AP + Arrem(Mpy)
M
~ 6% ~ 3.3% ~ 1%
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Example: prediction of My, sin? fusr

A) Theoretical prediction for My, in terms
of Mz, o, Gy, Ar:

M%( ——W>= 2 (144

loop corrections

B) Effective mixing angle:
- 1 Re /
Siﬂ2 Qeff = — [ 1 — g‘]{

Higher order contributions:

95 —>95+Ag‘f/, gﬁ —>9£+Ag£
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Comparison of SM prediction of My, with direct measurements:

80 . 5 July 2011

1102 2 Y —LEP2 and Tevatron
Ar = — 922 ng log <—H> | - LEP1 and SLD
96 < ¢ My 63% CL
>
general for EWPO: 8 8044 | |.-
M M2 '
Awg2[|09< H>+g§ 2] =
My MW &
leading term: log(Mgy) {1 &
first term ~ M7 with ¢4 80.3 -
155 175 195
m, [GeV]
= light Higgs boson preferred [LEPEWWG '11]
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Results for Mgy from other EWPO:

light Higgs preferred by:
My, AFR (SLD)

heavier Higgs preferred by:

AFB (LEP)
= keeps SM alive

= light Higgs boson preferred

A(SLD)

Sinzeleef? t(be)
m
r

w
w

Qw(Cs)
sin®Ogs(e’e’)
sin®e,,,(VN)
gL (VN)
gr(VN)

L] L] III L] L] L] L] L]
July 2011

@
—e—i
@
.—
- - -
10 10 10
M, [GeV]

[LEPEWWG '11]
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Global fit to all SM data:

6 July 2011 lelt = 161 GeV
= My = 92752 GeV L pa®, = '
5 i -
11 — 0.02750+0.00033
0 13- 0.02749+0.00010 1
My < 161 GeV, 95% C.L. .- o o R e |
N>< |
q 3

Assumption for the fit: 27 7
SM incl. Higgs boson |
1+ _
= no confirmation of | |

Higgs mechanism 0 EXC.IUd.ed. A W 4 |

30 100 300

m, [GeV]

= Higgs boson seems to be light, My < 160 GeV
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Properties of the SM Higgs boson

1.) Decay to fermions:

coupling:

decay width:

2\ 3/2
_ Gy M m
F(H — []) = Nelomm3 (M) (1 - 42)
M
with N, = number of colors

Bulk of QCD corrections for decays to quarks are mapped into

m2(pole) — mz(Mz)

Dominant decay process: H — bb
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2.) Decay to heavy gauge bosons (V =W, Z):

coupling:

gyvH = 2 [\/5 GM} Ve M

on-shell decay width (Mg > 2My/):

GuM3 M3 M M2\ 12
rH—-VV) =621 (1 v+ 12—MZ> (1 —~ 4—M‘2/>

1627\~ M3 A 2

with 5W,Z = 2,1

off-shell decay width (My < 2My/):

3G2 M
F(H—VV*) =6, 1(’; 3H
7T

M‘A} x Integral
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3.) Decay to massless gauge bosons (gg, v7v):

via the top quark loop with

215 23 2
log ( H

c=""_
12 6

= huge QCD corrections

128+/2 73
via the top quark and W boson loop

‘ 2

4
F(H —yy) = ‘gef — 7
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Latest theory predictions for the SM Higgs: branching ratios

[LHC Higgs XS WG '11]

1N5 I

Branching ratios

LHC HIGGS XS WG 2010

100 200

300

500 1000
M, [GeV]
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Latest theory predictions for the SM Higgs: total width

';' E | I I T T T T — f%
o |
2 e 13
=
1();_ ......................................................................................................................................... _§
1§_ .......................................................................................................................................... _§
10-15_ ........................................................................................................................................... E
10-22_ .......................................................................................................................................... E

500 1000
My [GeV]

100 200 300
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SM Higgs at the LHC
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Discovering the Higgs boson

What has to be done?

1. Find the new particle
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Discovering the Higgs boson

What has to be done?

1. Find the new particle

2. measure its mass (= ok?)
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Discovering the Higgs boson

What has to be done?

Find the new particle
measure its mass (= ok?)

measure coupling to gauge bosons

W N

measure couplings to fermions
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Discovering the Higgs boson

What has to be done?

Find the new particle
measure its mass (= ok?)
measure coupling to gauge bosons

measure couplings to fermions

L

measure self-couplings
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Discovering the Higgs boson

What has to be done?

. Find the new particle

. measure its mass (= ok?)

. measure coupling to gauge bosons
measure couplings to fermions

measure self-couplings

m_m_hoown—x

. measure spin, ...
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Discovering the Higgs boson

What has to be done?

_|

. Find the new particle

_|

. measure its mass (= ok?)
. measure coupling to gauge bosons
. measure couplings to fermions

. measure self-couplings

SO O A W N B

. measure spin, ...

T = Tevatron,
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Discovering the Higgs boson

What has to be done?

_|

. Find the new particle

_|
rr —

. measure its mass (= ok?)
. measure coupling to gauge bosons
. measure couplings to fermions

. measure self-couplings

SO O A W N B

. measure spin, ...

T = Tevatron, L = LHC,
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Discovering the Higgs boson

What has to be done?

. Find the new particle

4 A
r —

. measure its mass (= ok?)
. measure coupling to gauge bosons
. measure couplings to fermions

measure self-couplings

cn_mhoown—n

. measure spin, ... L
T = Tevatron, L = LHC, I =ILC
We need the ILC to find the Higgs

and to establish the Higgs mechanism!
But the LHC can do a crucial part already!
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Higgs search at the LHC:

Important SM production channel at the LHC:

Gluon-Fusion: WBF:
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Latest theory predictions for the SM Higgs: LHC production XS

EI 102 EI | 1T 1T 1 | L | L | L | L 1T 1T 1 | | L | 1T 1T 1 | | L IE g
(@R — 3 8
= L \s=7 TeV 13
! ¢
g 10 EE

o) - -

- 0 N

L - H(/V/\/ 7

Lo

1: +/V/VLL) _E

101 E —

_I L1 1 | L1 1 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 I_

100 150 200 250 300 350 400 450 500 550 600
M, [GeV]
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LHC Higgs Cross Section Working Group

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

e Mixed group of ATLAS/CMS experimentalists and theorists (cruciall)

e Subgroups for each LHC Higgs production cross section or BRS

e Goal: obtain best theory predictions to facilitate
— “pest” Higgs boson search
— “pest” combination of ATLAS and CMS
— "“pest” extraction of parameters

e Much to do for theorists:
— improve cross section/BR calculation
— calculation of distributions
— extract/fit Higgs couplings

e = more workforce always appreciated!
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Latest ATLAS results in search for a SM Higgs: [ATLAS ’'11]
2 : | | | | I | | I- I. | | | | | | | | | ] | ] | | | | | .I__
o ATLAS Preliminary CLs Limits .
© i _
= ] — Observed ]
o ---- Expected ]
£ 1oL P Ldt=1.0-2.3 o™ |
5 TUF C+1o0 -
- F 120 \s=7TeV :
O +
X
(IQ)
o))
e R e o e =
10'1 | | | | I | | | | | | | | | | | | | | | | | | | I
200 300 400 500 600
m, [GeV]
= small excesses for 115 GeV < My < 140 GeV
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Latest CMS results in search for a SM Higgs:

10t -

CL, of SM Higgs hypothesis
o
I IIIIIII| [ T TJTT

e Obsérved
| ¥ Expected £ 1o
e Expected + 20

CMS Pr'eliminary, \s=7 TeV
Combined, L =1.1-1.7 fb‘1

[ A

[ | IHJII|

| lIJIIH|

[ R

[CMS '11]

90%

95%

99%

200 300 400 500 600

g<gs boson mass (GeV/c?)
= small excesses for 115 GeV < My 140 GeV
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Latest Tevatron results in search for a SM Higgs: [CDF/D@’11]

Tevatron Run Il Preliminary, L < 8.6 fb™

2 NNNIlIINIINNNIIINNNIINNNIINNN;INNN;NENIINNNN;INNN
N - | LEP Exclusmn ~ Tevatron
=10 -/ fffffffffffffffffffffffffffffffffffffffffff ,,,,,,,,,,,,,, — Exclfusmn
g I | I I
—l
—J
O
=
LO
o
1

—————————————————————————————————————————————————————————————————————— Ju|y1729114

100 110 120 130 140 150 160 170 180 190 200
m (GeV/c )

= small excesses for 115 GeV < My < 150 GeV
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Results for the combination of all experiments:
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Results for the combination of all experiments:

Combination does not exist :-(
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What to look out for? pg and u

Q 1
=
e d e, e et tee N 10
o 107 = =
- 107° = =
103 ;— ''''''''''''''''''''''''''''''''''''''''''''''''' —;30
, —  CMS Preliminary, \'s = 7 TeV, Combined, L = 1.1-1.7 fb™ —
107" = =
— Interpretation requires look-elsewhere effect correction __Hao
' : : : I : : : I : : : I : : : I —
Z B _
% oL +10 from fit _
= L ]
"(7') | _
O 1R
m —]
0

140 160 180 200 220
Higgs boson mass (GeV/c?)
= only the combined information tells us about the SM Higgs

120
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Step 2: Measurement of the mass

Best channel for mass measurement in the SM: H — ~v
[ATLAS '99]

% B % 1500
@, B O -
] B ] L
— 20000 ~—
o - on B
e —t
5 i 5 i
- B > 1 oo —
6a B L -
17500  |{— i, i
- =
| : |-
000 B 22 500
15 _— % L
L S L
L Té L j |
u B — |_
12500 |— « = [
i s 0 - S
Iﬂﬂﬂﬂ i | | | | | 1 1 | |
105 120 135 105 120 135
m,, (GeV) m,, (GeV)

— §Mp ~ 200 MeV
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Step 3,4: Higgs couplings at the LHC (older analysis):

P S IO g (H.2) — mass: M, ~ 200 MeV
I T L
s b —9 E:V)V) — couplings: (2 %300+ 2% 100) fb—1 :
Y (N A g T
0 — g (H,b) typical accuracies of 20-30%
- for mp < 150 GeV
T B 1/2 T,
E without Syst. uncertainty 10% aCCU raCIGS for HVV COU p'lngS
0.3 2 Experiments above WW threshold
JLdt=2r3001 * Assumption:
§ WBF: 2*100 fb ™ > >
ot — 9uvv = 9uyvv,sm X 1.05
B — SM rates for the Higgs
- Problems:
0.1 — old ttH, H — bb studies used
- — valid in weakly interacting models
- — rates much lower than in SM 77
7III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III H 1 1 1 O 1
° 110 120 130 140 150 160 170 180 190 — physics can/vvlll hide in 5% margin
m, [GeV] — self-couplings out of reach

[M. Diihrssen et al. '04]
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Higgs coupling measurement at the LHC

Assuming that (g)? < (g7\},)? x 1.05 yields for 10 fo~! at 14 TeV:

channel / My [GeV] || 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190
JHWW 29% | 25% | 20% | 14% | 9% | 8% | 8% | 9%
JH 77 30% | 27% | 21% | 16% | 15% | 19% | 14% | 11%
I+ 63% | 39% | 38% | 50%
JEbb 72% | 54% | 56% | 73%
JHt 87% | 62% | 45% | 36% | 31% | 32% | 36% | 45%
[ g 77% | 60% | 42% | 27% | 25% | 26% | 29%
Cinv/T B 81% | 72% | 56% | 39% | 23% | 20% | 22% | 24%
= interesting, but not too convincing . ..
= a lot of physics can hide in these uncertainties

higher luminosity?
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Impact of H — bb analyses:

3 )
T 2 1
c 1 1
< ‘?l’ :3} old: tLH, H — bb
<1 10,1 2 & 2. 8 2 3 no longer viable :-
Aww H AwwH (
3 - new(er) idea:
T 2 1 WH,H — bb in boosted system
- ] 1
< 3
_1_1 _'}. 1 2 3 ;‘31 U;\. 1 _ 2 3 partially confirmed
WW H Aww H by ATLAS
9 .
= 2 1 Impact:
- 1 1 - Sy
] 0 e 2 Hbb cruciall
-1 . 4
-1 0 1 3 3 =1 0.1 2 3
AwwH AwwHn
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2. MSSM Higgs

Supersymmetry (SUSY) : Symmetry between

Bosons «— Fermions

Q |Fermion) — |Boson)
@ |Boson) — |Fermion)

Simplified examples:
Q |top, t) — |[scalar top, )

@ |gluon, g) — |gluino, g)

= each SM multiplet is enlarged to its double size
Unbroken SUSY: All particles in a multiplet have the same mass
Reality: me #= mz; = SUSY is broken . ..

.. .Via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy: Mgsy = O(1 TeV)
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Supersymmetry: Motivation

The SM is in a pretty good shape.

Why MSSM? (Is it worth to double the particle spectrum?)

1.) Stability of the Higgs mass

against higher-order corr. Unification of the Coupling Constants

2.) Unification of gauge couplings: i the SM-and  the minimal MSSM

Not possible in the SM, but in Se| PR
the MSSM (although it was not T
designed for it.)

3.) Spontaneous symmetry breaking
via Higgs mechanism is
automatic in SUSY GUTs

4.) SUSY provides CDM candidate

15

5) ... [Amaldi, de Boer, Fiirstenau '92]
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Particle content of the MSSM:

Superpartners for Standard Model partlcles

u,d,c,s,t, b I 1R e, i, T IR _VG,M,T:L Spin %
:ﬂ,cf, ¢, 5,4, R & i, 7 [ Tepr|,  Spin 0
g \WﬂzHi} v, Z,HY, H3 Spin 1 / Spin 0
g X%Q 559,2,3,4 Spin %

Enlarged Higgs sector:
Two Higgs doublets, physical states: 1nY, ;Y AV g+

as usual: Breaking of SU(2) x U(1)y (electroweak symmetry breaking)

= fields with different SU(2) x U(1)y quantum numbers can mix if they
have the same SU(3)., U(1)em quantum numbers
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Enlarged Higgs sector: Two Higgs doublets

H, — (Hll):(v1+(¢1+’in)/\/§)
Hf é1

O ) G

’ H3 0o + (2 +ix2)/V?2

V = miH{A1 4+ m5HoHy — mis(eq HYHS 4+ h.c.)

12 2 2
g~ +g = - g -
(Hyfy = HoM2)? + 7 |Hy o)
. ~ 4 Ny’
gauge couplings, in contrast to SM

_|_

physical states: 0, HO, A0 H+
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tang = U—Q, M% = —m3,(tan 8 + cot 3)

v1
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Enlarged Higgs sector: Two Higgs doublets
Hy, — Hi v+ (1 +ix1)/V2
HZ

¢1
o (3l )
Hz vo + (2 +ix2)/V2

V = miH1H; +m3HpHp — mis(eqHYH3 +h.C.)

2 2 2

g g _ _ g —
+ (H1Hy — HoH5)? + = |H1H>|?

—8 _ 2

gauge couplings, in contrast to SM

physical states: 0, HO, A0 H+
2 C’P-violating phases: &, arg(mio) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

tan g = =2, M2,

v1
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Squark mixing:

Stop, sbottom mass matrices (X¢ = Ay — u/tan @, X, = Ay — utang):

j\/l2 - MEL + mtz —+ DTtl meX¢ i mtgl 0O
t
e Xy MgR + m? + DT, 0 mth
2 2 2
M2 — MEL + mp + D1y, mpXp i mg O
b 2 2 2

off-diagonal element prop. to mass of partner quark (tan g = vy /vg)

= mixing important in stop sector (also in sbottom sector for large tan 3)

gauge Invariance — MfL p— MEL

= relation between mfl,m52,9£, mgl,mgz,eg

= prediction for collider phenomenology!
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HO cosa Sina o M2+ M
= tan(2a) = tan(2
( hO ) (—sina COSa) (qb%) an(2a) = tan( ﬁ)M M2

GO\ cosf sing X3 GF\ cosf sing b7
A0 |\ —sing cosg X9 /) HE ] | —sing cosg ey
Three Goldstone bosons (as in SM): G9, G+

— longitudinal components of W+, Z

— Five physical states: h0, HO A0 H=*
h, H: neutral, CP-even, A9: neutral, CP-odd, H*: charged

Gauge-boson masses:

1 1
M = g% +03), Mz =_(¢"+g)(i+v3), My=0
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Parameters in MSSM Higgs potential V' (besides g, ¢'):

U1, U2, M1, M2, 1M1

relation for M3,, M2 = 1 condition

minimization of V w.r.t. neutral Higgs fields H% H% = 2 conditions

= only two free parameters remain in V', conventionally chosen as

tan 8 = U—Q, Mfl = —m%z(tanﬁ + cot3)
U1

= my, mpyg, Mixing angle o, my+: No free parameters, can be predicted

In lowest order:
mé e = M3+ Mg
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Predictions for m;, my from diagonalization of tree-level mass matrix:
¢1 — ¢o basis:

2 2
ppatree Moy Mp1
Higgs m2 m2

D192 ®2

MZ%sin?3 + Mz2cos?3 —(M2%+ M2)sin 3 cosf
— (M3 + M2)singcos@ M3cos?3 + Mzsin?j3

— Diagonalization, «

N

m ,tree 0

o =

2,tree
my,
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Tree-level result for my, my:

m;

M3 + M2 £+ \/(M3 + M2)? — 4M2M3 cos? 28

N | HVD‘

= mp < My at tree level

= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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The lightest MSSM Higgs boson

MSSM predicts upper bound on Mjy:

tree-level bound: m; < My, excluded by LEP Higgs searches!

Large radiative corrections:
emt e’I”I’Lt2

Yukawa couplings: 5yz ", s

m
= Dominant one-loop corrections: AM2 ~ G’umt log ( 2% ’52)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Present status of M, prediction in the MSSM:

Complete one-loop and ‘almost complete’ two-loop result available
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM' :

My, tan 3, 5 parameters in —b sector, B, mg, Mo

for my = 173.2 £ 0.9 GeV

(including theoretical uncertainties from unknown higher orders)
= Oobservable at the LHC

Obtained with:

FeynHiggs

www.feynhiggs.de

[T. Hahn, S.H., W. Hollik, H. Rzehak, G. Weiglein K. Williams '98 — '11]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

m,_[GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

-2000 -1000 0 1000 2000
X, [GeV]
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Comparison with
experimental limits

m, [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

= strong impact on

-2000 -1000 0 1000 2000
X, [GeV]

bound on SUSY parameters
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Higgs couplings, tree level:

_ _ ot
gy = sin(B—a) giNy, V=w*Z
ggyy = cos(f — o) QHVV

/
— cos(8 — «
GhAZ (B—a) > cos bry
3 . S|n @7 SM
Inob Ihrtr= = T o5 3 IHBG Hr T
__ cosa gm
Ihtt smﬁ 9ot
IApe A+~ = 7stanp 9be

= gnvv <9AVy,  9VvVe 9HVV, ghaz Cannot all be small

Il In-+-—- Significant suppression or enhancement w.r.t. SM coupling

possible
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The decoupling limit:

FOrMA215OGeV: 500IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

m. " scen., tanB =5

450 h

— coupling to gauge bosons ~ O 150

- — h -

The lightest MSSM Higgs a00F 4 =

is SM-like - —A .

. . 350 —_ K" i

= SM analysis applies! — s .
3 3002— —

_ 8250 =

The heavy MSSM Higgses: s ]
Mg~ My ~ M+ 200 - E

— no production via WH, ... 100
FeynHiggs2.2 |

50 100 150 200 250 300 350 400 450 500
M, [GeV]
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Remaining theoretical uncertainties in prediction for M; in the MSSM:

[G. Degrassi, S.H., W. Hollik, P. Slavich, G. Weiglein '02]

— From unknown higher-order corrections:

— From uncertainties in input parameters
m¢, ..., MA, tanﬁ, mfl, me, ooMmg, - -

Amy~1 GeV = AM;~=1 GeV

Higgs couplings, production cross sections

= also affected by large SUSY loop corrections

Extreme example: '(h — bb) — 0 via loop corrections possible
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hff coupling:

>hn(M7) -
M? —m% + Sy (M7?)

A(h — fT) = @(rh—

= Effective hff coupling can vanish for large >4

Gluino vertex corrections to h — qq:

= ratio M(h — 7777) /I (h — bb) can significantly
differ from SM value for large tan g

)
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Effective hff coupling can go to zero for large >4

= "Pathological regions”
[W. Loinaz, J. Wells '98] [M. Carena, S. Mrenna, C. Wagner '99]

— Suppression of BR(h — bb), 100
BR(h — 77), ...
[S.H., W. Hollik, G. Weiglein '00]

= 10" — —

) - _

N N ]

I - = one loop, q #0-

i | -

x i — one loop, q° = 0.
| 2

— two loop, g #O0

2 T

10 "E > -

- — two loop, g =03

IIII|IIII|III II|IIII|IIII|I_J 1 L‘IIII|IIII|IIII|IIII|IIII
100 110 120 130 140 150 160 170 180 190 200 210 220

M, [GeV]
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MSSM Higgs boson searches at the LHC

Overview about MSSM Higgs boson searches at the LHC:

1. Light MSSM Higgs boson in the decoupling limit:
— SM Higgs searches apply
— keep in mind the upper limit of 135 GeV
= no limits beyond LEP so far!

2. Light MSSM Higgs boson “before” the decoupling limit:

— dedicated search necessary
— SM-like search with reduced couplings
— po @ p with reduced o x BR

3. Hevay MSSM Higgs boson:
— dedicated search
= model independent results on o X BR
= specific MSSM results for H/A
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Search for the MSSM Higgs bosons:

Situation is more involved due to many SUSY parameters

— investigate benchmark scenarios:

— Vary only M4 and tang
— Keep all other SUSY parameters fixed

1. my'®* scenario:
— obtain conservative tan g exclusion bounds (X; = 2 Mgysy)

2. NO-Mmixing scenario
— Nno mixing in the scalar top sector (X; = 0)

3. small agfr SCenario
— hbb coupling ~ sinaeff/ COSB can be zero: aegs — O:
main decay mode vanishes, important search channel vanishes

4. gluophobic Higgs scenario

— hgg coupling is small: main LHC production mode vanishes
[M. Carena, S.H., C. Wagner, G. Weiglein '02]
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Overview about SUSY Higgs production cross sections (¢ = h, H, A)
[ Tev4lLHC Higgs working group report '06]

10°

LHC, Vs =14 TeV —h

™ tanB =5 — H
— A

=
(@]
RLLLL

gluon fusion: gg — ¢

/ \\ggcb
weak boson fusion (WBF):
qq — 4¢'7 ¢

\

_— e o
m—
—

=
(@]
I\I.II_I'Illl'_‘ AL IIIIII|

top quark associated

@ production cross section [fb]
8

10" < Sl bb)® = . — -
S \\.f-§, S (bb) s production: gg,qq — tto
10'E T TS 3 weak boson associated
' - e T 1 production: qf — Weo, Z¢
10°E W/Zd SSIT--l =
B . TS~ NEW: bbo
10‘1 11 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | I .1 f | | L1 1 1 | L1 1 1 | L1 1 1

100 150 200 250 300 350 400 450 500
M, [GeV]

Search for the lightest MSSM Higgs at the LHC:
= full parameter accessible But there might be problems ...
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Possible problem in SUSY:

h — bb
can be strongly suppressed
— “Small aefr SCenario”

[M. Carena, S.H., C. Wagner,
G. Weiglein '02]

= Strong suppression of
h — bb possible,
up to M4 < 350 GeV

(not realized in
CMSSM, GMSB, AMSB, ...)

tanp

50

40

30

20

10

LI | I I F | I ) R | 1 I | B [ | I T 1 I ] r | TS TR DR |

Ty

T gy

S
—_
=
—_—
—_—
—
—

L

400 600 800

M, [GeV]
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Possible problem in SUSY:

99 — h — vy

50
can be strongly suppressed - e 00-02
B e 02-04
o . . T i e 04-06
— “gluophobic Higgs scenario - 0608
0 . 08-10
[M. Carena, S.H., C. Wagner, - e >10
G. Weiglein '02] -
30 —
@ i
c
E |
= Strong suppression of 50 -
gg — h — ~v possible -
over the whole parameter space 1o
(not realized in I -
L1 L1 L1 L1 |
CMSSMr GMSBr AMSBr .o ) O0 200 400 600 800 1000
M, [GeV]
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My, measurement in the “nice” mj

MaxXx

scenario:

IIII|IIII
—
1

=

CMS

mynax scenario

tanp

— 2
Msusv =1 TeVic

II'|I|||||i|||mﬂlll|.l1'||ll.u1'|mmul

h— vy, cuts, 30 fb

M, = 200 GeV/c

u =200 GeV/c®

m =800 GeVic?
gluino

Stop mix: X; =2 Mg,y

h— vy, opt., 30 fb°

0
L
Oy

L

-
LT
L
------

m, =115 GeV/c?]

 qgh, h—trsl+jet, 30 and 60 fb”
qqH, H—ttl+jet, 30 and 60 fb™ =

100 200 300 400 500 600 700 800
M,.GeV/c

Measurement possible only for
M4 2 250 GeV

— §M,, ~ 200 MeV

other channels:

h— Z7% — 4 (M, > 130 GeV)

otherwise: 6M; = 1 — 2 GeV
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MSSM Higgs couplings at the LHC:

One BSM example: one light MSSM Higgs [M. Diihrssen et al. '04]
é;g 1; ........ g’(H,2)
550,91 * MSSM points gi(H’W)
- m=119.95Gev | | g(H) scenario with low M4, large tan g3:
0.8 —g’(H.b) ~
- : h — bb enhanced (but old analyses)
o : h — 777~ enhanced
06 2 Experiments BR(h— VV*)x~1/2 SM
o5k L dt=2+300 fb BR(h — vy) = 1/2 SM
B WBF: 2+100 fb BR(h — gg) = 1/5 SM
0.4
0.33—
B = not too bad ...
0.2
o_lf_ = Mmore analyses needed!
0:III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

110 120 130 140 150 160 170 180 190
my, [GeV]
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The heavy MSSM Higgs bosons

MSSM Higgs discovery contours in M —tan 3 plane

(mp'?* benchmark scenario):
@-50 _ _1 : ‘ T T \E‘ T g T T ‘ T T T T ‘ T T T T T T T T T T T T T T T i
S ; maximal mixing H NE+|E Q
30 | g REHE N AD
i /F SE A 1 N
\ + B =afs
20 | h’ HOAH S <|z9f 4 .
H1TE E E Ry -
- 1 - X /x(}
i i = Ly .
1% : : ~U|+ % % \\\\\\\vﬂ |
7 1 ES E A4S y
6 0 i ER = > -1
h onl - =47 CMS, 100 fb
5 y 20 H f g/: > ol st ]
a b E\ < : g \\\\\\\\\\ maximal stop Mmixing 1
15 HinBses =S E \\\\\\\\\\ B
3t L EP excluded ol ”“““% ‘g\‘ ]
| 1=
2 10 \/\\ HA =77 = I+7 jet+X, 30 fb™
5 | : = B
) I e L ErclugedpyLEP
400 450 500 100 200 300 400 500 600 700 800
m, (GeV) m, (GeV)
areas where only h is observable = "“"LHC wedge”
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Differences compared to the SM Higgs:

Additional enhancement factors compared to the SM case:

b
tang
H e —
A Yb 1 1A,
b
At large tan3: either H~ A or h~ A
t
tan g
Ht . 1+ A,
b
L 2053
Ay = 3. " H tan 3 x I(m'ISl’m'Evaﬁ)

ot
+ ﬂAtu tang x I(mg,mg,, 1)

= other parameters enter = strong p dependence
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Most powerful search modes for heavy MSSM Higgs bosons:

bb — H/A — 777~ 4+ X
gb—>tHi—|—X, Hi—m-yT
pp — tt — H¥ 4+ X, HT — 10,

Enhancement factors compared to the SM case:

tan? g y BR(H — rt77) 4+ BR(A — 71t77)
(14 Ap)2 BR(H — 777 )gm

H/A

. tan2/8
(14 4p)?

x BR(HT — 7v;)

= A\, dependence often neglected in ATLAS/CMS analyses
also relevant for BR(H/A — r+t77), BR(H* — 7v;)

also relevant: correct evaluation of M(H/A/H* — SUSY)
= additional effects on BR(H/A — 7T77), BR(H* — 7v;)
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Suggestion for new benchmark scenarios:
[M. Carena, S.H., C. Wagner, G. Weiglein '05]

— investigate benchmark scenarios:

— Vary only M4 and tan g3 (large!)
— Keep all other SUSY parameters fixed

— Vary in addition u: 4 = +£1000, 500, 200 GeV
(if perturbativity allows)

1. my'®* scenario:
— obtain conservative tan g exclusion bounds (X; = 2 Mgysy)

A¢ large = large O (ay) contribution to Ay

2. NoO-Mmixing scenario
— no mixing in the scalar top sector (X; = 0)

Ay small = small O (ay) contribution to Ay

= large difference to m}'?* scenario
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Dependence of LHC wedge from bb — H/A — 7T7— — 2jets on u:

m_ N T 1T T 1T T T L \, m_ N T 1T T 1T T T T 1T 1T
% soll ™ 1 = -1000 GeV/c? 7 % soll ™ 1 = -1000 GeV/c? A
=7 H e 1= 200 Gevic? =7 H e 1= 200 Gevic? /
40 = u=200Gevic> | 4T / 40 |- 1 = 200 GeV/c? o ]

-| — = 1000 Gev/c? e - | —u=1000Gevi?| 7 ]

301 L ) _ o ) _

[ L CMS, 60 fb™ ] I CMS, 60 fb™

20: """"""" pp - bbe - 1T - j+ 20: """"" pp - bb@ - 11 - j+ |

n mp® scenario [ L no mixing scenario |4

. Mgy = 1 TeVic? |7 - Moy = 2 TeVic? |

100 M, = 200 GeV/c? | 100 M, = 200 GeVic® |]

B mquino =08 IVISUSY : B mgluino =038 IvlSUSY 1

g | | | Stop mix: X, =2 Mg,,¢ ] g | | | Stop mix: X, =0 |1

I | 1 1 1 1 I | 1 1 1 1 ‘ 1 1 1 1 ‘ L 111 ‘ 1 11 1 I | 1 1 1 1 I | 1 1 1 1 ‘ 1 1 1 1 ‘ L 111 ‘ 1 11 1

100 200 300 400 500 600 700 800

! 100 200 300 400 500 600 700 800
M,.GeV/c

MA,GeV/c2

= now based on full CMS simulation
= non-negligible variation with the sign and absolute value of u
(— numerical compensations in production and decay)
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Latest CMS resuls for model independent limits: [CMS '11]

I'_Q'l 1“3 l | | 1 | | | | l | | 1 1 | | l | | | | 1 | | l | | | | | | 1
R CMS Preliminary
= 1 ﬁ b \s=7 Tev
$ , 5% CL lelts
102 i 220 LU LIMAS
s + Observed
g — Expected
X - 1-0 Band
D 10BN i e e
put 4 2-G Band
o -
Ef
S __ ............................
— 3
O
X [
LD E
G) I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

-
S

100 200 300 400 500
m, [GeV]
= small “excess” around M, 2 200 GeV
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Latest CMS results in search for the heavy MSSM Higgses: [CMS '11]
CMS Preliminary 2011 1.6 b
[ | CMS observed
------ +1c theory
----------- CMS expected
B Do 7.3 fb™
0 LEP
MSSM m ™ scenario, M =1TeV
°Jo0 150 200 250 300 350 400 450 500
m, [GeV]
= LHC & LEP start to excluded low M 4 values!
= small “excess” around M4 ~ 300 GeV
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3. Supersymmetry

Supersymmetry (SUSY) : Symmetry between

Bosons «— Fermions

Q |Fermion) — |Boson)
@ |Boson) — |Fermion)

Simplified examples:
Q |top, ty — |scalar top, ?)

Q |gluon, g) — |[gluino, g)
= each SM multiplet is enlarged to its double size
Unbroken SUSY: All particles in a multiplet have the same mass

Reality: me #= mz; = SUSY is broken . ..

...via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy: Mg gy = O(1 TeV)
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Soft SUSY-breaking

Exact SUSY: myp=mg, ...

= in a realistic model: SUSY must be broken

Only satisfactory way for model of SUSY breaking:

spontaneous SUSY breaking

Specific SUSY-breaking schemes (see below) in general yield effective
Lagrangian at low energies, which is supersymmetric except for explicit
soft SUSY-breaking terms

Soft SUSY-breaking terms: do not alter dimensionless couplings

(i.e. dimension of coupling constants of soft SUSY-breaking terms > 0)
otherwise: re-introduction of the hierarchy problem

— no quadratic divergences (in all orders of perturbation theory)

scale of SUSY-breaking terms: Mgysy <1 TeV
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Classification of possible soft breaking terms:
[L. Girardello, M. Grisaru '82]

e scalar mass terms: mg ;]

e trilinear scalar interactions: A;;.¢;®;¢1 + h.C.
e gaugino mass terms: 3mA\

e bilinear terms: B;;¢;¢; + h.C.

e linear terms: Cj¢;

= relations between dimensionless couplings unchanged

No additional mass terms for chiral fermions
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A. Unconstrained models (MSSM):

agnostic about how SUSY breaking is achieved
no particular SUSY breaking mechanism assumed, parameterization of
possible soft SUSY-breaking terms

= relations between dimensionless couplings unchanged
NO quadratic divergences

Mmost general case:
= 105 new parameters: masses, mixing angles, phases

Good phenomenological description for universal breaking terms

B. Constrained models (CMSSM, .. .):

assumption on the scenario that achieves spontaneous SUSY breaking
= prediction for soft SUSY-breaking terms
in terms of small set of parameters

Experimental determination of SUSY parameters
= Patterns of SUSY breaking
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“Hidden sector’ : — Visible sector:
SUSY breaking MSSM

“Gravity-mediated”: CMSSM/mMSUGRA
“Gauge-mediated” : GMSB
“Anomaly-mediated” : AMSB
“Gaugino-mediated”

CMSSM/mSUGRA: mediating interactions are gravitational

GMSB: mediating interactions are ordinary electroweak and QCD
gauge interactions

AMSB, Gaugino-mediation: SUSY breaking happens on a different brane
in a higher-dimensional theory
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Particle content of the MSSM:

Superpartners for Standard Model particles:

[u’d’c’s’t’b}L,R [e”u’T]L,R vepr|,  Spin

[a,d‘,a,g,f,B}LyR [é’,ﬁ,ﬂL,R |, Spin 0

g W5 HE 4,z H}, HS Spin 1 / Spin O
- - - .1
g %10 X123.4 >pin =

Enlarged Higgs sector: h0, HO A0 H=*
as usual: Breaking of SU(2) x U(1)y (electroweak symmetry breaking)

= fields with different SU(2) x U(1)y quantum numbers can mix if they
have the same SU(3)., U(1)em quantum numbers
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Squark mixing:

Stop, sbottom mass matrices (X¢ = Ay — u/tan @, X, = Ay — utang):

j\/l2 - MEL + mtz —+ DTtl meX¢ i mtgl 0O
t
e Xy MgR + m? + DT, 0 mth
2 2 2
M2 — MEL + mp + D1y, mpXp i mg O
b 2 2 2

off-diagonal element prop. to mass of partner quark (tan g = vy /vg)

= mixing important in stop sector (also in sbottom sector for large tan 3)

gauge Invariance — MfL p— MEL

= relation between mfl,m52,9£, mgl,mgz,eg

= prediction for collider phenomenology!
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Neutralinos and charginos:

Higgsinos and electroweak gauginos mix

charged:

Wk -3, W Ry —R1,%,
= charginos: mass eigenstates

mass matrix given in terms of M», u, tanp

neutral:

~

~ 70 70 ~0 ~0 ~0 =0
Y, Za huahd — X1 X2y X3 X4

WO’ BO
= neutralinos: mass eigenstates
mass matrix given in terms of My, M»>, u, tanpg

= only one new parameter

= MSSM predicts mass relations between neutralinos and charginos
= prediction for collider phenomenology!
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R parity

Most general gauge-invariant and renormalizable superpotential with chiral
superfields of the MSSM:

-
N~ "~

1 .. g . 1 ..
V =Vmssm + EAZJkLiLjEk + XN¥L,Q; Dy, + ' Ly Hy + EA”Z]kUz‘Dg’Dk

violate lepton number violates baryon number

If both lepton and baryon number are violated

= rapid proton decay

Minimal choice (MSSM) contains only terms in the Lagrangian with even
number of SUSY particles

= additional symmetry: “R parity”

= all SM particles have even R parity, all SUSY particles have odd R parity
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R-parity = the LSP

MSSM has further symmetry: “R-parity”

all SM-particles and Higgs bosons: even R-parity, Pp = +1
all superpartners: odd R-parity, Pp = —1

= SUSY particles appear only in pairs, e.g. ete™ — X1 X1

= lightest SUSY particle (LSP) is stable
(usually the lightest neutralino)

good candidate for Cold Dark Matter

— MSUSY S 1 TeV

LSP neutral, uncolored = leaves no traces in collider detectors

= Typical SUSY signatures: “missing energy”

= prediction for collider phenomenology!
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Relations between SUSY parameters

Symmetry properties of MSSM Lagrangian (SUSY, gauge invariance) give
rise to coupling and mass relations

Soft SUSY breaking does not affect SUSY relations between dimensionless
couplings

E.g.:
gauge boson—fermion coupling

gaugino—fermion—sfermion coupling

for U(1), SU(2), SU(3) gauge groups

= prediction for collider phenomenology!
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In SM: all masses are free input parameters
(except My —M, interdependence)

MSSM:

e Upper bound on mass of lightest CP-even Higgs boson
e Relations between neutralino and chargino masses

e Sfermion mass relations, e.q.

2 2 2
méL — mDL — MW COS(QB)

All relations receive corrections from loop effects

& effects of soft SUSY breaking, electroweak symmetry breaking

= Experimental verification of parameter relations is a crucial test of SUSY!

= prediction for collider phenomenology!
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Simplified models: 1.) CMSSM (sometimes wrongly called mSUGRA):

= Scenario characterized by

mo, m]_/27 A07 tanﬁa Sign:u

mgo . universal scalar mass parameter

mq /o © universal gaugino mass parameter } gt the GU'T scale

Ap @ universal trilinear coupling

J

tan @8 : ratio of Higgs vacuum expectation values

sign(u) : sign of supersymmetric Higgs parameter

= particle spectra from renormalization group running to weak scale
= Lightest SUSY particle (LSP) is the lightest neutralino
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= particle spectra from renormalization group running to weak scale

Mo=300 GeV, M, ,,=100 GeV, Ay=0
400

300 =il

=200

100

Sparticle Mass (GeV)

= one parameter turns negative = Higgs mechanism for free
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“Typical” CMSSM scenario

(SPS 1a benchmark scenario):

Strong connection between

all the sectors

800

m [GeV]

700

600

500

400

300

200

100

ULy dp ——
UR, dL —_—

v Xi
X3 e
0 i
X —

by

S
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Simplified models: 2.) NUHM1: (Non-universal Higgs mass model)

Assumption: no unification of scalar fermion and scalar Higgs parameter
at the GUT scale

= effectively M4 or u as free parameters at the EW scale

= besides the CMSSM parameters

My or u

And there is more: 3.) VCMSSM
4.) MSUGRA
5.) NUHM?2
...Nno time here ...
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Searches for signs of SUSY (at the LHC)

Two possible ways:

1.) Search for SUSY particles

2.) Search for indirect effects of SUSY particles

= both are important

= both will be explored
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Searches for signs of SUSY (at the LHCQC)

Two possible ways:

1.) Search for SUSY particles

2.) Search for indirect effects of SUSY particles

= both are important

= both will be explored

= both will have to be combined
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Searches for signs of SUSY (at the LHC)

Two possible ways:
1.) Search for SUSY particles

2.) Search for indirect effects of SUSY particles

= both are important
= both will be explored
= both will have to be combined

= both will have to give (eventually) the same answer
= crucial test of the model!
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Colored sparticles at the LHC

SUSY particle production at the LHC:

= colored (s)particles are copiously produced

g , OTOTOOY---pmmnes

(R Y FERREREE

4 *

= production of gluinos, squarks, ...

As in QCD: NLO corrections are crucial!
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Example for SUSY production:

Prospino2.1

10 ; T T T ‘ L ‘ I T TN\ T T T T ‘ T T ‘ L ;

- 0, [pb]: pp — SUSY VS=7TeV |

1 e E

-1 i )

-2 i ~~ Y

10 = [S15Y - E

X350

O _3 A I | ‘ I ‘ e ‘ I ‘ [ 1 1 | ‘ \X\Z \LO\ ‘ I ‘ I

100 200 300 400 500 600 700 800 900

M.yverage [GeV]

As in QCD: NLO corrections are crucial!

Sven Heinemeyer — CP3-Origins/DESY /Gottingen Autumn School, 14./15.11.2011

88



Production of SUSY particles at the LHC

will in general result in complicated final states
— cascade decays

§ — @4 — qqX5 — qqFT — qqrTXY

Production of uncolored particles via cascade decays often dominates over
direct production

Many states are produced at once

= Main background for SUSY is SUSY itself!
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Another model beyond the SM: Extra dimensions

650 650
i g .
B ta 7
600 |- Q - 600
g | = —'I:)2 |
@ I d bltl )}
— L -
550 - -1 550
L Wz i
L H° -
A° To,V.,
L H* -
e T3
500 - 4 -1 500
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Another model beyond the SM: Little Higgs

A
0 + ++
o o 0 .
1TeV A,
t
h W,z
Y
scalar sector gauge sector le sector
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Comparison of SUSY with e.g. Extra Dimensions:
= cascades may look very similar:

SUSY:
near)
UED: | .
¢+ (far)
~0
X1
/""«.JFI:]_
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= In order to establish SUSY experimentally:

Need to demonstrate that:

— every particle has superpartner

— their spins differ by 1/2

— their gauge quantum numbers are the same
— their couplings are identical

— mass relations hold

= Precise measurements of masses, branching
ratios, cross sections, angular distributions, ...
mandatory for

— establishing SUSY experimentally
— disentangling patterns of SUSY breaking

= We need both: hadron colliders (Tev./LHC) and high luminosity ILC
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Cascade decays:

taken from talk by

different patterns due to different SM particles ‘“‘coming out":

Signature

4
Motivating Model(s)

Comments

| Jet + O Lepton + MET

70/

= Large Extra Dim (ExoGraviton)
= =strong qG production, G propagate in extra Dim
= Planck Scale is MD in 4+ dim
= Normal Gravity == R

= SUSY

= gg—ISR t+ 2 Neutralino or squark + Neutralino

= Mot primary discovery
channel for SUGRA, GMSB,
AMSB... but helps in
characterization

= Possible leading discovery
for neutralino NLSP with
nearly degenerate gluino

+
10/nb for b—]EE:Er

vt
2,34 [b]-Jet + O Leptin :"ﬁuark!gluirm production

= squark—q+L5F, gluino —+qtsquark+L5P

= Possible leading squark/
gluino discovery channel
= Must manage QCD bkg

7
2,3,4 [b]-Jet + | Lepton

L
+ MET

10/nb for b-jets 35/pb

uarkfgluino production with cascades which include electroweak
(or partner) decays
= high tan P leads to more T

= | epton requirement
suppresses QCD
= T's partially covered by e/

2 lepton + MET

70inb

= Same sign: gluino cascade can have either sign lepton... squark/gluinc
prod can produce same sign.

= Dpposite sign: squark/gluine decay dediated by £ (or partner}

= Same flavor: 2 leptons from same sparticle cascade must be same
flavor

* Reduced SM backgrounds
for same sign

= Opposite Sign-Flavor
Subtraction

3 lepton + MET

= SUSY events ending in Charginc/neutralino pair decays
= YWeak Chargino/Meutraline production
= Exotic sources

= Low 5M bkgs

2 photon + MET
3.1/pb

= GMSB models with gravitino LSP and neutralino or stau MLSP
= UUED- each KK partons cascade to LKP which decays to graviton + vy

= Mo S5USY limit (not
sensitive at the time)
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Search for SUSY: CMS results: 0 lepton + MET (and others) [cwms '11]

CMS Preliminary \us =7 TeV det = 1. 1 fb1
cq.\ 700_ | | 1 1 1 l- -l I 1 l
g - _c_j"j- — 2011 Limits - CDF 3, g, tanp=5, uf:[]'—
D 600 '~ ---.2010 Limits DO 2,3, tanp=3,u<0
oS C tanp =10, A =0, u>0 - LEP2 7, N
Y 500: B LEP2 7° -
E : .EGO(})GEV :
B MT2 Jets+MHT _
400:— 1 Lepton o g (1000)59175
B 2(750,5.SS Dilepton .
300/ N\l QS Dilepton - -
[ '--_-_-.. _______ . - . o 750 eV ]
:,-:'-':""o “‘Qf-ﬁaﬁ;::“i """" . IRRE T ' —
200(— " A g Ge‘j__t"».‘ o e T
- v 5% emmmen M RS U 2(500)GeVv. _|

0 200 400 600 800 1000
m, (GeV/c?)

=- valid also for other tan and Ag values 77
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Search for SUSY particles: ATLAS results: O lepton [ATLAS ’'11]

MSUGRA/CMSSM: tan = 10, A=0,u>0

> [ ATLAS Preliminary Olepion 2011 combined
8 ]' Lot=1.04 5" y5=7 TaV e CL, cbserved B5% CL limit
L LEPZ §° - CL, median expected Emit
2600 a “III I Expacted limit +10
—~ [ ] DO § tan =3, u<0, 21 #
E B COF 5.q tan =5, u<0, 2 o™ * Reference point

B Theorstcally excluded — 2010 data PCL 85% C.L. limit

iI'lIII.I']iII'.II.lI

g

1500 2000 2500 3000 3500
m, [GeV]

200 1000

= valid also for other tan3 and Ag values 77
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The results are presented in two ways:

CMSSM “simplified model”
" .
MSUGRA/CMSSM: tanf = 10, A =0, u>0 — SQM'Q'U'"O-'*EM"“? model, m(y,) =0 GeV
5 ATLAS Preliminary 0 lepton 2011 combined %. 11 reliminary
8 fLdt=104 &5", V527 Tev e CL, observed 85% C.L. limit 0] S | | Dt sabieo .
d m LEP2 § ' —— c‘.’ﬂm expected imit ;‘ 1?5{) 'll': ' |I E==u CL‘ ocbserved 85% C.L. imit
-_."':'Eﬂﬂ =i Dﬂﬁi:anﬁﬁ,p-:i].z”b" ------- Expected limit 10 B :' 35 '-I wwms CL, median expected limit
€ B cOF o tan =5, <D, 2 o™ #* Refersnce point = ‘ ; - Expected imit +1a
——— 2010 data PCL 85% C.L. limit x 1500 '—— 2010 data PCL 85% C.L. fimit]
"-, I' I . g “ Judt=104m" {527 Tev
EBRant Garey =007
. 1000 ST I\ ul
] 750
] 500
| 250
o] b | | = | ] X = = ] 0
500 1000 1500 2000 2500 3000 3500 0 250 500 750 1000 1250 1500 1750 2000
m, [GeV] gluino mass [GeV]

= How general is this? How useful is this?
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Three “easy’” ways to “avoid’ these constraints

1200117
o *acc(D) =0.5, 0.2, 0.1, 0.05, 0.02,
0.01 pb

/4

400 600 | 800 1000 1200
(GeV)

1. not valid for stops
and sbottoms
(— excess? :-)

2. compressed spectrum

3. “extended” spectrum

Glumo
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SUSY prediction for and from the LHC
Comparison of precision observables with theory:

Precision data: Theory:
Myy,sin? Ogfr,ap, ... | < | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections

= Information about unknown parameters

Very high accuracy of measurements and theoretical predictions needed
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The most beautiful example: Prediction for My, in the SM and MSSM
[S.H., W. Hollik, D. Stockinger, A. Weber, G. Weiglein '07]

[T I I I I I I I | I I I I I I I I I I I ]
80.70 N
80.60 |
';‘ L
o 80.50
O,
=
=
80.40
80.30
SM
MSSM
80.20 both models E
| Heilnemeyer, Hollik, Stockinger, Weber, Weiglein '107]

160 165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of M%M
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The most beautiful example: Prediction for My, in the SM and MSSM
[S.H., W. Hollik, D. Stockinger, A. Weber, G. Weiglein '07]

[T I I I | I I I I | I I I I I I I I I I I ]
80 70 L experimental errors 68% CL: _
- LEP2/Tevatron (today) 1
80.60 — —
= i
O 80.50—
O,
=
=
80.40
80.30
SM
MSSM
80.20 both models E
| Heilnemeyer, Hollik, Stockinger, Weber, Weiglein 117

160 165 170 175 180 185
m, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of M%M
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Global fit to all SM data:

6 July 2011 lelt = 161 GeV
= My = 92752 GeV L pa®, = '
54 E =
11 — 0.02750+0.00033
My < 161 GeV, 95% C.L. 17 0.0274920.00010 '
4 — “te incl. low Q° data —
N>< |
< 3

Assumption for the fit: 27 7
SM incl. Higgs boson |
1 _
= no confirmation of | |

Higgs mechanism 0 EXC.IUd.ed. A W 4 |

30 100 300

m, [GeV]

= Higgs boson seems to be light, My < 160 GeV
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Main idea of SUSY fits:

Combine all existing precision data:

e Electroweak precision observables (EWPO)
e B physics observables (BPO)
e Cold dark matter (CDM)

Predict:
e best-fit points
e ranges for Higgs masses
e ranges for SM parameters

e ranges for SUSY masses
= Implications for current and future experiments
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Indirect constraints on Mgygy from existing data?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7
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Indirect constraints on Mgygy from existing data?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, @ information on my, mg Of My, tanpg or ...

EWPO (g —2), : information on tan and/or M50, Mgt and/or mg, mg,

BPO BR(b — sv) : information on tan3 and/or Mg+ and/or mgz, mcx

X

CDM (LSP gives CDM) : information on M0 and mz or My or ...
1
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Indirect constraints on Mgygy from existing data?

e Electroweak precision observables (EWPO) ?
e B physics observables (BPO) 7

e Cold dark matter (CDM) 7

= combination of EWPO, BPO, CDM 7

EWPO My, @ information on my, mg Of My, tanpg or ...

EWPO (g —2), : information on tan and/or M50, Mgt and/or mg, mg,

BPO BR(b — sv) : information on tan3 and/or Mg+ and/or mgz, mcx

X

CDM (LSP gives CDM) : information on M0 and mz or My or ...
1

= combination makes only sense if all parameters are connected!

= this brings us back to GUT based models: CMSSM, NUHM1, ...
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T he results presented here are based on:

The “MasterCode” maS@

= collaborative effort of theorists and experimentalists

[Buchmiiller, Cavanaugh, De Roeck, Dolan, Ellis, Flacher, SH, Isidori, Olive, Rogerson, Ronga, Weiglein]

Uber-code for the combination of different tools:

— tools are included as subroutines

— compatibility ensured by collaboration of
authors of “MasterCode” and authors of “sub tools” /SLHA(2)

— one “MasterCode” for one model ...

= evaluate observables of one parameter point consistently
with various tools

cern.ch/mastercode
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Y2 calculation:

— global x?2 likelihood function
combines all theoretical predictions with experimental constraints:

N 2 M obs o flt 2
> _ (C; — B) (fSm M,)
v zz: o(Ci)? 4 o(F;)? i Z U(fSI\/IZ-)Q

N: number of observables studied

M: SM parameters: Aapag, me, Mz

C;. experimentally measured value (constraint)

P;: MSSM parameter-dependent prediction for the corresponding constraint

Assumption: measurements are uncorrelated - fulfilled to a high degree
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Y2 calculation:

— global x?2 likelihood function
combines all theoretical predictions with experimental constraints:

N 2 M obs o f|t 2
> _ (C; — B) (fSm M,)
v 223 o(Ci)? 4 o(F;)? i Z U(fSI\/IZ-)Q

N: number of observables studied

M: SM parameters: Aapag, me, Mz

C;. experimentally measured value (constraint)

P;: MSSM parameter-dependent prediction for the corresponding constraint

Assumption: measurements are uncorrelated - fulfilled to a high degree

What to do if only a lower/upper bound exists?

— especially important: M, — NnO time - ask me over coffee
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pre-LHC predictions: CMSSM:

400

& 1000-—
~ — T,LSP

S 900 tanf =10, A;=0, u>0

8 £ CMS preliminary

= 2 \s=7 TeV

Q 700: Hadronic search, 95% C.L. curves

E g === L =1000/pb

600—
= = L =100/pb

500 E CMS-NOTE-2010-008

full CMSSM

300 parameter space

200/ N\ 68% C.L. MASTERcooe
1005 [/ 95% C.L.
e NO EWSB
o_l ] ] | L1 | | ] ] ] ] ] ] | I 1 | ] ] | ] ] | | 1 | ] ] | ] ]

0 200 400 600 800 1000 1200 1400 1600 1800 2000

2
M, [GeV/c7]
= “best-fit point and part of 68% C.L. are can be tested in 2011"
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pre-LHC predictions: NUHM1:

400

c\',_' 1000
Q - T, LSP
= 900 ' tanf=10,A,=0, u>0
8 = CMS preliminary
=, 800= Js=7 TeV
Q 700: Hadronic search, 95% C.L. curves
E g === L =1000/pb
600—
- mm | =100/pb
500 [ CMS-NOTE-2010-008

full NUHM1

300 parameter space

2001 N\ 68%C.L. ma 5@
= % C.L.
100 [/ 95% C
C NO EWSB
O 1 1 | | I — | | 1 1 | 1 1 | | 1 1 | | 1 | | I | | | 1 | | 1 1 | I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

2
M, [GeV/c]
= “best-fit point and part of 68% C.L. are can be tested in 2011"
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pre-LHC-CMSSM: red band plot:

e

[2009]
5 F T
3.9F E
3F
5k
2f
L5k
1E
0_55— LEP Theoretically—f
C excluded inaccessible -
0%=36~""100 ~ 110 120 130 140
M, [GeV]
M; = 108 &+ 6 (exp) + 1.5(theo) GeV
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pre-LHC-NUHM1: red band plot:

[2009]
(\I>< Vil s, | E
Y- =
3
25
2
15
1
O5F LEP Theoretically—f
excluded inaccessible 1
0°=30~""T00 110 120 130 140
M, [GeV]
My, = 12171, (exp) + 1.5(theo) GeV — naturally above LEP limit
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Inclusion of LHC searches

Obvious idea:
(so far) negative search results for SUSY particles/effects yield

new y2(LHC-SUSY, LHC-Higgs, ...) contribution

Expected effect: disfavor low mg-m4 , values
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Inclusion of LHC searches

Obvious idea:
(so far) negative search results for SUSY particles/effects yield

new y2(LHC-SUSY, LHC-Higgs, ...) contribution

Expected effect: disfavor low mg-m4 , values

= Implications for SUSY fits?
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Inclusion of LHC searches

Obvious idea:
(so far) negative search results for SUSY particles/effects yield

new y2(LHC-SUSY, LHC-Higgs, ...) contribution

Expected effect: disfavor low mg-m4 , values

= Implications for SUSY fits?

= Implications for future colliders?
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Additional new constraint:

Direct Dark Matter detection: Xenon1l00

@ The surface of the Earth is constantly
bombarded by cosmic radiation. Only the

The brightness of the two
light flashe eals the
type of particle which
interacted.

t atoms, These free
rift from the
wards the

gas interface,
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XenonlOO results:

10_39 = T ] T T T T T T T T T T T |§
= < DAMA/Na =
10" = i
: = CoGeNT DAMA/I =
= = 2
2 104 j —=
8 = CDMS =
%) B —
§ -42
Us:. L2 EDELWEISS
g
=
= 10
= =
=
§ XENON100 (2010)
10—44
XENONI100 (2011)
10_45 1 1 1 1 I [ | [ ] 1 [ | [ | [ | 1 [ ] I - 1 [ ] ﬁl [ |
6 7 8 910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/c?]
expected: 1.8 & 0.6 events
observed: 3 events
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mg-my /o Plane:

2500 [y L B 2500
9 [ i 9 [
> [ ..preLHC ] > [ ..preLHC
8 : LHC i 8 [ LHC
= =" ] e [ =
N 2000_— —_ N 2000_—
£ - . £ - .
1500 = - 1500= -
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S0 - 5004 N
0- 'l 'l 'l 'l I 'l 'l 'l 'l I 'l 'l 'l 'l I 'l 'l I 'l 'l 'l 'l ] 0- 'l 'l 'l 'l I 'l 'l 'l 'l I 'l 'l 'l 'l I 'l 'l I 'l 'l 'l 'l ]
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
m, [GeV/c?] m, [GeV/c?]

dotted: pre-LHC/Xenon, solid: post-LHC (1 fb—1)/Xenon
= new best-fit point within old 95% CL area

= hardly any overlap between old and new 68% CL areas

= shift to higher masses

Sven Heinemeyer — CP3-Origins/DESY /Gottingen Autumn School, 14./15.11.2011

113



CMSSM: post-LHC red band plot:
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My, = 119.17353(exp) + 1.5(theo) GeV = fits “better” than pre-LHC
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NUHM1: post-LHC red band plot:
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maSCEHcone
Starting point of the cascade: gluino (35 pb~1) ;

CMSSM NUHM1
LR R T A
7E 3 7E
6F 3 6F
5F 3 5F
4F 3 4F
3f 3 3F
2F 3 2b
13 13
0'....|....|....|._._|....' 0'....|.."=..‘sf|.... A
0w 200 1000 1500 2000 2500 0w 200 10001500 2000 2500
LHC, m, [GeV/c] _LHC, m, [GeV/c]

dotted: pre-LHC/Xenon, solid: post-LHC/Xenon
= substantial upward shift
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What is happening to the 27

Low energy data (mostly (g —2),) favors low SUSY mass scales
LHC data favors higher SUSY scales
— tension, reflected in rising y2:

Model Min. x? | Prob. | my,n | mo Ap |tang | MPOLEP
(GeV) | (GeV) | (GeV) (GeV)
CMSSM 22.3/20 | 32% 360 90 -400 15 111
LHC 2011 | 29.3/22 | 14% 780 450 -1100 41 119
NUHM1 20.8/18 | 29% 340 110 520 13 119
LHC 2011 | 27.4/21 | 16% 730 150 -910 41 119
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The LHC searches (mainly) for colored particles,
Uncolored particles practically unconstrained (so far)!
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What is happening to the 27

Low energy data (mostly (g —2),) favors low SUSY mass scales
LHC data favors higher SUSY scales
— tension, reflected in rising y2:

Model Min. x? | Prob. | my,n | mo Ap |tang | MPOLEP
(GeV) | (GeV) | (GeV) (GeV)
CMSSM 22.3/20 | 32% 360 90 -400 15 111
LHC 2011 | 29.3/22 | 14% 780 450 -1100 41 119
NUHM1 20.8/18 | 29% 340 110 520 13 119
LHC 2011 | 27.4/21 | 16% 730 150 -910 41 119

The LHC searches (mainly) for colored particles,
Uncolored particles practically unconstrained (so far)!

Any inference from one sector to the other is strongly model dependent!
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“Typical’” CMSSM scenario

(SPS 1a benchmark scenario):

Strong connection between

all the sectors

800

m [GeV]

700

600
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400

300

200

100

ULy dp ——
UR, dL —_—

v Xi
X3 e
0 i
X —

by

S
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1000

“Typical” GMSB scenario m [GeV]

(SPS 7 benchmark scenario): 900

SPS home page: 800 | -

www.ippp.dur.ac.uk/~georg/sps -

One possible example

for natural larger splitting
between colored and 500 |
uncolored sector

600 |

O g0 — H* % %
300 | Xs
i by ——— Ta Xy Xi
200 |
) X
RO lr T

100 L
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“Typical’ AMSB scenario 1400
(SPS 9 benchmark scenario):  pgev i ~
( —02
SPS home page: 1200¢ )
.
B i <
www.ippp.dur.ac.uk/~georg/sps A H ! g — by
) 2
1000, o
One possible example i
e U]
for natural larger splitting 800 L
between colored and
uncolored sector
600 |
Xy ——
400 | " 7.
llR__%lyT
200 | . .
’ X —— i
0
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4. Other BSM physics - if time permits

1. Z' models

2. 4th generation models

3. Extra dimensions

4. Little Higgs models
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Z' models

7' is the gauge boson of an additional U(1)

— remnant of a larger gauge symmetry

SO(10) — SU(5) @ U(1)
— SURB)SUR)U(1)®U(1)

FEg — SO(10)
— SUB)®U(1)

= many? possibilities!
... all with slightly different couplings of the Z’
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7' mass:

p parameter:

> Mz A7
MZZ’ — 2 2
A2 M2,
4
=Mz — — < M3
— 5 5
7!
~ MZ,
AQ
M2
— W
W

= strong constraints from electroweak precision data

(Z pole experiments have little sensitivity to Z> exchange)
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Electroweak precision constraints:

0.4

1 1 1 I 1 1 1 I 1 1 1 (\\\\“‘
| [Jm=178.0+4.3Gev AN
m, = 114...1000 GeV _
"?&&: \‘ ;\') .
AT
SRy

—
N
|

-02 _

68 % CL |
-0.4 : 0 0.2 0.4

Z! compatible with heavier Higgs boson!
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Golden channel: Z/ — 0 (0 = e, )

[M. Dittmar, A. Nicollerat, A. Djouadi '03]

Dilepton invariant mass spectrum

- EEEEER Z;x, r:241GeV a)

- 7', T=13.1GeV FFe p
W - H L=100fb
T Z;n, '=14.4GeV o

EININI Z; r=386GeV

)

10

LR’

W
=

r--

10°

Events / 20 GeV

lllllllllllllll

10

[ I | | | | [ I | | | I T | [ I | | | | | oy

1000 1100 1200 1300 1400 1500 1600 1700 1800
M, [GeV]

My, = 1.5 TeV, /s =14 TeV, L+ = 100 fb—1
= “easy’” signal
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[R. Diener, S. Godfrey, T. Martin '09]

Reach for various Z’ models:
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Reach for two Z/ models:

-y
o

Integrated luminosity (fb™)

1=
107
E CMS Preliminary
- SBM-07-002, scaled to /s =7 TeV
10-2_ _____________________________________________________________________________

06 08 1 1.2 14 16 1.8 2 22 24
Z’ mass (TeV/&?)

= large reach with low luminosity, already at /s =7 TeV
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4th generation models

Assume the SM with a 4th generation of heavy fermions
(SM4 = SM + 4th generation of quarks and leptons)

Relevant changes:

1. additional contribution to gg — H

= factor of ~ 9 in Higgs production cross section
2. = factor of ~ 9 in I'(H — gg)
= reduced BR(H — bb), BR(H — 77 77)

Simple approximation recently confirmed by explicit calculation
[C. Anastasiou, R. Boughezal, E. Furlan '10]
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Limits on My from LEP and Tevatron searches
[P. Bechtle, O. Brein, S.H., G. Weiglein, K. Williams '08] [CDF, D& '10]

code: HiggsBounds

10 T T T T T T T T T T
: M— | 84 BRI
4th Generation model ===-=-- ] B 7777777 CDF+DORunIIPreI |mmary 77777777777777777777777777777777
N | RENE—
- Y (. i W3IS0 EXpedled:
gé ——— 9 bbb e LAG(lowEmass) - oA
» =
.1} o % y) | S R S S R S O g 5
> [ v |
L Ty
: i e
X - - AG(
L O e N o - \
! O """""""""""""""""""""""" | """"""""""""""""""""
% 0 7\ i | ; | i | \ | ‘ | \ | ‘ | ; | i | ; | i | ; | i | ; |
01 B S R S S 120 140 160 180 200 220 240 260
90 100 110 120 130 140 150 160 170 180 190 200 mH(GeV)

my [GeV]

=only 112 GeV < My < 130 GeV, My 2 210 GeV still allowed

= tested soon by the Tevatron 77
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Electroweak precision data for SM4:

0.4r
- U=0
o3 e
100 | \ - T e
/ 0.4 | 0.2
80 - 03 , -
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s 0.2 Z A
8 60 i N
e _O_
=i 0.1 B
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100 200 300 400 500 600 700 ~-0.2 -0.1 0 0.1 0.2 0.3
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= heavy Higgs can be accommodated
... by some fine-tuning of 4th generation masses
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SM4 Higgs physics at the LHC:
[G. Kribs, T. Plehn, M. Spannowsky, T. Tait '07]

Significance, 30 fb™*

102 b

0.1F

H- ZZ
H - WW

L N H_'yy

0.01}

Branching Ratio BR(H)

99 - H

R : ---- 0q - Haq

[EEY

|

100 200 300 400 500 600
m,[GeV]

0.0001

= modified branching ratios
but BR(H — WW®™)) and BR(H — ZZ®)) still strong

— discovery possible with 30 fb—1
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Reach for b’ quarks:

i EXO0-09-012 scaling to 7 TeV
é 18 b CMS preliminary
O :
—
O
D
7))
7)) 1 200 pb T — . 13,"__
& (& HSHH]\
o Z
60 1
Q B —
107

300 350 400 450 500
b’ mass (GeV/c?)

= large reach with low luminosity, already at /s =7 TeV
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Extra dimensions

Two general types:

1. flat (or factorizable) geometry

— any number of (additional) dimensions:
3+1 space-time + (D-4) extra dimensions

ds® = guvdatdz”  (u,v =0,1,2,3,...D)

2. warped (or non-factorizable) geometry

— “warp factor” (for one extra dimension:) a(y)

15” = a(y) (muvdatda®) + dy®  (u,v = 0,1,2,3)
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Size of the extra dimensions:

For flat geometries the extra dimensions must be small, i.e. compact

Compactifying extra dimensions leads to periodicity conditions

One extra dimension:
k=400

dap,y) =Y oW (z,)erv/ T

k=—0o0

R: inverse compactification size / radius

— Kaluza-Klein (KK) modes qb(k)(:vu)
— infinite number of KK modes!

Masses of KK modes:

2 > K
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Many options: which field sits where?

e ADD:
n compactified extra dimensions with flat geometry — bulk
only gravity propagates in the full D dimensional space-time
SM fields live in the 4-dim subspace — brane

o Tev—1:
one or more compactified extra dimensions with flat geometry and sizes
of O (10_19) m, i.e. of TeV scale
SM fields live in the 4-dim subspace — brane

o UED:
— Universal Extra Dimensions
also SM gauge bosons and fermions can propagate in the bulk

o RS:
only gravity propagates in a 5-dim warped bulk
one compactified extra dim + two 4-dim branes:
— SM fields live in the “TeV brane”
— other: “Planck brane”

— adding a scalar field to the warped bulk to stabilize the brane distance
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ADD at the LHC (I):

solution to the hierarchy problem:

MBia) = Mpilatny ' = Mpica) = O(1 TeV)

mass difference of KK gravitons:

n+2
MP|(4)> 2 1012n—31

Am ~ n
(1 TeV
= very close to each other

= very characteristic for ADD

Possible detection modes:
— direct KK graviton production
— indirect KK graviton effects as quantum corrections
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ADD at the LHC (II):

direct KK graviton production

pp — GnGn + {9,7, 2}

—— 600 I I I I I I I I I I I I I I I I I I I
o J’ | | | | L
2 | CMS Prellmlnary | H
E .___95_3( _CL Exclusion ;
G, escape undetected 3 S0 N
E [ <% 1
. z 0 A
= signature: {97 Vs 4 } = 400/ 59 ]
. . " i < i f]
-+ missing energy ) gé;z} |
300 ——Q{b —:
(n <6, Mp < Mpy(a)) &
i + i i
= exclusion potential ]
11010 E—————— =l
-i: | L..h--P"i'“I-“'I‘...I | | ! | | | | | | | | | I:
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ADD at the LHC (III):

direct KK graviton production

I I I I I I I |
N\ CMS Preliminary |

__EX0-09-013 scaled to 7.TeV.

Significance

GGy, escape undetected

— signature: {g,v, Z} 5= b— ;
+ missing energy '

(n <3, Mp < Mpy(a)) e

= discovery potential
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UED at the LHC (1):

KK 0" modes are identified with 4-dim SM particles
each SM particles has its 15t KK mode

= part of the spectrum is similar to the MSSM — T

“KK parity” conserved:
= light UED KK modes are pair produced
light UED KK modes decay to SM particle
and other light UED KK mode
= LKP (lightest Kaluza-Klein particle) is stable, DM candidates: ~1, 11

= phenomenology very similar to MSSM

= very similar decay chains

Sven Heinemeyer — CP3-Origins/DESY /Gottingen Autumn School, 14./15.11.2011 139



UED particle spectrum:

650 650
| tE -
600 [ Q - 600
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Comparison of SUSY with e.g. Extra Dimensions:
= cascades may look very similar:

SUSY:
near)
UED: ¢(F (far)
X3
71
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UED at the LHC (II):

Possibilities for distinction of UED and SUSY:

1. size of cross section:

colored SM particles: quarks
SUSY partners: scalar quarks
UED partners: fermionic KK states

scalar: o o (1 — cos?0)
fermion : o o (1 + cos?0)

= UED has larger cross sections for same masses than MSSM

2. search for 2"d KK mode:

possible:

pp — Vo = U (Vo =1p,Z0, L =c¢e,pu)

3. measurement of mass differences, spin, ...

Sven Heinemeyer — CP3-Origins/DESY /Gottingen Autumn School, 14./15.11.2011 142



UED at the LHC (III):

(b) pp->Vze'e”

30 -
i Vo 1

LAV
o

Events/bin

[y
o

1L=100 fb!

1
950

1000 1050 1100 1150

0 -. M
900
M. (GeV)

R~1 =500 GeV, /s =14 TeV, Lyt = 100 fb—! = clear signal
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RS at the LHC (I):

search mode: pp — Gk — VY

Parameter dependence:

— graviton mass: Gk

— coupling strength: & = k/Mp,
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RS at the LHC (II):

di-photon channel:

pp — Gk — VY

Ig 0 455_ CMS Preliminary
g - EX0-09-009, scaled to\/s=7 TeV
o 04 a _—
— peak in the invariant g - ontlLlmt
© 035 __50/pb
di-photon mass spectrum 0.3 =——100/pb
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_ _ 025 . A <10Tev /
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RS at the LHC (III):

di-photon channel:

= peak in the invariant

di-photon mass spectrum

= discovery potential

pp — G — VY
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Little Higgs models

Main idea of Little Higgs (LH):
light Higgs boson as a Nambu-Goldstone boson
of an approximate symmetry

Breaking of a gauge group:
G — H at the scale f
(with H being e.g. the SM gauge group)

Problem:
this set-up induces via gauge boson loops (quadratic divergences)

v f

EWPO: f = 0O(1 TeV)
+ quadratic divergences from top loops

= Ssimple idea does not work
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Solution in LH models: “collective symmetry breaking”

consider a gauge group G such that

G D Gq x Gy

and each G; contains the SM gauge group

Now after

G — H at the scale f

the gauge bosons of the extended gauge group (with M ~ g f)
cancel the quadratic divergences and

v f

IS possible

Still a problem: quadratic divergences from top loops
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Still a problem: quadratic divergences from top loops

= introduction of vectorial top-partner T" fermions

h h h h

Quadratic divergences:

— removed at one-loop
— not removed at two-loop
— log-divergences already at one-loop

= theory valid up to A=4xn f
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Little Higgs models:

Model depends on the gauge group G:

[SU(3); x SU(3)p]*: minimal moose model
SU(5),50(5) : littlest Higgs

[SU(3) x U(1)]?: simplest LH

Common features:

— new gauge bosons
— new top partners (and possibly other partners)
— often additional scalar states . ..
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General problem of LH models: EWPQO!

New gauge bosons mix with SM gauge bosons
= large tree-level contributions to EWPO

Solution 1:
= Mmake f large, f = several TeV
(— little hierarchy problem)

Solution 2:

new discrete symmetry: T parity (Z> symmetry)

SM: T = +1

LH: T'= —1 = NO Mixing between SM and new gauge bosons

additional heavy top states: allow for “heavy’” Higgs boson

LTP is stable = By is DM candidate
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Generic Little Higgs particle spectrum:

A
0 + ++
o o 0 .
1TeV A,
t
h W,z
Y
scalar sector gauge sector '[Dp sector
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LHC phenomenology of LH models:

very different for LH with or without T parity

LH with T parity:
QCD pair production: pp — 1T

with (cascade) decays of T: T'— tBpy
= signal: missing energy

LH without 1" parity:

single production of 1", By, Zyg, Wy, ...
with subsequent decay to SM particles
= NO MIssing energy
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LHC phenomenology of LH models:

very different for LH with or without T parity

Y Wy — fubb ATLAS

ZH — Eﬁbg
Ve = 337y
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LH without T parity:

single production and decay of

new LH particles possible
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Outlook

The LHC has re-discovered the SM
Important improvements expected for the W, top, B physics . ..
— sensitive test of the SM

The Higgs mechanism continues to be our best bet for EWSB

Low-energy Supersymmetry continues to be our best bet for physics
beyond the Standard Model

Within the next years the LHC will bring a decisive test of our ideas
about SM extensions and the Higgs

Before the end of 2012 we will (most likely) know about the SM Higgs

Data rules:

We need experimental information from Tevatron, LHC, ILC,

v experiments, dark matter searches, low-energy experiments, ...
to verify / falsify our ideas about electroweak symmetry breaking,
the Higgs, extensions of the SM, ...

= Very exciting prospects for the coming years

Expect the unexpected!
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Interested in Theory Predictions?

Interested in
e theory analyses for Tevatron data?
e theory predictions for the LHC?
e theory predictions for the ILC?

e phenomenology analyses in Higgs/SUSY?

= You can do your PhD at IFCA (Santander, Spain)
contact: Sven.Heinemeyer @ cern.ch
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Santander, Spain: (15 minutes by foot from the institute :-)

contact: Sven.Heinemeyer @ cern.ch
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