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1. Motivation

We have a discovery!
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We have a discovery!

But what is it?

Q: Is it a Higgs boson?

Q: Is it the Higgs boson of the SM?

Q: Is it an MSSM Higgs boson?

Q: Is it a Higgs boson of a different model?

Q: Is it an impostor?
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We have a discovery!

But what is it?

Q: Is it a Higgs boson? ⇒ yes according to CERN!

Q: Is it the Higgs boson of the SM?

Q: Is it an MSSM Higgs boson?

Q: Is it a Higgs boson of a different model?

Q: Is it an impostor? ⇒ no according to CERN!

How can we decide?

A: Measure all its characteristics

A: Compare to the predictions of the various models

⇒ Overview about implications in the SM and MSSM!
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2. Higgs Physics in the SM

Current status of knowledge: the Standard Model (SM)

⇒ all particles experimentally seen
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2. Higgs Physics in the SM

Current status of knowledge: the Standard Model (SM)

⇒ all particles experimentally seen

⇒ but it predicts massless gauge bosons . . .
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Problem:

Gauge fields Z, W+, W− are massive

explicite mass terms in the Lagrangian ⇔ breaking of gauge invariance

Solution: Higgs mechanism

scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

Scalar SU(2) doublet: Φ =




φ+

φ0





Higgs potential:
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Φ =
1√
2




0

v +H



 (unitary gauge)

H: elementary scalar field, Higgs boson

Lagrange density:

LHiggs = (DµΦ) † (DµΦ)

− gdQ̄LΦdR − guQ̄LΦcuR

− V (Φ)

with

iDµ = i∂µ − g2~I ~Wµ − g1Y Bµ

Φc = iσ2Φ
∗ QL ∼




uL

dL



 , Φ ∼



0

v



 , Φc ∼



v

0





Gauge invariant coupling to gauge fields

⇒ mass terms for gauge bosons and fermions
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Latest theory predictions for the SM Higgs: LHC production XS

[LHC Higgs XS WG ’10 – ’12]
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Latest theory predictions for the SM Higgs: branching ratios

[LHC Higgs XS WG ’13]
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The challenges: (taken from [R. Tanaka, talk at Aspen Higgs WS 03/13 ])
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The “solutions”: (taken from [R. Tanaka, talk at Aspen Higgs WS 03/13 ])
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The “solutions” (final update): (compiled by [R. Tanaka ’14 ])
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Solutions provided by: LHC Higgs Cross Section Working Group

LHCHXSWG work is documented in:

Appeared: 01/11, 01/12, 07/13

Authors: 64, 120, 157

Pages: 151, 275, 404

Citations: 730+, 360+, 160+
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How did we make predictions for the SM Higgs mass before observation?
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How did we make predictions for the SM Higgs mass before observation? Com-

parison of electro-weak precision observables with theory:

EW Precision data: Theory:

MW , sin2 θeff , aµ, . . . ↔ SM, MSSM , . . .

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

H

⇓
SM: limits on MH

Very high accuracy of measurements and theoretical predictions needed
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Example: prediction of MW

Theoretical prediction for MW in terms of MZ, α,Gµ,∆r:

M2
W

(

1− M2
W

M2
Z

)

=
π α√
2Gµ

(1 +∆r)

m
loop corrections

Evaluate ∆r from µ decay ⇒ MW

One-loop result for MW in the SM:

[A. Sirlin ’80] , [W. Marciano, A. Sirlin ’80]

∆r1−loop = ∆α − c2W
s2W

∆ρ + ∆rrem(MH)

∼ log
MZ
mf

∼ m2
t log(MH/MW)

∼ 6% ∼ 3.3% ∼ 1%
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Comparison of SM prediction of MW with direct measurements:

∆r = − 11g22
96π2

s2W
c2W

log

(

MH

MW

)

general for EWPO:

∆ ∼ g22

[

log

(

MH

MW

)

+ g22
M2

H

M2
W

]

leading term: log(MH)

first term ∼ M2
H with g42 80.3
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[LEPEWWG ’12]

⇒ light Higgs boson preferred
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Indirect prediction vs. “the discovery”:

[LEPEWWG ’12]

⇒ MH = 94+29
−24 GeV

MH < 152 GeV, 95% C.L.

Assumption for the fit:

SM incl. Higgs boson

⇒ no confirmation of

Higgs mechanism 0

1
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10040 200

mH [GeV]

∆χ
2

LEP
excluded

LHC
excluded

∆αhad =∆α(5)

0.02750±0.00033

0.02749±0.00010

incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

⇒ Observed excess well compatible with SM prediction
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Comparison for single observables:

[GFitter ’12]
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Future “MH test” with ILC accuracy: [GFitter ’13] [LEPEWWG ’13]
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⇒ δM ind
H ≈ ±6 GeV

⇒ extremely sensitive test of SM (and BSM) possible
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Challenges for the future

1. Calculations for
√
s = 13 TeV,33 TeV,100 TeV, . . .

(plus “normal” updates once better calculations become available,

holds equally for decay widths)

2. Precision coupling determination from future data:

Higher precision than for 2012 data (i.e. κ prescription) needed

⇒ Higgs Effective Field Theory

3. Additional Higgs production modes?

4. Triple Higgs coupling?

5. . . .
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Calculations for higher energies: [LHCHXSWG ’13]
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Precision coupling/spin/parity determination from future data:

Problem:

− κ prescription only accurate up to the 5-10% level

− only valid if data centers around SM values

Solution: Higgs Effective Field Theory [LHCHXSWG ’13]

− effective Lagrangian: SM + dim 6 operators (# ≤ 59)

− linear vs. non-linear parameterization . . .

Existing tools (already):

− MadGraph5

− Hawk

− eHdecay

⇒ NLO calculations? Will take time . . .
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Additional Higgs production modes?

(taken from [R. Tanaka, talk at ATLAS HSG1 meeting] )
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Triple Higgs coupling: [LHCHXSWG ’13]
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⇒ LHC perspectives unclear . . .
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3. Higgs Physics in the MSSM:

→ MSSM always predicted Mh <∼ 135 GeV

→ MSSM predicts (over large parts of the parameter space) that

the lightest Higgs is SM-like

⇒ discovery can be identified with the lightest MSSM Higgs boson!
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The simplest case: MSSM with real paremeters

Enlarged Higgs sector: Two Higgs doublets

H1 =




H1

1

H2
1



 =




v1 + (φ1 + iχ1)/

√
2

φ−1





H2 =




H1

2

H2
2



 =




φ+2

v2 + (φ2 + iχ2)/
√
2





V = m2
1H1H̄1 +m2

2H2H̄2 −m2
12(ǫabH

a
1H

b
2 +h.c.)

+
g′2 + g2

8︸ ︷︷ ︸

(H1H̄1 −H2H̄2)
2 +

g2

2︸︷︷︸
|H1H̄2|2

gauge couplings, in contrast to SM ⇒ mh ≤ MZ

physical states: h0, H0, A0, H±

Goldstone bosons: G0, G±

Input parameters: (to be determined experimentally)

tanβ =
v2
v1

, M2
A = −m2

12(tanβ + cotβ )
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t̃ sector of the MSSM:

Stop mass matrices

M
2
t̃ =






M2
t̃L

+m2
t +DTt1 mtXt

mtXt M2
t̃R

+m2
t +DTt2






θt̃−→






m2
t̃1

0

0 m2
t̃2






with

Xt = At − µ/ tanβ

⇒ mixing important in stop sector!

Simplifying abbreviation:

MSUSY := Mt̃L
= Mt̃R
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Most relevant issues about the MSSM Higgs(es):

1. Prediction of Mh

2. Prediction of SUSY Higgs cross sections and branching ratios

3. Search for deviations in XS, BR induced by SUSY

4. Search for additional Higgs bosons
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3 A) Prediction of Mh

The embarrasing situation:

Experiment:

ATLAS: Mexp
H = 125.5± 0.4± 0.2 GeV

CMS: Mexp
H = 125.7± 0.3± 0.3 GeV
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3 A) Prediction of Mh

The embarrasing situation:

Experiment:

ATLAS: Mexp
H = 125.5± 0.4± 0.2 GeV

CMS: Mexp
H = 125.7± 0.3± 0.3 GeV

Theory:

δMtheo
h ∼ 3 GeV

⇒ Theory prediction must be improved

to match the experimental accuracy!
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Method I:

Higher-order corrections in the Feynman diagrammatic method:

Propagator/Mass matrix at tree-level:




q2 −m2

H 0

0 q2 −m2
h





Propagator / mass matrix with higher-order corrections
(→ Feynman-diagrammatic approach):

M2
hH(q

2) =







q2 −m2
H + Σ̂HH(q2) Σ̂Hh(q

2)

Σ̂hH(q2) q2 −m2
h + Σ̂hh(q

2)







Σ̂ij(q
2) (i, j = h,H) : renormalized Higgs self-energies

CP-even fields can mix

⇒ complex roots of det(M2
hH(q2)): M2

hi
(i = 1,2): M2 = M2 − iMΓ
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Calculation of renormalized Higgs boson self-energies:

Σ̂(q2) = Σ̂(1)(q2) + Σ̂(2)(q2) + . . .

all MSSM particles contribute

main contribution: t/t̃ sector (t̃: scalar top, SUSY partner of the t)

Very leading 1-Loop:

t̄

t

h h

¯̃t

t̃

h h

t̃

h h

Recent updates:

− O (αtαs) p2-dependent corrections ⇒ talk by Sophia Borowka

− O
(

α2
t

)

corrections in cMSSM [W. Hollik, S. Paßehr ’13]

⇒ effects larger than current experimental accuracy
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Advantages of Feynman-diagrammatic method:

− all contributions at fixed order are captured

− trivial to include many SUSY scales

− full control over Higgs boson self-energies

→ needed for other quantities (production and decay)

Problems of Feynman-diagrammatic method:

− always only fixed order

− large logs not captured beyond the calculated order
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Method II: Log resummation via RGE’s:

Excellent recent overview paper: [P. Draper, G. Lee, C. Wagner, arXiv:1312.5743]

Simple example for log resummation:

SUSY mass scale: MSUSY = MS ∼ mt̃

Above MSUSY: MSSM
Below MSUSY: SM

Relevant SM parameters: − quartic coupling λ
− top Yukawa coupling ht (αt = h2t /(4π))
− strong coupling constant gs (αs = g2s /(4π))

Procedure:

1. Take: ht(mt), gs(mt)

SM RGEs for ht, gs: ht, gs(mt) → ht, gs(MS)

2. Take λ(MS), ht(MS), gs(MS)

SM RGEs for λ, ht, gs: λ, ht, gs(MS) → λ, ht, gs(mt)

3. Evaluate M2
h

M2
h ∼ 2λ(mt)v

2
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Advantages of RGE log resummation:

− large logs taken into account to all orders

− calculation can easily be extended to very large scales

Problems of RGE log resummation:

− not all contributions at fixed order are captured

→ sub-leading logs more difficult

→ momentum dependence

− difficult (impossible?): include many different SUSY scales

− difficult (impossible?): control over Higgs boson self-energies

→ needed for other quantities (production and decay)
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The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!
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The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!

Problem:

Some terms exist in both calculations!

One-loop:
∆M2

h ∼ m2
t αt

[

L+ L0
]

, L := log

(

mt̃

mt

)

Two-loop:
∆M2

h ∼ m2
t

{

αtαs

[

L2 + L
]

+ α2
t

[

L2 + L
]}
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The best of both worlds:

to get the most precise prediction of Mh:

Combination of FD and RGE result!

Problem:

Some terms exist in both calculations!

One-loop:
∆M2

h ∼ m2
t αt

[

L+ L0
]

, L := log

(

mt̃

mt

)

Two-loop:
∆M2

h ∼ m2
t

{

αtαs

[

L2 + L
]

+ α2
t

[

L2 + L
]}

⇒ subtract to avoid double counting ⇒ included in FeynHiggs 2.10.0

⇒ talk tomorrow in the “SUSY Precision” track
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Working group dedicated to SUSY Higgs mass calculations:

Next meeting: 20.-22.10.2014, DESY, Hamburg, Germany
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3 B) Prediction of SUSY Higgs Cross Sections (and BRs):

“Official” theory predictions for the MSSM Higgs XS: [LHC Higgs XS WG ’12]

Masses, couplings: FeynHiggs

Cross sections: combination of Higlu, bbh@nnlo, FeynHiggs, . . .

⇒ most relevant cross sections (bbΦ: Santander matching)

⇒ update for gg → Φ . . .
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Update for gg → Φ: [LHCHXSWG - MSSM ’13] [E. Bagnaschi et al. ’14]

[P. Slavich, talk given at HDays13]
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Update for gg → Φ: [LHCHXSWG - MSSM ’13] [E. Bagnaschi et al. ’14]

[P. Slavich, talk given at HDays13]
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Update for gg → Φ: [LHCHXSWG - MSSM ’13] [E. Bagnaschi et al. ’14]

[P. Slavich, talk given at HDays13]
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Update for gg → Φ: [LHCHXSWG - MSSM ’13] [E. Bagnaschi et al. ’14]

[P. Slavich, talk given at HDays13]
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3 C) Search for deviations in XS, BR induced by SUSY

Lastet coupling measurement (κ framework) including all data:

[P. Bechtle, S.H., O. St̊al, T. Stefaniak, G. Weiglein ’14]

0.0 0.1 0.2 0.3 0.4 0.5 0.6

BR(H → inv.)
1σ

2σ

κV
1σ

2σ

κu
1σ

2σ

κd
1σ

2σ

κℓ
1σ

2σ

κg
1σ

2σ

0 0.5 1 1.5 2 2.5

κγ
1σ

2σ

Very general model:

κV , κu, κd, κl, κg, κγ,BR(H → inv.)

using HiggsSignals with

80 channels from

ATLAS, CMS, CDF, DØ

⇒ no deviations so far!

⇒ Overview talk by

Margarete Mühlleitner
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Re-interpretation of SM Higgs search results:

g2hV V = sin2(β − α)g2HV V,SM, g2HV V = cos2(β − α)g2HV V,SM

⇒ some coupling strength could remain for the heavy Higgs

⇒ go ahead for stronger limits!
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3 D) Search for additional Higgs bosons

Search (interpretation) in new benchmark scenarios: [arXiv:1302:7033]

⇒ designed to have Mh ∼ 125.5± 3 GeV

and to reproduce rate measurements

⇒ designed to exhibit certain features of Higgs phenomenology

− light Higgs phenomenlogy

− heavy Higgs phenomenology

Not taken into account on purpose:

− Flavor contraints

− Precision observables

− Dark Matter

− . . .

⇒ can all be avoided easily by small model modification

that do not change the Higgs phenomenology

⇒ do not overconstrain yourself!
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mmod+
h scenario:

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = 1.5MSUSY

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV .

⇒ Mh ≈ 125.5 GeV nearly “everywhere”
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mmod+
h scenario:

⇒ effect of non-SM Higgs decays:

⇒ strong impact from H/A → χ̃0
i χ̃

0
j , χ̃

±
k χ̃

∓
l

⇒ disover heavy Higgses and SUSY at the same time!
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Phenomenology at very low tanβ: Just one first example:

MSUSY = mg̃ = 10 TeV, Xt/MSUSY = 2, M2 = µ = 1 TeV

200 300 400 500
MA [GeV]

1

2

3

4

5

6

7

8

9

10

ta
nβ

MSUSY = 10000, Xt/MSUSY = 2

Mh < 100

100 < Mh < 110

110 < Mh < 120

120 < Mh < 125

125 < Mh < 130

130 < Mh < 140

⇒ lower tanβ values possible! Relevant? ⇒ “new” relevant decay channels!
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H → hh:
MSUSY = mg̃ = 10 TeV, Xt/MSUSY = 2, M2 = µ = 1 TeV

200 300 400 500
MA [GeV]

1

2

3

4

5

6

7

8

9

10

ta
nβ

MSUSY = 10000, Xt/MSUSY = 2

0.8 < BR(H -> hh) < 0.9

0.7 < BR(H -> hh) < 0.8

0.6 < BR(H -> hh) < 0.7

0.5 < BR(H -> hh) < 0.6

0.4 < BR(H -> hh) < 0.5

0.3 < BR(H -> hh) < 0.4

0.2 < BR(H -> hh) < 0.3

0.1 < BR(H -> hh) < 0.2

⇒ important at low tanβ ⇒ new benchmarks necessary . . .
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A → hZ:

MSUSY = mg̃ = 10 TeV, Xt/MSUSY = 2, M2 = µ = 1 TeV
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MSUSY = 10000, Xt/MSUSY = 2

0.7 < BR(A -> hZ) < 0.8

0.6 < BR(A -> hZ) < 0.7

0.5 < BR(A -> hZ) < 0.6

0.4 < BR(A -> hZ) < 0.5

0.3 < BR(A -> hZ) < 0.4

0.2 < BR(A -> hZ) < 0.3

0.1 < BR(A -> hZ) < 0.2

⇒ important at low tanβ ⇒ new benchmarks necessary . . .
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The “exotic” solution:

the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

Mh < 125.5 GeV

MH ≈ 125.5 GeV

Consequences:

− all Higgs bosons very light

− easy(?) discovery of additional Higgs bosons at the LHC

Constraints:

− direct searches for the lightest CP-even Higgs

− direct searches for the heavy neutral Higgses

− direct searches for charged Higgses

− flavor constraints (BR(Bs → µ+µ−) etc.)
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The “exotic” solution:

the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

Mh < 125.5 GeV

MH ≈ 125.5 GeV

Consequences:

− all Higgs bosons very light

− easy(?) discovery of additional Higgs bosons at the LHC

Constraints:

− direct searches for the lightest CP-even Higgs

− direct searches for the heavy neutral Higgses

− direct searches for charged Higgses ⇐ strong constraint in the MSSM!

− flavor constraints (BR(Bs → µ+µ−) etc.)
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The general possibility:

the discovered Higgs is the second-lightest one

− more contrived in the MSSM with real parameters

− “easier”(?) possible in the MSSM with complex parameters

− “easier”(!) possible in the NMSSM → 8 talks, but . . .

⇒ light Higgs can be singlet like

can more easily escape detection

Is such a light Higgs detectable at the LHC?

− h2 → h1h1 possible, but strongly suppressed for Mh1
>∼ 63 GeV

− so far no LHC searches for a Higgs with Mh1
<∼ 100 GeV

− Possible: SUSY → SUSY h1 , e.g. χ̃0
2 → χ̃0

1h1
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LHC Higgs searches below 100 GeV:

− crucial to cover extended

Higgs sectors

− needed to re-check LEP exclusions

(∼ 2.x σ “excess” around 98 GeV)

Best channel? h1 → γγ ??

You tell me!
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mH1 (GeV/c 2 )
   

   
   

   
   

   
   

   
   

  S
95

LEP
√
SM branching ratios

s = 91-209 GeV

Observed
Expected for background

(a)

⇒ we cannot encourage you enough to perform this search!
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4. Conclusinos

• Higgs discovery fits well with SM predictions

− MH prediction via EWPO

− prediction of cross sections × branching ratios

• Calculation challenges: LHC Higgs Cross Section WG provides

− higher-order total and differential cross sections, BRs, . . .

− property analysis strategies

− preparation for future challenges: higher energies, exotic modes, . . .

• Higgs discovery fits well with lightest MSSM Higgs boson

− direct prediction of Mh
− prediction of cross sections × branching ratios

• Unsolved calculation challenge: δMexp
h ≪ δMtheo

h

− combination of Feynman-diagrammatic and RGE calculations

− recent progress (see parallel sessions)

− dedicated working group formed . . .

• Search for additional Higgs bosons:

− new benchmarks are in place: Higgs → SUSY, SUSY → Higgs

− even newer benchmarks needed for very low tanβ: H → hh, . . .

− do not forget about (SUSY) Higgses lighter than 125 GeV!
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(PBIO)
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Please apply - it’s worth it! :-)
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