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1. Introduction

We have a discovery!
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1. Introduction

We have a discovery!

Parameter value
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But there is more than meets the eye - more than experimental analyses!
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

− SM Higgs cross sections

(incl. uncertainty evaluation)

− SM Higgs branching ratios

(incl. uncertainty evaluation)

− backgrounds

− included in validated Monte Carlos
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

− SM Higgs cross sections

(incl. uncertainty evaluation)

− SM Higgs branching ratios

(incl. uncertainty evaluation)

− backgrounds

− included in validated Monte Carlos

as well as strategies for the extraction of

− coupling strength factors

− coupling structures

− spin, CP, . . .
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

− SM Higgs cross sections

(incl. uncertainty evaluation)

− SM Higgs branching ratios

(incl. uncertainty evaluation)

− backgrounds

− included in validated Monte Carlos

as well as strategies for the extraction of

− coupling strength factors

− coupling structures

− spin, CP, . . .

Have to ensure that ATLAS and CMS use the same numbers/strategies

to compare and/or combine numbers
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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!
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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

⇒ SM predictions for XS, BR, couplings, . . .

A: Investigate BSM physics:

− predictions for EW singlet, 2HDM, (N)MSSM, Composites Triplets, . . .

− benchmark models needed

− VLVL scattering?
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2. The LHC Higgs Cross Section Working Group

→ created in 2010 (the year 2 BH) to take care of these issues

→ re-organized in April 2014

New structure not “fully started” (ask me over coffee ;-)
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The group structure (I): SWG1: Higgs XS & BR

[taken from talk by M. Grazzini 08/14]

Task forces

• ggH

• VH+VBF

• ttH

• bbH (bottom-initiated processes)

• HH

• off-shell production

• BR (continued from “old” HXSWG)

Thursday, August 28, 2014

⇒ best available predictions (common for ATLAS and CMS!)
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The group structure (II): SWG2: Higgs properties

Main focus:

⇒ just started . . .
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The group structure (III): SWG3: BSM

→ take care of BSM physics

→ first meeting: 07.10.2014

⇒ not more details possible . . .

→ charged Higgs ?!

− 2HDM’s ?!

− MSSM ?!

− NMSSM ?!

− . . .
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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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3. Success stories

LHCHXSWG work is documented in:

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

Authors: 64, 120, 157

Pages: 151, 275, 404

Citations: 764, 375, 191
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“Official” theory predictions for the SM Higgs: LHC production XS

[LHC Higgs XS WG ’12]

⇒ best available prediction
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“Official” theory predictions for the SM Higgs: LHC production XS

[LHC Higgs XS WG ’10]
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⇒ best available prediction
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Higgs cross section uncertainty: [LHCHXSWG ’13]

(taken from [R. Tanaka, talk at Aspen Higgs WS 03/13] )
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“Official” theory predictions for the MSSM neutral Higgs XS:

[LHCHXSWG - MSSM ’13] [E. Bagnaschi et al. ’14] [SusHi]

[P. Slavich, talk given at HDays13]

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 17



“Official” theory predictions for light charged Higgs

Sources of theory uncertainties:

1. PDF and αs uncertainties on σ(pp → tt̄)

2. experimental uncertainties on mt, affecting σ(pp → tt̄)

3. Uncertainties of ∆b

4. Experimental uncertainties in SUSY masses entering ∆b

5. Further missing higher order corrections in BR(t → H+b)

− How large are the uncertainties?

− How large are the corresponding effects?

⇒ details: [S.H., talk at “Charged Higgs 2012”]
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Combination of everything: [LHCHXSWG ’12]

σ(pp → tt̄)×BR(t → H±b)×BR(t → W±b)× 2
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⇒ non-negligible . . .
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“Official” theory predictions for heavy charged Higgs

− 2HDM type II

− no SUSY corrections (∆b)

“Private” extension:

⇒ included into FeynHiggs to produce MSSM XS

− SUSY corrections (∆b) consistently added

− external Z-factor for on-shell charged Higgs added

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 20



“Official” theory predictions for MSSM heavy charged Higgs

− SUSY corrections (∆b) consistently added

(taken from FeynHiggs)

− evaluated for MSSM benchmark scenarios
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MSSM benchmark scenarios in MA and tanβ [LHCHXSWG ’13]

⇒ maximize all contributions and assume Mh = 125.5± 3 GeV

⇒ new bounds: MA > 200 GeV, tanβ > 4
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MSSM benchmark scenarios in MA and tanβ [LHCHXSWG ’13]

⇒ new scenario: mmod+
h

⇒ light Higgs mass “correct” over the whole parameter space!
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A “heavy” SUSY Higgs at 125.5 GeV? [LHCHXSWG ’13]

mt = 173.2 GeV,

MA = 110 GeV,

MSUSY = 1500 GeV,

M2 = 200 GeV,

XOS
t 2.45MSUSY

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV .

⇒ MH ≈ 125.5 GeV can in principle be realized

⇒ now challenged by search for light charged Higgs . . .
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Latest ATLAS results for charged Higgs searches: [ATLAS ’13]
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⇒ model independent limits!
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Latest ATLAS results for charged Higgs searches: [ATLAS ’13]
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Latest ATLAS results for charged Higgs searches: [ATLAS ’13]
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⇒ exclusion of light MH± in the mmax
h scenario! . . . low-MH?
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Application of charged Higgs limits on low-MH scenario:

[HiggsBounds 4.1]

⇒ that (particular incarnation of the) low-MH scenario is excluded?
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Application of charged Higgs limits on low-MH scenario:

[HiggsBounds 4.1]

⇒ that (particular incarnation of the) low-MH scenario is excluded?
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“Official” theory predictions for the SM Higgs: branching ratios

[LHC Higgs XS WG ’13]
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Based on HDECAY and Prophecy4f:

ΓH = ΓHD − ΓHD
ZZ − ΓHD

WW +ΓP4f
4f

⇒ best available prediction based on code combination
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“Official” calculation of MSSM BR’s: [LHCHXSWG ’11-’14]

1. Input parameters to FeynHiggs (native format or SLHA)

2. FeynHiggs ⇒ Higgs masses, couplings, decay widths/BRs

Output via SLHA file (total width and BRs)

3. SLHA file is stored and fed to HDECAY

4. HDECAY ⇒ decay widths

Output via SLHA file (total width and BRs)

5. “Script” reads both SLHA files, extracts total and branching ratios

⇒ calculation of partial widths

6. “Script” calculates total width:

Γφ = ΓFH
φ→ττ +ΓFH

φ→µµ +Γ
FH/P4f

φ→W (∗)W (∗) +Γ
FH/P4f

φ→Z(∗)Z(∗)

+ΓHD
φ→b̄b +ΓHD

φ→tt̄ +ΓHD
φ→cc̄ +ΓHD

φ→gg +ΓHD
φ→γγ +ΓHD

φ→Zγ

7. “Script” calculates BRs
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“Official” calculation of MSSM BR’s: [LHCHXSWG ’11-’14]

1. Input parameters to FeynHiggs (native format or SLHA)

2. FeynHiggs ⇒ Higgs masses, couplings, decay widths/BRs

Output via SLHA file (total width and BRs)

3. SLHA file is stored and fed to HDECAY

4. HDECAY ⇒ decay widths

Output via SLHA file (total width and BRs)

5. “Script” reads both SLHA files, extracts total and branching ratios

⇒ calculation of partial widths

6. “Script” calculates total width:

ΓH± = ΓHD(H± → tb) + ΓFH(H± → τντ) + ΓFH(H± → µνµ)

+ ΓHD(H± → cs) + Γ...(H± → AW ) + Γ...(H± → HW ) + . . .

7. “Script” calculates BRs
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Example results: charged Higgs BRs in mmod+
h scenario: [LHCHXSWG ’13]

tanβ = 10 tanβ = 50

100 200 300 400 500 600
MH

+- [GeV]

10
-4

10
-3

10
-2

10
-1

10
0

B
R

(H
+

- )

BR(H
±
 -> tb)

BR(H -> cs)

BR(H -> τ ντ)

BR(H -> µ νµ)

LH
C

 H
ig

gs
 X

S
 W

G
 2

01
3

mh
mod+

, tanβ = 10

100 200 300 400 500 600
MH

+- [GeV]

10
-4

10
-3

10
-2

10
-1

10
0

B
R

(H
+

- )

BR(H
±
 -> tb)

BR(H -> cs)

BR(H -> τ ντ)

BR(H -> µ νµ)

LH
C

 H
ig

gs
 X

S
 W

G
 2

01
3

mh
mod+

, tanβ = 50

⇒ kinks from chargino/neutralino thresholds
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Effects of ∆b on production × decay:

t

b̄

H+ yb
tanβ

1+∆b

∆b =
2αs

3π
mg̃ µ tanβ × I(mb̃1

,mb̃2
,mg̃) +

αt

4π
At µ tanβ × I(mt̃1

,mt̃2
, µ) + . . .

⇒ other parameters enter ⇒ strong µ dependence

H± :
tan2 β

(1 +∆b)
2
×BR(H± → τντ)

:
tan2 β

(1 +∆b)
2
× Γ(H± → τντ)

ΓTHDM(H± → tb)/(1 +∆b)
2 +Γ(H± → τντ) + . . .

⇒ no compensation of ∆b effects for light charged Higgs

⇒ partial compensation for heavy charged Higgs

⇒ crucial: consistent treatment of ∆b
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Latest (interim) recommendation: XS, BR in the 2HDM: [LHCHXSWG ’13]

− SusHi & 2HDMC ⇒ talk by Oscar this afternoon

− Higlu & Hdecay

− updates/improvements expected (Powheg, MadGraph5, . . . )
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taken from

[M. Mühlleitner ’13]
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Many further success stories:
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Many further success stories:

Analysis of interference effects for gg → H → V V :

[N. Kauer, G. Passarino ’12] [LHCHXSWG ’13]
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gg → H → WW :

-10% negative interference for

light Higgs and large positive

for heavy Higgs

→MCFM, gg2WW

gg → H → ZZ:

similar, but smaller effects

strongly cut dependent
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Extraction of coupling strength factors [LHCHXSWG ’12, ’13]

Assumptions (for 2012 data):

1. Signal corresponds to only one state, no overlapping signal etc.

2. Zero-width approximation

3. Only modification of coupling strength (absolute values of couplings)

but not of tensor structure wrt. to SM

Recommendations (for 2012 data):

1. Use state-of-the-art predictions in the SM and rescale the predictions

with “leading order inspired” scale factors κi
(κi = 1 corresponds to the SM case)

2. Most general case: κW , κZ, κt, κb, κτ , . . . ⊕ extra loop contributions

to σ(gg → H), Γ(H → gg), Γ(H → γγ), ΓH,tot

3. benchmarks:

− one parameter: overall signal strength κ2 ≡ µ

− two parameters: κV := κW = κZ, κF := κt = κb = κτ = . . .

− . . .
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Recommendations continued: [LHCHXSWG ’12, ’13]

Total width ΓH,tot cannot be measured without further

theory assumptions.

(This is not a recommendation, but a fact!)

For each benchmark (except overall coupling strength)

two versions are proposed:

with and without taking into account the possibility of

additional contributions to the total width

− additional contributions to ΓH,tot are allowed:

⇒ Determination of ratios of scaling factors, e.g. κi κj/κH

− no additional contributions to ΓH,tot are allowed:

⇒ Determination of κi (evaluated to NLO QCD accuracy)

⇒ all “official” coupling strength factor determinations based on this
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Example of application: [CMS ’13]
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More important topics:

• Jet-bin uncertainty

− reduction in jet-bin uncertainty for 1-jet exclusive in particular

− ggF+2jets contamination in VBF category;

how to reduce contamination and assoc. uncertainty?

− developments of other categorization methods

• Higgs pT uncertainty

− Higgs pT in ggF important discriminant against VBF and SM bg

− mass effects important at large pT
− NLO corrections: M2

H ≪ m2
t , p

2
T

− NLO top mass effects small up to pT ∼ 300 GeV

− finite b-quark mass effects in pT at NLO?;

soft gluon resummation for small pT

• progresses in (N)NLO Monte Carlos

− Higgs signal: replace POWHEG H + PYTHIA with MINLO HJ

(multi-scale improved NLO)

⇒ NLO in H inclusive and H+jet distributions
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4. 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]

 [TeV]s
7 8 9 10 20 30 40 50 60 70 80 210

 H
+

X
) 

[p
b]

→
(p

p 
σ

-210

-110

1

10

210

310

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
3

 H (NNLO+NNLL QCD + NLO EW)

→pp 

H (NNLO QCD)

q q→pp 

 WH (NNLO QCD)

→pp 

 ZH (NNLO QCD)

→pp 

H (N
LO QCD)

t t→
pp 

 HH (NLO QCD)

→pp 

 = 125 GeVHM
MSTW2008

⇒ new subgroup to be formed
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• Important for Higgs discovery

• Important for Higgs property extraction

• Important for BSM Higgs phenomenology

• Important for charged Higgs phenomenology

• Ongoing and crucial effort also for 2015+ data!
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Apply - it’s worth it! :-)
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