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The Higgs Boson

[Andersen; Englert, Brout; Higgs; Hagen, Guralnik, Kibble]

Standard Model of Elementary Particle Physics

Gauge theory (SU(3)c ⊗ SU(2)L ⊗ U(1)Y )

Direct mass terms for elementary particles
forbidden by gauge invariance
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The Higgs Boson

[Andersen; Englert, Brout; Higgs; Hagen, Guralnik, Kibble]

Standard Model of Elementary Particle Physics

Gauge theory (SU(3)c ⊗ SU(2)L ⊗ U(1)Y )

Direct mass terms for elementary particles
forbidden by gauge invariance

→ Use trick: Spontaneous Symmetry Breaking

Introduce scalar SU(2) doublet Φ (Higgs field)

L invariant under gauge transformations

but ground state not → vacuum expectation value v

Φ =

(

φ+

φ0

)

=

(

G+

1√
2
(v + H + iG0)

)
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but ground state not → vacuum expectation value v
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G±, G0 → longitudinal modes of W±, Z
H real scalar field → Higgs boson
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The Higgs Boson

[Andersen; Englert, Brout; Higgs; Hagen, Guralnik, Kibble]

Standard Model of Elementary Particle Physics

Gauge theory (SU(3)c ⊗ SU(2)L ⊗ U(1)Y )

Direct mass terms for elementary particles
forbidden by gauge invariance

→ Use trick: Spontaneous Symmetry Breaking

Introduce scalar SU(2) doublet Φ (Higgs field)

L invariant under gauge transformations

but ground state not → vacuum expectation value v

Φ =

(

φ+

φ0

)

=

(

G+

1√
2
(v + H + iG0)

)

G±, G0 → longitudinal modes of W±, Z
H real scalar field → Higgs boson

masses of fermions via Yukawa couplings
LYukawa = −λf ψ̄LΦψR + h.c.
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Higgs production modes
Main Higgs-boson production modes:

gluon-gluon fusion
t
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Higgs decay modes

H → bb̄
main decay mode (∼ 90%) for light Higgs bosons,
as suggested by electroweak precision data
hard to extract from QCD backgrounds
recent suggestion of WH/ZH production plus
jet substructure analysis looks promising
(3.7σ @ 30 fb−1 & 14 TeV)

[Butterworth, Davison, Rubin, Salam; ATL-PHYS-PUB-088]

H → τ τ̄
need to reconstruct invariant mass of the two taus
→ limits production channel to vector-boson fusion
in MC studies one of the discovery channels for light
Higgs bosons [Plehn, Rainwater, Zeppenfeld]

H → WW

H → ZZ

H → γγ
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Higgs decay modes

H → bb̄

H → τ τ̄

H → WW
main decay mode for heavier Higgs bosons
(mH & 140 GeV )
gluon and vector-boson fusion relevant even if W s
are off-shell

H → ZZ
“Golden Channel” due to four-lepton final state
statistically limited to larger Higgs masses

H → γγ
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Higgs decay modes

H → bb̄

H → τ τ̄

H → WW

H → ZZ
H → γγ

loop-induced coupling by (mainly) W and t
only fully reconstructable channel for a light Higgs
boson
small branching ratio (. 0.2%)
promising discovery channel for light Higgs bosons,
background can be subtracted via sidebands
Higgs mass measurement
up to 100 MeV
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Experimental Status

Electroweak Precision Data Tevatron
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Higgs properties

Verify that observed resonance is “Higgs”

spin-0 particle
spin-1 excluded by H → γγ [Landau-Yang theorem]

spin-2: look at angular correlations [Hagiwara, Mawatari, Li; Frank, MR, Zeppenfeld]
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Spin-2 Particle

Effective theory → general dimension-5 operators
Transition to full theory at scale Λ
Spin-2 particle T couples only to electroweak sector

Lspin-2 =
1

Λ
Tµν

(

f1BσνBµσ + f2Wσν
a W aν

σ + 2f5(D
µΦ)†(DµΦ)

)

Consider vector-boson-fusion with decay into photon pair

f1
Λ

=
f2
Λ

= f5
Λ

= 1
20 TeV MT ,H = 130 GeV

→ distinction possible at LHC [Frank, MR, Zeppenfeld]
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Higgs properties

Verify that observed resonance is “Higgs”

spin-0 particle
spin-1 excluded by H → γγ [Landau-Yang theorem]

spin-2: look at angular correlations [Hagiwara, Mawatari, Li; Frank, MR, Zeppenfeld]

CP-nature
SM-Higgs CP-even; extended Higgs sectors also CP-odd or mixed states
look at angular correlations [Plehn, Rainwater, Zeppenfeld; Klämke, MR, Zeppenfeld]

[Choi, Eberle, Miller, Mühlleitner, Zerwas]

[Englert, Hackstein, Spannowsky]
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Higgs CP-nature

Gluon-fusion H → τ τ̄ plus two tagging jets

t H
τ

τ̄

Clear difference between CP-even and CP-odd ttH-coupling
→ measurable via azimuthal angle difference between the two tagging jets ∆Φjj

CP-even (SM) CP-odd
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√
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blue: GF-H-Signal
green: VBF-H-Background
purple: τ τ̄ (QCD+EW)
red: t t̄+jets
cyan: WW (QCD+EW)

Black line: Fit of f (∆Φ) = N(1 + A cos(2∆Φ) + B cos(∆Φ))
Significance for distinguishing between CP-even and CP-odd: 5.0 σ @ 600 fb−1
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Higgs properties

Verify that observed resonance is “Higgs”

spin-0 particle
spin-1 excluded by H → γγ [Landau-Yang theorem]

spin-2: look at angular correlations [Hagiwara, Mawatari, Li; Frank, MR, Zeppenfeld]

CP-nature
SM-Higgs CP-even; extended Higgs sectors also CP-odd or mixed states
look at angular correlations [Plehn, Rainwater, Zeppenfeld; Klämke, Zeppenfeld]

[Choi, Eberle, Miller, Mühlleitner, Zerwas]

[Englert, Hackstein, Spannowsky]

couplings
unitarity in WLWL → WLWL scattering

−→ fixed coupling gWWH ∝ mW
fermion masses

−→ gf f̄H ∝ mf
Higgs self-couplings

determine shape of Higgs potential via trilinear and quartic couplings
SM: V = µ2|Φ|2 + λ|Φ|4 + const.

new scale Λ: V =
∑

n≥0
λn

Λ2n

(

|Φ|2 + v2
2

)2+n

−→ very challenging for LHC [Plehn et al.; Baur et al.; MR et al.; Binoth et al.; . . . ]
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Generalized Higgs sector

How well can we determine the SM Higgs couplings?
Can we distinguish a non-Standard-Model-like Higgs sector?

Theory: Standard Model plus general Higgs sector

For Higgs couplings present in the Standard Model j = W , Z , t, b, τ
replace general couplings by

gjjH −→ gSM
jjH

(

1 +∆jjH
)

(→ ∆ = −2 means sign flip)

For loop-induced Higgs couplings j = γ, g replace by

gjjH −→ gSM
jjH

(

1 +∆SM
jjH +∆jjH

)

where gSM
jjH : (loop-induced) coupling in the Standard Model

∆SM
jjH : contribution from modified tree-level couplings

to Standard-Model particles
∆jjH : additional (dimension-five) contribution

Additional free parameters:
Higgs boson mass mH
top- and bottom-quark mass mt , mb

Neglecting couplings only available from high-luminosity analyses
(gHµµ, geff

HZγ
, gHHH , gHHHH )
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SFitter

Need to scan high-dimensional parameter space

⇒ SFitter [Lafaye, Plehn, MR, Zerwas]

General Higgs couplings from modified version of HDecay [Spira]

Three scanning techniques:
Weighted Markov Chain
Cooling Markov Chain (equivalent to simulated annealing)
Gradient Minimisation (Minuit)
Nested Sampling [Skilling; Feroz, Hobson]

Output of SFitter:
Fully-dimensional log-likelihood map
Reduction to plotable one- or two-dimensional distributions via both

Bayesian (marginalization) or
Frequentist (profile likelihood) techniques

List of best points

Also successfully used for SUSY parameter extraction studies
[partly in coll. with Adam, Kneur; Turlay]
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Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3ℓ)
t t̄H WW (2ℓ)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2ℓ)
qqH ττ (1ℓ)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p

g2
d

ΓH
(ΓH ∝ g2)
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Higgs at the LHC

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3ℓ)
t t̄H WW (2ℓ)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2ℓ)
qqH ττ (1ℓ)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p

g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi

[Lafaye, Plehn, MR, Zerwas, Dührssen 2009]
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Error analysis
Errors obtained by 10,000 toy experiments:
SM hypothesis, mH = 120 GeV,

√
S = 14 TeV,L = 30 fb−1

Fit with Gaussian of the central part within one standard deviation
no eff. couplings with eff. couplings ratio ∆jjH/WWH

σsymm σneg σpos σsymm σneg σpos σsymm σneg σpos

∆WWH ± 0.23 − 0.21 + 0.26 ± 0.24 − 0.21 + 0.27 — — —
∆ZZH ± 0.36 − 0.40 + 0.35 ± 0.31 − 0.35 + 0.29 ± 0.41 − 0.40 + 0.41
∆ttH ± 0.41 − 0.37 + 0.45 ± 0.53 − 0.65 + 0.43 ± 0.51 − 0.54 + 0.48
∆bbH ± 0.45 − 0.33 + 0.56 ± 0.44 − 0.30 + 0.59 ± 0.31 − 0.24 + 0.38
∆ττH ± 0.33 − 0.21 + 0.46 ± 0.31 − 0.19 + 0.46 ± 0.28 − 0.16 + 0.40
∆γγH — — — ± 0.31 − 0.30 + 0.33 ± 0.30 − 0.27 + 0.33
∆ggH — — — ± 0.61 − 0.59 + 0.62 ± 0.61 − 0.71 + 0.46
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From 14 to 7 TeV
Extrapolate analyses from 14 TeV to 7 TeV

Higgs sector: no effective couplings
Signal cross sections from LHC Higgs XS WG
Background cross sections scaled with SHERPA

14 TeV, 30 fb−1 7 TeV, 20 fb−1
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The Higgs Portal

Additional hidden sector as singlet under SM gauge groups [Binoth, van der Bij; Patt, Wilczek]

Only possible connection to SM:
L ∝ Φ†

sΦsΦ
†
hΦh

Φs/h: Higgs field of SM/hidden sector

Electro-weak symmetry breaking:
φs/h → (vs/h + Hs/h)/

√
2

Hs and Hh mix into mass eigenstates:
(

H1
H2

)

=
(

cos χ sin χ
− sin χ cos χ

)(

Hs
Hh

)

σ = cos2 χ · σSM

Γvis = cos2 χ · ΓSM
vis

Γinv = cos2 χ · ΓSM
inv + Γhid

(ΓSM
inv : Decay H → ZZ → 4ν (negligible) )
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The Higgs Portal
Fit of cos2 χfit without constraints

[Bock, Lafaye, Plehn, MR, D. Zerwas, P.M. Zerwas]
No invisible decay modes

cos2 χth = 1.0
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⇒ If cos2 χth < 0.6 can exclude SM at the 95% CL with 30 fb−1

Measuring invisible decays in VBF-Higgs production
Signature: Two VBF-jets plus missing ET [Eboli, Zeppenfeld; MC-study: ATLAS]

Γhid = sin2 χ · ΓSM
tot (rhs: cos2 χth = 0.6)
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Strongly-Interacting Light Higgs

[Giudice, Grojean, Pomarol, Rattazzi; Espinosa, Grojean, Mühlleitner]

Higgs pseudo-Goldstone boson of new strongly interacting sector
Modifications parametrized by ξ = (v/f )2 (f: Goldstone scale)

MCHM4:

Scaling of all couplings with
√

1 − ξ
⇒ Identify cos2 χ = 1 − ξ

Γhid = 0

MCHM5:

Scaling:

gVVH = gSM
VVH ·

√

1 − ξ

gf f̄ H = gSM
f f̄H

· 1−2ξ√
1−ξ

Significant and observable deviations also in Higgs self-couplings [Gröber, Mühlleitner]
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MCHM5

[Bock, Lafaye, Plehn, MR, D. Zerwas, P.M. Zerwas]

Secondary solutions appear (sign of f f̄ H coupling)

mH = 120 GeV
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Gluon fusion H → γγ
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MCHM5

[Bock, Lafaye, Plehn, MR, D. Zerwas, P.M. Zerwas]

Secondary solutions appear (sign of f f̄ H coupling)
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Conclusions & Outlook

Determining the Higgs-boson properties next step after discovery
Important for our understanding of electroweak symmetry breaking

Spin:
angular correlations distinguish between spin-0 Higgs
and spin-2 particle from effective theory

CP:
consider azimuthal-angle between jets in GF-H plus two jets with H → τ τ̄
distinction between CP-even and CP-odd needs high luminosity
Couplings:

Independent of explicit realization of new physics (if any):
Standard Model with effective Higgs couplings
Expected accuracy of 20 − 50% in Standard Model at 30 fb−1 and 14 TeV
Extended Models (Portal Higgs, SILH) can lead to simple one-parameter
deviations which can be tested

Outlook: Update analysis
using current measurements
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Discovering the Higgs boson
Tevatron results
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Higgs at the LHC

Input data [Dührssen (ATL-PHYS-2002-030), ATLAS CSC Note; CMS results comparable]

mH = 120 GeV; L = 30 fb−1

production decay S + B B S ∆S(exp) ∆S(theo)

gg → H ZZ 13.4 6.6 (× 5) 6.8 3.9 0.8
qqH ZZ 1.0 0.2 (× 5) 0.8 1.0 0.1
gg → H WW 1019.5 882.8 (× 1) 136.7 63.4 18.2
qqH WW 59.4 37.5 (× 1) 21.9 10.2 1.7
t t̄H WW (3ℓ) 23.9 21.2 (× 1) 2.7 6.8 0.4
t t̄H WW (2ℓ) 24.0 19.6 (× 1) 4.4 6.7 0.6
inclusive γγ 12205.0 11820.0 (× 10) 385.0 164.9 44.5
qqH γγ 38.7 26.7 (× 10) 12.0 6.5 0.9
t t̄H γγ 2.1 0.4 (× 10) 1.7 1.5 0.2
WH γγ 2.4 0.4 (× 10) 2.0 1.6 0.1
ZH γγ 1.1 0.7 (× 10) 0.4 1.1 0.1
qqH ττ (2ℓ) 26.3 10.2 (× 2) 16.1 5.8 1.2
qqH ττ (1ℓ) 29.6 11.6 (× 2) 18.0 6.6 1.3
t t̄H bb̄ 244.5 219.0 (× 1) 25.5 31.2 3.6
WH/ZH bb̄ 228.6 180.0 (× 1) 48.6 20.7 4.0

Last line obtained using subjet techniques ( [Butterworth, Davison, Rubin, Salam]),
theoretical results confirmed by ATLAS ( [ATL-PHYS-PUB-2009-088])
(stricter cuts, statistical significance basically unchanged)
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Distribution of parameters
One-dimensional distributions

Slow-falling distributions with single peaks prefer profile likelihood
Higher luminosity qualitatively similar, quantitatively better
Including effective couplings allows sign degeneracy for ttH coupling
Smearing the dataset does not change picture substantially either

True dataset, 30 fb−1; Profile likelihood vs. Bayesian
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Distribution of parameters
One-dimensional distributions

Slow-falling distributions with single peaks prefer profile likelihood
Higher luminosity qualitatively similar, quantitatively better
Including effective couplings allows sign degeneracy for ttH coupling
Smearing the dataset does not change picture substantially either

True dataset, Profile likelihood; 30 fb−1 vs. 300 fb−1
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Distribution of parameters
One-dimensional distributions

Slow-falling distributions with single peaks prefer profile likelihood
Higher luminosity qualitatively similar, quantitatively better
Including effective couplings allows sign degeneracy for ttH coupling
Smearing the dataset does not change picture substantially either

True dataset, Profile likelihood, 30 fb−1; Without vs. including eff. couplings
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Distribution of parameters
One-dimensional distributions

Slow-falling distributions with single peaks prefer profile likelihood
Higher luminosity qualitatively similar, quantitatively better
Including effective couplings allows sign degeneracy for ttH coupling
Smearing the dataset does not change picture substantially either

Profile likelihood, 30 fb−1; True vs. smeared dataset
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Invisible vs. Unobserved

Invisible Higgs decays actually observable

Vector-Boson Fusion: tagging jets plus missing ET [Eboli, Zeppenfeld]
WH/ZH: recoil against nothing [Choudhury, Roy; Godbole, Guchait, Mazumdar, Moretti, Roy]

Unobservable decays into particles with large backgrounds (like H → jets)
e.g. increased ccH coupling (corresponding to 15.4 GeV Yukawa coupling)
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Invisible vs. Unobserved
Unobservable decays into particles with large backgrounds (like H → jets)
e.g. increased ccH coupling (corresponding to 15.4 GeV Yukawa coupling)
L = 30 fb−1, SM data / increased ccH / increased ccH plus free width
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Non-decoupling Supersymmetric Higgs
SPS1a-inspired scenario with
tβ = 7, At = −1100 GeV, mA = 151 GeV, mh0 = 120 GeV
LHC data set with L = 30 fb−1, Profile likelihood, True dataset

1/∆χ2 true: −0.13 −0.19 3.27 3.29 −0.28 = ∆
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Clear deviation from Standard Model:
q(dSUSY|mSM) < q(dSM|mSM) : 77% at 90% CL
Favouring of new physics more difficult: only 4% better described by SUSY model
Strong correlation between ∆bbH and ∆ττH via total width
No upper limit on gbbH as BR ≃ 1 compatible with data
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Fat Jets

Decay into bb̄ main channel for light Higgs (∼ 80%)
[Butterworth, Davison, Rubin, Salam]

Suffers from large QCD backgrounds → Use high-pT region
Higgs and W /Z more likely to be central, Z → νν̄ visible
t t̄ kinematics cannot simulate background
Much smaller cross section (1/20 for pT (H) > 200 GeV)

R &
3mH
pT

: resolve one jet in 75% of cases

Algorithm to find ”fat jet”:
0 Start with high-pT jet (Cambridge/Aachen algorithm)
1 Undo last stage of clustering (≡ reduce R): J → J1, J2
2 If max(m1,m2) . 0.67m, call this a mass drop [else goto 1]

3 Require y12 =
min(p2

T1,p
2
T2)

m2
12

∆R12 ≃ min(z1,z2)
max(z1,z2)

> 0.09 [else goto 1]

4 Require each subjet to have b-tag [else reject event]
5 Filter the jet: Reconsider region of interest at smaller Rfilt = min(0.3,Rbb/2)
6 Take 3 hardest subjets

b Rbb
Rfilt

Rbbg

b

R

mass drop filter
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Fat Jets in Higgs channels

WH/ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
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(b) ATLAS L = 30 fb−1, mH = 120 GeV
Significance:

No systematics: 3.7
15% systematics: 3.0

t t̄H [Plehn, Salam, Spannowsky]

H plus new physics (SUSY, . . . ) [Kribs, Martin, Roy, Spannowsky]
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Fat Jets in Higgs channels

WH/ZH [Butterworth, Davison, Rubin, Salam; ATLAS]
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(b) ATLAS L = 30 fb−1, mH = 120 GeV
Significance:

No systematics: 3.7
15% systematics: 3.0

t t̄H [Plehn, Salam, Spannowsky]
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Observation Bias

Significant backgrounds in Higgs measurement channels

Measure signal plus background in signal region

Extrapolate background from signal-free control regions
(sidebands, etc.) and subtract

Background from theory typically not better

⇒ B from control regions can be larger than S+B in signal region

positive number
of signal events
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⇒ Careful treatment necessary
Observation of Higgs bosons favors larger couplings
Cross-check using all predicted channels

M. Rauch – Determination of Higgs Boson Properties February 1, 2012 28/28


