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Standard Model Higgs  
-

• SM, one Higgs couples to all quarks and charged leptons
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Figure 10.1. Left plot: total decay width (in GeV/c2) of the SM Higgs boson as a function of

its mass. Right plot: Branching ratios of the dominant decay modes of the SM Higgs particle. All

relevant higher-order corrections are taken into account.

the most important Higgs decays in this mass range at the LHC is the decay into photon pairs,

which is mediated by W , top and bottom quark loops. It reaches a branching fraction of up to

2× 10−3. The NLO QCD [396–402] and electroweak [403–405] corrections are known. They
are small in the Higgs mass range relevant for the LHC.

For Higgs masses above 135GeV/c2 the main decay modes are those into WW and

Z Z pairs, where one of the vector bosons is off-shell below the corresponding kinematical

threshold. These decay modes dominate over the decay into t t̄ pairs, the branching ratio of

which does not exceed ∼ 20% as can be inferred from Fig. 10.1 (right plot). The electroweak

corrections to the WW , Z Z decays are of moderate size [392, 393, 406, 407]. The total decay

width of the Higgs boson, shown in Fig. 10.1 (left plot), does not exceed about 1GeV/c2

below the WW threshold. For very large Higgs masses the total decay width grows up to the

order of the Higgs mass itself so that the interpretation of the Higgs boson as a resonance

becomes questionable. This Higgs mass range coincides with the upper bound of the Higgs

mass from triviality.

The dominant Higgs production mechanism at the LHC will be the gluon-fusion process

[408]

pp → gg → H ,

which provides the largest production cross section for the whole Higgs mass range of interest.

This process is mediated by top and bottom quark loops (Fig. 10.2a). Due to the large size of

the top Yukawa couplings and the gluon densities gluon fusion comprises the dominant Higgs

boson production mechanism for the whole Higgs mass range.

The QCD corrections to the top and bottom quark loops have been known a long time

including the full Higgs and quark mass dependences [409–411]. They increase the total

cross section by 50–100%. The limit of very heavy top quarks provides an approximation

within ∼10% for all Higgs masses [20, 369, 370, 409–412]. In this limit the NLO QCD

corrections have been calculated before [409–411, 413–416] and recently the NNLO QCD

corrections [417–420] with the latter increasing the total cross section further by ∼ 20%. A

full massive NNLO calculation is not available, so that the NNLO results can only be trusted

• h→bb dominant at low mass region

Br(h→ ττ) =
Γ(h→ ττ)

Γtot

≈ Γ(h→ ττ)
Γ(h→ bb)

≈ y2
τ

y2
b

|SM

- Higgs coupling is the Yukawa coupling
- Yukawa coupling ∝ mass    

ghττ

ghbb
|SM =

yτ

yb
|SM =

mτ

mb
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Type II 2HDM: MSSM
-

• Type II 2HDM: one Higgs couples to up-type quarks, the other couples  
to down-type quarks and charged leptons (e.g., MSSM)

LYukawa = yuūQφu − ydd̄Qφd − ylēLφd + h.c.

〈φu〉 =
(

0
vu

)
, 〈φd〉 =

(
0
vd

)
, tanβ =

vu

vd

yb =
mb

vd
=

mb

v cos β
=

1
cos β

ySM
b

yτ =
mτ

vd
=

mτ

v cos β
=

1
cos β

ySM
τ
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Type II 2HDM: MSSM
-

h0
u, h0

d → h0, H0

gh0bb = − sinαyb =
(
− sinα

cos β

)
yb|SM

gh0ττ = − sin αyτ =
(
− sinα

cos β

)
yτ |SM

• enhanced Higgs coupling to b and τ for large tanβ (small vd)

gh0ττ

gh0bb
|MSSM =

yτ

yb
|SM

Br(h→ ττ)MSSM ≈
g2

h0ττ

g2
h0bb

|MSSM ≈ Br(h→ ττ)SM
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Type II 2HDM: MSSM
-

1320 CMS Collaboration
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Figure 11.2. Branching ratios of the MSSM Higgs bosons h, H, A, H± for non-SUSY decay

modes as a function of the masses for two values of tanβ = 3, 30 and maximal mixing. The

common squark mass has been chosen as MS = 1 TeV/c2. The other SUSY–parameters have
been chosen as M2 = mg̃ = µ = 1 TeV/c2 and At,b = 2783 (2483)TeV/c2 for tanβ = 3(30).
(Continued on next page.)

virtual sbottom/stop and gluino/gaugino exchange contributions in the h, H, A → bb̄ and

H± → tb decay modes [549, 562, 568, 569]. The dominant part of the latter corrections can

be absorbed in improved bottom Yukawa couplings. In this way these contributions can also

be resummed up to all orders thus yielding reliable perturbative results [560, 563]. The rare

photonic decay modes h, H, A → γ γ are mediated by W, t, b loops as in the SM Higgs case

and additional contributions from charged Higgs bosons, charginos and sfermions, if these

virtual particles are light enough [20, 369, 370]. The QCD corrections to these decay modes

can reach a few per cent in the relevant mass regions [396–402]. If decays into supersymmetric

particles, i.e. gauginos and sfermions, are possible, they acquire significant branching ratios

and can even be the dominant decay modes [20, 369, 370, 570, 571]. In contrast to the SM the

• depend weakly 
   on tanβ
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Figure 10.1. Left plot: total decay width (in GeV/c2) of the SM Higgs boson as a function of

its mass. Right plot: Branching ratios of the dominant decay modes of the SM Higgs particle. All

relevant higher-order corrections are taken into account.

the most important Higgs decays in this mass range at the LHC is the decay into photon pairs,

which is mediated by W , top and bottom quark loops. It reaches a branching fraction of up to

2× 10−3. The NLO QCD [396–402] and electroweak [403–405] corrections are known. They
are small in the Higgs mass range relevant for the LHC.

For Higgs masses above 135GeV/c2 the main decay modes are those into WW and

Z Z pairs, where one of the vector bosons is off-shell below the corresponding kinematical

threshold. These decay modes dominate over the decay into t t̄ pairs, the branching ratio of

which does not exceed ∼ 20% as can be inferred from Fig. 10.1 (right plot). The electroweak

corrections to the WW , Z Z decays are of moderate size [392, 393, 406, 407]. The total decay

width of the Higgs boson, shown in Fig. 10.1 (left plot), does not exceed about 1GeV/c2

below the WW threshold. For very large Higgs masses the total decay width grows up to the

order of the Higgs mass itself so that the interpretation of the Higgs boson as a resonance

becomes questionable. This Higgs mass range coincides with the upper bound of the Higgs

mass from triviality.

The dominant Higgs production mechanism at the LHC will be the gluon-fusion process

[408]

pp → gg → H ,

which provides the largest production cross section for the whole Higgs mass range of interest.

This process is mediated by top and bottom quark loops (Fig. 10.2a). Due to the large size of

the top Yukawa couplings and the gluon densities gluon fusion comprises the dominant Higgs

boson production mechanism for the whole Higgs mass range.

The QCD corrections to the top and bottom quark loops have been known a long time

including the full Higgs and quark mass dependences [409–411]. They increase the total

cross section by 50–100%. The limit of very heavy top quarks provides an approximation

within ∼10% for all Higgs masses [20, 369, 370, 409–412]. In this limit the NLO QCD

corrections have been calculated before [409–411, 413–416] and recently the NNLO QCD

corrections [417–420] with the latter increasing the total cross section further by ∼ 20%. A

full massive NNLO calculation is not available, so that the NNLO results can only be trusted

SM

MSSM
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Leptonic Higgs decay
-

 Could we increase the leptonic decay branching ratio?

• lepton signal: h→ee, h→µµ, h→ττ
• ye:yµ:yτ=me:mµ:mτ (lepton universality);  consider only μ and τ
• measure μ and τ Yukawa couplings

• h→µµ: clean, 
➡ muon easy to identify  εμ ~ 90 %
➡ reconstruct mh peak

For example: 

Fan, Goldberger, Ross, Skiba, Grinstein, arXiv:0803.2040, arXiv:0708.1463 

+ others ... 
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Leptonic Higgs decay
-

• h→ττ: relatively clean 
➡ 

➡ reconstruct Mττ or MττT

τ decay Br efficiency

leptonic τ→e/µ ντ νe/µ 35% ~ 90%

hadronic
 

τ→π± + nπ0   1 prong 50% ~ 50%

τ→3π± + nπ0   3 prongs 15%

-
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Leptonic Two Higgs Doublet Model
-

• 2HDM: one Higgs couples to quarks, the other couples to leptons

Z2 symmetry:                   even;        oddφq, Q, u, d, L φl, e

LYukawa = yuūQφc
q − ydd̄Qφq − ylēLφl + h.c.

• After EWSB 〈φq〉 =
(

0
vq

)
, 〈φl〉 =

(
0
vl

)
, tanβ =

vq

vl

yτ =
mτ

vl
=

mτ

v cos β
=

1
cos β

ySM
τ

yb =
mb

vq
=

mb

v sin β
=

1
sinβ

ySM
b

enhanced τ coupling for large tanβ
(small vl)
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Leptonic 2HDM
-

gh0bb = cos αyb =
(

cos α

sinβ

)
yb|SM

gh0ττ = − sin αyb =
(
− sinα

cos β

)
yτ |SM

gh0ττ

gh0bb
|L2HDM = −

(
tanβ

cot α

)
yτ

yb
|SM

• CP even Higgses 
(

h0

H0

)
=

(
cos α − sinα
sinα cos α

) (
Re[φ0

q]− vq

Re[φ0
l ]− vl

)

Br(h0 → ττ)L2HDM =
g2

h0ττ

g2
h0bb

|L2HDM ≈
(

tan2 β

cot2 α

)
Br(h→ ττ)SM
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Leptonic 2HDM
-

• parametrize light Higgs h0 coupling 

• decoupling limit: ⇒ SM

mH , mA0 , mH± ! mh α ≈ β − π

2

Br(h→ ττ)|L2HDM ≈ Br(h→ ττ)|SM

• non-decoupling, could have large tanβ enhancement

ηW,Z =
gh0V V

gSM
h0V V

= sin(β − α)ηq =
gh0qq

gSM
h0qq

=
cos α

sinβ
ηl =

gh0ll

gSM
h0ll

= − sinα

cos β
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Higgs masses
-

! !

!"#$%&'()*"+&,&-./&"'0

123/#34./&5&/6)!"'0/3.&'/0

perturbativity
vacuum stability
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h0qq, h0ll couplings
-

ηl

! !
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h0qq, h0ll couplings
-

ηl

! !

!"#$%&'()$&%*!+,'&-'.(&)/)&0

7.5

5

2

10

0.75

0.5

ηq

tanβ

sinα sinα

1

1

sin α = −0.5
tanβ = 5



S. Su 13

h0qq, h0ll couplings
-

ηl

! !
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ηl = 2.44
ηq = 0.89
ηW,Z = 0.95
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h0qq, h0ll couplings
-
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Light Higgs Decay
-
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Light Higgs Decay
-
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Light Higgs Decay
-
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Higgs Decay Width
-
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LHC Observation
-

gluon fusion
WBF
tth
WH/ZH 

h 

γγ
µµ
ττ
WW,ZZ...

σ(X → h→ Y )
σ(X → h→ Y )SM

=
Γ(h→ X)

Γ(h→ X)SM

Br(h→ Y )
Br(h→ Y )SM

=
Γ(h→ X)

Γ(h→ X)SM

Γ(h→ Y )
Γ(h→ Y )SM

ΓSM
tot

Γtot
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LHC Observation
-

gluon fusion
WBF
tth
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LHC Observation
-

gluon fusion
WBF
tth
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LHC Observation
-

gluon fusion
WBF
tth
WH/ZH 

h 

γγ
µµ
ττ
WW,ZZ...

≈ 1∝ ηY2∝ ηX2

σ(X → h→ Y )
σ(X → h→ Y )SM

=
Γ(h→ X)

Γ(h→ X)SM

Br(h→ Y )
Br(h→ Y )SM

=
Γ(h→ X)

Γ(h→ X)SM

Γ(h→ Y )
Γ(h→ Y )SM

ΓSM
tot

Γtot



S. Su 16

LHC Observation
-
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LHC Observation
-
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LHC Observation
-
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LHC Observation
-
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LHC Observation
-

gluon fusion
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LHC Observation
-

gluon fusion
WBF
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LHC Observation
-

gluon fusion
WBF
tth
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LHC Higgs Reach: SM
-
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Figure 10.38. The integrated luminosity needed for the 5σ discovery of the inclusive Higgs

boson production pp→ H+X with the Higgs boson decay modes H→ γ γ , H→ ZZ→ 4#, and
H→WW→ 2#2ν.
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Figure 10.39. The signal significance as a function of the Higgs boson mass for 30 fb −1 of the
integrated luminosity for the different Higgs boson production and decay channels.

pseudoscalar Higgs particles, respectively) looks as follows [511–514 ]:

C J=0%VV = κ · gµν +
ζ

m2V
· pµ pν +

η

m2V
· εµνρσ k1ρk2σ , (10.5)

where k1, k2 are four-momenta of vector bosons V and p ≡ k1 + k2 is four-momentum of the

Higgs boson. In the present analysis a simplified version of above %VV coupling (Eq. 10.5)

is studied with a Standard-Model-like scalar and a pseudoscalar contributions (i.e. κ, η $= 0

and ζ = 0). To study deviations from the Standard Model %Z Z coupling we take κ = 147.

47 The %VV coupling with κ = 1 and arbitrary η is implemented in the generator.
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LHC Higgs Production
-

CMS Physics Technical Design Report, Volume II: Physics Performance 1265
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Figure 10.3. Higgs production cross sections at the LHC for the various production mechanisms

as a function of the Higgs mass. The full QCD-corrected results for the gluon fusion gg → H ,

vector-boson fusion qq → VVqq → Hqq , vector-boson bremsstrahlung qq̄ → V ∗ → HV and

associated production gg, qq̄ → Htt̄ are shown.

Quite recently the NLO corrections to the differential cross sections have been computed, too,

resulting in modifications of the relevant distributions by up to ∼ 30% [453]. The residual

uncertainties are of O(5%).

In the intermediate mass range MH ! 2MZ Higgs-strahlung off W, Z gauge bosons

[454, 455] (see Fig. 10.2c)

pp → qq̄ → Z∗/W ∗ → H + Z/W

provides alternative signatures for the Higgs boson search. Since only the initial state quarks

are strongly interacting at LO, the NLO QCD corrections can be inferred from the Drell–Yan

process. They increase the total cross section by O(30%) [20, 369, 370, 456]. Recently this

calculation has been extended up to NNLO [457]. The NNLO corrections are small. Moreover,

the full electroweak corrections have been obtained in Ref. [458] resulting in a decrease of

the total cross sections by 5–10%. The total theoretical uncertainty is of O(5%).

Higgs radiation off top quarks (see Fig. 10.2d)

pp → qq̄/gg → Htt̄

plays a significant role for smaller Higgs masses below ∼150GeV/c2. The LO cross section

has been computed a long time ago [459–463]. During the last years the full NLO QCD

corrections have been calculated resulting in a moderate increase of the total cross section

by ∼ 20% at the LHC [162, 464, 465]. These results confirm former estimates based on an

effective Higgs approximation [466]. The effects on the relevant parts of final state particle

distribution shapes are of moderate size, i.e. O(10%), too, so that former experimental

analyses are not expected to alter much due to these results. All SM Higgs production cross

sections including NLO QCD corrections are shown in Fig. 10.3.

In the following Standard Model Higgs boson analyses the NLO cross sections and

branching ratios for the Higgs boson calculated with the programs [41], [40],

2 , 2 and [20] are used, as well as the NLO cross sections for the background

processes, when available.
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gg→h→μμ
-

Han, McElrath, hep-ph/0201023 

• irreducible SM background: pp → Z*, γ* → µµ  

• Cuts: two μ pT > 20 GeV, η < 2.5; mh-2.24 GeV< m(µµ) < mh +2.24 GeV, εµ=0.90
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gg→h→ττ
-

Tevatron: Belyaev, Han, Rosenfeld, hep-ph/0204210

• signal: pp→hj→ττj tau pair not back-to-back in the transverse plane

the tau pairs are not back–to–back in the transverse plane [14]. For this reason we need to

consider the Higgs boson production with a finite transverse momentum (ph
T ). We adopt

the process gg(q) → hg(q)+initial-final state radiation (IFSR) for the signal simulation as

implemented in [11]. The cross section of this process is of the order of 0.3 pb for mh= 120

GeV with the cut ph
T > 20 GeV. With the branching fraction for h → τ+τ− of roughly

10%, one obtains cross sections for pj
T > 20 GeV at

√
s = 2 TeV

σ(pp̄ → hj → τ+τ−j) = 44, 28, 15 fb for mh = 120, 130, 140 GeV, (2)

respectively.

The leading irreducible background to the signal is pp̄ → Zj → τ+τ−j. The other

reducible but huge background comes from QCD jets that can fake a τ final state, pp̄ →
jjj → τ+τ−j. Using the acceptance cuts on pj

T , pseudo-rapidity and separation of the

final state jets

pj
T > 20 GeV, |ηj| < 2, ∆Rjj > 0.5, (3)

the cross sections for the backgrounds are

σ(pp̄ → Zj → τ+τ−j) = 7 × 104fb, (4)

σ(pp̄ → jjj) = 2.5 × 108fb. (5)

The overwhelming background is formidable and a more efficient set of kinematical cuts is

necessary in order to have a chance of extracting the signal.

Although less important, there are other backgrounds that we should comment on.

First, the final state W±jj with W± → e/µ/τ and j → τ can constitute a background to

the signal. The production rate with the jet cuts of Eq. (3) is σ(W±jj) = 300 pb. With W

leptonic decay and a jet faking a τ , this background rate becomes about 200 fb. The next

potentially sizeable background is from W+W−j production. This background has a rate

2.0 pb. With W leptonic decay it becomes σ(W+W−j → $+$−j) = 220 fb ($ = e, µ, τ).

These background rates of Wjj and WWj are still somewhat larger than the signal rate.

However, since those backgrounds are continuous ones, they will not be important after

the judicial cuts and especially after the Higgs mass reconstruction, as we will discuss next.

To unambiguously identify the Higgs boson signal, one must reconstruct the mass peak

Mττ at mh. This is also the most efficient way to discriminate against the backgrounds.

Due to the fact that the τ+τ− from Higgs decay are ultra-relativistic, the jet (or lepton)

and the neutrino(s) from the τ decay are essentially collinear along %pτ [14]. We can thus

solve for the two neutrino momenta as long as the τ+τ− are not collinear. Alternatively,

one could consider to make use of the cluster transverse mass variable MT
ττ [15]. This

transverse mass variable should reach maximum near mh, but has a broad tail below mh.

Depending on the τ± decay modes, events with τ+τ−j signature lead to final states

such as: the pencil-like two τ -jets +j; or one pencil-like τ -jet+ lepton +j; or two leptons +

j. All decay channels have at least two missing neutrinos ντ ν̄τ , and each charged lepton $

will be accompanied by another neutrino ν". Among those channels, the leptonic channels

lead to a better energy-momentum determination but have a smaller branching fraction.

– 2 –

• Bg: pp→Zj→ττj, pp→jjj

the tau pairs are not back–to–back in the transverse plane [14]. For this reason we need to

consider the Higgs boson production with a finite transverse momentum (ph
T ). We adopt

the process gg(q) → hg(q)+initial-final state radiation (IFSR) for the signal simulation as

implemented in [11]. The cross section of this process is of the order of 0.3 pb for mh= 120

GeV with the cut ph
T > 20 GeV. With the branching fraction for h → τ+τ− of roughly

10%, one obtains cross sections for pj
T > 20 GeV at

√
s = 2 TeV

σ(pp̄ → hj → τ+τ−j) = 44, 28, 15 fb for mh = 120, 130, 140 GeV, (2)

respectively.

The leading irreducible background to the signal is pp̄ → Zj → τ+τ−j. The other

reducible but huge background comes from QCD jets that can fake a τ final state, pp̄ →
jjj → τ+τ−j. Using the acceptance cuts on pj

T , pseudo-rapidity and separation of the

final state jets

pj
T > 20 GeV, |ηj| < 2, ∆Rjj > 0.5, (3)

the cross sections for the backgrounds are

σ(pp̄ → Zj → τ+τ−j) = 7 × 104fb, (4)

σ(pp̄ → jjj) = 2.5 × 108fb. (5)

The overwhelming background is formidable and a more efficient set of kinematical cuts is

necessary in order to have a chance of extracting the signal.

Although less important, there are other backgrounds that we should comment on.

First, the final state W±jj with W± → e/µ/τ and j → τ can constitute a background to

the signal. The production rate with the jet cuts of Eq. (3) is σ(W±jj) = 300 pb. With W

leptonic decay and a jet faking a τ , this background rate becomes about 200 fb. The next

potentially sizeable background is from W+W−j production. This background has a rate

2.0 pb. With W leptonic decay it becomes σ(W+W−j → $+$−j) = 220 fb ($ = e, µ, τ).

These background rates of Wjj and WWj are still somewhat larger than the signal rate.

However, since those backgrounds are continuous ones, they will not be important after

the judicial cuts and especially after the Higgs mass reconstruction, as we will discuss next.

To unambiguously identify the Higgs boson signal, one must reconstruct the mass peak

Mττ at mh. This is also the most efficient way to discriminate against the backgrounds.

Due to the fact that the τ+τ− from Higgs decay are ultra-relativistic, the jet (or lepton)

and the neutrino(s) from the τ decay are essentially collinear along %pτ [14]. We can thus

solve for the two neutrino momenta as long as the τ+τ− are not collinear. Alternatively,

one could consider to make use of the cluster transverse mass variable MT
ττ [15]. This

transverse mass variable should reach maximum near mh, but has a broad tail below mh.

Depending on the τ± decay modes, events with τ+τ−j signature lead to final states

such as: the pencil-like two τ -jets +j; or one pencil-like τ -jet+ lepton +j; or two leptons +

j. All decay channels have at least two missing neutrinos ντ ν̄τ , and each charged lepton $

will be accompanied by another neutrino ν". Among those channels, the leptonic channels

lead to a better energy-momentum determination but have a smaller branching fraction.
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On the other hand, the hadronic channels have a higher rate but a poor energy resolution

for mass reconstruction.

In Fig. 1 we show the normalized reconstructed mass distributions of Mττ for the signal

and backgrounds for mh = 120 GeV. Figures 1(a) is for both τ+τ− decaying hadronically

and Fig. 1(b) for τ+τ− decaying leptonically. Although the jjj background rate is a

lot higher than that of Zj to begin with, the reconstructed mass spectra are sufficiently

different from the peak structure of the signal. This feature is also true for other faked

backgrounds Wjj and WWj. In contrast, the Zj background naturally presents a peak

at the Z mass and leads to a long tail after MZ . This constitutes the major irreducible

background as we will see later. This becomes the limiting factor for us to explore a Higgs

boson below and near 110 GeV. As anticipated, the leptonic channels have sharper signal

mass peaks. Taking into account the kinematical features of the signal and backgrounds

discussed above, we devise the following set of kinematical cuts. We first require the τ

identification for the hadronic (τj) or leptonic (τ") decay, Cut I:

τj : • pj
T > 15 GeV, |ηj| < 2

• one or three tracks in 10◦ cone with no additional tracks in 30◦ cone

• the invariant mass of tracks is less than 2 GeV

τ" : • p"
T > 10 GeV |η"| < 2;

• no additional tracks in 30◦ cone for jjj mode : !ET > 20 GeV,

where the missing transverse energy !ET is defined by the imbalance of the observed particles,

and it is also smeared according to Gaussian distribution with standard deviation 0.5
√
!ET .
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Figure 1: Normalized reconstructed mass Mττ distributions for τ+τ− decaying (a) hadronically
and (b) leptonically. The solid lines are for mh = 120 GeV, the dashed lines for the Zj background
and the dotted lines for jjj background.
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mh 120 GeV 130 GeV 140 GeV

channels hj Zj jjj S/B(%) hj Zj jjj S/B(%) hj Zj jjj S/B(%)

jj 32 713 559 2.5 20 281 346 3.2 10 164 195 2.7

jµ 18 430 13 4.1 10 137 8.5 6.9 5.3 67 5.3 7.3

je 17 338 13 4.8 10 159 8.5 6.0 5.0 52 5.3 8.7

µµ 1.4 18 0.26 7.7 0.85 10 0.17 8.4 0.39 6.0 0.11 4.9

ee 1.2 18 0.26 6.5 0.62 10 0.17 6.1 0.31 6.0 0.11 5.1

µe 2.5 40 0.26 6.2 1.5 24 0.17 5.1 0.78 15 0.11 5.2

Table 1: Final number of events of signal for all channels from h → τ+τ− for representative Higgs
boson masses, corresponding backgrounds at

√
s = 2 TeV per 10 fb−1 integrated luminosity and

S/B ratio.

are summarized in Table 2. A 95% CL exclusion limit for the SM Higgs boson in the mass

range 120 − 140 GeV via this single channel h → τ+τ− would require a total integrated

luminosity of 14 − 32 fb−1. To gain an idea on the signal observation in theories beyond

the SM, also given in Table 2 are the necessary enhancement factors κ over the SM rate

(σnew = κσSM ) for reaching 95% and 5σ signal with 2 and 15 fb−1 luminosity.

mh 120 GeV 130 GeV 140 GeV

95% CL exclusion L(fb−1) 14 18 32

3σ discovery L(fb−1) 33 42 77

5σ discovery L(fb−1) 93 120 210

κ for 95% CL (2 fb−1) 2.7 3.0 4.0

κ for 95% CL (15 fb−1) 0.97 1.1 1.5

κ for 3σ (2 fb−1) 4.1 4.6 6.2

κ for 3σ (15 fb−1) 1.5 1.7 2.3

κ for 5σ (2 fb−1) 6.8 7.7 10

κ for 5σ (15 fb−1) 2.5 2.8 3.8

Table 2: Integrated luminosities needed to reach a 95% CL exclusion, 3 and 5σ discovery for a
SM Higgs boson at the Tevatron, and the enhancement factor κ (at 2 and 15 fb−1) needed to reach
a 95% CL exclusion and 5σ discovery.

The τ+τ− channel can provide new addition in combination with the other promising

channels such as Wh,Zh and h → WW [1, 2, 3] to improve the overall observability of the

SM Higgs boson. To illustrate the potential improvement, we estimate the total integrated

luminosities needed for the 95%, 3σ, 5σ effects for mh = 120 − 140 GeV by combining the

Run II report [1] and our h → τ+τ− results, according to a relation

L−1 = L−1
1 + L−1

2 ,

as shown in Table 3. We have followed the convention from the Run II report that the

numbers in Table 3 correspond to the delivered machine luminosity; while the significance

values have been evaluated by combining CDF and D0 (doubling the delivered luminosity).
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L=10 fb-1

εj→τj=0.005
εj→τl=0.0001

L=10 fb-1
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gg→h→ττ (Tevatron)
-

95% CL L(fb-1) 0.89 1.03 1.59
3σ  L(fb-1) 2.10 2.41 3.82
5σ  L(fb-1) 5.94 6.88 10.42

mh 120 GeV 130 GeV 140 GeV

channels hj Zj jjj S/B(%) hj Zj jjj S/B(%) hj Zj jjj S/B(%)

jj 32 713 559 2.5 20 281 346 3.2 10 164 195 2.7

jµ 18 430 13 4.1 10 137 8.5 6.9 5.3 67 5.3 7.3

je 17 338 13 4.8 10 159 8.5 6.0 5.0 52 5.3 8.7

µµ 1.4 18 0.26 7.7 0.85 10 0.17 8.4 0.39 6.0 0.11 4.9

ee 1.2 18 0.26 6.5 0.62 10 0.17 6.1 0.31 6.0 0.11 5.1

µe 2.5 40 0.26 6.2 1.5 24 0.17 5.1 0.78 15 0.11 5.2

Table 1: Final number of events of signal for all channels from h → τ+τ− for representative Higgs
boson masses, corresponding backgrounds at

√
s = 2 TeV per 10 fb−1 integrated luminosity and

S/B ratio.

are summarized in Table 2. A 95% CL exclusion limit for the SM Higgs boson in the mass

range 120 − 140 GeV via this single channel h → τ+τ− would require a total integrated

luminosity of 14 − 32 fb−1. To gain an idea on the signal observation in theories beyond

the SM, also given in Table 2 are the necessary enhancement factors κ over the SM rate

(σnew = κσSM ) for reaching 95% and 5σ signal with 2 and 15 fb−1 luminosity.

mh 120 GeV 130 GeV 140 GeV

95% CL exclusion L(fb−1) 14 18 32

3σ discovery L(fb−1) 33 42 77

5σ discovery L(fb−1) 93 120 210

κ for 95% CL (2 fb−1) 2.7 3.0 4.0

κ for 95% CL (15 fb−1) 0.97 1.1 1.5

κ for 3σ (2 fb−1) 4.1 4.6 6.2

κ for 3σ (15 fb−1) 1.5 1.7 2.3

κ for 5σ (2 fb−1) 6.8 7.7 10

κ for 5σ (15 fb−1) 2.5 2.8 3.8

Table 2: Integrated luminosities needed to reach a 95% CL exclusion, 3 and 5σ discovery for a
SM Higgs boson at the Tevatron, and the enhancement factor κ (at 2 and 15 fb−1) needed to reach
a 95% CL exclusion and 5σ discovery.

The τ+τ− channel can provide new addition in combination with the other promising

channels such as Wh,Zh and h → WW [1, 2, 3] to improve the overall observability of the

SM Higgs boson. To illustrate the potential improvement, we estimate the total integrated

luminosities needed for the 95%, 3σ, 5σ effects for mh = 120 − 140 GeV by combining the

Run II report [1] and our h → τ+τ− results, according to a relation

L−1 = L−1
1 + L−1

2 ,

as shown in Table 3. We have followed the convention from the Run II report that the

numbers in Table 3 correspond to the delivered machine luminosity; while the significance

values have been evaluated by combining CDF and D0 (doubling the delivered luminosity).
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95% CL L(fb-1) 0.89 1.03 1.59
3σ  L(fb-1) 2.10 2.41 3.82
5σ  L(fb-1) 5.94 6.88 10.42
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µµ 1.4 18 0.26 7.7 0.85 10 0.17 8.4 0.39 6.0 0.11 4.9

ee 1.2 18 0.26 6.5 0.62 10 0.17 6.1 0.31 6.0 0.11 5.1

µe 2.5 40 0.26 6.2 1.5 24 0.17 5.1 0.78 15 0.11 5.2

Table 1: Final number of events of signal for all channels from h → τ+τ− for representative Higgs
boson masses, corresponding backgrounds at

√
s = 2 TeV per 10 fb−1 integrated luminosity and

S/B ratio.

are summarized in Table 2. A 95% CL exclusion limit for the SM Higgs boson in the mass

range 120 − 140 GeV via this single channel h → τ+τ− would require a total integrated

luminosity of 14 − 32 fb−1. To gain an idea on the signal observation in theories beyond

the SM, also given in Table 2 are the necessary enhancement factors κ over the SM rate

(σnew = κσSM ) for reaching 95% and 5σ signal with 2 and 15 fb−1 luminosity.

mh 120 GeV 130 GeV 140 GeV

95% CL exclusion L(fb−1) 14 18 32

3σ discovery L(fb−1) 33 42 77

5σ discovery L(fb−1) 93 120 210

κ for 95% CL (2 fb−1) 2.7 3.0 4.0

κ for 95% CL (15 fb−1) 0.97 1.1 1.5

κ for 3σ (2 fb−1) 4.1 4.6 6.2

κ for 3σ (15 fb−1) 1.5 1.7 2.3

κ for 5σ (2 fb−1) 6.8 7.7 10

κ for 5σ (15 fb−1) 2.5 2.8 3.8

Table 2: Integrated luminosities needed to reach a 95% CL exclusion, 3 and 5σ discovery for a
SM Higgs boson at the Tevatron, and the enhancement factor κ (at 2 and 15 fb−1) needed to reach
a 95% CL exclusion and 5σ discovery.

The τ+τ− channel can provide new addition in combination with the other promising

channels such as Wh,Zh and h → WW [1, 2, 3] to improve the overall observability of the

SM Higgs boson. To illustrate the potential improvement, we estimate the total integrated

luminosities needed for the 95%, 3σ, 5σ effects for mh = 120 − 140 GeV by combining the

Run II report [1] and our h → τ+τ− results, according to a relation

L−1 = L−1
1 + L−1

2 ,

as shown in Table 3. We have followed the convention from the Run II report that the

numbers in Table 3 correspond to the delivered machine luminosity; while the significance

values have been evaluated by combining CDF and D0 (doubling the delivered luminosity).
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WBF, h→μμ
-

Plehn and Rainwater, hep-ph/0107180

mh

(GeV)
Signal
(fb)

Bg
(fb)

S/√B |SM

(600 fb-1)
S/√B |L2HDM

(30 fb-1)
115 0.092 0.82 2.35 2.34
120 0.081 0.62 2.37 2.39
130 0.062 0.40 2.25 2.40
140 0.037 0.28 2.58 2.95

• irreducible SM background: QCD Zjj, EW Zjj, WWjj, tt+jets, bbjj   

• cuts: forward tagging jets, mjj>500 GeV, isolated energetic muons, mH 
± 1.6 GeV window, minijet veto
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• reducible SM background: QCD Zjj, EW Zjj, Wj+jj, bbjj   
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signal (fb) background (fb)
VV gg tt γ∗/Z + jets W+jet Total

QCD EW

Lepton acceptance 13.7 50.3 1.6·104 6925 22.0 3.4·104 5.7·104

+ Identified had. τ 6.18 22.7 4274. 1842 8.03 3200. 9462
+ Forward Tagging 1.97 0.18 29.7 23.6 1.72 30.0 85.0
+ Tau reconstruction 1.27 0.11 6.06 13.8 1.09 5.9 26.9
+ Transverse mass 1.02 0.07 1.74 11.9 0.92 0.63 15.2
+ P miss

T 0.81 0.05 1.38 8.31 0.71 0.58 11.0
+ Jet mass 0.71 0.03 1.01 6.63 0.69 0.37 8.70
+ Jet veto 0.63 0.02 0.14 4.24 0.66 0.21 5.25
+ Mass window 0.52 0.01 0.01 0.19 0.06 <0.01 0.27

Table 9. Accepted signal (for mH = 120 GeV/c2) and background cross-sections in fb for the
H → ττ → #νν had ν channel after the application of successive cuts. For the signal, the
contributions via the vector boson fusion and the gluon fusion channel are given separately.
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Fig. 12. The reconstructed ττ invariant mass for a Higgs boson
signal of 130 GeV/c2 in the # − had channel above all back-
grounds after application of all cuts except the mass window
cut. The number of signal and background events are shown
for an integrated luminosity of 30 fb−1.

peak is well separated from the Z → ττ background peak.
For masses in the range between 110 and 125 GeV/c2, the
level still can be determined from a normalization to the
Z → ττ background peak. However, in this case uncer-
tainties on the shape of the sum of the Z → ττ resonance
and the remaining tt background are important. Again,
it is assumed that the background can be measured from
real data after variations of cuts have been performed. In

the evaluation of the signal significance, it is assumed that
after normalization of the Z → ττ background at the Z-
peak, the total background in the mass window is known
with an uncertainty of ± 10 %.

A comparison between the predictions from the PYTHIA
parton-shower Monte Carlo and the explicit matrix ele-
ment calculations has been performed also for the dom-
inant Z + jet background. In PYTHIA, only diagrams
with one hard jet (qq̄ → gττ and qg → qττ) are available.
A second jet, if present, arises from initial- or final-state
radiation and is softer than jets obtained from a matrix
element evaluation of the QCD Zjj process. Studies have
shown [14,30] that QCD Zjj events produced with ma-
trix element calculations yield a background contribution,
which is about a factor of two larger than the PYTHIA
estimate. Therefore, the more conservative estimate has
been used in the evaluation of the signal significance.

6.4 Discovery potential as a function of mass

The analyses outlined above has been performed for Higgs
boson masses in the range from 110 to 150 GeV/c2. The
expected numbers of signal and background events and
the statistical significance for a Higgs boson discovery ex-
pressed in terms of Gaussian standard deviations are given
in Table 10 for an integrated luminosity of 30 fb−1 for the
three τ decay channels considered, as well as for the combi-
nation of all channels. As described above, an uncertainty
of ±10% on the background is assumed. After combina-
tion of all channels, an observation of a Higgs boson in the
ττ decay mode looks feasible over the mass range from 115
to 140 GeV/c2 with an integrated luminosity of 30 fb−1.

The number of signal and background events in the se-
lected mass window is affected by the ττ mass resolution,
e.g., if the mass resolution would be degraded from 12 to

ATLAS study: S. Asai et. al, hep-ph/0402254
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signal (fb) background (fb)
VV gg tt + jets WW + jets γ∗/Z + jets Total

EW QCD EW QCD

Lepton acceptance 5.55 2014. 18.2 669.8 11.6 2150. 4864.
+ Forward Tagging 1.31 42.0 9.50 0.38 2.20 27.5 81.6
+ P miss

T 0.85 29.2 7.38 0.21 1.21 12.4 50.4
+ Jet mass 0.76 20.9 7.36 0.11 1.17 9.38 38.9
+ Jet veto 0.55 2.70 5.74 0.05 1.11 4.56 14.2
+ Angular cuts 0.40 0.74 1.20 0.04 0.57 3.39 5.94
+ Tau reconstruction 0.37 0.12 0.28 0.001 0.49 2.84 3.73
+ Mass window 0.27 0.01 0.03 0.02 0.0 0.04 0.15 0.24

H → ττ → eµ 0.27 0.01 0.03 0.02 0.0 0.04 0.15 0.24

H → ττ → ee 0.13 0.01 0.01 0.01 0.0 0.02 0.07 0.11

H → ττ → µµ 0.14 0.01 0.01 0.01 0.0 0.02 0.07 0.11

Table 8. Accepted signal (for mH = 120 GeV/c2) and background cross-sections in fb for
the H → ττ → eµ + X channel after the application of successive cuts. For the signal, the
contributions via the vector boson fusion and the gluon fusion channel are given separately. The
final results for ee and µµ final states are given in the last rows of the table.

6.2 The lepton-hadron decay mode:

H → ττ → "νν had ν

The lepton-hadron final states are selected by applying
the following cuts:

– One isolated lepton (e or µ) with
PT (e) > 25 GeV/c and |ηe| ≤ 2.5 or
PT (µ) > 20 GeV/c and |ηµ| ≤ 2.5.

– One identified hadronic τ cluster in the calorimeter
with PT > 40 GeV/c passing the standard ATLAS
tau selection criteria [1,19]. In the present analysis, a
selection with an efficiency of 50% for hadronic tau
decays has been used.

– Two tag jets with P 1
T > 40 GeV/c, P 2

T > 20 GeV/c
and ∆ηtags = |η1

tag − η2
tag| ≥ 4.4.

In addition, it has been required that the visible tau
decay products be reconstructed within the pseudora-
pidity gap spanned by the two tagging jets: ηmin

tag <
η!,h < ηmax

tag .
– Tau reconstruction:

0 < xτ!
< 0.75 and 0 < xτh

< 1,
where xτ!

and xτh
are the corresponding momentum

fractions carried by the lepton or the hadronic tau sys-
tem respectively.

– Transverse mass cut: in order to suppress the tt back-
ground, where the lepton and the missing transverse
momentum originate from the decay of a W , a cut on
the transverse mass
mT ("ν) =

√

2PT (")Pmiss
T · (1 − cos∆φ) is applied:

mT ("ν) < 30 GeV/c2.
– Missing transverse momentum:

Pmiss
T > 30 GeV/c.

– Invariant mass of the two tag jets:
Mjj > 700 GeV/c2.

– Jet veto: no jets with PT > 20 GeV/c in the pseu-
dorapidity range defined by the two tag jets ηmin

tag <
ηveto

j < ηmax
tag .

– Mass window around the Higgs boson mass:
mH − 10 GeV/c2 < mττ < mH + 15 GeV/c2.

The results of the analysis are summarized in Table
9, where the accepted cross-sections for the signal with
mH = 120 GeV/c2 and the background contributions are
given after the application of the consecutive cuts.

A similar rejection pattern as for the di-lepton de-
cay mode can be observed. Also in this channel, the Z +
jet production constitutes the largest background and a
signal-to-background ratio larger than 1 can only be achieved
after the final mass window cut has been applied. Also
for this channel the mass resolution has been determined
with the ATLAS fast detector simulation and has been
found to be 11 GeV/c2 for a Higgs boson with a mass of
120 GeV/c2.

The distribution of the reconstructed ττ invariant mass
for the " − had final state is shown in Fig. 12 for a Higgs
boson mass of 130 GeV/c2 above the background for an
integrated luminosity of 30 fb−1.

6.3 Systematic uncertainties for the H → ττ channels

Since a ττ mass peak can be reconstructed, the absolute
level of the background can be estimated from sidebands
in the distribution. This is assumed to work well in the
mass region mH > 125 GeV/c2, since there the Higgs mass
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mH (GeV) 110 120 130 140 150

H → ττ → eµP miss
T

Signal 9.7 8.4 6.3 3.8 1.8
Background 17.3 7.1 4.1 3.0 2.6
Stat. significance 1.9 2.5 2.3 1.7 0.7

H → ττ → ee/µµP miss
T

Signal 9.7 8.3 6.3 3.8 1.8
Background 16.2 6.6 4.5 3.5 2.6
Stat. significance 1.9 2.6 2.3 1.5 0.7

H → ττ → " had P miss
T

Signal 16.8 15.6 11.8 8.9 3.8
Background 31.9 7.7 3.6 2.5 2.5
Stat. significance 2.4 4.2 4.4 3.9 1.7

combined
Stat. significance 3.7 5.7 5.7 4.8 2.4

Table 10. Expected signal and background rates and statistical
significance for the three ττ decay channels as a function of
mH assuming an integrated luminosity of 30 fb−1.

15 GeV/c2 the number of signal events for a Higgs boson
with a mass of 120 GeV/c2 in the eµ-channel would be re-
duced from 8.4 to 6.8, whereas the number of background
events would increase from 7.1 to 10.4.

7 The ATLAS Higgs boson discovery

potential

The ATLAS Higgs boson discovery potential in the mass
range 110 - 190 GeV/c2 including the vector boson fu-
sion channels discussed here is shown in Fig. 13 for inte-
grated luminosities of 10 and 30 fb−1. The vector boson
fusion channels provide a large discovery potential even
for small integrated luminosities. Combining the two vec-
tor boson fusion channels, a Standard Model Higgs boson
can be discovered with a significance above 5 σ in the
mass range 135 to 190 GeV/c2 assuming an integrated lu-
minosity of 10 fb−1 and a systematic uncertainty of 10%
on the background. If the vector boson fusion channels
are combined with the standard Higgs boson discovery
channels [1] H → γγ, H → ZZ(∗) → 4#, and ttH with
H → bb̄, the 5 σ discovery range can be extended down
to ∼120 GeV/c2.

For an integrated luminosity of 30 fb−1, the full mass
range can be covered by ATLAS with a significance ex-
ceeding 5σ. Over the full mass range several channels will
be available for a Higgs boson discovery. The various dis-
covery channels are complementary both from physics and
detector aspects. The three different channels test three
different production mechanisms, the gluon-gluon fusion

via the γγ channnel, the vector boson fusion via the chan-
nels discussed here and the associated ttH production via
the ttH with H → bb̄ mode. This complementarity also
provides sensitivity to non-standard Higgs models, such
as fermiophobic models [33].

Also different detector components are essential for the
different channels. The H → γγ decays require excellent
electromagnetic calorimetry. In the identification of the
vector boson fusion the measurement of jets, in particular
the reconstruction of the forward tag jets is essential. The
Higgs detection in bb decays via the associated ttH pro-
duction relies to a large extent on the excellent b-tagging
performance of the ATLAS Inner Detector.

8 Conclusions

The discovery potential for the Standard Model Higgs bo-
son in the mass range below 190 GeV/c2 has been studied
using the vector boson fusion process. It has been demon-
strated that the ATLAS experiment has a large discov-
ery potential in the H → WW (∗) → #+#−Pmiss

T channel.
The additional signatures of tag jets in the forward region
and of a low jet activity in the central region of the de-
tector allow for a significant background rejection, such
that a better signal-to-background ratio than in the in-
clusive H → WW (∗) channel, which is dominated by the
gluon-gluon fusion process, is obtained. As a consequence,
the signal sensitivity is less affected by systematic uncer-
tainties in the predictions of the background levels. The
present study shows that the ATLAS experiment at the
LHC would be sensitive to a Standard Model Higgs bo-
son in this decay channel in the mass range between ∼135
and 190 GeV/c2 with data corresponding to an integrated
luminosity of only 10 fb−1.

In addition, it has been shown that in the mass region
mH < 140 GeV/c2, the ATLAS experiment is also sensi-
tive to the ττ decay mode of the Standard Model Higgs
boson in the vector boson fusion channel. A discovery in
this final state would require an integrated luminosity of
about 30 fb−1. The detection of the τ decay mode is par-
ticularly important for a measurement of the Higgs boson
couplings to fermions.

The present study confirms that the search for vector
boson fusion at the LHC has a large discovery potential
over the full range from the lower limit set by the LEP
experiments up to 2mZ , where the high sensitivity H →
ZZ → 4 # channel takes over.
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mH (GeV) 110 120 130 140 150

H → ττ → eµP miss
T

Signal 9.7 8.4 6.3 3.8 1.8
Background 17.3 7.1 4.1 3.0 2.6
Stat. significance 1.9 2.5 2.3 1.7 0.7

H → ττ → ee/µµP miss
T

Signal 9.7 8.3 6.3 3.8 1.8
Background 16.2 6.6 4.5 3.5 2.6
Stat. significance 1.9 2.6 2.3 1.5 0.7

H → ττ → " had P miss
T
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Background 31.9 7.7 3.6 2.5 2.5
Stat. significance 2.4 4.2 4.4 3.9 1.7

combined
Stat. significance 3.7 5.7 5.7 4.8 2.4

Table 10. Expected signal and background rates and statistical
significance for the three ττ decay channels as a function of
mH assuming an integrated luminosity of 30 fb−1.

15 GeV/c2 the number of signal events for a Higgs boson
with a mass of 120 GeV/c2 in the eµ-channel would be re-
duced from 8.4 to 6.8, whereas the number of background
events would increase from 7.1 to 10.4.

7 The ATLAS Higgs boson discovery

potential

The ATLAS Higgs boson discovery potential in the mass
range 110 - 190 GeV/c2 including the vector boson fu-
sion channels discussed here is shown in Fig. 13 for inte-
grated luminosities of 10 and 30 fb−1. The vector boson
fusion channels provide a large discovery potential even
for small integrated luminosities. Combining the two vec-
tor boson fusion channels, a Standard Model Higgs boson
can be discovered with a significance above 5 σ in the
mass range 135 to 190 GeV/c2 assuming an integrated lu-
minosity of 10 fb−1 and a systematic uncertainty of 10%
on the background. If the vector boson fusion channels
are combined with the standard Higgs boson discovery
channels [1] H → γγ, H → ZZ(∗) → 4#, and ttH with
H → bb̄, the 5 σ discovery range can be extended down
to ∼120 GeV/c2.

For an integrated luminosity of 30 fb−1, the full mass
range can be covered by ATLAS with a significance ex-
ceeding 5σ. Over the full mass range several channels will
be available for a Higgs boson discovery. The various dis-
covery channels are complementary both from physics and
detector aspects. The three different channels test three
different production mechanisms, the gluon-gluon fusion

via the γγ channnel, the vector boson fusion via the chan-
nels discussed here and the associated ttH production via
the ttH with H → bb̄ mode. This complementarity also
provides sensitivity to non-standard Higgs models, such
as fermiophobic models [33].

Also different detector components are essential for the
different channels. The H → γγ decays require excellent
electromagnetic calorimetry. In the identification of the
vector boson fusion the measurement of jets, in particular
the reconstruction of the forward tag jets is essential. The
Higgs detection in bb decays via the associated ttH pro-
duction relies to a large extent on the excellent b-tagging
performance of the ATLAS Inner Detector.

8 Conclusions

The discovery potential for the Standard Model Higgs bo-
son in the mass range below 190 GeV/c2 has been studied
using the vector boson fusion process. It has been demon-
strated that the ATLAS experiment has a large discov-
ery potential in the H → WW (∗) → #+#−Pmiss

T channel.
The additional signatures of tag jets in the forward region
and of a low jet activity in the central region of the de-
tector allow for a significant background rejection, such
that a better signal-to-background ratio than in the in-
clusive H → WW (∗) channel, which is dominated by the
gluon-gluon fusion process, is obtained. As a consequence,
the signal sensitivity is less affected by systematic uncer-
tainties in the predictions of the background levels. The
present study shows that the ATLAS experiment at the
LHC would be sensitive to a Standard Model Higgs bo-
son in this decay channel in the mass range between ∼135
and 190 GeV/c2 with data corresponding to an integrated
luminosity of only 10 fb−1.

In addition, it has been shown that in the mass region
mH < 140 GeV/c2, the ATLAS experiment is also sensi-
tive to the ττ decay mode of the Standard Model Higgs
boson in the vector boson fusion channel. A discovery in
this final state would require an integrated luminosity of
about 30 fb−1. The detection of the τ decay mode is par-
ticularly important for a measurement of the Higgs boson
couplings to fermions.

The present study confirms that the search for vector
boson fusion at the LHC has a large discovery potential
over the full range from the lower limit set by the LEP
experiments up to 2mZ , where the high sensitivity H →
ZZ → 4 # channel takes over.

Acknowledgements

This work has been performed within the ATLAS Col-
laboration, and we thank collaboration members for help-
ful discussions. We have made use of the physics analysis

L2HDM 16.2 25.7 27.1 24.6 13.2

110 120 130 140 150

10
0

10
1

m
h
  (GeV)

!
=
"

n
e

w
/"

S
M

 

 

5"

3"
L=30 fb-1



S. Su 26

WBF, h→ττ
-

ATLAS study: S. Asai et. al, hep-ph/0402254 L=30 fb-1

 

S.Asai et al.: Prospects for the Search for a Standard Model Higgs Boson in ATLAS using Vector Boson Fusion 19
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Table 10. Expected signal and background rates and statistical
significance for the three ττ decay channels as a function of
mH assuming an integrated luminosity of 30 fb−1.

15 GeV/c2 the number of signal events for a Higgs boson
with a mass of 120 GeV/c2 in the eµ-channel would be re-
duced from 8.4 to 6.8, whereas the number of background
events would increase from 7.1 to 10.4.

7 The ATLAS Higgs boson discovery

potential

The ATLAS Higgs boson discovery potential in the mass
range 110 - 190 GeV/c2 including the vector boson fu-
sion channels discussed here is shown in Fig. 13 for inte-
grated luminosities of 10 and 30 fb−1. The vector boson
fusion channels provide a large discovery potential even
for small integrated luminosities. Combining the two vec-
tor boson fusion channels, a Standard Model Higgs boson
can be discovered with a significance above 5 σ in the
mass range 135 to 190 GeV/c2 assuming an integrated lu-
minosity of 10 fb−1 and a systematic uncertainty of 10%
on the background. If the vector boson fusion channels
are combined with the standard Higgs boson discovery
channels [1] H → γγ, H → ZZ(∗) → 4#, and ttH with
H → bb̄, the 5 σ discovery range can be extended down
to ∼120 GeV/c2.

For an integrated luminosity of 30 fb−1, the full mass
range can be covered by ATLAS with a significance ex-
ceeding 5σ. Over the full mass range several channels will
be available for a Higgs boson discovery. The various dis-
covery channels are complementary both from physics and
detector aspects. The three different channels test three
different production mechanisms, the gluon-gluon fusion

via the γγ channnel, the vector boson fusion via the chan-
nels discussed here and the associated ttH production via
the ttH with H → bb̄ mode. This complementarity also
provides sensitivity to non-standard Higgs models, such
as fermiophobic models [33].

Also different detector components are essential for the
different channels. The H → γγ decays require excellent
electromagnetic calorimetry. In the identification of the
vector boson fusion the measurement of jets, in particular
the reconstruction of the forward tag jets is essential. The
Higgs detection in bb decays via the associated ttH pro-
duction relies to a large extent on the excellent b-tagging
performance of the ATLAS Inner Detector.

8 Conclusions
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strated that the ATLAS experiment has a large discov-
ery potential in the H → WW (∗) → #+#−Pmiss

T channel.
The additional signatures of tag jets in the forward region
and of a low jet activity in the central region of the de-
tector allow for a significant background rejection, such
that a better signal-to-background ratio than in the in-
clusive H → WW (∗) channel, which is dominated by the
gluon-gluon fusion process, is obtained. As a consequence,
the signal sensitivity is less affected by systematic uncer-
tainties in the predictions of the background levels. The
present study shows that the ATLAS experiment at the
LHC would be sensitive to a Standard Model Higgs bo-
son in this decay channel in the mass range between ∼135
and 190 GeV/c2 with data corresponding to an integrated
luminosity of only 10 fb−1.

In addition, it has been shown that in the mass region
mH < 140 GeV/c2, the ATLAS experiment is also sensi-
tive to the ττ decay mode of the Standard Model Higgs
boson in the vector boson fusion channel. A discovery in
this final state would require an integrated luminosity of
about 30 fb−1. The detection of the τ decay mode is par-
ticularly important for a measurement of the Higgs boson
couplings to fermions.

The present study confirms that the search for vector
boson fusion at the LHC has a large discovery potential
over the full range from the lower limit set by the LEP
experiments up to 2mZ , where the high sensitivity H →
ZZ → 4 # channel takes over.
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• Signal: t→bqq,  t→bqq, h→µµ ; bbqqqqµµ
• background: ttZ/γ*
• cuts: 2b, 4 jets, 2μ, top reconstruction, mH±2.5 GeV window 
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• Signal: t→blν,  t→bqq, 2τj; bblυqqτjτj

• background: ttZ/γ* 
• cuts: 2jets, 2b, one e/μ, 2 hadronic τ, top reconstruction

Background: Signal: pp → tt̄H, H → τ+τ−

pp → tt̄τ+τ− 110 GeV 120 GeV 130 GeV 140 GeV

Eff. of CUTS I+II+III (%) 0.42 0.50 0.52 0.55 0.58

Number of events/100 fb−1 12 34 25 16 8.8

S/
√

S + B 5.0 4.1 3.0 1.9

S/B 2.8 2.1 1.3 0.7

δσ/σ 0.20 0.24 0.33 0.52

Table 2: Efficiency of CUTS I+II+III (see text) for both signal and background bb̄$νqq′τ+τ−

signatures, together with the significance and precision of the the signal cross section measurements
for MH =110, 120, 130 and 140 GeV, at the LHC with

√
s=14 TeV. A total integrated luminosity of

100 fb−1 is assumed

mass window:

|mh
t − 175| < 50 GeV.

• Finally we reconstruct the Higgs boson mass by taking the invariant mass of two τj :

M ττ
H = mτjτj

. This variable should be considered as the effective mass of the Higgs

boson since we do not take into account nor reconstruct the neutrinos from τ -leptons

decay.

By following the strategy outlined above and assuming 100 fb−1 of total integrated lumi-

nosity (one detector), we obtain the overall efficiencies for the bb̄$νqq′τ+τ− signature shown

in Table 2. In Figure 1 we plot the corresponding number of events for both signal and back-

ground as a function of the reconstructed invariant mass M ττ
H . One can see that, for each

mass in the range MH =110−140 GeV, the M ττ
H distribution can be fitted and direct corre-

spondence to the real MH mass can be established. For MH = 110−140 GeV the expected

accuracy of the cross section measurement is the inverse significance, δσ/σ =
√

S + B/S,

shown in the last line of Table 2. The accuracy of the measurement of the product of Yukawa

couplings yt × yτ is quite good and is equal to half of the
√

S + B/S. It varies from 10 to

25% for MH =110−140 GeV.

3. Determining the Higgs couplings

If a Higgs boson candidate is discovered with properties that differ substantially from the SM

Higgs, other more dramatically new processes will be observed independently of any precision

study of its couplings. Some decay or production channels will be anomalously enhanced or

completely missing, and this will be enough to give strong indications of the non-standard

nature of the discovered particle. If this is not the case, a Higgs boson candidate will very

likely have production cross sections and decay branching ratios of roughly the same order

of magnitude of the SM Higgs boson. Indications of its non standard nature could come

from precise measurements of individual tree level (yi for i = b, t, τ,W,Z) or loop induced (yg

– 6 –
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Wh, Zh, h→μμ, ττ
-

SS, B. Thomas, preliminary

SM mh

(GeV)
Signal
(fb)

Bg
(fb)

h→µµ ZH 0.011 39.18 signal too small
WH 0.015 102

h→ττ ZH 3.195 26.12 possible
WH 12.26 102

• Signal: leptonic decay of W and Z
• background: WZ and ZZ

before cuts
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LHC reach of L2HDM  
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Conclusions

 Higgs decay to muon or tau pair: clean channel

 L2HDM: enhanced leptonic Higgs decay branching ratio
h→ττ

WBF: SM Higgs discovery channel

tth: 3 σ possible @ 100 fb-1

gg→h and WH/ZH: study in progress ...
h→µµ

SM gg→h, WBF, tth:  need high luminosity

discovery possible at low L with enhanced Higgs coupling 

-


