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in the intermediate Higgs mass range MH ∼ 100 − 200 GeV

Higgs production at Tevatron Run-II 
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Production cross-sections at Tevatron Run-II

Pay attention to the absolute value of the cross sections (cfr. those at LHC)

gluon fusion cross section is   ~  0.2 − 2 pb

WH, ZH  yield cross sections of   ~  10 − 300  fb

WBF cross section is  ~  20 - 100 fb



Higgs search - Tevatron reach

Tevatron has collected so far about 2 fb-1

Although it cannot collect enough integrated luminosity to 
claim discovery above the LEP exclusion limit (114.4 GeV), 
it could collect enough to hint at some evidence for a signal



LHC kinematic reach
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in the intermediate Higgs mass range

gluon fusion cross section is 

WBF cross section is

yield cross sections ofWH, ZH, tt̄H

∼ 20 − 60 pb

∼ 3 − 5 pb

∼ 0.2 − 3 pb

MH ∼ 100 − 200 GeV
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In proton collisions at 14 TeV, and for                         
the Higgs is produced mostly via

MH > 100 GeV

gluon fusion

weak-boson fusion (WBF)

Higgs-strahlung

associated production

largest rate for all       

proportional to the top Yukawa coupling

second largest rate (mostly        initial state)

proportional to the WWH coupling

third largest rate

same coupling as in WBF

same initial state as in gluon fusion, but higher    range

proportional to the heavy-quark Yukawa coupling

gg → H

qq → qqH

qq̄ → W (Z)H

tt̄(bb̄)H

yt

u d

MH

x

yQ



proportional to the Yukawa coupling squared, 
and thus to 

but dominated by top quark Yukawa coupling

dominated by EW coupling

proportional to αW

m
2

f

proportional to m4

f/m4

H

Decay width into W ∗
W

∗ plays a significant role



total width branching fractions



≈ 10
−3Small BR:

Large backgrounds 
from pp → γγ

CMS and ATLAS have 
very good photon-energy
resolution:  O(1%)

Search for a narrow γγ invariant mass peak, with

Background is smooth: extrapolate it into the 
signal region from the sidebands

mH < 150 GeV



Gold-plated mode: cleanest mode 
for 2mZ < mH < 600 GeV

Smooth, irreducible  background  
from pp → ZZ

Small BR: 

at threshold

BR(H → ZZ) is a few %



Fully reconstructed invariant 
mass of the leptons

Silver-plated mode
useful for

H → ZZ → l
+
l
−

νν̄

mH ≈ 0.8 − 1 TeV



Exploit l
+
l
−

angular correlations

Signal and background have 
similar shapes: must know 
background normalisation well

mH = 170 GeV

integrated luminosity: 20 fb
−1



Search channel for mH = 120 − 130 GeV

Measure h
2

t
BR(H → bb̄) with ht = Htt̄  Yukawa coupling

must know background normalisation well



WBF can be measured with good statistical accuracy:

σ × BR ≈ O(10%)



WBF features
energetic jets in the forward and backward directions

Higgs decay products between the tagging jets

sparse gluon radiation in the central-rapidity region,
due to colourless          exchange

NLO corrections increase the WBF production rate 
by about        , and thus are small and under control

W/Z

10 %

A WBF event Lego plot

Campbell, Ellis; Figy, Oleari, Zeppenfeld 2003



hep-ph/0203187

hep-ph/0402254

QCD/p.d.f. uncertainties:

O(20%)

O(5%) for WBF

for gluon fusion
luminosity uncertainties: O(5%)Statistical significance:

NS
√

NS + NB



The properties of the Higgs-like resonance are its
couplings: gauge, Yukawa, self-couplings

quantum numbers:  charge, colour, spin, CP

Duehrssen et al.’s analysis   hep-ph/0406323

use narrow-width approx for Γ (fine for mH < 200 GeV)

σ(H) × BR(H → xx) =
σ(H)SM

ΓSM

p

ΓpΓx

Γ

production rate with H decaying to final state xx is

branching ratio for the decay is BR(H → xx) =
Γx

Γ

observed rate determines
ΓpΓx

Γ



WBF and gluon-fusion rates yield measurements 
of combinations of partial widths

Note that Γ can be estimated:
direct observation of H yields lower bound on Γ
assume ΓV ≤ Γ

SM

V V = W, Z

(true in any model with arbitrary # of Higgs doublets ⇒ true in MSSM)

combine ΓV ≤ Γ
SM

V with measure of Γ
2

V /Γ from H → V V

obtain upper bound on Γ



The gauge coupling has also CP properties and a tensor 
structure. Info on that can be obtained by analysing the 
final-state topology of Higgs + 2 jet events 
(more on this later)
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}X X = W, Z, H, QQ̄,high-ET jets, ...

σ̂ = Cα
n
S(1 + c1αS + c2α

2

S + . . .)

σ̂ = Cα
n
S [1 + (c11L + c10)αS + (c22L

2 + c21L + c20)α
2

S + . . .]

is known as a fixed-order expansion inσ̂ αS

c1 = NLO c2 = NNLO

or as an all-order resummation

L = ln(M/qT ), ln(1 − x), ln(1/x), ln(1 − T ), . . .where
c11, c22 = LL c10, c21 = NLL c20 = NNLL

Cross sections at high Q2 
separate the short- and the long-range 
interactions through factorisation







a QCD loop + an EW loop

Aglietti Bonciani Degrassi Vicini 04 
(light fermion loop)

Degrassi Maltoni 04
(heavy fermion loop)

Relative corrections to production and decay through gluon fusion
(with light fermion loop)

For                                         the total electroweak corrections are
5 to 8 % of leading order

O(α2

Sα
2

W )

115 GeV ≤ MH ≤ 2MW







O(α4

S)

2-loop
1-loop
tree

R. Harlander  hep-ph/0007289

total cross section for
inclusive Higgs production
at LHC

Harlander Kilgore 02
Anastasiou Melnikov 02

Ravindran Smith van Neerven 03

The band contours are
lower

upper





S. Frixione hadron collider wksp MSU 2004

Higgs      distribution

difference at large      is due to different default                       scale 
                for NNLO + NNLL,                          for MC@NLO

pT

pT µ = µR = µF

µ2
= M2

H
µ2

= M2

H + p2

T



a fully differential cross section:
bin-integrated rapidity distribution, with a jet veto

jet veto: require
R = 0.4

|pj
T | < p

veto
T = 40 GeV

for 2 partons

R2

12 = (η1 − η2)
2 + (φ1 − φ2)

2

if

if

R12 > R

|p1

T |, |p
2

T | < p
veto

T

R12 < R

|p1

T + p
2

T | < p
veto

T

MH = 150 GeV (jet veto relevant in the                        decay channel)H → W
+
W

−

K factor is much smaller for the vetoed x-sect than for the inclusive one:
average         increases from NLO to NNLO: less x-sect passes the veto|pj

T |

C. Anastasiou K. Melnikov F. Petriello 2004

















Odagiri hep-ph/0212215

Including parton showers and 
hadronisation through 
HERWIG, Odagiri finds much 
less correlation between the 
jets, but the plot has been 
obtained by generating also 
the jets through the showers



Azimuthal angle distribution

ALPGEN: H + 2 jets at parton level + parton shower by HERWIG  

ΔΦ is the azimuthal angle between the tagging jets

Klamke Mangano Moretti Piccinini Pittau Polosa Zeppenfeld VDD  2006

AΦ: a quantity that characterises 
how deep the dip is 

Figure 5: Normalised distribution of the
azimuthal distance between the two tagging
jets in Higgs + 2 parton production via gluon
fusion, with (solid histogram) and without
(dot–dashed curve) parton shower, and via
VBF with parton shower (dashes).

Figure 6: Normalised distribution of the
azimuthal distance between the two tagging
jets as in Fig. 5, but for Higgs + 3 parton
production.

Aφ parton level shower level

ggH + 2 jets 0.474(3) 0.357(3)

V BF + 2 jets 0.017(1) 0.018(1)

ggH + 3 jets 0.394(4) 0.344(4)

V BF + 3 jets 0.022(3) 0.024(3)

Table 1: The quantity Aφ as defined in Eq. (3.1), for event selection a).

We conclude that although it is desirable to include showering and hadronisation for

a quantitative analysis of the azimuthal correlation between two tagging jets in Higgs +

2 jet production, it is mandatory to generate the tagging jets through the hard radiation of

the appropriate matrix elements. In Fig. 6 we consider the azimuthal correlation between

the two tagging jets in Higgs + 3 parton generated production. The curves have the same

meaning as in Fig. 5. It is apparent that the hard radiation of a third jet does not modify

the pattern established in Fig. 5.

In order to characterise the ∆φjj distribution and quantify the relative depth of the

dip at ∆φjj = π/2, it is useful to introduce the following quantity,

Aφ =
σ(∆φ < π/4) − σ(π/4 < ∆φ < 3π/4) + σ(∆φ > 3π/4)

σ(∆φ < π/4) + σ(π/4 < ∆φ < 3π/4) + σ(∆φ > 3π/4)
, (3.1)

which is free of the normalisation uncertainties affecting the gluon-fusion production mech-

anism. Aφ can be used as a probe of the nature of the Higgs coupling, since for a SM gauge

coupling Aφ " 0, while for a CP-even (CP-odd) effective coupling Aφ is positive (nega-

tive) [7]. As can be seen from Table 1, it is very close to zero for VBF, while it is positive

for gluon fusion. Adding the parton shower on top of Higgs + 2 partons, the value of Aφ

decreases, quantifying the effect of the decorrelation between the tagging jets introduced

– 6 –

dash:  VBF
solid: gluon fusion w/ PS
dot-dash:  ditto w/o PS









In WBF no colour is exchanged in the t channel

The central-jet veto is based on the different radiation pattern 
expected for WBF versus its major backgrounds, i.e.     production 
and WW + 2 jet production

The central-jet veto can also be used to distinguish between Higgs 
production via gluon fusion and via WBF

tt̄

Barger, Phillips & Zeppenfeld hep-ph/9412276



Distribution in rapidity 
of the third jet wrt to 
the rapidity average of 
the tagging jets

Ratio of Higgs + 3 jet to 
Higgs + 2 jet production 
as a function of 

Frizzo, Maltoni, VDD  hep-ph/0404013

p
T

min



In Higgs + 2 jets, the azimuthal angle correlation between the two jets
can be used as a tool to distinguish between WBF and gluon fusion,
and to investigate the tensor structure of the WWH coupling

If a Standard Model Higgs is there,  LHC will see it

Once the Higgs is found, we shall want to study 
its couplings and quantum numbers

Because of the characteristic final-state topology induced 
by WBF production large-rapidity cuts can be used to 
deplete gluon fusion wrt WBF


