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Production and Decay of the Standard Model Higgs @ the LHC
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W,Z and heavy quarks have

small rate, but can provide trigger independent of H decay
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mH (GeV) σgg [pb] σVBF [pb]

120 42 4.4

140 33 3.8

200 18 2.5

300 10 1.4

HIGGS   TOTAL   CROSS  SECTIONS

different  final  states  !
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• !! mode wins at low mass: need < 10 fb-1

• VBF "" mode not far behind
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- For mH < 2mW Higgs mainly decays to fermions
- Couplings ∝ mf , so look for H → bb, ττ
- BR(H → bb̄) dominant at low mass, but need trigger
- H → ZZ → 4l and H → γγ gold-plated channels
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expression for the decay width, fully differential
over the final state, can be written as

dΓ = (dΓ)B + (dΓ)V + (dΓ)R, (1)

where the subscripts stand for Born (B), Virtual
(V) and Real (R) contributions. The IR diver-
gence is regularized by means of a small photon
mass λ. The real corrections are calculated ana-
lytically in soft approximation for λ ≤ Eγ ≤ k0

(where k0 is the soft-hard separator), and by
means of exact matrix elements for Eγ > k0,
with finite fermion masses and λ = 0. The
real hard photon emission diagrams (one of them
is shown in Fig. 2) have been calculated ana-
lytically with FORM [4] and cross-checked with
ALPHA [5]. The virtual corrections consist of ver-
tex and self-energy diagrams (see Fig. 3), which
are symbolically written in terms of Passarino-
Veltman form factors [6] and evaluated numeri-
cally with LoopTools [7]. In addition, also box
and pentagon diagrams are present. One exam-
ple of five-point graphs is given in Fig. 4. The
pentagon diagrams are reduced, with the help
of FORM [4], to combinations of four-point form
factors by means of the techniques introduced
in Ref. [8], in order to avoid numerical instabil-
ities due to vanishing Gram determinants. The
method has already been successfully used for the
calculation of the O(α) electroweak corrections to
e+e− → 4 fermions, where also six-point func-
tions are involved [9]. Adopting the approxima-
tion of vanishing fermion masses whenever pos-
sible in the virtual corrections and performing
the calculation in the ’t Hooft-Feynman gauge
ξ = 1, the involved five-point functions are at
most of rank two and therefore are free of ul-
traviolet divergences. An additional complica-
tion is due to the presence of the unstable Z
bosons. In order to avoid singularities in the
phase space, the introduction of the Z width is
required, which could spoil the IR cancellation
between virtual and real corrections. In fact the
IR divergences, contained in the non-factorizable
five-point diagrams, are cancelled by the interfer-
ence between real (tree-level) radiation from dif-
ferent external legs. A solution is given by the
“complex mass scheme” (introduced in Ref. [10]
for lowest order processes and generalized for one-
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Figure 1. Born diagrams for the decay H → 4e.

loop calculations in Ref. [9]), where the Z mass
is shifted on the complex plane with fixed width
M2

Z → M2
Z − iΓZMZ , both in tree-level and in

loop diagrams and the couplings become complex
quantities, in order to respect the Ward identi-
ties. Considering that self-energies and vertex
corrections, neglecting terms of O(m2

f/Q2), are
already factorized over the tree-level, and that
with complex MZ the IR singularity can be fac-
torized over the tree-level also for five-point di-
agrams, the O(α) QED corrected Higgs partial
width can be written as:

dΓO(α) = (dΓ)B × (1 + δfact
V + δ5−IR

V ) + (dΓ)R

+[(dΓ)nf
V − (dΓ)B × δ5−IR

V ], (2)

where δfact
V refers to the contribution of self-

energies and vertices, δ5−IR
V refers to the IR scalar

three-point functions representing the IR part of
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Figure 1: Total NLO cross-section times branching ratio for the process as a function of the

Higgs boson mass. The dots indicate the mass points at which the calculation has been preformed.
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Figure 2: (Left) efficiency versus for different cuts applied to the event samples: generator

acceptance cuts and (red, circles), four muon reconstruction (blue, squares),

and cuts (pink, triangles), cut (black, inverse-triangles), on-shell Z

boson mass cut (red, open circles), cuts (blue, open squares), and muon isolation cuts (pink, open triangles).

(Right) Efficiency, for the same cuts, for the background processes , , and ZZ.
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GOLDEN  CHANNEL !

σ × BR (H→ 4 μ) <  6 fb

interesting  σ’s are of the order of few  fb’s 
   ( after  BR’s + cuts for enhancing signal/bckg ) 
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Constraining   Hbb  coupling  at  LHC

more promising channel :     pp  t t H (H→bb)

          (CMS Phys TDR, Vol. II, CERN/LHCC 2006-021)

CMS PTDR 2006 → including detector simulation lowers 
       previous  expectations on its discovery potential !

4
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pp  H (bb) + 2j   (VBF  fusion)

 potential difficult to assess   (4 j final state ...)

  light Jets with large invariant mass
  widely separated in rapidity (forward/backward)
  Higgs decay products lying at intermediate rapidity
      

5

Mangano, Moretti, Piccinini, 
Pittau, Polosa (2003)

W , Z

H

q

q

q’

q’

W , Z

Figure 2: Feynman diagram at parton level for the Higgs boson production via VBF in the

process pp → H jj. Here, q and q′ stand for light quarks (u, d, s, c), while q = q ′ when a Z

boson is exchanged.

increases, when more realistic kinematical cuts are applied (see Section 4).

Since the LHC detector capabilities are not completely settled yet, in what fol-

lows we will assume two different setups for the high pT photon threshold: either

pγ
T ≥ 20 GeV or pγ

T ≥ 30 GeV, the latter being more conservative in the case the

electromagnetic trigger requires a larger photon transverse momentum.

It is useful to recall here the main kinematical properties of a typical VBF event,

that is pp → H jj, and the corresponding backgrounds, assuming the H → bb̄ decay,

for mH <∼ 140 GeV. We will see in the next section that the request of a further large

pT photon tends to enhance the characteristic kinematical features of a typical VBF

event. In Figure 2, the basic partonic process for a VBF event, namely qq → qqH , is

shown, where the two final quarks hadronize in two jets. The VBF typical signature

consists of two jets with large invariant mass, widely separated in rapidity, and with a

typical transverse momentum of pT ∼ 40 GeV, the Higgs boson decay products lying

at intermediate rapidities. In particular, while one of the two jets is produced quite

along the beams, with a pseudorapidity (η) distribution peaked around η ∼ 3−4, the

other one is mainly backward, although still in the central detector, with |η| <∼ 2.5.

For the Higgs boson decaying to a bb̄ pair, the main background to the basic

VBF process comes from the QCD production of the final state bb̄jj, whenever the

bb̄jj kinematical characteristics approach the typical VBF configuration. Here, j

stands for a jet originating from either a light quark (u, d, s, c) or a gluon. Seven

representative classes for the bb̄jj background Feynman diagrams at parton level are

given in Figure 3 (a−g), where all external partons, but the bb̄ final pair, can be either

quarks or gluons.

Although the inclusive cross section for the pp → H(→ bb̄) jj signal is quite large,

6

Event selection

Initial event selection:

at least one non-isolated muon with pT >6 GeV, |η| <2.5

Two forward jets—-two jets with the highest pT

pT j1 >50 GeV, pT j2 >20 GeV, |ηj1,j2| <5.0

ηj1 × ηj2 < 0, ∆η = |ηj1 − ηj2| > 4.4

two b jets with pT >15 GeV, |η| <2.5

the b jets and the muon are central

ηj
min + 0.7 < ηb jet/muon < ηj

max − 0.7

Additional cuts:

maximum pT of additional jets

missing pT

invariant mass of two forward jets

H

b b

µ

jet

jet

Introduction Data samples Analysis description Summary Back up 5/19
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ATLAS Trigger & Physics week, Higgs WG meeting, 22 March 2007
from talk on  “Trigger studies for VBF H-->bb”,  by J. Yuan and S. Kotov

6

Signal and background events at 30 fb−1(fast simulation)

Expected qqH, H → bb̄ signal and background events in mbb mass window of ±30GeV /c2

Decay channel Nfinal events Efficiencies Nnormalized toL= 30 fb−1

Fast Full Fast Full Fast Full
qqH H→ bb̄ 5354 365 4.5×10−3 3.2×10−3 328 243

single t 2689 - 9.0×10−5 - 881 -
bb 25 - 2.5×10−8 - 315000 -

W+jets 18 - 3.2×10−8 - 331 -
Z+jets 311 - 1.2×10−6 - 681 -

tt̄ →WWbb̄ 404 - 1.4×10−5 - 203 -
Total Background 317096 -

S/
√

B 0.6 -

HLT efficiency after all reconstruction cut

Trigger menu trigger efficiency(%)
e25i 0.0
2e15i 0.0
µ6 79.7(after prescale:4.0)∗

µ20i 21.9
1j400 1.6
3j165 0.0
4j110 0.0

Any trigger 80.0(25.6)

∗Assuming the prescale factor of 20,
from John Baines slide of the TAPM open
meeting on 13th of February

Introduction Data samples Analysis description Summary Back up 11/19
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 require a further central photon from VBF
     pp  H (bb) + 2j +  γ 

New Promising Channel :

7

(Gabrielli, Maltoni, B.M.,  
M. Moretti, Piccinini, 
Pittau, hep-ph/0702119)

should 
increase 
triggering 
efficiency

γ b

J

J

b
mH (GeV) 110 120 130 140

σ(Hγjj) [fb] 67.4 64.0 60.4 56.1

BR(H → bb̄) 0.770 0.678 0.525 0.341

Table 1: Cross sections for the H γ jj signal at LHC, for pγ
T ≥ 20 GeV, ∆Rγj > 0.4,

and a cut mjj > 100 GeV on the invariant mass of the final quark pair. Also shown

are the Higgs boson branching ratios to bb̄ (computed through HDECAY [17]), that

are not included in the cross sections shown.

both for the improvement in the signal-to-background ratio of the channel consid-

ered, and for its increased sensitivity to the WWH coupling. In Section 4, the signal

rates are computed at parton level for a set of kinematical cuts that optimizes the

signal/background ratio, restricting the analysis to the case of the irreducible back-

ground. Some relevant kinematical distributions are also shown, and compared with

the ones for the basic VBF process Hjj. In Section 5, the main reducible background

channels are included in the analysis. Some preliminary study of parton-shower effects

and jet veto strategies, that turn out to improve the signal detectability, is performed

in Section 6. Finally, in Section 7, we draw our conclusions.

2 Signal and irreducible background

Cross sections for the H γ jj production at
√

S = 14 TeV are shown in Table 1. In

order to present results as inclusive as possible only a minimal set of kinematical cuts

is applied (∆Rγj > 0.4, pγ
T ≥ 20 GeV, and mjj > 100 GeV). The cut on the invariant

mass of the final quark pair (mjj) avoids the contribution from resonant HWγ, HZγ

associated production. The Higgs boson branching ratios to bb̄, which are not included

in the cross section results, (computed through HDECAY [17]), are also shown. The

full tree-level matrix elements for the electroweak process pp → H γ jj have been

computed independently with ALPGEN [18], and MadEvent [19]. Details on the

values of the input parameters, such PDF’s and scales are given in Section 4.

For comparison, the inclusive H W jj cross section, with a further cut |m2
ik| >

100 GeV2 on the invariant mass of any ik initial-final quark pair to avoid singularities

due to t-channel virtual photons, is 73 fb, for mH = 120 GeV. Requiring the leptonic

(either µ± and e±) signature for the W [16], one ends up with a rate for the H γ jj

signal of about 4 times the H #ν jj rate, in the relevant mH range. This factor

increases, when more realistic kinematical cuts are applied (see Section 4).

Since the LHC detector capabilities are not completely settled yet, in what fol-
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qq  qq H + γ

from naive QED scaling :

but this is not the case !  S/√B much better than this ! 
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Figure 1: Tree-level t-channel Feynman diagrams for Higgs boson production in the process

pp → H γ jj. Here, q and q′ stand for different light quarks (u, d, s, c), while q = q ′ when a

Z boson is exchanged.

coupling, that is the Higgs boson production in association with a large transverse-

momentum photon (with pT >∼ 20 GeV) and two forward jets

pp → H γ jj → bb̄ γ jj + X , (1)

with H decaying to bb̄, where at parton level the final QCD parton is identified with

the corresponding jet. The Feynman diagrams that are dominant for this process

at parton level are the ones involving VBF. They are shown in Figure 1, where the

Higgs decay to bb̄ is not included. In principle, final states bb̄ γ jj can also arise from

photon radiation from one of the two b-quarks coming from the Higgs boson decay,

via the process pp → H(→ bb̄ γ) jj. In our study, we will not include the latter set of

diagrams, since the requirement of a large pT photon would shift in that case the bb̄

invariant mass outside the experimental bb̄ mass resolution window around the Higgs

mass. We will then assume that the effect of diagrams with photons arising from the

final b’s will vanish after applying the Higgs mass constraint in the event analysis of

the bb̄ γ jj final state.

There is a number of advantages in considering this QED higher-order variant of

3

to a O(α) rescaling of the rates for the H jj signal and its background, respectively,

where α is the fine electromagnetic structure constant . Then, the S/B ratio would

not be much affected. On the other hand, both the H γ jj signal and its background

statistics would decrease according to the rescaling factor O(α). Consequently, if

(S/
√

B)|H(γ) jj is the signal significance for the VBF process (with) without a central

photon, one would expect the signal significance for pp → H γ jj to fall down as

(S/
√

B)|Hγ jj ∼
√

α (S/
√

B)|H jj <∼ 1/10 (S/
√

B)|H jj with respect to the basic VBF

process. On this basis, one would conclude that there is no advantage in considering

the H γ jj variant of the H jj process, apart from the fact that the presence of a hard

photon in the final state can improve the triggering efficiency of the detectors.

In the next section, we will show that this pattern does not hold in general.

The QED naive expectations definitely hold for inclusive processes, but they do not

necessarily apply when restricted regions of phase space are considered. Indeed,

we will see that the naive QED rescaling fails for the main background processes

considered here, when relevant sets of kinematical cuts are imposed. In particular,

the requirement of a further central photon gives rise to a dramatic increase (by more

than one order of magnitude) in the S/B ratio, while the signal cross section roughly

follows the naive QED rescaling.

3 Destructive interferences in central photon emis-

sion

We will now go through the main partonic components of the irreducible QCD bb̄jj

background to the VBF process, in order to study how the request of a further central

photon affects each of them, and the overall balance among them.

In our study of the irreducible background, we will not consider the electroweak

production of bb̄jj final states (nor its extension to the bb̄γ jj case), through, e.g., the

mediation of a Z(∗)/γ∗ → bb̄ decay. The latter contributions have cross sections not

much larger than those of the signal considered here (see Section 4, and [10]). On the

other hand, their typical bb̄ invariant mass is well below the Higgs boson mass range

we are considering in the present study. Hence, we do not expect any contamination

from this background for the foreseen experimental resolution on mbb̄.

In the first two columns of Table 2, we show the absolute (σi) and fractional

(σi/σ) cross sections for the QCD bb̄jj background corresponding to the different

classes of partonic processes. An optimized set of kinematical cuts enhancing the

S/B ratio [that will be discussed subsequently in Section 4, cf. Eqs. (2) and (3),

9
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IRREDUCIBLE  BCKGD 

add a photon to        (gluons are idle !)

 t,u-channel  (most relevant !)

s-channel (suppressed by Mjj ~ 1TeV)
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Figure 3: Representative classes of Feynman diagrams contributing, at parton level, to the

background process pp → bb̄ jj. Here, q and g stand for a light quark (u, d, s, c) and gluons
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of the order of a few pb’s, the extraction of the signal from the background is not

at all straightforward, being the latter dominant over the signal by a few orders of

magnitude. However, with a suitable choice of kinematical cuts, the ratio of the

expected signal event number (S) over the background ones (B) can be substantially

enhanced. By imposing a large invariant mass cut for the two-forward-jet system [i.e.,

mjj >∼ O(1) TeV], a minimal pj
T of a few tens GeV’s, and requiring the bb̄ invariant

mass to be around mH within the mbb̄ experimental resolution, one can obtain a signal

significance (S/
√

B) of the order of S/
√

B ∼ 3−5, assuming an integrated luminosity

of 600 fb−1 [10].

Let us now consider the VBF Higgs production when a further central photon is

emitted, namely pp → H γ jj. The Feynman diagrams for the signal in Figure 1 are

now to be confronted with the QCD background corresponding to the requirement

of a further high pT photon in the diagrams in Figure 3. For instance, in Figure 4

(a−g), we show the relevant diagrams for one of the leading classes of contributions,

i.e. the one related to Figure 3 (a).

According to the usual pattern of QED corrections, one might expect the request

of a further hard photon to keep the relative weight of signal and background quite sta-

ble. Were this the case, the rates for pp → H γ jj and its background would be related
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Figure 5: Effect of switching off the photon radiation from b quarks in the irreducible QCD

background pp → bb̄γ jj on the photon pseudorapidity distribution. The plot refers to the

case mH = 120 GeV. Solid line: full calculation for the optimized kinematical cuts (set 1)

defined in Section 4, Eqs. (2) and (3). Dashed line: same as before, assuming vanishing

b−quark coupling to photons.

the destructive interference between initial and final quarks radiation. This deep is

only partially filled by the photon radiation off b quarks. We also checked that the

same suppression at ηγ ∼ 0 is observed for lower pγ
T values, by relaxing the pγ,cut

T

down to values as low as 5 GeV. In fact, the behaviour of a photon with a pT as low

as 20 GeV at LHC energies is already well described by the eikonal approximation.

For the signal case of the H γ jj production (Figure 1), the above mechanism

of destructive interferences affects only the diagrams involving the ZZ fusion. On

the other hand, in the diagrams involving WW fusion (that are responsible for the

dominant part of the basic VBF H jj cross section) the charged currents in the qq ′W

vertices change the electric charges of the in-out partons, and consequently spoil the

coherence effects in the relevant interferences. Therefore, the cross section for H γ jj

is expected to follow the usual pattern of QED corrections as far as its WW fusion

component is concerned. The relative contribution of the ZZ fusion will be instead

remarkably smaller than in the case of the basic VBF H jj process.

In order to prove this last statement, we selected, among all possible subprocesses

contributing to pp → H (γ) jj, a first set of subprocesses (named N) mediated only

by the ZZ fusion, namely qq → H(γ)qq [in particular, we summed up cross sections

for q = (u, d, s, c, ū, d̄, s̄, c̄)], and a second set of subprocesses (named C) mediated

13
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down to values as low as 5 GeV. In fact, the behavior of a photon with a pT as low

as 20 GeV at LHC energies is already well described by the eikonal approximation.

Note that in the signal case of the H γ jj production (Figure 1), the above mech-

anism of destructive interferences affects only the diagrams involving the ZZ fusion.

On the other hand, in the diagrams involving WW fusion (that are responsible for the

dominant part of the basic VBF H jj cross section) the charged currents in the qq′W

vertices change the electric charges of the in-out partons, and consequently spoil the

coherence effects in the relevant interferences. Therefore, the cross section for H γ jj

is expected to follow the usual pattern of QED corrections as far as its WW fusion

component is concerned. The relative contribution of the ZZ fusion will be instead

remarkably smaller than in the case of the basic VBF H jj process.

In order to prove this last statement, we selected, among all possible subprocesses

contributing to pp → H (γ) jj, a first set of subprocesses (named N) mediated only

by the ZZ fusion, namely qq → H(γ)qq [in particular, we summed up cross sections

for q = (u, d, s, c, ū, d̄, s̄, c̄)], and a second set of subprocesses (named C) mediated

only by the WW fusion [in this case, we summed up the 8 cross sections of the type

uc̄ → H(γ) ds̄]. Calling σ(N,C) the cross sections for the two latter sets, we computed

the following ratios among the radiative and the non-radiative processes at the LHC

σ(N)(Hγ jj)

σ(N)(H jj)
= 0.0016 ,

σ(C)(Hγ jj)

σ(C)(H jj)
= 0.013 ,

where we applied the cuts pγ
T ≥ 20 GeV, |ηγ | <∼ 2.5, and ∆Rjγ ≥ 0.7, assuming

mH = 120 GeV. It is then clear that the radiation is suppressed in the presence of

the HZZ vertex.

This property enhances the sensitivity of the H γ jj cross section to the WWH

coupling. Hence, a determination of the WWH coupling at the LHC could benefit

also from a measurement of the H γ jj cross section.

On the same basis, one can expect that the above destructive interference effect

will also keep under control the background coming from central photon radiation in

the Higgs production through the g∗g∗ → H process, giving also rise to H γ jj final

states. We verified that this is indeed the case. After applying the basic kinematical

cuts in Eq. (2), Section 4, with pγ
T ≥ 20 GeV, we obtain a reduction factor of about

8 10−4 for the H γ jj cross section arising from the g∗g∗ → H channel with respect

to the corresponding H jj cross section. In particular, the absolute value of the

H(→ bb̄)γ jj cross section turns out to be 0.21 fb, which makes the impact of the

g∗g∗ → H process on the present analysis negligible.
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for q = (u, d, s, c, ū, d̄, s̄, c̄)], and a second set of subprocesses (named C) mediated

only by the WW fusion [in this case, we summed up the 8 cross sections of the type

uc̄ → H(γ) ds̄]. Calling σ(N,C) the cross sections for the two latter sets, we computed

the following ratios among the radiative and the non-radiative processes at the LHC

σ(N)(Hγ jj)

σ(N)(H jj)
= 0.0016 ,

σ(C)(Hγ jj)

σ(C)(H jj)
= 0.013 ,

where we applied the cuts pγ
T ≥ 20 GeV, |ηγ | <∼ 2.5, and ∆Rjγ ≥ 0.7, assuming

mH = 120 GeV. It is then clear that the radiation is suppressed in the presence of

the HZZ vertex.

This property enhances the sensitivity of the H γ jj cross section to the WWH

coupling. Hence, a determination of the WWH coupling at the LHC could benefit

also from a measurement of the H γ jj cross section.

On the same basis, one can expect that the above destructive interference effect

will also keep under control the background coming from central photon radiation in

the Higgs production through the g∗g∗ → H process, giving also rise to H γ jj final

states. We verified that this is indeed the case. After applying the basic kinematical

cuts in Eq. (2), Section 4, with pγ
T ≥ 20 GeV, we obtain a reduction factor of about

8 10−4 for the H γ jj cross section arising from the g∗g∗ → H channel with respect

to the corresponding H jj cross section. In particular, the absolute value of the

H(→ bb̄)γ jj cross section turns out to be 0.21 fb, which makes the impact of the

g∗g∗ → H process on the present analysis negligible.
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Note that in the signal case of the H γ jj production (Figure 1), the above mech-
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On the other hand, in the diagrams involving WW fusion (that are responsible for the
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vertices change the electric charges of the in-out partons, and consequently spoil the

coherence effects in the relevant interferences. Therefore, the cross section for H γ jj

is expected to follow the usual pattern of QED corrections as far as its WW fusion

component is concerned. The relative contribution of the ZZ fusion will be instead
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T ≥ 20 GeV, |ηγ | <∼ 2.5, and ∆Rjγ ≥ 0.7, assuming

mH = 120 GeV. It is then clear that the radiation is suppressed in the presence of

the HZZ vertex.

This property enhances the sensitivity of the H γ jj cross section to the WWH

coupling. Hence, a determination of the WWH coupling at the LHC could benefit

also from a measurement of the H γ jj cross section.
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4 Cross sections for the signal versus the irreducible

background

The numerical results presented in this section have been obtained by the Monte

Carlo event generator ALPGEN [16], that can compute exact matrix elements for

all the partonic processes considered. The signal is calculated in the narrow width

approximation, i.e. we computed the exact lowest-order matrix element for the pro-

cess pp → Hγ jj, and then let the Higgs boson decay into a bb̄ pair according to its

branching ratio and isotropic phase space. After the decay, cuts on the b−quark jets

are implemented.

For the irreducible pp → bb̄γ jj background, we computed by ALPGEN all the

matrix elements at O(α4
sα), neglecting O(α2

sα
3), O(αsα4) and O(α5) contributions.

For a particular Higgs mass value, we switched on all the Standard Model interactions

in ALPGEN, finding results in agreement with the incoherent sum of the signal and

the irreducible background at O(α4
sα), within the numerical errors (i.e., at the %

precision level). Part of the signal and background cross sections have been cross

checked by MADEVENT [17].

The present study is limited at the partonic level, apart from some preliminary

analysis of parton shower effects presented in Section 6. A more complete simulation,

that takes into account showering, hadronization and detector simulation, even if

crucial for the assessment of the potential of this channel, is beyond the scope of the

present paper.

For PDF’s, we use the set CTEQ5L [19], and the factorization/renormalization scales

are fixed at µ2
F = µ2

R =
∑

E2
t and µ2

F = µ2
R = m2

H +
∑

E2
t for the backgrounds

and signal, respectively (Et is the transverse energy of any QCD parton). The three

Higgs-mass cases 120, 130 and 140 GeV are analysed.

We start by the definition of two basic event selections that differ only by the

threshold on the photon transverse momentum pγ
T:

pj
T ≥ 30 GeV, pb

T ≥ 30 GeV, ∆Rik ≥ 0.7,

|ηγ| ≤ 2.5, |ηb| ≤ 2.5, |ηj | ≤ 5,

mjj > 400 GeV, mH(1 − 10%) ≤ mbb̄ ≤ mH(1 + 10%),

1) pγ
T ≥ 20 GeV,

2) pγ
T ≥ 30 GeV, (2)

where ik is any pair of partons in the final state, including the photon, and ∆Rik =
√

∆2ηik + ∆2φik, with η the pseudorapidity and φ the azimuthal angle. Note that the
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Figure 6: The two forward-jet invariant mass distribution (critical to increase S/B). Solid

line: signal with photon. Dashed line: irreducible background with photon. Dot-dashed

line: signal without photon. Dotted line: irreducible background without photon. Cuts in

Eq. (2) are applied, and mH = 120 GeV.

following kinematical distributions (Figures 6, 7):

dσ

dmjj
,

dσ

dpj1
T

,
dσ

dpb1
T

,
dσ

dmγH
,

dσ

|∆ηjj|
,

where j1 and b1 denote the leading pT light jet and b− jet, respectively, and mγH is the

invariant mass of the γbb̄ system. The most effective cut in reducing the background

with respect to the signal is related to the dσ/dmjj distribution in Figure 6, as already

noted in [8] for the case without photon.

An interesting general feature is that the shapes of the distributions with and

without the photon are similar, as shown by the closeness of the solid and dot-dashed

lines on the one side, and of the dashed and dotted lines on the other side, in Figures 6

and 7. This shows that the effect of QED radiation is dominated by the factorized

eikonal approximation, since most of the pγ
T values considered are soft with respect

to the energy scale of the process. On the other hand, some differences between the

radiative and the non-radiative processes are present, that can help significantly in
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improving the S/B ratio.

Indeed, the request of a further central photon tends to enhance the characteristic

kinematical features of a typical VBF event. First of all, the jj invariant mass distri-

bution is flatter for the radiative signal than for the non radiative case (see solid and

dot-dashed lines in Figure 6), while the corresponding backgrounds are almost super-

imposed. Then, increasing the lower mjj cut does not imply a dramatic reduction

of the signal cross section, while it gains a substantial decrease of the background.

Second, by adding the photon, the distribution dσ/d|∆ηjj| is slightly shifted toward

larger |ηjj| values for the signal, while it moves in the opposite direction for the

background. This feature makes a cut on the pseudorapidity separation between the

tagging jets even more effective than in the case of the VBF H jj typical event [8].

By studying the variation of the significance S/
√

B as a function of the cuts on

the distributions §, we found an optimized event selection where, in addition to the

basic cuts, we impose the following cuts ¶:

mjj ≥ 800 GeV, pj1
T ≥ 60 GeV, pb1

T ≥ 60 GeV,

|∆ηjj| > 4, mγH ≥ 160 GeV, ∆Rγb/γj ≥ 1.2 . (3)

With the above additional requirements, we find the cross sections reported in Table 5,

where also the signal and irreducible background production rates for the basic VBF

process are shown.

As anticipated in Section 3, one can see in Table 5 that the requirement of the

extra central photon with pγ
T

>∼ 20 GeV in the final state involves a reduction factor of

order 100 for the signal rate with respect to the final state without photon, according

to the expectations of the O(α) QED naive scaling. On the other hand, the radiative

background is depressed by a factor of about 3000 with respect to the case of no

photon radiation. As also discussed in Section 3, this effect can be understood as

due to the quantum destructive interference between the photon emission from the

initial quark radiating a gluon in the t channel and the photon emission from the

corresponding final quark. Such an effect makes the process bb̄γjj competitive on the

statistical significance with the process bb̄jj studied in [8]. Furthermore, the presence

of an additional photon can improve the experimental triggering efficiencies, provided

a good rejection of jets against photons is available [20, 21].

§This was performed for mH = 120 GeV. For higher Higgs masses the constraints in Eq. (3)

(especially the one on mγH) could be further tuned.
¶There are few more distributions which show differences between signal and backgrounds. How-

ever these are not exploited here, since, at the rough level of the present analysis, they lead to an

improvement of S/B, but not of S/
√

B
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mjj  distribution critical to enhance S/B
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Figure 6: The two forward-jet invariant mass distribution (critical to increase S/B). Solid

line: signal with photon. Dashed line: irreducible background with photon. Dot-dashed

line: signal without photon. Dotted line: irreducible background without photon. Cuts in

Eq. (2) are applied, and mH = 120 GeV.

Second, by adding the photon, the distribution dσ/d|∆ηjj| is slightly shifted toward

larger |∆ηjj| values for the signal, while it moves in the opposite direction for the

background. This feature makes a cut on the pseudorapidity separation between the

tagging jets even more effective than in the case of the VBF H jj typical event [10].

By studying the variation of the significance S/
√

B as a function of the cuts on

the distributions †, we found an optimized event selection where, in addition to the

basic cuts, we impose the following cuts ‡:

mjj ≥ 800 GeV, pj1
T ≥ 60 GeV, pb1

T ≥ 60 GeV,

|∆ηjj| > 4, mγH ≥ 160 GeV, ∆Rγb/γj ≥ 1.2 . (3)

With the above additional requirements, we find the cross sections reported in Table 5,

where also the signal and irreducible background production rates for the VBF process

without photon are shown.

†This was performed for mH = 120 GeV. For higher Higgs masses the constraints in Eq. (3)

(especially the one on mγH) could be further tuned.
‡There are few more distributions which show differences between signal and backgrounds. How-

ever these are not exploited here, since, at the parton level of the present analysis, they lead to an

improvement in S/B, but not in S/
√

B.
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Figure 7: Four further different distributions used to optimize cuts to improve the S/B

ratio. Upper left panel: leading light jet pT distribution. Upper right panel: leading b jet pT

distribution. Lower left panel: invariant mass distribution for the Higgs boson-plus-photon

system. Lower right panel: distribution for the difference in pseudorapidity of the two light

jets. Solid line: signal with photon. Dashed line: irreducible background with photon. Dot-

dashed line: signal without photon. Dotted line: irreducible background without photon.

Cuts in Eq. (2) are applied, and mH = 120 GeV.
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bckg(γ)/bckg ~  33 fb / 103 pb ~ 1/3000 

cf. signal(γ)/signal ~ 1/100

down to values as low as 5 GeV. In fact, the behavior of a photon with a pT as low

as 20 GeV at LHC energies is already well described by the eikonal approximation.

Note that in the signal case of the H γ jj production (Figure 1), the above mech-

anism of destructive interferences affects only the diagrams involving the ZZ fusion.

On the other hand, in the diagrams involving WW fusion (that are responsible for the

dominant part of the basic VBF H jj cross section) the charged currents in the qq′W

vertices change the electric charges of the in-out partons, and consequently spoil the

coherence effects in the relevant interferences. Therefore, the cross section for H γ jj

is expected to follow the usual pattern of QED corrections as far as its WW fusion

component is concerned. The relative contribution of the ZZ fusion will be instead

remarkably smaller than in the case of the basic VBF H jj process.

In order to prove this last statement, we selected, among all possible subprocesses

contributing to pp → H (γ) jj, a first set of subprocesses (named N) mediated only

by the ZZ fusion, namely qq → H(γ)qq [in particular, we summed up cross sections

for q = (u, d, s, c, ū, d̄, s̄, c̄)], and a second set of subprocesses (named C) mediated

only by the WW fusion [in this case, we summed up the 8 cross sections of the type

uc̄ → H(γ) ds̄]. Calling σ(N,C) the cross sections for the two latter sets, we computed

the following ratios among the radiative and the non-radiative processes at the LHC

σ(N)(Hγ jj)

σ(N)(H jj)
= 0.0016 ,

σ(C)(Hγ jj)

σ(C)(H jj)
= 0.013 ,

where we applied the cuts pγ
T ≥ 20 GeV, |ηγ | <∼ 2.5, and ∆Rjγ ≥ 0.7, assuming

mH = 120 GeV. It is then clear that the radiation is suppressed in the presence of

the HZZ vertex.

This property enhances the sensitivity of the H γ jj cross section to the WWH

coupling. Hence, a determination of the WWH coupling at the LHC could benefit

also from a measurement of the H γ jj cross section.

On the same basis, one can expect that the above destructive interference effect

will also keep under control the background coming from central photon radiation in

the Higgs production through the g∗g∗ → H process, giving also rise to H γ jj final

states. We verified that this is indeed the case. After applying the basic kinematical

cuts in Eq. (2), Section 4, with pγ
T ≥ 20 GeV, we obtain a reduction factor of about

8 10−4 for the H γ jj cross section arising from the g∗g∗ → H channel with respect

to the corresponding H jj cross section. In particular, the absolute value of the

H(→ bb̄)γ jj cross section turns out to be 0.21 fb, which makes the impact of the

g∗g∗ → H process on the present analysis negligible.
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sub-processes σi (pb) σi/σ σγ
i (fb) σγ

i /σγ

gq → bb̄ gq (γ) 57.2(1) 55.3 % 17.3(1) 51.6 %

gg → bb̄ gg (γ) 25.2(1) 24.4 % 3.93(3) 11.7 %

qq′ → bb̄ qq′ (γ) 7.76(3) 7.5 % 4.04(2) 12.1 %

qq → bb̄ qq (γ) 6.52(2) 6.3 % 4.49(3) 13.4 %

qq̄′ → bb̄ qq̄′ (γ) 4.60(2) 4.4 % 2.28(2) 6.8 %

qq̄ → bb̄ qq̄ (γ) 2.13(2) 2.1 % 1.21(2) 3.6 %

gg → bb̄ qq̄ (γ) 0.0332(7) 0.03 % 0.124(3) 0.37 %

qq̄ → bb̄ gg (γ) 0.0137(2) 0.01 % 0.094(2) 0.28 %

qq̄ → bb̄ q′q̄′ (γ) 0.000080(3) 0.00007 % 0.00080(8) 0.002 %

Table 2: Partial contributions σi (σγ
i ) in pb (fb) of the partonic sub-processes to

the total cross section σ = 103 pb (σγ = 33.5 fb), corresponding to the background

process pp → bb̄ jj (γ), for mH = 120 GeV. Optimized kinematical cuts (set 1), as

defined in Section 4, Eqs. (2) and (3), are implemented. The numbers in parenthesis

correspond to the numerical errors on the last digit.

set 1] is applied.

The main effective constraints for the bb̄jj channel, apart from the jet isolation,

are a large invariant mass for the final jj system, namely mjj >∼ 800 GeV, and the

restriction on the bb̄ invariant mass to be inside a window of mH(1 ± 10%). After

applying these cuts, and considering the mH = 120 GeV case, the total QCD bb̄jj

cross section turns out to be σ # 103 pb. Most of this cross section is due to

the classes of diagrams involving gluons in the t-channel, as represented in Figure 3

(a−c). In particular, the latter give the main contributions to the cross sections for

the subprocesses gg → bb̄ + gg and gq → bb̄ + gq, qq → bb̄ + qq, and qq′ → bb̄ + qq′,

where q′ %= q. Subleading QCD contributions in Figure 3 (d−g) come from the fusion

of initial partons in s-channel type diagrams, like in gg → bb̄+qq̄, qq̄ → bb̄+gg, qq̄ →
bb̄ + q′q̄′, with q′ %= q. Indeed, the s-channel propagator depletes these contributions

with respect to diagrams (a−c), when a large invariant mass for the jj system is

required.

Then, in the third and fourth columns of Table 2, we report the absolute (σγ
i ) and

fractional (σγ
i /σγ) production rates, respectively, for the different classes of diagrams

contributing to the QCD bb̄ γ jj background to the H γ jj signal. The optimized set of

kinematical cuts (as in Section 4, Eqs. (2) and (3), set 1) is applied for mH = 120 GeV.

The corresponding total QCD bb̄ γ jj cross section is σγ # 33 fb.

One can see that the leading contribution to total cross sections is provided by the

10

irreducible  bckgr    σ’s  (optimized  cuts)
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  requirement of a central photon  also           
suppresses contamination from  g*g*  H jj γ            
 (induced by top loop)

(basic cuts, pTγ >20 GeV) 

σ (H γ jj) ~ 8x10-4 σ (H jj) g*g* H

                          

σ (H γ jj) ~ 0.21 fb     negligible ! 
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  requirement of a central photon  also           

suppresses contamination from  g*g* ! H jj !            

 (induced by top loop)

(basic cuts, pT
! >20 GeV) 

" (H ! jj) ~ 8x10-4 " (H jj) g*g* !H

                          

" (H ! jj) ~ 0.21 fb     negligible ! 

(q)

(q)(q)
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(“bckg” to Higgs from VBF)
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σ’s :  pp  H γ j j   vs   irrid.  bckgr 
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( ALPGEN  +  MADEVENT ) 

L=100 fb-1  
ε(b) = 60% PDF : CTEQ5L

pγ,cut
T mH = 120 GeV mH = 130 GeV mH = 140 GeV

σ[H(→ bb̄)γjj] 20 GeV 3.59(7) fb 2.92(4) fb 1.98(3) fb

30 GeV 2.62(3) fb 2.10(2) fb 1.50(3) fb

σ[bb̄γjj] 20 GeV 33.5(1) fb 37.8(2) fb 40.2(1) fb

30 GeV 25.7(1) fb 27.7(1) fb 28.9(2) fb

σ[H(→ bb̄)jj] 320(1) fb 254.8(6) fb 167.7(3) fb

σ[bb̄jj] 103.4(2) pb 102.0(2) pb 98.4(2) pb

Table 5: Cross sections for the signal and the irreducible background for the optimized

event selections of Eq. (3), added to the basic selection in Eq. (2). Higgs production

cross sections include the Higgs branching ratios to bb̄. The signal and irreducible

background production rates for the basic VBF process are also shown.

As anticipated in Section 3, one can see in Table 5 that the requirement of the

extra central photon with pγ
T

>∼ 20 GeV in the final state involves a reduction factor of

order 100 for the signal rate with respect to the final state without photon, according

to the expectations of the O(α) QED naive scaling. On the other hand, the radiative

background is suppressed by a factor of about 3000 with respect to the case of no

photon radiation. As also discussed in Section 3, this effect can be understood as

due to the quantum destructive interference between the photon emission from the

initial quark radiating a gluon in the t channel and the photon emission from the

corresponding final quark. Such an effect makes the process bb̄γjj competitive on

the statistical significance with the process bb̄jj studied in [10]. Furthermore, the

presence of an additional photon can improve the experimental triggering efficiencies,

provided a good rejection of jets against photons is available [21, 22].

The effect of the inclusion of optimized cuts as in Eq. (3) is to reduce the signal

cross sections by about a factor of two, while the background gets scaled by about an

order of magnitude, allowing to reach a S/B ratio for cross sections larger than 1/10

at mH # 120 GeV, for both values of the pγ,cut
T . The corresponding ratio for the case

without photon is about 1/300. At mH # 140 GeV, both the S/B ratios fall down

by about a factor two.

In order to evaluate the expected statistical significance of the signal, we assumed

a b−tagging efficiency εb = 60%, and a reduction of the signal number of events by

70% in the window mH(1± 10%), due to the finite bb̄ mass resolution, that broadens

the narrow Higgs decay bb̄ distribution. For an integrated luminosity of 100 fb−1,

we get a statistical significance S/
√

B|Hγ jj # 3, at low mH and pγ,cut
T values. At

mH # 140 GeV and pγ,cut
T # 30 GeV, it degrades down to about 1.3, mainly due

19

pγ,cut
T mH = 120 GeV mH = 130 GeV mH = 140 GeV

S/
√

B|Hγ jj 20 GeV 2.6 2.0 1.3

S/
√

B|Hγ jj 30 GeV 2.2 1.7 1.2

S/
√

B|H jj 3.5 2.8 1.9

Table 6: Statistical significances with the event selection of Eq. (2) and (3), with an

integrated luminosity of 100 fb−1. The value εb = 60% for the b−tagging efficiency

and a Higgs boson event reduction by εbb̄ # 70%, due to the finite (±10%) bb̄ mass

resolution, have been assumed. Jet-tagging efficiency and photon-identification effi-

ciency are set to 100%. Only the irreducible background is included in this analysis.

to the falling branching ratio for H → bb̄. This is to be compared with S/
√

B|Hjj

that ranges from 3.5 down to about 2. A summary of the statistical significances,

including only the irreducible background, with an integrated luminosity of 100 fb−1

is given in Table 6.

5 Reducible backgrounds

A complete analysis of the reducible backgrounds to the H γ jj signal is beyond the

scope of our study. For instance, the potential dangerous contamination coming from

π0 decays into photons can only be studied with a simulation including showering,

hadronization and detector simulation, and is left to a further investigation. How-

ever, in order to have a sensible estimate of the achievable S/B ratio and statistical

significance at parton level, we computed with ALPGEN the cross sections, assuming

mH = 120 GeV and with the optimized event selection of Eq. (2) and (3), for three

main potentially dangerous processes §:

• pp → γ + 4 jets, where two among the light jets are fake tagged as b−jets;

• pp → bb̄ + 3 jets, where one of the light jets is misidentified as a photon;

• pp → 5 jets, where one of the light jets is misidentified as a photon, and two

light jets are fake tagged as b−jets.

With more than two light jets in the final state, the selection criteria need to be

specified, in order to avoid ambiguities. Even if some algorithm able to mimic a

§ We estimated that the process pp̄ → cc̄γjj, where the c quarks are both mistagged as b quarks,

(assuming εc = 10%) can be safely neglected.

20
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Nevents for reducible bckgs  (mH=120 GeV)

19

εfake  mistagging 
light-jet as a b-jet

L=100 fb-1  

CMS can do better than this !

pγ
T ≥ 20 GeV pγ

T ≥ 30 GeV

pp → γH(→ bb̄) + 2j 90 66

pp → γbb̄ + 2j 1206 925

pp → γ + 4j 23 17

pp → bb̄ + 3j 440 324

pp → 5j 14 11

S/
√

B 2.2 1.8

Table 8: Event numbers for signal, irreducible and reducible backgrounds, for the

case mH = 120 GeV, with an integrated luminosity of 100 fb−1. The efficiencies are

described in the text. The last line shows the statistical significance including all the

background channels.

backgrounds with one heavy quark and a mistagged jet are very large and difficult to

curb.

6 Parton-shower effects and central jet veto

A feature of the signal is that to leading order no colour is exchanged between the up

and down fermionic lines of Figure 1, since pp → Hγ jj is an electroweak mediated

process [23]. Thus the typical scale for QCD radiation is pj
T. On the contrary, the

diagrams of the background processes are characterized by the presence of t−channel

virtual gluons (cf. Figure 4). Thus the typical scale for QCD radiation is of the

order of 1 TeV (mjj +mH). On these grounds, we can expect that higher-order QCD

radiation would be much more relevant for the background than for the signal. The

fairly different radiation pattern can be exploited to further enhance the S/B ratio, as

suggested in [23]. We investigated qualitatively these features by simulating higher-

order QCD radiation with the HERWIG parton shower [24] on top of the partonic

unweighted events, generated with ALPGEN with the optimized event selection of

Eqs. (2) and (3), set 1. This is not a completely consistent approach, since one is

sensitive to the partonic event selection, which has no physical meaning. A more

solid study could be done by using a consistent matching procedure between parton

shower and multi-parton matrix elements [25], which amounts to merging together

event samples originating from different partonic multiplicities. We have however

verified that, restricting our analysis to a sample with cuts tighter than parton level

cuts, results are essentially unchanged, and we are therefore confident that a more

refined study would lead to not too different results.

22
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Figure 3: Representative classes of Feynman diagrams contributing, at partonic level, to

the background process pp → bb̄ jj. Here, q and g stand for a light quark (u, d, s, c) and

gluons respectively. The virtual gluon connecting the bb̄ pair in c) − d) or the (q, q̄) and

(g, g) pairs in e), is understood to be attached in all possible ways to the initial and final

parton. Crossed diagrams are not shown.
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Figure 1: Tree-level t-channel Feynman diagrams for Higgs boson production in the process

pp → H γ jj. Here, q and q′ stand for different light quarks (u, d, s, c), while q = q ′ when a

Z boson is exchanged.

In this paper, we consider a further process that could help in determining the Hbb̄

coupling, that is the Higgs boson production in association with a large transverse-

momentum photon (with pT >∼ 20 GeV) and two forward jets

pp → H γ jj → bb̄ γ jj + X , (1)

with H decaying to bb̄, where at parton level the final QCD parton is identified with

the corresponding jet. The Feynman diagrams that are dominant for this process at

partonic level are the ones involving VBF. They are shown in Figure 1, where the

Higgs decay to bb̄ is not included. In principle, final states bb̄ γ jj can also arise from

photon radiation from one of the two b-quarks coming from the Higgs boson decay,

via the process pp → H(→ bb̄ γ) jj. In our study, we will not include the latter set

of diagrams, since the requirement of a large pT photon would shift in that case the

bb̄ invariant mass outside the experimental bb̄ mass resolution windows around the

Higgs mass. We will then assume that the effect of diagrams with photons arising

from the final b’s will vanish after applying the Higgs mass constraint in the event

analysis of the bb̄ γ jj final state.

3

The value mH = 120 GeV is considered. Jets are defined via a cone algorithm using

the routine GETJET [26], which uses a simplified version of the UA1 jet algorithm,

with parameters given by

pj
T > 20 GeV |ηj| < 5 R = 0.7, (4)

where R is the jet cone radius. The b−tagged jets are defined as the ones containing

the original b quarks.

Given the presence of extra QCD radiation, the identification of light tagging jets,

among the remaining, is not uniquely defined. We explored two different algorithms:

as a first choice, the tagging jets are identified by the highest and second highest

pT jets (referred to as algorithm a1); an alternative is to identify the tagging jets as

the pair of jets with the highest invariant mass (algorithm a2), compatible with the

requirement pj1
T ≥ 60 GeV and pj2

T ≥ 30 GeV. The results are shown in Figure 8. In

particular, the panels in the first raw show the invariant mass distribution of signal and

background (solid and dashed histogram, respectively), for tagging jet identifications

a1 and a2. While the signal is practically insensitive to the choice between the

algorithm a1 and a2, the background shows a large difference. With the choice a1,

a large fraction of events gives rise to a sort of peak at low invariant masses. In this

case, while a cut on the invariant mass of the tagging jets mjj ≥ 800 GeV, applied

after the shower, would reduce the signal only by about 7%, the background would be

reduced by a factor of about two. We expect the peak at low invariant masses to be

due to the identification of tagging jets with jets originated from the shower and not

containing the original hard partons. This interpretation is confirmed by the panels

in the second row, which shows the |∆ηjj| distributions for signal and background

(solid and dashed histogram, respectively). On the left the eta separation between

the tagging jets, defined according to algorithm a1, is shown. While for almost all

signal events |∆ηjj| ≥ 4, a consistent portion of background events displays a smaller

rapidity separation. In these events, at least one of the tagging jets originates from

higher order parton shower emission. By looking for the pair of jets satifying the

tagging requirement pj1
T ≥ 60 GeV and pj2

T ≥ 30 GeV, with the additional constraint

of maximum pseudorapidity separation, the correspondence between tagging jets and

parton level jets is restored, as shown in the panel on the right.

The lower panels of Figure 8 give an estimate of the jet multiplicity (left) in signal

(solid line) and background (dashed line). While in the former case the jet multiplicity

is sharply peaked at the value of four, in the latter case a much broader spectrum is

present. On the right panel the pT distribution of an additional pT ordered jet with

pT ≥ 20 GeV and pseudorapidity between the tagging jet η’s is shown. After the cut
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tried 2 different algorithms for jets :
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 identification of light tagging jets not uniquely
   defined, due to extra QCD radiation

a1-highest and second highest pT with   
    pT(j1)> 60 GeV  pT(j2)> 30 GeV  

a2-pair of jets with highest invariant  
     mass, pT(j1)> 60 GeV pT(j2)> 30 GeV

ALPGEN + HERWIG
jet cone as in  GETJET

The value mH = 120 GeV is considered. Jets are defined via a cone algorithm using

the routine GETJET [26], which uses a simplified version of the UA1 jet algorithm,

with parameters given by
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where R is the jet cone radius. The b−tagged jets are defined as the ones containing

the original b quarks.

Given the presence of extra QCD radiation, the identification of light tagging jets,

among the remaining, is not uniquely defined. We explored two different algorithms:

as a first choice, the tagging jets are identified by the highest and second highest
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the tagging jets, defined according to algorithm a1, is shown. While for almost all
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rapidity separation. In these events, at least one of the tagging jets originates from

higher order parton shower emission. By looking for the pair of jets satifying the

tagging requirement pj1
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T ≥ 30 GeV, with the additional constraint
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distributions after parton shower
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Figure 8: First row: mjj distribution of the highest and second highest pT jets after

shower for signal and background (left), and maximum mjj distribution among all possible

jet pairs satisfying the tagging requirements (right). Second raw: |∆ηjj| distribution for

the highest and second highest pT jets after shower (left), and maximum pseudorapidity

separation between jets satisfying the tagging pT thresholds (right). Third row: jet multi-

plicity distribution for signal and background (left); pT distribution of the third highest pT

jet (right).
24

m(j1,j2)
j1=highest pT
j2=second highest pT

max[m(j1,j2)] among
all jets 

 pT1> 60,  pT2 >30jet 1-2 invariant mass  distribution 

a1 a2

S

B
S

B



Barbara Mele Napoli,   13/2/2007 23

Figure 8: First row: mjj distribution of the highest and second highest pT jets after

shower for signal and background (left), and maximum mjj distribution among all possible

jet pairs satisfying the tagging requirements (right). Second raw: |∆ηjj| distribution for

the highest and second highest pT jets after shower (left), and maximum pseudorapidity

separation between jets satisfying the tagging pT thresholds (right). Third row: jet multi-

plicity distribution for signal and background (left); pT distribution of the third highest pT

jet (right).
24

Δη(j1,j2)
j1=highest pT

j2=second highest pT  
max[Δη(j1,j2)] among
all jets 

 pT1> 60,  pT2 >30

jet 1-2 rapidity  difference distribution 

S S

B B



Barbara Mele Napoli,   13/2/2007 24

Figure 8: First row: mjj distribution of the highest and second highest pT jets after
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what if γ -> W ?   pp -> HW jj    Rainwater  (2001)

could also help in constraining  bbH coupling
accurate studies for bckg and parton shower effects are 
missing

cross section smaller than for   pp -> H γ 2j 
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➘ ν ℓ =e,µ

for optimized event selection  (pT(γ) > 20 GeV)
(with photon constraints applied to charged lepton)
and for mH=120 GeV,  we get :

σ (H γ jj ) ~ 4.4 x σ (HWjj)
➘ν ℓ =e,µ
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Summary
  measure of gHbb challenging at LHC
  new promising channel in VBF

          pp  H jj + γ   
  main advantages  versus  Hjj in VBF 

  - trigger on γ
  - much less active bckg after requiring a central γ 
  signf ~ 3 at parton level (x 2  expected from 
parton shower effects) , for L=100 fb-1, mH= 120 GeV

  could provide a new independent test of Hbb 
 and HWW couplings (sensitivity to HZZ drops) !
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