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Heavy Quark Associated production
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M.V. Garzelli fiducial cross sections, 
efficiencies +uncertainties for 

this channel

Pythia POWHEG (PowHel collaboration) more accurate 
for experimental purposes :  NLO + PS

more info about this channel in MC group!



Associated VH production
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๏ DY approach : fully exclusive NNLO calculation
Ferrera, Grazzini, Tramontano (2011)

• Fixed order challenged at LHC
 (boosted analysis with jet veto)

F.Tackmann - P.F. Monni

Can be improved using 
jet-veto resummation (DY)

M. GrazziniZH @ NNLO 

N. Orlandonew studies on tTH and WH using Z+jets as control sample



gg fusion

Large QCD corrections : new attempts to approximate N3LO
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combination of small x and threshold

combination of threshold + scale dependence A. Lazopoulos
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All N3LO logs of scales can be
 predicted from NNLO

If N3LO cross section known at one scale

Know full scale dependence

Achilleas Lazopoulos, ETH Zurich

\begin{numerology}
@μ=m_h all the logs vanish and the partonic XS

is known to N3LO apart from the (crucial) delta and regular coefficients. 
How big can they be? 

The corresponding K at @NNLO is
the size of this is 

numerically unimportant
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Renormalization
Factorization

Wilson Coefficient

all driven by 
renormalization scalenew 

at LH

are known, from mass factorisation constraints [33]. The question, then, arising is whether

we can anticipate the scale uncertainty at N3LO with the information currently available.

To this end we parametrize the unknown delta and regular coefficients by a scaling

factor K times the corresponding NNLO coefficients:

a(3,0)ij = K a(2,0)ij , fi ⊗ fj ⊗ c(3,0)ij (z) = K
(

fi ⊗ fj ⊗ c(2,0)ij (z)
)

, (5.1)

There is no a priori reason why the scaling factor for the delta and the regular terms should

be the same. However, it turns out that the numerical impact of the delta coefficient a(3,0)ij

is negligible (for scaling coefficients that do not break by orders of magnitude the pattern

observed from lower orders), in contrast with the coefficient of the regular part, so we adopt

here a common scaling factor to keep the parametrisation simple. For the same reason we

use the same K scaling coefficient for all initial state channels.
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Figure 1: Scale variation of the different orders of the gluon fusion cross section at 8 TeV.

µf is fixed to mh and only µr is varied. The scaling coefficient K is varied from 0 to 40 to

estimate the impact of the unknown N3LO contributions.

A loose argument about the size ofK can be derived if one assumes a good perturbative

behaviour at µr = µf = mH where all other terms of order a5 vanish. Since a(mH) ∼ 1/30

one expects K not to be much larger than 30. For comparison, the corresponding rescaling

– 13 –
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Scale dependence at N3LO

Achilleas Lazopoulos, ETH Zurich

8TeV LHC
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Figure 6: Scale variation of the different orders of the gluon fusion cross section at 8 TeV.

µf is fixed to mh and only µr is varied. K is varied from 0 to 30. Only the gg channel is

plotted, and compared to the results obtained with [34].

The choice of the central scale around which the variation is performed has been an

issue of debate lately, since different choices result in slightly different scale uncertainty

estimates but also in different central values for the cross section. The choice is largely ar-

bitrary, but various indications (like improved perturbative convergence, typical transverse

momentum scales for radiated gluons, average Higgs transverse momentum etc.) point to

a central scale choice that is lower than the traditional one at mh, closer to mh/2. An

alternative indication comes from the considerations of [64], where it is argued, looking at

examples from jet physics, that a reasonable indication would be the position of the saddle

point in a contour plot of the cross section as a function of µr and µf . In figs. 7 and 8 we

show such contour plots for Higgs production at LO, NLO, NNLO and N3LO (for three

values of the parameter K). In the cases where a saddle point exists, its position points

indeed to lower scale choices, and in the cases without a saddle point the plateau region

is also located in lower scales. Given the extremely mild factorisation scale dependence,

the saddle point or plateau region is largely determined by the µr plateau in all previous

figures.

– 18 –

Achilleas Lazopoulos, ETH Zurich

Attention: this whole discussion does NOT represent 
a proper N3LO computation OR a way to estimate 
the full scale uncertainty. 

\end{numerology}

How large are the ‘regular’ pieces of the N3LO XS? 
We can estimate the answer, but to know it we need 
to wait for the complete N3LO computation A. Lazopoulos

Full N3LO within 1-2 years?



H+jet at NNLO
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Fig. 9: Results for the product of partonic cross sections gg → H + jet and parton luminosity in consecutive
orders in perturbative QCD at µR = µF = mh = 125 GeV. See the text for explanation.
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Fig. 10: Scale dependence of the hadronic cross section in consecutive orders in perturbative QCD. See the text
for details.

observed in the calculation of higher-order QCD corrections to the Higgs boson production cross section
in gluon fusion. The reduced scale dependence is also apparent from Fig. 10, where we plot total cross
section as a function of the renormalization and factorization scale µ in the region p⊥,j < µ < 2mh.

Finally, we comment on the phenomenological relevance of the “gluons-only” results for cross
sections and K-factors that we report. We note that at leading and next-to-leading order, quark-gluon
collisions increase the H + j production cross section by about 30 percent, for the input parameters
that we use in this paper. At the same time, the NLO K-factors for the full H + j cross section are
smaller by about 10−15% than the ‘gluons-only’K-factors, presumably because quark color charges are
smaller than the gluon ones. Therefore, we conclude that the gluon-only results can be used for reliable
phenomenological estimates of perturbative K-factors but adding quark channels will be essential for
achieving precise results for the H + j cross section.
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R.Boughezal, F.Caola, K.Melnikov, F.Petriello, M.Schulze (2013)

3.2.4 Numerical results
We present here initial numerical results for Higgs production in association with one or more jets at
NNLO. A detailed series of checks on the presented calculation were performed in Ref. [44], and we
do not repeat this discussion here. We compute the hadronic cross section for the production of the
Higgs boson in association with one or more jets at the 8 TeV LHC through NNLO in perturbative QCD.
We reconstruct jets using the k⊥-algorithm with ∆R = 0.5 and p⊥,j = 30 GeV. The Higgs mass is
taken to be mH = 125 GeV and the top-quark mass mt = 172 GeV. We use the latest NNPDF parton
distributions [57, 58] with the number of active fermion flavors set to five, and numerical values of the
strong coupling constant αs at various orders in QCD perturbation theory as provided by the NNPDF
fit. We note that in this case αs(mZ) = [0.130, 0.118, 0.118] at leading, next-to-leading and next-to-
next-to-leading order, respectively. We choose the central renormalization and factorization scales to be
µR = µF = mH .

In Fig. 9 we show the partonic cross section for gg → H + j multiplied by the gluon luminosity
through NNLO in perturbative QCD:

β
dσhad

d
√

s
= β

dσ(s,αs, µR, µF )

d
√

s
× L(

s

shad
, µF ), (20)

where β measures the distance from the partonic threshold,

β =

√

1−
E2

th

s
, Eth =

√
m2

h + p2
⊥,j + p⊥,j ≈ 158.55 GeV. (21)

The partonic luminosity L is given by the integral of the product of two gluon distribution functions

L(z, µF ) =

∫ 1

z

dx

x
g(x, µF )g

( z

x
, µF

)
. (22)

It follows from Fig. 9 that NNLO QCD corrections are significant in the region
√

s < 500 GeV. In par-
ticular, close to partonic threshold

√
s ∼ Eth, radiative corrections are enhanced by threshold logarithms

lnβ that originate from the incomplete cancellation of virtual and real corrections. There seems to be
no significant enhancement of these corrections at higher energies, where the NNLO QCD prediction for
the partonic cross section becomes almost indistinguishable from the NLO QCD one.

We now show the integrated hadronic cross sections in the all-gluon channel. We choose to vary
the renormalization and factorization scale in the range µR = µF = mH/2, mH , 2mH . After convolu-
tion with the parton luminositites, we obtain

σLO(pp→ Hj) = 2713+1216
−776 fb,

σNLO(pp→ Hj) = 4377+760
−738 fb,

σNNLO(pp→ Hj) = 6177−204
+242 fb.

(23)

We note that NNLO corrections are sizable, as expected from the large NLOK−factor, but the perturba-
tive expansion shows marginal convergence. We also evaluated PDF errors using the full set of NNPDF
replicas, and found it to be of order 5% at LO, and of order 1-2% at both NLO and NNLO, similarly to
the inclusive Higgs case [58]. The cross section increases by about sixty percent when we move from LO
to NLO and by thirty percent when we move from NLO to NNLO. It is also clear that by accounting for
the NNLO QCD corrections we reduce the dependence on the renormalization and factorization scales
in a significant way. The scale variation of the result decreases from almost 50% at LO, to 20% at NLO,
to less than 5% at NNLO. We also note that a perturbatively-stable result is obtained for the scale choice
µ ≈ mH/2. In this case the ratio of the NNLO over the LO cross section is just 1.5, to be compared
with 2.3 for µ = mH and 3.06 for µ = 2mH , and the ratio of NNLO to NLO is 1.2. A similar trend was
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pure gluon only

more stable results for
µ = MH/2

+60% NLO
+30-40% NNLO

pjetT > 30GeV

F. Caola

LH : full NNLO
(all channels)
Interface with 
jet-veto resummation



pp ! H+ 2jets comparative study
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• large di↵erences for predictions and cut e�ciencies between generators

• no uncertainties quantified yet
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pp ! H+ 2jets comparative study

Purpose of this study:

• investigate predictions of modern generators for gluon fusion contribution
to Higgs production in VBF topologies

• quantify perturbative uncertainties

• continue e↵ort started for YR3

Event selection and observables:

• Wiki page linked from Higgs working group page:
http://phystev.in2p3.fr/wiki/2013:groups:sm:higgs:hdijets

) contains agreed upon event selections and observables
) indicate your planned contribution

• study the evolution from dijet selection to VBF selection

• study the e↵ects of di↵erent dijet definitions
(leading jet vs. forward-backward)

• standardised Rivet analysis is provided

Jeppe Andersen, Marek Schönherr IPPP Durham

Comparitive study of H+dijets production 1
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Figure 2: K-factors for Higgs pair production at the LHC as a function of the Higgs pair invariant
mass Q. The bands are obtained by varying the renormalization and factorization scales as
described in the main text.

bands. We can also observe that the scale dependence is substantially reduced: the NNLO band
results in a about a ±8% variation around the central value, more than a factor of two smaller
than the corresponding NLO band.

We want to recall that in the case of single-Higgs boson production the soft-virtual approxima-
tion (compared to the full NNLO result) is known to be accurate to a few percent level. We expect
it to be even better for Higgs pair production due to the larger invariant mass of the final state,
which leaves less energy for extra hard radiation. In fact, we computed the NLO soft-virtual cross
section, finding K SV

NLO = 1.95, which differs from the full NLO result by less than 2%. In contrast,
the heavy top quark approximation is not expected to be as good as for single-Higgs production
since the invariant mass of the Higgs pair is not small compared to the top quark mass. Still a
number of improvements can be applied to the current approximation, as keeping the exact full
mass dependent LO expressions wherever they appear in the higher order expansion [18]. Future
works may be directed either towards a full NNLO calculation (in the heavy top limit), or to
compute subleading terms in the heavy top quark mass expansion at NLO.
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Figure 1: A sample of the Feynman diagrams needed for the double-Higgs NNLO virtual correc-
tions, and the corresponding label for each kind of contribution.

algorithm FIRE [33] to reduce the resulting expressions into master integrals, which are obtained
from Ref. [34].

The partonic virtual corrections σv to the cross section are obtained by integrating the squared
amplitudes over the Higgs pair phase space, that is

σv =
1

2s

1

2 2282(1− ε)2

∫ ∣∣M
∣∣2 dPS , (5)

where we also include the flux factor, the average over helicities and colors of the incoming gluons
and the factor for identical particles in the final state. Expanding in powers of the strong coupling
αS:

σv =
(αS

2π

)2
[
σ(0) +

αS

2π
σ(1) +

(αS

2π

)2
σ(2) +O(α3

S)

]
. (6)

The renormalized NLO virtual contribution σ(1) is given by

σ(1) =

∫ t+

t−

dt

{

2Re
[
I(1)
g

] dσ
dt

(0)

+
dσ(1)

fin

dt

}

, (7)

while the renormalized NNLO virtual term σ(2) can be expressed in the following general way:

σ(2) =

∫ t+

t−

dt

{(∣∣∣I(1)
g

∣∣∣
2

+ 2Re

[(
I(1)
g

)2
]
+ 2Re

[
I(2)
g

]) dσ

dt

(0)

+ 2Re
[
I(1)
g

] dσ(1)
fin

dt
+

dσ(2)
fin

dt

}

, (8)

where we have used Catani’s formula for the infrared singular behaviour of the two-loop QCD
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1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ! 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
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Double Higgs production

Direct access to Higgs self-coupling
in SM

Dawson, Dittmaier, Spira (1998) 
NLO computed within effective Lagrangian (large K)

deF, Mazzitelli (2013)
New : two-loop corrections and NNLO-SV 

approximation

D.deF. 
J. Mazzitelli

LH : full NNLO
(inclusive and exclusive)



Merging NLO with Parton Showers

‣Resummation to NLL accuracy + realistic final states

‣Allow to carry NLO precision to all aspects of experimental analysis

‣(Formally) Same Logarithmic accuracy but numerical differences
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Fig. 13: Distribution of Higgs pT for different generators for Higgs boson of mH = 125 GeV at 8 TeV.
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Fig. 14: Distribution of Higgs pT (left) and rapidity (right) for different generators for Higgs boson ofmH = 125

GeV at 8 TeV.
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POWHEG with HQ (t,b,c) masses
Bagnaschi, Degrassi, Slavich, Vicini

visible effects (depend on implementation)~ TH uncertainty
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Figure 8: Analogous to lower right plot in Fig. 3 of Ref. [14]. Blue, dashed
curve: Ratio of d�t/dpT and d�htl!t/dpT ; red, solid curve: Ratio of d�t+b/dpT
and d�htl!t+b/dpT .

POWHEG+PYTHIA (blue, dashed in Fig. 8; black, dashed in Fig. 3 of Ref. [14]). Considering
an exact top- and bottom-mass dependence (red, solid curve in our plot; blue, solid curve
in Ref. [14]), on the other hand, the mass e↵ects on the two approaches appear to be
considerably di↵erent for pT . 50 GeV, i.e. in the region where resummation becomes im-
portant. However, both approaches are theoretically well defined and the numerical results
are consistent within the respective resummation formalism. The discrepancy might be
caused by the di↵erent treatment of the next-to-leading logarithms in the two approaches.
Furthermore, it needs to be clarified whether the discrepancy arises from the normaliza-
tion factor, or whether it is a genuine e↵ect in the cross section with full mass dependence.
Currently, it has to be considered as a measure of the theory uncertainty at small pT .
Clearly, the source of the di↵erence deserves further investigation.11

In summary we find that in all cases studied in this paper it is not a good approximation
to account for b-loop e↵ects using the reweighted cross section in the heavy-top limit. We
conclude that bottom-mass e↵ects should be included only up to the order where their
calculation is feasible and should be omitted otherwise.

11According to Ref. [51] in the MC@NLO approach [52] the shape of the curve including top- and
bottom-mass dependence is much more similar to ours (red, solid curve in Fig. 8).
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Figure 3: Transverse momentum distribution for a SM Higgs with mH = 120 GeV. Left plots: in red (dashed)

the current POWHEG implementation, in which the NLO-QCD corrections are computed in the HQET and are

rescaled by the LO cross section with full top and bottom mass dependence; in blue (solid) the exact NLO-QCD

corrections with full top and bottom mass dependence. The results are obtained at NLO QCD (upper plots),

including the effects of the Sudakov form factor (middle plots), including also the effects of the PYTHIA QCD

PS (lower plots). Right plots: the full NLO-QCD results (blue, solid) and the ones obtained by introducing

in POWHEG only the exact top-mass dependence (black, dashed), both normalized to the results of the current

POWHEG implementation.
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NLL with HQ (t,b,c) masses
Mantler, Wiesemann similar MC@NLO

How to include HQ mass effect?

M.Grazzini

LH : NNLL with bUse different (resummation) scales for b and t

Several scales in the process mt, mb, mH , pT



Jet Veto
Fixed order calculations underestimate uncertainties for jet-veto cross section

Consider inclusive jet cross section uncertainties
Transform to exclusive jet cross sections

Introduction Counting Jets at Fixed Order Resummation for Higgs + 0 Jets at NNLL+NNLO

Higgs + 0 Jets

For example, at LHC for mH = 165 GeV and Ecm = 7 TeV
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⇤
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Naive scale variation in exclusive
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T ) underestimates
uncertainties due to cancellations
between different series

Combination of inclusive scale
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FIG. 1: Perturbative predictions for H+0 jets (upper left panel), WW +0 jets (lower left panel), H+1 jet with pjetT1 ≥ 30GeV
(upper right panel), and H + 1 jet with pjetT1 ≥ 120GeV (lower right panel). Central values are shown by the blue solid curves,
naive scale variation in the exclusive jet bin by the green dashed and dotted curves, and the result of combining independent
inclusive uncertainties to get the jet bin uncertainty by the outer red solid curves.

Since both NLO and NNLO results for σ0(pcutT ) are
available, it is also useful to consider the convergence,
which we show in Fig. 2 for the Tevatron (top row) and
the LHC at 7TeV (bottom row). In the left panels we
use naive the scale variation, directly varying the scales
in σ0(pcutT ) to estimate the uncertainty, while in the right
panels we again propagate the uncertainties from the in-
clusive cross sections. As we lower pcutT , the naive scale
variation uncertainty estimate decreases at both NLO
and NNLO, and eventually becomes very small when
the curves pinch and the uncertainty is clearly under-
estimated. In contrast the inclusive scale variation gives
realistic uncertainties for all values of pcutT . In particular,
there is considerable uncertainty for small pcutT where the
summation of logarithms is important.

B. Higgs + 1 Jet

As our next example we consider the 1-jet bin in Higgs
production from gluon fusion. This jet bin is defined by

two cuts, one which ensures that the jet with the largest
pT is outside the 0-jet bin, pjetT1 ≥ pcutT1 , and one which
ensures that the jet with the next largest pT is restricted,
pjetT2 ≤ pcutT , so that we do not have 2 or more jets. The
1-jet cross section can be computed as a difference of
inclusive cross sections with these cuts,

σ1 = σ≥1

(
pjetT1 ≥ pcutT1

)
− σ≥2

(
pjetT1 ≥ pcutT1 , p

jet
T2 ≥ pcutT

)
.

(19)
For convenience we adopt the notation that pcutT is always
used for the cutoff that determines the upper boundary
of the jet bin under consideration, which gives the analog
of the L dependent terms in Eq. (10).

The inclusive cross section σ≥1 that includes the 1-
jet bin exhibits large perturbative corrections, much as
σtotal does for the 0-jet bin. For σ≥1 the large corrections
are caused in part by the large double logarithmic series
in ln(pjetT1/mH), but remains predominantly independent

of the large double logarithms of L = ln(pjetT2/mH) which
control the series for σ≥2. With µf = µr = mH/2, mH =

green lines

red lines

Scale Variation

agree when 
cut is turned 

off

these plots only vary µR = µF (varying µF alone is quite small for Higgs)

Introduction Counting Jets at Fixed Order Resummation for Higgs + 0 Jets at NNLL+NNLO

Perturbative Structure of Jet Cross Sections
[Stewart, FT, arXiv:1107.2117]
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To estimate pcut
T effects in ⇥0 can use independent scale variations for

inclusive jet cross sections ⇥total, ⇥�1

⇤ �2
0 = �2

total + �2
�1

Frank Tackmann (MIT) Theory Unc. in Higgs Searches Using Jet Bins 2011-07-26 7 / 16

15Monday, May 14, 2012

Jet Binning Uncertainties Resummation for Jet pT

Theory Uncertainties in Jet Binning
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Complete description requires full theory covariance matrix for {�0, ��1}
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Jet Binning Uncertainties Resummation for Jet pT

gg ! Higgs + 0 Jet at FO

blue: central scale choice
green: standard scale variation
orange: ST method to include �cut
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Discussion on
Jet Vetoes/Binning, Uncertainties, Resummation

Frank Tackmann

Deutsches Elektronen-Synchrotron

Les Houches, June, 2013
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ST efficiencies

assumed uncorrelated
‣ At             , one can define            schemes for the efficiency, that differ by 

subleading terms

‣ e.g. NNLO fixed-order:

‣  Resummed predictions can be included (extra slides). NNLL + NNLO predictions  

can be obtained with the public code JetVHeto (http://jetvheto.hepforge.org).  

Finite-mass effects due to top and bottom now included up to NNLL (tests ongoing);         

matching formulae to NNNLO implemented (FO results available soon).      

The efficiency method
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The efficiency method

‣ One possible solution is to use jet-veto efficiencies

‣ e.g. in the 0-jet bin:

‣ We estimate uncertainties by assuming that         and                 are uncorrelated

‣ Uncertainties in        reflect our ignorance of higher order (NNNLO) terms: they 

correlate            and  

‣ Uncertainties in                are partially related to missing logs                                   

of Sudakov origin: they anticorrelate           and 

large K-factor large logarithms

⇥⇥1�jet = ⇥tot ⇥ [1� �(pt,veto)]

⇥0�jet = ⇥tot � �(pt,veto)
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�tot
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Jet Binning Uncertainties Resummation for Jet pT

Resummed Results for Jet pT

green: NLLpT

blue: NLL0
pT

+NLO0

orange: NNLL0
pT

+NNLO0

0
0

5

10

10

15

20

20

25

30 40 50 60 70 80

pcut
T [GeV]

�
0
(p

cu
t

T
)

[p
b
]

mH =125 GeV

gg ! H (8 TeV)

R = 0.4

NNLL0
pT

+NNLO

NLL0
pT

+NLO

NLLpT

0

0

10

10

20

20

30

30

40

40 50 60 70 80

�10

�20

�30

�40

pcut
T [GeV]

�
�

0
(p

cu
t

T
)

[%
]

mH =125 GeV
gg ! H (8 TeV)

R = 0.4

NNLL0
pT

+NNLO

NLL0
pT

+NLO

NLLpT

Excellent convergence ! important check on uncertainties
) Variation of low resummation scales µS, µB, ⌫S ⇠ pcut

T is essential
Additional uncertainties due to unresummed clustering logs ln R2 are not
included here (! extra slides)
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SCET resummation (F. Tackmann) “QCD” resummation (P.F. Monni)

Exclusive jet fractions

‣ Scale variation in fixed-order exclusive n-jet cross sections can underestimate the 

theory uncertainty

‣ Recently resummed predictions for the 0-jet and (part of) the 1-jet cross section 

were made available. They provide us with a more reliable assessment of the error

‣ 

‣We need a flexible and general prescription                                                                   

to treat uncertainties in all jet bins which                                                                      

allows one to include resummed                                                                                 

results whenever they are available
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Jet Binning Uncertainties

Numerical Results

�0(p
cut
T ) [pb] ��1(p

cut
T ) [pb] ✏0(p

cut
T )

NLL0
pT

+NLO, ��0 = 20.46 ± 3.37 (16.5%)

pcut
T = 25 GeV 11.19 ± 1.98 (17.7%) 9.27 ± 2.76 (29.7%) 0.547 ± 0.086 (15.8%)

pcut
T = 30 GeV 12.70 ± 2.07 (16.3%) 7.76 ± 2.67 (34.5%) 0.621 ± 0.090 (14.5%)

NNLL0
pT

+NNLO ��0 = 21.68 ± 1.49 (6.9%)

R = 0.4

pcut
T = 25 GeV 12.67 ± 1.22 (9.6%) 9.01 ± 1.06 (11.8%) 0.584 ± 0.040 (6.8%)

pcut
T = 30 GeV 14.09 ± 0.96 (6.8%) 7.60 ± 0.93 (12.3%) 0.650 ± 0.028 (4.4%)

R = 0.5

pcut
T = 25 GeV 12.40 ± 1.12 (9.0%) 9.28 ± 1.03 (11.1%) 0.572 ± 0.036 (6.2%)

pcut
T = 30 GeV 13.85 ± 0.87 (6.3%) 7.83 ± 0.94 (12.0%) 0.639 ± 0.026 (4.1%)

R = 0.7

pcut
T = 25 GeV 11.97 ± 1.05 (8.8%) 9.71 ± 0.97 (10.0%) 0.552 ± 0.032 (5.7%)

pcut
T = 30 GeV 13.48 ± 0.83 (6.1%) 8.20 ± 0.92 (11.2%) 0.622 ± 0.024 (3.8%)
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Numbers at the LHC

‣ Results for LHC@8TeV, R=0.5

‣ Total cross section from Higgs cross-section WG:

‣ Large uncertainties at fixed-order

‣Uncertainties sensibly reduced when including resummation

 

�tot = 19.52± 1.46 pb

�(pt,veto)pt,veto

25GeV

30GeV
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25GeV

30GeV

�0�jet[pb] �⇥1�jet[pb]

�0�jet[pb] �⇥1�jet[pb]

0.593± 0.110 (±19%)

0.658± 0.094 (±14%)

11.58± 2.32 (±20%)

12.84± 2.07 (±16%)

7.94± 2.23 (±28%)

6.68± 1.90 (±28%)

0.601± 0.057 (±9%)

0.667± 0.058 (±9%)

11.73± 1.43 (±12%)

13.03± 1.49 (±11%)

7.79± 1.26 (±16%)
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6.49± 1.22 (±19%)
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FT
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9-10 % 4-7 %

4-5 %

Beware, no bottom mass effects yet (on the way)

F.Tackmann - P.F. Monni LH : more detailed comparison between
 resummation and uncertainties for jet veto
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Heavy Higgs analysis

gg → H → WW/ZZ → !ν̄!!̄ν!: H → WW search cuts

gg (→ H) → WW/ZZ → !ν̄!!̄ν!
σ [fb], pp,

√
s = 8TeV, MH = 600GeV interference

process Hoffshell cont |Hofs+cont|2 R1 R2

gg (→ H) → WW 0.3124(3) 0.07607(7) 0.3988(4) 1.027(2) 1.033(2)

gg (→ H) → WW/ZZ 0.4460(5) 0.09851(8) 0.5715(6) 1.050(2) 1.060(2)

gg (→ H) → WW/ZZ → !ν̄!!̄ν!
σ [fb], pp,

√
s = 8TeV, MH = 1000GeV interference

process Hoffshell cont |Hofs+cont|2 R1 R2

gg (→ H) → WW 0.01287(2) 0.008383(8) 0.02369(2) 1.115(2) 1.189(2)

gg (→ H) → WW/ZZ 0.01949(2) 0.01265(2) 0.03824(4) 1.190(2) 1.313(3)

H → WW search cuts: pT ! > 40GeV, |η!| < 2.5, E/T > 25 GeV,

M!!̄ > 50 GeV, ∆η!!̄ < 1, pT (!!̄) > 30 GeV, 0.6MH < MT < MH

MT =
√

(MT,!! + p/T )2 − (pT,!! + p/T )2 with MT,!! =
√

p2T,!! +M2

!!

1 / 1

Interferences

N. Kauer Light and Heavy Higgs
signal-background interferences

new 
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 Enhanced terms: emission of soft gluons

Bulk of the result, universal
Compute as Stefano discussed this morning

Assign uncertainty to the approximation (reg. terms)

Process-dependent

�̂ = �0 + �0
↵s

2⇡

 
8CA


ln 1� z

1� z

�

+

+ c1�(1� z) + reg

!
+ h.o.

A rough estimate: m2
W ⌧ Q2 ⌧ m2

t ⇠ m2
b

In this limit, the result can be obtained via the 
equivalence theorem and an effective Lagrangian

We take the result in this limit as reference value        
 and compute its impact by varying 

c̄1,2
�5 c̄1,2 < c1,2 < 5 c̄1,2

A rough estimate: m2
W ⌧ Q2 ⌧ m2

t ⇠ m2
b

In this limit, the result can be obtained via the 
equivalence theorem and an effective Lagrangian

We take the result in this limit as reference value        
 and compute its impact by varying 

c̄1,2
�5 c̄1,2 < c1,2 < 5 c̄1,2

subleading terms in the soft approximation         

 vary                                         for the background�5 c̄1,2 < c1,2 < 5 c̄1,2

�Hi ⌘ �tot � �bg

m2
W ⌧ Q2 ⌧ m2

t ⇠ m2
b

4

√
s = 8 TeV

√
s = 13 TeV

LO NLO NNLO LO NLO NNLO

σH 0.909 1.99(5) 2.6(1) 3.77 8.1(2) 10.3(5)

σHi 1.188 2.6(1) 3.4(3) 4.56 9.7(4) 12.5(9)

σH/σLO
H — 2.19(5) 2.8(1) — 2.14(5) 2.7(1)

σHi/σ
LO
Hi — 2.2(1) 2.9(2) — 2.13(9) 2.8(2)

TABLE II: Results (in fb) for the Higgs-only cross sec-
tion σH and the signal+interference cross section σHi, with
mh = 600 GeV. No cuts on the final state applied. The errors
represent the uncertainty on the soft-collinear approximation
and on the unknown background coefficients, estimated as
explained in the text.

Both approximations reproduce the exact result to
O(3%) or better in all configurations. At

√
s = 8 TeV,

where the soft-collinear terms are expected to domi-
nate [27], our soft-collinear approximation reproduces the
exact result to better thanO(2%), while at higher energy,√
s = 13 TeV, the agreement deteriorates slightly, be-

cause non-soft terms become relatively more important.
However, whereas at NNLO the soft-collinear approxi-
mation is more accurate than the N -soft, at NLO the
opposite happens. This occurs because numerically the
N -soft approximation happens to be closer to the exact
result than our improved soft-collinear one in the small-
N limit. Since the small-N limit is beyond the region of
applicability for both of these approximations, we con-
sider this feature to be accidental but note that one can
improve both of these approximations by matching them
to the correct small-N limit [29]. In what follows we use
the soft-collinear approximation as the default and take
the spread of values between the soft-collinear and the
N -soft approximations as an estimate of the uncertainty
due to deficiencies of these approximations in the small-
N region.

We have also checked the reliability of our approxi-
mation for differential distributions when decays are in-
cluded. Indeed, at NLO accuracy, we find that our ap-
proximate results for the lepton pt and rapidity distribu-
tions and for the lepton invariant mass mll distribution
are in good agreement with the full result obtained from
MCFM [28].

Having assessed the accuracy of our approximation, we
can now apply it to study higher order corrections to the
signal-background interference. As explained in the pre-
vious Section, we need the exact leading order prediction
for the interference. We extract it from Ref. [7], as im-
plemented in MCFM. For the Higgs boson signal, we use
the exact expression obtained as discussed above. For the
background, we include the contributions of all the three
quark generations, see [7] for details. We also need the
infrared-regulated virtual cross section c1, and the analo-
gous NNLO coefficient c2. As already mentioned, we take
the signal values for these coefficients c̄1,2 as a reference,
and study the impact of virtual corrections on the inter-

√
s = 8 TeV

√
s = 13 TeV

LO NLO NNLO LO NLO NNLO

σH 0.379 0.83(2) 1.07(5) 1.55 3.29(8) 4.2(2)

σHi 0.427 0.93(3) 1.20(7) 1.66 3.5(1) 4.5(2)

σH/σLO
H — 2.19(5) 2.8(1) — 2.13(5) 2.7(1)

σHi/σ
LO
Hi — 2.19(7) 2.8(2) — 2.12(6) 2.7(1)

TABLE III: Same as Table II, but with Higgs-based cuts on
the final state. See text for details.

ference by varying c1,2 in the range −5c̄1,2 < c1,2 < 5c̄1,2.
We first discuss the impact of QCD corrections on

the inclusive cross section. Following Ref. [7], we
compare the signal-only cross section σH with the
background-subtracted cross section σHi ≡ σgg→WW −
σgg→WW |bg only, which includes interference effects. We
report our results for the signal only cross section σH and
the signal+interference cross section σHi for c1,2 = c̄1,2
in Table II. To facilitate the comparison with the results
of Ref. [7], LO results are computed using NLO PDFs.
For the signal, the quoted error is obtained by comparing
our soft-collinear approximation to the N -soft approxi-
mation. For the background, we also consider the ad-
ditional uncertainty coming from independently varying
the c1,2 coefficients for the first two and the third gener-
ation in the −5c̄1,2 < c1,2 < 5c̄1,2 range. This leads to an
uncertainty of about 6% on the interference predictions
which, combined with the uncertainty of the soft approx-
imation, gives an overall uncertainty of about 8− 9% at
NNLO, see Table II. This uncertainty is of same order
of magnitude as the current uncertainties in the Higgs
production rate σNNLO related to higher-order QCD ra-
diative corrections, PDF and αs uncertainties etc, see [3].
We conclude that our approach to estimate higher order
corrections to the signal-background interference in the
Higgs production offers a robust framework and adequate
phenomenological precision.

We turn to a discussion of the impact of the interfer-
ence in a more realistic setup, by imposing selection cuts
on leptons and neutrinos. Apart from the standard ac-
ceptance cuts on the lepton rapidity ηl, lepton transverse
momentum pt and missing energy /Et,

|ηl| < 2.5, pt > 25 GeV, /Et > 20 GeV (7)

we impose additional signal-enhancement cuts, linearly
extrapolating numerical values given in Ref. [30]. To this
end, we require at least one lepton with pt > 130 GeV,
and impose the following cuts on the lepton invariant
mass mll, azimuthal separation ∆φll of the two leptons
and transverse mass of the W+W− pair m⊥:

mll < 500 GeV, ∆φll < 3.05,

120 GeV < m⊥ < mh. (8)

We note that we have validated the soft-collinear ap-
proximation at NLO QCD against MCFM for the differ-
ential distributions, so that we believe that our results

Inclusive K-factors: no cuts

Differential distributions We believe that the 
interference K-factor 
can be estimated to 

             accuracy

The interference K-factor is
very similar to the 
(gg) Higgs K-factor
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FIG. 1: Lepton azimuthal distance ∆φll distribution in the fully inclusive case (left pane) and with experimental cuts (right
pane) computed with the NNLO QCD soft-collinear approximation described in the text. Dots show the rescaled MCFM result
for the signal dσMCFM

NLO ×KNNLO/KNLO, where K(N)NLO is the inclusive K-factor.
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FIG. 2: Same as Fig. 1, but for the lepton invariant mass mll distribution.

are reliable even when cuts on the final state are im-
posed. We report our results in Tab. III. We see that
the impact of the interference is mildly (but notably) re-
duced when the Higgs-selection cuts are applied to the
final state particles. Note also that radiative corrections
to the interference are rather similar to corrections to the
signal cross section.

We conclude this Section by showing the effect of the
interference on selected kinematic distributions at the
13 TeV LHC. In Fig. 1 we plot the difference of the
azimuthal angle ∆φll of the two charged leptons with
(right pane) and without (left pane) Higgs-selection cuts.
In Fig. 2 we do the same for the invariant mass of the
charged leptons mll. We plot the NNLO QCD results ob-
tained with our soft-collinear approximation as described
in Sect. II, using c1,2 = c̄1,2 for the interference case. We
see that the Higgs-selection cuts reduce the importance
of the interference, as already seen in the total rate.

An interesting feature of our results is that our approx-
imation reproduces, to a good accuracy, all the kinematic
distributions as obtained with MCFM. In particular, all
the distributions can be perfectly reproduced by rescal-

ing the MCFM leading order distributions by the inclu-
sive NNLO K-factor. For the signal, we also compare
our NNLO approximation against the known NLO distri-
butions, rescaled by the NNLO/NLO inclusive K-factor
(also shown in the plots). Also in this case, the agree-
ment is excellent; the only exception is the azimuthal
angle distribution where differences are seen at large rel-
ative angles. This is due to the fact that our soft-collinear
approximation does not reproduce the effects of a hard
emission, which modify the angular distribution. Note,
however, that the azimuthal angle cut plays an insignif-
icant role in separating the heavy Higgs boson from the
background so that the impact of this mismatch on cor-
rections to the interference is minor.

IV. CONCLUSIONS

We have estimated the impact of QCD radiative cor-
rections on the signal-background interference in gg →
H → W+W− process for a heavy Higgs boson. We con-
structed a soft-collinear approximation to higher-order

O(10%)

F. Caola, S. Forte

include line-shape effects to produce 
final numbers for heavy Higgs interference

Interferences in WW at NNLO SV approx

Fawzi : what is a Heavy Higgs boson now?

F.Caola



Diphoton Interference

2

at small x.) Here we present the dominant NLO correc-
tions to the interference between the Higgs signal and
background in QCD.

Figure 1 shows, first, the leading-order contribution
to the interference [denoted by LO (gg)] of the reso-
nant amplitude gg → H → γγ with the one-loop con-
tinuum gg → γγ amplitude mediated by the five light
quark flavors. We also include the tree-level process
qg → γγq, whose interference with qg → Hq → γγq
[denoted by LO (qg)] is at the same order in αs as the
leading gg → H → γγ interference, although suppressed
by the smaller quark PDF. It was already considered in
refs. [6, 7]. The contribution from qq̄ → Hg → γγg is
numerically tiny [6, 7] and we will neglect it.

Finally, fig. 1 depicts the three types of continuum am-
plitudes mediated by light quark loops that we include in
the dominant NLO corrections [denoted by NLO (gg)]:
the real radiation processes, gg → γγg and qg → γγq
at one loop, and the virtual two-loop gg → γγ process.
All these amplitudes are adapted from refs. [17–19]. The
soft and collinear divergences in the real radiation pro-
cess are handled by dipole subtraction [20, 21]. Although
the contribution from qg → γγq via a light quark loop is
not the complete contribution to this amplitude, it forms
a gauge-invariant subset and it is enhanced by a sum over
quark flavors, so that it gives a significant contribution
to the interference at finite Higgs transverse momentum.

NLO (gg): +

+ +

LO (gg): H LO (qg):

FIG. 1. Representative diagrams for interference between the
Higgs resonance and the continuum in the diphoton channel.
The dashed vertical lines separate the resonant amplitudes
from the continuum ones.

In order to parametrize possible deviations from the
SM in the coupling of the Higgs boson to the massless
vector boson pairs gg and γγ, we adopt the notation of
ref. [22] for the effective Lagrangian,

Leff = −
[αs

8π
cgbgGa,µνG

µν
a +

α

8π
cγbγFµνF

µν
] h

v
, (1)

where bg,γ are defined to absorb all SM contributions, and
cg,γ differ from 1 in the case of new physics. The line-
shape for the Higgs boson can be divided into a pure sig-
nal term and an interference correction, which we write
schematically in the narrow-width approximation (NWA)

as,

dσsig

dMγγ
=

S

(M2
γγ −m2

H)2 +m2
HΓ2

H

, (2)

dσint

dMγγ
=

(M2
γγ −m2

H)R +mHΓHI

(M2
γγ −m2

H)2 +m2
HΓ2

H

. (3)

The signal factor S is proportional to c2gc
2
γ , while the real

and imaginary parts of the interference terms, R and I,
are proportional to cgcγ . We take the resonance mass to
be mH = 125 GeV and the SM value of the width to be
ΓSM
H = 4 MeV [23]. In the NWA, the integral of the cross

section over the resonance is given by πS/(2m2
HΓH) and

πI/(2mH) for signal and interference respectively. An
important feature is that the integrated interference con-
tribution has a different dependence on the Higgs width
and couplings than does the signal, i.e. cgcγ vs. c2gc

2
γ/ΓH .

Hence it could potentially be used to constrain ΓH inde-
pendently of the Higgs couplings.
The theoretical lineshapes (2) and (3) are very narrow,

and strongly broadened by the experimental resolution.
The main effect of the real termR after this broadening is
to shift the apparent mass slightly [5]. Following ref. [5],
we model the experimental resolution by a Gaussian dis-
tribution. Although a definitive study of the apparent
mass shift has to be performed by the experimental col-
laborations, using a complete description of the resolu-
tion and the background model, we estimate it as follows:
For the distribution in a given variable, for example the
invariant mass M , the likelihood of obtaining N events
with M = M1,M2, . . . ,MN is given by,

L =
LN

N !
e−Ñ

N
∏

i=1

dσ̃

dM

∣

∣

∣

∣

M=Mi

, (4)

where L is the integrated luminosity. Variables with
tildes denote the prediction of the “experimental model”,
a pure Gaussian with a variable mass parameter m̃H .
For the true distribution, obtained by convoluting the
sum of eqs. (2) and (3) with a Gaussian of the same
width, σ = 1.7 GeV, we use variables without tildes.
To fit for the shifted mass, we minimize the test statistic
t = −2 lnL with respect to m̃H . We derived the following
equation determining the mass shift ∆mH ≡ m̃H −mH :

0 = δ〈t〉 ∝
∫

dM
dσ̃
dM

− dσ
dM

dσ̃
dM

δ
dσ̃

dM
≈
∫

dM
dσ̃
dM

− dσ
dM

dσ
dM

δ
dσ̃

dM

= δ

[

∫

dM

(

dσ̃
dM

− dσ
dM

)2

2 dσ
dM

]

(5)

where δ ≡ δ/δm̃H . Because dσ
dM

in the denominator
should include the large continuum background, which is
roughly constant throughout the range of consideration,
eq. (5) reduces to a simple least-squares fit. The mass
shift obtained from this fit is stable once we include in-
variant masses ranging out to three times the Gaussian

L.Dixon, Y.Li (2013)
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width. (In practice we performed a fit varying the height
and width of the Gaussian as well as the mass; however,
the former two quantities are hardly affected by the real
part of the interference.)
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FIG. 2. Diphoton invariant mass Mγγ distribution for pure
signal (top panel) and interference term (bottom panel) after
Gaussian smearing.

The top panel of fig. 2 shows the Gaussian-smeared
diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [24] throughout, and set α = 1/137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT,γ > 40/30 GeV, and rapidi-
ties, |ηγ | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆Rγj < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR.

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-

tribution involving the SM tree amplitude for qg → γγq
is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at Mγγ = 125 GeV.
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THE MASS SHIFT

In fig. 3 we plot the dependence of the apparent Higgs
boson mass shift, as a function of the jet veto pT cut.
The mass shift for inclusive production (large pT,veto) is
found to be around 70 MeV at NLO. This is significantly
smaller than the prediction of 120 MeV at LO, mainly
due to the large NLO QCD Higgs production K factor.
The K factor for the SM continuum background is also
sizable due to the same gluon incoming states. But the
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diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [24] throughout, and set α = 1/137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT,γ > 40/30 GeV, and rapidi-
ties, |ηγ | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆Rγj < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR.

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-

tribution involving the SM tree amplitude for qg → γγq
is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at Mγγ = 125 GeV.
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THE MASS SHIFT

In fig. 3 we plot the dependence of the apparent Higgs
boson mass shift, as a function of the jet veto pT cut.
The mass shift for inclusive production (large pT,veto) is
found to be around 70 MeV at NLO. This is significantly
smaller than the prediction of 120 MeV at LO, mainly
due to the large NLO QCD Higgs production K factor.
The K factor for the SM continuum background is also
sizable due to the same gluon incoming states. But the
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Needs realistic experimental analysis of detector effects (shift) 
P. Gras



LH : Accords, Wish-list, Tools, Fondue, Joey Huston,Photons ! 
Reblochonnade

G.Heinrich, N.Chanon, 
N.Greiner

Comparison: GOSAM vs Sherpa/MG/Pythia

http://phystev.in2p3.fr/wiki/2013:groups:sm:higgs:photonsWiki page linked from Higgs group
>20 people on mailing list, contact Suzanne if you want to participate!

new 
at LH

�� + n jet

Preliminary

MG diphoton +up to 2 jets (1 jet bin)



G.HeinrichGOSAM + PS ? �� + n jet

|eta_gamma|< 2.5
PT_hard > 40 GeV
PT_soft > 30 GeV
100 < Mgg< 160  (diphoton invariant mass)
R_gg > 0.5  (photon separation)
Ptjet>40 GeV (anti-Kt with R=0.4)
R_gammajet>0.4
|eta_jet|<2.5
Isolation in dR<0.4: ETiso<0.1*PhotonPt



Standard Photon Isolation�

�

q

Smooth Photon Isolation
S.Frixione

 no quark-photon collinear divergences
 no fragmentation component (only direct)
 Direct contribution well defined
 Allows to reach NNLO !!!!

 1

More restrictive than usual cone : lower limit on cross section 

In real (TH)life... how much different? NLO comparison

Ehad

T

(�)  Ehad

T max

�(�) =

✓
1� cos(�)

1� cos(R0)

◆n

Ehad

T

(�)  Ehad

T max

�(�)

PHOTON ISOLATION

Use it as a TH tool, not Experimental!



Check less inclusive observables: any significant difference?

Diphoton production

100GeV  M��  160GeV
p� hard

T

� 40GeV

p� soft

T

� 30GeV

|⌘� |  2.5

p
s = 8TeV

Ehad

T max

= 4GeV

CTEQ6M µF = µR = M��

full NLO Cone (DIPHOX) vs Cone with LO fragmentation vs NLO Smooth
R�� � 0.45

Ehad

T max

= ✏ p�
T

✏ = 0.05

 L.Cieri, DdeF

new 
at LH



Azimuthal and CosTheta* Distribution

PRELIMINARY!
Still some statistical fluctuations (short run..)

Usually claimed that “fragmentation effects” large at small azimuth

Same feature for all distributions

Smooth cone @NLO ~ Cone @ NLO  1-2% level

Cone + LO fragmentation component worse than 5%

new 
at LH
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Figure 5: χ(r) = ((1− cos(r))/(1− cos(R)))n as a function of r for different values of n.

unphysical results. At large values of n, the effect of the isolation is stronger and we obtain
therefore, smaller cross sections which their values show an independent behavior of ET max.

Cross sections as a function of n

σ
 [

fb
]
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σStandard, ET max=2GeV = (3731±40)fb

 Non Physical values Physical values

Figure 6: Cross sections in function on n, obtained using the Frixione isolation criterion. The
applied CMS cuts are described in the text.

At this point we can ask about the universality of the χ(r) function of Eq. (13). We propose
a set of new χ(r) functions which verify the properties of the Eqs. (12) and (11). The results
are condensate in Table (3.2), and are compared with the results obtained using the standard
cone isolation criterion and those obtained with the original form of χ(r). All the results are in
agreement except for the ii case, for which the weight of the large logarithmic terms becomes
dominant and we obtain an unphysical result.

15

Isolation
∑

Ehad
T ≤ χ(r) σNLO

total (fb)

i Frixione 2GeV
(
1
2 −

1
2 cos(

πr
R )

)
3760

ii Frixione 2GeV
(
1
2 −

1
2 cos(

πr
R )

)0.5
3921

iii Frixione 2GeV r/R 3769
iv Frixione 2GeV (r/R)2 3731

v Frixione 2GeV
(

1−cos(r)
1−cos(R)

)
3724

v Standard 2GeV 1 3731

Table 2: Cross sections for the pp → γγ + X process at the LHC at NLO. The applied cuts are
described in the text. We show a comparison between cross sections obtained using different types
of χ(r) functions.

4 Plots

We have to unify the form in which all the plots are presented (TopDrawer).

4.1 CMS

Figure 7: Diphoton cross section as a function of the azimuthal separation of the two photons. Data from CMS [71] (
√
s = 7 TeV)

are compared to the NNLO calculation [28].

Figure 7 shows a measurement by CMS [71], of the diphoton cross section as a function of
the azimuthal angle ∆φγγ between the photons. The data are compared with our NLO and
NNLO calculations [28]. The acceptance criteria used in this analysis (

√
s = 7 TeV) require:

pharderT ≥ 23 GeV and psofterT ≥ 20 GeV. The rapidity of both photons is restricted to |yγ| ≤ 2.5,
and the invariant mass of the diphoton system is constrained to be Mγγ > 80GeV. The isolation
parameters have the values εγ = 0.05, n = 1 and R = 0.4.

The histograms in Fig. 7 show that the NNLO QCD results remarkably improve the theoretical
description of the CMS data throughout the entire range of ∆φγγ .
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�(�) =

✓
1� cos(�)

1� cos(R0)

◆n

2 (cosh(�y)� cos(��)) ⇠ [(�y)2 + (��)2] = r2

Eric: that was proposed because it matches e+e- dynamics

In hadronic collisions better use

Ehad

T

 Ehad

T max

⇣ r

R

⌘2n

“LH tight photon isolation accord”

• EXP: use (tight) Cone isolation

• TH: use smooth cone with same R and ETmax

solid and well understood

accurate, better than using 
cone with LO fragmentation

Estimate TH isolation uncertainties
using different profiles in smooth cone

L.Cieri + ALL Define “tight isolation” + conventional parameters

Eric

Cone
new 

at LH



H ! ��

NNLO for signal and background + NLO interference

Use these tools for better understanding of background: 
  training and test of MVA at particle level 

How to?

First check reweighting makes sense!

2D reweighting of LO/LO+ codes for 2gamma using 2gammaNNLO 

2D reweighting of LO/LO+ codes for gamma+h using DIPHOX NLO 

L.Cieri, N.Chanon,

S. Gascon-Shotkin



Thanks to the organizers 
and participants!

Feliz cumpleaños Aylen


