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the plan
• definition+motivation. 

• from qT to ET resummation. 

• matching to fixed order. 

• Monte Carlo studies. 

• conclusions+outlook.
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motivation

• an alternative variable for studying initial-state 
radiation in Higgs boson production. 

• may help separate different production 
mechanisms (VBF versus ggF). 

• sensitive to the underlying event, may help improve 
its modelling. 
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resummed component

• carry out the resummation in b-space (transverse 
momentum conservation). 

•         is the perturbative, process-dependent 
partonic cross section: embodies all-order 
resummation of large logs             .  

• note:                                    . 
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 (resummed partonic cross 
section) 

• coefficient functions (no ln(Qb) terms): 

!

!

•        : partonic ggF Higgs cross section, 

•             : gluon Sudakov form factor.
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from qT to ET
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when performing resummation: sum over multiple 
emissions, enforcing the relations via δ-functions:

(gives Bessel function)
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the form factor

• Ag, Bg: no ln(Qτ) terms:
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perturbative coefficients
• here (i.e. [1403.3394, M.Grazzini, AP, B. R. Webber, J. M., 

Smillie]), we include:

A(1)
g , A(2)

g , B(1)
g , B(2)

g , C(1)
ga} }

* *
*= same as qT resummation.

B(2)
g is not necessarily equal! (see few slides 

later).



turning the handle…
• form factor evaluated analytically using “g-functions”:

[Bozzi, Catani, de Florian, Grazzini, hep-ph/050868]
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• may be different in qT vs ET resummation.  

• expand qT and ET resummed predictions to NLO and subtract:
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• fit to HNNLO and extract: 

Figure 1: Upper panels: fits to the logarithmic terms of the transverse-momentum (qT ) distribution
in Higgs boson production at the LHC at 8 and 14 TeV. Black: NLO data from HNNLO. Red: fit
to data at �5.5 < L < �3.3. Lower panels: di↵erence between the NLO data and the fits.

Figure 2: Fits to the di↵erence between the transverse-energy (ET ) and transverse-momentum
(qT ) distribution in Higgs boson production at the LHC at 8 and 14 TeV. Points: NLO data from
HNNLO. Red: fit to data. Black: logarithmic terms only.

as explained in Appendix C. These coe�cients depend only on the parton distribution

functions and the NLO coe�cient functions C
(1)
ga , which are the same for the ET and qT

spectra. Using the MSTW 2008 NLO parton distributions [27], we find the values indicated

in Fig. 1, where the resulting fits are also shown.

3.2 Matching to NLO

The NLO prediction for the transverse-energy distribution is conveniently obtained from

the known NLO transverse-momentum distribution by adding the di↵erence between the

two distributions, obtained from Higgs plus two-jet production at leading order. Given

the value of B(2)
g for the transverse-energy distribution, the NLO prediction (C.8) for the

– 11 –

red curve: fit to all terms,
black curve: fit to log terms,
data: HNNLO (at NLO).

B(2)
g |ET = �3.0± 1.4

(c.f.                          ) B(2)
g |qT = 26.8



matching to NLO
• to match the resummed and NLO ET distributions:  

✴ subtract the NLO log terms that are already included in 
the resummation, 

✴ replace by full NLO result:
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results

Figure 3: Transverse-energy distribution in Higgs boson production at the LHC at 8 and 14 TeV.
Blue: resummed only. Red: resummed and matched to NLO. Green: NLO only. The solid curves
correspond to renormalization scale mH , the dashed to 2mH and mH/2.

di↵erence at small ET is independent of the fitted parameters R0
2, R

00
2 . From HNNLO [28,29]

data on this quantity at 8 and 14 TeV, shown in Fig. 2, we find consistent best-fit B
(2)
g

values of �3.3± 1.6 and �2.2± 2.6, respectively, with weighted average B
(2)
g = �3.0± 1.4.

This is significantly di↵erent from the value of B
(2)
g = 26.8 given by Eqs. (2.9) for the

transverse-momentum distribution. We will use B
(2)
g = �3.0 from now on.

Away from the small-ET region, the NLO data are then well described by a parametriza-

tion of the form
"
d�H
dET

� d�H
dqT

����
qT=ET

#

NLO

= Logarithmic terms +
a1ET

mH(mH + a2ET ) + a3E2
T

, (3.16)

as shown by the red curves in Fig. 2, with the parameter values shown.

To match the resummed and NLO ET distributions, we have to subtract the NLO

logarithmic terms (3.14), which are already included in the resummation, and replace

them by the full NLO result:

d�H
dET

=


d�H
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�

resum

�

d�H
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�

resum,NLO

+


d�H
dET

�

NLO

. (3.17)

3.3 Results

In the following we present numerical results for our resummed calculation of the ET

distribution at the LHC. Our resummed results are obtained by using Eq. (3.17): the

resummed component is evaluated by including the coe�cients C(1)
ga in Eq. (2.9), and the

functions g1, g2 and g3 of Eqs. (2.19). The required coe�cients A
(1)
g , A(2)

g and B
(1)
g are

given in Eq. (2.9). For the coe�cient B(2)
g we use the numerical value extracted in Sec. 3.2.

The unknown coe�cient A(3)
g is neglected. We will comment later on the numerical impact

of the missing A
(3)
g and C

(2)
ga coe�cients.
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 (dashed: renorm. scale variation)



Monte Carlo studies

• essential to investigate non-perturbative effects. 

• + detector geometry and effects. 

• the underlying event, thought to originate from secondary 
parton-parton interactions, seems to be an important 
contribution. 

• (see Jo Gaunt’s talk for theoretical issues behind this 
involving Glauber gluons). 

• reweight the parton-level MC distribution to match the 
resummed result. 

ET =
X

|⌘i|<⌘c

|pTi|>pc
T

|pTi| ,



hadronization
• effect of hadronization can be studied with or without restriction on 

pseudorapidity of particles  

• effect seems to be compensated for |η| < 5 on particles contributing.

to shift the peak of the distribution to higher ET , by about 15 GeV at both 8 TeV and

14 TeV, as shown in Fig. 9. The e↵ect of hadronization on the ET distribution can be

compensated almost completely in this range of values by imposing a pseudorapidity cut

on the hadrons contributing to the ET , allowing only hadrons within |⌘| < 5 to enter. The

resulting distributions after this cut are also shown in Fig. 9. We note that including the

restriction on hadrons of |⌘| < 5 approximately corresponds to the experimental detector

coverage of the ATLAS and CMS detectors.

Figure 9: Hadron-level transverse-energy distribution in Higgs boson production at the LHC at 8
and 14 TeV. Red: resummed and matched to NLO. Blue: aMC@NLO+Herwig++ after reweighting.
Black dashes: aMC@NLO+Herwig++ after reweighting, particles restricted to lie within pseudorapidity
|⌘| < 5.

4.3 Inclusion of the underlying event

The underlying event (UE) is thought to arise due to secondary multiple interactions

between the colliding hadrons. The model present in Herwig++ is based on the eikonal

model formulated in Refs. [38–40]. The underlying event activity is treated as additional

semi-hard and soft partonic scatters. In this version, a model of colour reconnection has

been added to HERWIG++, based on the idea of colour preconfinement, which provides an

improved description of underlying event data at the LHC [41].

The e↵ect of the UE on the ET distributions is severe, making them much broader

and moving the peak to much higher values of ET . This was investigated in Ref. [3] at

parton level, where it was shown that in the Herwig++ model the ET distribution for the

partons originating from the UE is approximately independent of the nature of the hard

process. This distribution was fitted with a Fermi distribution and was shown to reproduce

the total distribution after convolution with the perturbative result.6

We present results using the default parameters present in Herwig++ version 2.6.3 for

the underlying event model. We note that these were tuned to a variety of experimental

data using the MRST LO** PDF set [42] instead of the MSTW2008 NLO set [27] used

6This approach, however, predicts distributions only at parton-level.
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hadronization+shower:  

using Herwig++, but 
similar results with 
Pythia 8.

aMC@NLO events.



the underlying event
• in Herwig++: simulated as multiple-parton 

interactions between the interacting protons. 

here for the hard process generated using aMC@NLO.7 In Fig. 10 we show the ET distribution

including the UE, with hadrons of a maximum pseudorapidity ⌘c = 5, compared against the

analytical result, which we have shown matches well the hadron-level ⌘c = 5 distribution

without UE (Fig. 9). In practice, particles cannot be detected at transverse momenta

down to zero, and therefore we show the e↵ect of applying transverse-momentum cuts on

the hadrons: pcT = 1.0, 1.5, 2.0 GeV. When pcT = 1.5 GeV the peak in ET is moved back

to approximately the value of the parton-level prediction, but the distribution itself is still

somewhat broader.

Figure 10: Hadron-level transverse-energy distribution in Higgs boson production at the LHC at 8
and 14 TeV, including the e↵ect of the underlying event. Red: resummed and matched to NLO, for
comparison. Reweighted aMC@NLO+Herwig++ events with hadron maximum pseudorapidity ⌘c = 5:
Black: pcT = 0 GeV, Blue: pcT = 1.0 GeV, Magenta: pcT = 1.5 GeV, Cyan: pcT = 2.0 GeV.

We have also investigated the impact of the underlying event using di↵erent PDFs

and di↵erent, reasonable, model parameters. We found that, with reasonably-tuned values

for the underlying event model parameters, the change of PDF sets does not induce any

significant changes to the distributions.

To conclude, one can reproduce the ET distribution with the e↵ect of the UE and

detector geometry e↵ects by reweighting the parton-level Monte Carlo events to match the

analytical prediction of the ET due to ISR and subsequently enabling the hadronization

and underlying event models of the generator. The description of the underlying event is

robust against changes of tune parameters as well as PDF sets. However, in the presence

of the underlying event the ET distribution is highly sensitive to the minimum hadron

transverse momentum, pcT .

5. Conclusions

We have presented the first detailed predictions of the transverse-energy distribution in

Higgs boson production at the LHC (
p
s = 8 and 14 TeV) for mH = 126 GeV. Our

7MRST LO**, the default PDF set for LO processes in Herwig++, is called ‘MRSTMCal’, with set

number 20651 in the LHAPDF database [43].
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aMC@NLO events, |η| < 5.

different pT cut on 
hadrons contributing to 
ET sum shown. 



ET from jets?

• use jets instead of 
hadrons. 

• anti-kT, R=0.7. 

• parton level ~ ET of 
leading n jets. 

Higgs ET from jets?

42

Suggested by G Salam:

Less sensitive to underlying event and hadronization 

Parton level ≈ ET of leading n jets (anti-kt, R=0.7)

Papaefstathiou, BW, prelim.

ET (GeV)

Partons (no UE)
Leading 3 jets (inc UE)

Hadrons (no UE)

[preliminary, AP, B.R. Webber, 
Thanks to G. Salam for 
suggesting.]



conclusions+outlook
• our resummed+matched calculation includes resummation of 

NNLL terms (not all) and matched to NLO.   

• Monte Carlo studies indicate that non-perturbative effects 
(hadronization+UE) are significant. 

• (using leading jets may help ?). 

• future:  

✦ direct analytical/numerical calculation of       . 

✦ further investigation of the non-perturbative effects. 

✦ experimental data!(?).

B(2)
g



Thanks for your attention!
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Auxiliary slides



unitarity
• unitarity is enforced to “kill” the logs as:

⌧ ! 0, Q ! 1
• via: 

� ! �̃ = ln

✓
1 +

Q⌧

i⌧0

◆

• (and corresponding shift in factorisation scale for 
PDFs and coefficient functions). 

• cross section (after matching) compares well to 
NNLO inclusive cross section:

8 TeV :
14 TeV :

resummed+matched NNLO (fixed order)
18.2 pb

47.5 pb

18.22 pb

47.28 pb



other coefficients (A(3))
• investigate the effect of varying “higher-order” 

coefficients. 

Figure 4: Transverse-energy distribution in Higgs boson production at the LHC at 8 and 14 TeV.
Blue: resummed only. Red: resummed and matched to NLO. The solid curves correspond to
A

(3)
g = 0, the dashed to A

(3)
g = ±30.

Figure 5: Transverse-energy distribution in Higgs boson production at the LHC at 8 and 14 TeV.
Blue: resummed only. Red: resummed and matched to NLO. The solid curves correspond to
C

(2)
g = 0, the dashed to C

(2)
g = ±115.5 (see text).

The resulting resummed and matched ET distributions at the LHC at 8 and 14 TeV

are shown in Fig. 3. For all these predictions we use the best-fit value B
(2)
g = �3.0 found

from the NLO data. The distribution peaks at around ET = 35 GeV at both centre-of-

mass energies, considerably above the peak in the Higgs transverse-momentum distribution,

around qT = 12 GeV [11]. Thus in the peak region of ET the resummed logarithms are

not so dominant as in the corresponding region of qT . On the other hand, the fixed-order

NLO prediction is rising rapidly and unphysically towards smaller values of ET .3

The purely resummed distribution becomes slightly negative at small and large ET ,

which is also unphysical. The e↵ect of matching is to raise the distribution to positive

3At very small ET it turns over and tends to �1, as seen in Fig. 1.
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