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Introduction 

>  To study QCD one e.g. measures processes in single,  
very low pile-up (PU), proton – proton collisions, at e.g. the LHC 

>  One such interesting process is Drell-Yan: 
all standard electroweak currents couple 
to quarks  
 
è measure the structure function of quarks 
è study quark induced parton showers  
è measure underlying event (UE) properties 
è advantage: clean final state  
 

>  Properties and structure functions of gluons 
are then indirectly measured 

>  Is there a way to probe the gluons directly? 
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What about Higgs production? 

>  Actually yes! In the heavy top limit, the Higgs boson directly 
couples to gluons: gg à H 
 
 
 
 
 
 
 

>  Color singlet current 

>  For non-hadronic decays one has access to  
the same clean final state as in the DY process 

>  But now we directly measure gluon  
induced effects 
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The challenge at high pile-up environments 

>  Is it possible to study QCD with Higgs and DY processes in current 
proton-proton colliders? 

>  Small cross section of the (Higgs) processes: 
è operate at very high pile-up conditions for sufficient statistics 
è differential measurements  

number of points minus one because of the normalization.
We have taken the full covariance matrix into account
when computing the !2 values. At low momentum, there
is poor agreement, suggesting the need for additional tun-
ing of the combination of POWHEG and PYTHIA in this
region, where both contribute to the observed qT.

At low transverse-momenta, qT < 30 GeV, the distribu-
tion is determined by nonperturbative QCD, which is
modeled by PYTHIA with a few free parameters. Several
parameter sets called ‘‘tunes’’ are available, including the
Perugia 2011 [28], ProQ20 [29], and Z2 tune [19]. The
shapes predicted with these tunes are compared to this
measurement in Fig. 7. Agreement is observed for the Z2
(!2=ndof ¼ 9:4=8) and the ProQ20 tunes (!2=ndof ¼
13:3=8), but disagreement for the Perugia 2011 tune
(!2=ndof ¼ 48:8=8) and for POWHEG + PYTHIA (!2=ndof ¼
76:3=8). These results provide a validation of the Z2 tune
for a high momentum-scale process that is rather different
from the low-momentum-scale processes that determine
the characteristics of minimum-bias events and the under-
lying event from which the parameters of the Z2 tune were
originally obtained.

At high qT, the precision of the prediction is dominated
by the perturbative order of the calculation and the han-
dling of the factorization and renormalization scale depen-
dence. In Fig. 8 the measured normalized differential
distribution is compared to the prediction of POWHEG as
well as the ‘‘Fully Exclusive W, Z Production through
NNLO in Perturbative QCD’’ (FEWZ) package version 2.0
[30] for qT > 20 GeV and j"j< 2:1, calculated at both
Oð#sÞ and Oð#2

sÞ. The predictions were each normalized to
their own predicted total cross sections. The FEWZ calcu-
lation used the effective dynamic scale definitionffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z þ hqTi2
q

rather than the fixed scale of the Z-boson

mass. The FEWZ Oð#2
sÞ prediction produces a !2=ndof of

30:5=9, which is a poorer agreement than the POWHEG

prediction (19:1=9), particularly at the highest qT.

VII. SUMMARY

Measurements of the normalized differential cross sec-
tions for Drell–Yan muon and electron pairs in the Z-boson
mass region (60<M‘‘ < 120 GeV) have been reported as
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FIG. 7 (color online). The combined electron and muon mea-
surement of the Z-boson transverse-momentum distribution
(points) and the predictions of four PYTHIA tunes and of
POWHEG interfaced with PYTHIA using the Z2 tune (histograms).
The error bars on the points represent the sum of the statistical
and systematic uncertainties on the data. The lower portion of
the figure shows the difference between the data and the simu-
lation predictions divided by the uncertainty $ on the data. The
green (inner) and yellow (outer) bands are the %1$ and %2$
experimental uncertainties.

FIG. 8 (color online). The combined electron and muon
Z-boson normalized differential cross section as a function of
transverse-momentum (points) and the POWHEG and FEWZ pre-
dictions for qT > 20 GeV. The horizontal error bars indicate the
bin boundaries and the data points are positioned at the center-
of-gravity of the bins based on the POWHEG prediction. The
bands in the upper plot represent the uncertainty on the predic-
tions from factorization and renormalization scales and PDFs.
The lower plot shows the ratio between the data and the theory
predictions. The bands in the lower plot represent the 1 standard
deviation combined theoretical and experimental uncertainties.

MEASUREMENT OF THE RAPIDITY AND TRANSVERSE . . . PHYSICAL REVIEW D 85, 032002 (2012)
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Z production: Phys. Rev. D 85, 032002 (2012) 
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.

15

Higgs production: ATLAS-CONF-2013-072 
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Higgs as a gluon trigger 

>  Start new QCD program with Higgs as a gluon trigger 
P. Cipriano, S. Dooling, A. Grebenyuk, P. Gunnellini, F. Hautmann, H. Jung, P. Katsas Phys. Rev. D 88, 097501 (2013)   

>  Compare Higgs and DY production in the same mass range 

>  Transverse momentum spectrum: difference in soft gluon resummation 
 
 
 
 
 
 
 
 
 

>  Perform pile-up studies:  
è look at ratio (Higgs/DY): direct difference in soft gluon vs quark resummation 
è look at subtraction (Higgs - DY): remove PU contributions from UE  

gluon fusion and suppress Higgs production by vector
boson fusion and quark annihilation; of the luminosity
requirements for reaching sufficient statistics; of the dif-
ferent treatment of pile-up for different channels.
Very recently the ATLAS collaboration has presented

first measurements of Higgs differential cross sections
based on the 2012 dataset in the diphoton decay chan-
nel [4].

Higgs vs. Drell-Yan

Consider first transverse momentum spectra for Higgs
bosons and for Drell-Yan (DY) pairs in the invariant
mass range 115 GeV < M < 135 GeV. Transverse mo-
mentum spectra, comparing Higgs and Z bosons, were
examined early on in [5]. The transverse momentum
spectra can be described by QCD factorization in the
form

dσ/dp⊥ =
∫

H ⊗ S ⊗ J1 ⊗ J2 , (1)

decomposing the cross section into hard (H), soft (S )
and collinear-to-initial-states (J1, J2) contributions - see
e.g. [6] for analysis of how this decomposition arises. In
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Figure 1: Normalized transverse-momentum spectra for Higgs bosons and for
Drell-Yan pairs.

Fig. 1 we show the result of Monte Carlo simulations for
the p⊥ spectra in the central region based on the next-
to-leading-order (NLO) Powheg [7] event generator in-
terfaced with Pythia [8] shower, at

√
s = 7 TeV and√

s = 14 TeV. In Fig. 2 we plot the ratio of the Higgs
and DY spectra at invariant mass 115 GeV < M < 135
GeV.
The p⊥ ≪ M region of the spectrum measures in-

frared aspects of the cross section in Eq. (1), i.e. i) the
ratio of the gluon vs. quark Sudakov form factor (fac-
tor S in Eq. (1)), and ii) the evolution of the collinear-
to-initial-states functions (factors J1, J2 in Eq. (1)). In
particular, gluon polarization terms pµ⊥pν⊥ in gluon fu-
sion, related to eikonal polarizations at high energy [9],

give rise to distinctive radiation patterns from initial-
state functions in the Higgs case - see e.g. [10]. The
p⊥ ≥ M region measures the ultraviolet function H in
Eq. (1) and the features of hard jets recoiling against
Higgs and DY pair. In particular, the leading-jet con-
tribution to the measured ratio depends on the p⊥ dis-
tribution for spin-1 vs. spin-1/2 exchange and on the
corresponding color emission probabilities. Further as-
pects on jet recoil are discussed below in the context of
angular distributions.
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Figure 2: Ratio of Higgs to DY spectra versus p⊥ .

In the large pile-up environment of the high-
luminosity LHC runs, one has to deal with the contri-
bution of large numbers of overlaid events. However,
this contribution cancels in the comparison of Higgs to
DY spectra at fixed invariant mass. Using this compari-
son one can go to low p⊥ and access QCD effects in this
region experimentally also at high pile-up.
Measurements on gluon fusion which can be per-

formed using the Higgs trigger open a new experimen-
tal area. They may also be relevant to interpret data for
other, more complex processes, e.g. processes that de-
pend on both quark and gluon channels on an equal foot-
ing, or involve color-charged particles in the final state.
One such example is given by top quark production.

This is often studied as a process sensitive to gluonic
initial states at the LHC. For instance, the top quark p⊥
spectrum [11] receives contribution at low p⊥ from the
gluon Sudakov form factor and gluonic initial-state re-
coil analogous to those discussed above. However, since
the final state is not a color-singlet current, the analysis
of the p⊥ spectrum is made more complex by final soft
color emission. The Higgs case serves to single out the
initial-state contributions, including gluon polarization
effects.
For observables more exclusive than the cross sec-

tion in Eq. (1), e.g. measuring the associated jets, full
QCD factorization formulas are still lacking. For par-
ton shower event generators, inclusive measurements
are still useful to control methods [12, 13] for merg-

2
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Higgs as a gluon trigger: pT spectra 

>  Generator pile-up study: standalone Pythia 8.185 
 
 
 

>  Look at the inclusive pT spectra: 

Single Z production and gg -> H production with tune 4C at √s = 7 TeV 
Bosons stable; mass range 115 GeV < M < 135 GeV, |η| < 2  
With No PU; Fixed PU=5; Fixed PU=20; PU processes: Soft QCD (all)  
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Higgs as a gluon trigger: pT spectra 

>  Generator pile-up study: standalone Pythia 8.185 
 
 
 

>  Look at the inclusive pT spectra: 

Single Z production and gg -> H production with tune 4C at √s = 7 TeV 
Bosons stable; mass range 115 GeV < M < 135 GeV, |η| < 2  
With No PU; Fixed PU=5; Fixed PU=20; PU processes: Soft QCD (all)  
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Higgs as a gluon trigger: pT spectra boson + jets 

>  Look at boson + 1 jet and boson + 2 jet events 
 
 
 
 
 
 
 
 
 
 

>  Requiring additional hard jets shifts the spectra towards higher pT 

>  pT balance between boson + jets 

>  Quark vs gluon induced effects less significant 
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Higgs as a gluon trigger: pT spectra boson + jets 

>  Look at boson + 1 jet and boson + 2 jet events 
 
 
 
 
 
 
 
 
 
 

>  Requiring additional hard jets shifts the spectra towards higher pT 

>  pT balance between boson + jets 

>  Difference Higgs vs DY decreases 
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Higgs as a gluon trigger: pT spectra boson + jets 

>  Boson + 1 jet and boson + 2 jet events with fixed PU=20 
 
 
 
 
 
 
 
 
 
 

>  Both Higgs and DY spectra shift to lower values (inclusive spectrum) 

>  Mismatching of leading jets: 
è higher probability that high pT jets come from independent PU event 

>  Difference stable when taking ratio? 
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Higgs as a gluon trigger: pT spectra boson + jets 

>  Boson + 1 jet and boson + 2 jet events with fixed PU=20 
 
 
 
 
 
 
 
 
 
 

>  Ratio not stable due to difference in hardness of inclusive spectra 
 è fraction of jet mismatching not the same 

>  Very low PU runs stay important to study QCD 
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The underlying event in high pile-up environments 

>  UE studies typically measure the number of charged particles  
(or ΣpT) in the transverse plane 

>  As function of the hard scale in the event 

>  Compare UE of Higgs vs DY production 
è clean final state è only initial state radiation (ISR) + MPI 

>  Can one perform UE studies in high PU environments? 

5 

Measurements of the UE 

•  Study the UE activity as a function of the hard scale of the event, 
   and at different centre-of-mass energies 

•  Different possibilities 
   ! at central rapidities 
 
 
 
 
 
 
 
 
 
    at forward rapidities 
       UE observables separated with 
       large Δη from hard scatter 
       No division of φ phase space 
       Possible to study UE φ structure 
 

 ! look at forward energy 
     densities as a function of 
     central leading jets  
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! Use different observables: jet area/median 
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The underlying event in high pile-up environments 

>  UE studies typically measure the number of charged particles  
(or ΣpT) in the transverse plane 

>  Activity scales with number of additional PU events 

>  But one can subtract PU contribution: 

5 

Measurements of the UE 

•  Study the UE activity as a function of the hard scale of the event, 
   and at different centre-of-mass energies 

•  Different possibilities 
   ! at central rapidities 
 
 
 
 
 
 
 
 
 
    at forward rapidities 
       UE observables separated with 
       large Δη from hard scatter 
       No division of φ phase space 
       Possible to study UE φ structure 
 

 ! look at forward energy 
     densities as a function of 
     central leading jets  
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Hard scatter & UE are contained in same η range 
! divide φ phase space to separate the UE from the hard scatter 
! look at particle densities, energies in the transverse region 
! As function of the hard scatter pT scale 
    leading jets, Drell-Yan 
 
! Use different observables: jet area/median 
    ! no φ phase space division needed 

Central hard scatter 

Forward energy density 

[ JHEP 09 (2011) 109] 
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The underlying event in high pile-up environments 

>  After substraction of activity in DY from activity in Higgs production: 
 
 
 
 
 
 
 
 
 
 

>  PU contribution cancels 

>  Probe directly difference of quark vs gluon induced UE activity (ISR)! 
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Conclusions 

>  Higgs production measurement provides new perspectives 
for challenging QCD studies 

 è only electroweak current that couples to gluons 
 è color singlet state: no complications from final state effects 

>  Novel method: compare Higgs – DY in same mass & rapidity range: 
 è direct comparison of quark vs gluon induced processes 

>  Presented preliminary generator studies: 
 è ratios of inclusive, boson + 1 jet & boson + 2 jet pT spectra: 
  inclusive spectrum sensitive to soft gluon resummation   
  boson + jet events suffer from PU effects 
 è underlying event activity in subtraction Higgs – DY: 
  <Nch> & <ΣpT> in transverse regions stable with PU 
 è with Higgs – DY comparison, we can still measure the UE in high PU! 

 

>  Comparison of Higgs – DY processes allows interesting and 
challenging QCD measurements at high luminosity 


