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Figure 1: Representative LO contributions to loop-induced /� production without additional emissions.
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Figure 2: Representative LO contributions to loop-induced /� + 1 jet production, involving 66, 6@, and @@ initial
states.
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Leading contribution:  
Loop-induced ZH ↔ gluon-induced ZH

Loop suppression Large gluon luminosity
(Negative interference)

⊕
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Leading contribution:  
Loop-induced ZH ↔ gluon-induced ZH

Loop suppression Large gluon luminosity

→ Important to consider (and improve!) for ZH measurements at the LHC 
Already [dominant] signal uncertainty in ATLAS Run 2 ZH measurement!

nonnegligible and the interplay of the box and triangle
contributions can be used to formulate constraints on the
involved couplings at large LHC luminosity.

III. IMPLICATIONS FOR SM RATES AT THE LHC

This result has implications for the extraction of SMHiggs
rates in the boosted pp → hZ, h → b̄b channel. Currently
rates are calculated in this channel by applying the selection
cuts for boosted associated production to pT distributions
calculated at NLO which only include the quark-initiated
component. Next-to-next-to-leading order (NNLO) correc-
tions are taken into account by simply applying an overall
rescaling to the distributions with the required K-factors,
ensuring that the total associated production cross section
matches the NNLO results. Gluon-initiated hZ is technically
NNLO, hence the currentmethods overlook the differences in
distributions between quark-initiated and gluon-initiated
processes. These differences are significant, as demonstrated

in Fig. 2. The gluon-initiated hZ distributions at 7 and 8 TeV
are also shown and exhibit the same qualitative behavior.
Schematically, if we denote the application of typical

selection cuts on an hZ production process at the LHC as
C½σ" and the BDRS analysis on the b̄b final state as B½σ",
then with current methods employed at the LHC the boosted
associated production cross section after selection cuts is
calculated as

σCuts ¼ Keff × C½σq̄qðpp → hZÞ"; (1)

where the subscript q̄q denotes the quark-initiated process
with distributions calculated at NLO.5 After applying the
full BDRS analysis the resulting cross section is

FIG. 2 (color online). Invariant hZ mass mhZ (left) and pT spectra (right) for pp → hZ production at
ffiffiffi
s

p
¼ 14 TeV. The gluon-

initiated and quark-initiated contributions are shown for comparison We also plot contributions from box and triangle diagrams to
demonstrate the cancellation between the two in the sum.

FIG. 3 (color online). Invariant hZ mass mhZ for the gluon-
initiated component of pp → hZ production at

ffiffiffi
s

p
¼ 7 TeV andffiffiffi

s
p

¼ 8 TeV for comparison with Fig. 2.

FIG. 4 (color online). Invariant truth-level hZ mass for
pp → ðh → b̄bÞðZ → μþμ−; eþe−Þ production in the SM atffiffiffi
s

p
¼ 14 TeV. These results are a direct reflection of Fig. 2

after the analysis cuts and the reconstruction have been applied.
NLO correction factors as reported in Refs. [8,9] have been
included to reflect the proper signal composition.

5Both QCD and EW corrections are included at NLO,
however, NNLO effects, including gluon-initiated associated
production, are only applied at the inclusive, or total cross
section, level.

GLUON-INITIATED ASSOCIATED PRODUCTION BOOSTS … PHYSICAL REVIEW D 89, 013013 (2014)

013013-3

[Phys. Rev. D 89, 013013]Quark-induced  
(Drell-Yan)

Gluon-induced

Significant contribution to ZH  
cross-section around pT,h ≈ mt

(Negative interference)

⊕

But: multi-scale loop integrals

→ Lower perturbative accuracy  
      than Drell-Yan

[WG1 meeting] on recent  
theoretical advances

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/figaux_22.png
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.013013
https://indico.cern.ch/event/1197425/
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This talk: summary of work in ATLAS to improve modeling of  
loop-induced ZH production using general-purpose Monte Carlo generators:

Include leading jet emission into leading order matrix element
ATLAS DRAFT
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⊕

⊕

⊕ ⊕ …

ZH + 0j@LO ZH + 1j@LO

→ More accurate description of leading order process  
      (but no reduction in uncertainties!) 

Non-gg initial states also contribute!
(see backup and Phys. Rev. D 92, 073006)

More information:

[ATL-PHYS-PUB-2022-055]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.073006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-055/
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SHERPA 2.2.8 MADGRAPH_aMC@NLO 2.9.9

POWHEG-BOX v2

Matrix element 
from OPENLOOPS

MePS@NLO merging

Catani-Seymour parton shower

MLM merging

Matrix element computed  
by MADLOOP

PYTHIA 8 parton shower

New 0+1j@LO calculations for loop-induced ZH: integrated into ATLAS MC production

Existing 0j@LO setup: used in previous ATLAS ZH measurements

Matrix element evaluated by  
ggHZ code

PYTHIA 8 parton shower

(All jets emitted by parton shower)

More information:

[ATL-PHYS-PUB-2022-055]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-055/
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In the following: focus on leptonic decay of Z boson (relevant for STXS) 
( , )Z → ℓ+ℓ− ℓ = e, μ, τ

Total cross-sections compatible within uncertainties

Larger uncertainties for SHERPA compared to MG5_aMC (see later!)

4 5 6 7 8 9 10
Total cross-section [fb]

(0+1j@LO)
HERPA      S

                 (0+1j@LO)
 8YTHIAMG5_aMC + P

                        (0j@LO)
 8YTHIA + POX-BOWHEGP

ATLAS Generator Level Preliminary
 = 13 TeVs)H, − l+ l→Loop-induced Z(

27%−
42%+5.29  

19%−
25%+4.96  

19%−
26%+5.77  
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Focus on observables relevant for STXS measurements 
(Using generator truth information, no detector simulation)
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“Envelope” of scale  
variations (see later)
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Focus on observables relevant for STXS measurements 
(Using generator truth information, no detector simulation)

Consistent trends at high kinematic scales: harder  and softer  spectrum 
w.r.t. 0j@LO calculation

pH
T pZ

T
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Focus on observables relevant for STXS measurements 
(Using generator truth information, no detector simulation)

Consistent trends at high kinematic scales: harder  and softer  spectrum 
w.r.t. 0j@LO calculation

pH
T pZ

T

“Low” kinematic 
scales

“High” kinematic 
scales

H Z

Jet

H Z
Jet

Indicates leading jet emission preferentially 
back-to-back with Higgs boson

(Not captured by 0j@LO calculation!)
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Fiducial cross-sections computed for Stage 1.2 STXS bins 
Defined in terms of  and pZ

T nJets

pZ
T [GeV]

75

150

250

∞
400

0

0 jets 1 jet ≥ 2 jets

gg → ZH

VH

Clustered with anti- , R = 0.4 
(excluding decay products of Z  
and Higgs bosons)

kT

Truth Z boson kinematics

(including FSR photons)

Instead: “loop-induced ZH”?

(Do we need do agree on  

a common definition?)

|yH | < 2.5



Philipp Windischhofer

3−10

2−10

1−10

1

10

210

C
ro

ss
-s

ec
tio

n 
[fb

]

 8 (0j@LO)YTHIA + POX-BOWHEGP
 8 (0+1j@LO)YTHIAMG5_aMC + P

 (0+1j@LO)HERPAS

ATLAS Generator Level Preliminary
 = 13 TeVs)H, − l+ l→Loop-induced Z(

| >
 2

.5
H

|y

 [0
, 7

5)
 G

eV
∈ Z Tp  [7
5,

 1
50

) G
eV

∈ Z Tp

 [1
50

, 2
50

) G
eV

∈ Z Tp

 [2
50

, 4
00

) G
eV

∈ Z Tp

) G
eV

∞
 [4

00
, 

∈ Z Tp

 [0
, 7

5)
 G

eV
∈ Z Tp  [7
5,

 1
50

) G
eV

∈ Z Tp

 [1
50

, 2
50

) G
eV

∈ Z Tp

 [2
50

, 4
00

) G
eV

∈ Z Tp

) G
eV

∞
 [4

00
, 

∈ Z Tp

 [0
, 7

5)
 G

eV
∈ Z Tp  [7
5,

 1
50

) G
eV

∈ Z Tp

 [1
50

, 2
50

) G
eV

∈ Z Tp

 [2
50

, 4
00

) G
eV

∈ Z Tp

) G
eV

∞
 [4

00
, 

∈ Z Tp

0.6
0.8

1
1.2
1.4 

O
X

-B
O

W
H

EG
PR

at
io

 to

 = 0Jetn  = 1Jetn  2≥ Jetn

Comparison: STXS

11

Cross-section  
modification for 0 jet 
(cf. slide 5) Significant change  

in  slope for ≥ 1 jet 
(cf. slide 7)

pZ
T
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Variations  
around nominal  
scale choice
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Variations  
around nominal  
scale choice

Similar impact 

for POWHEG-BOX (0j@LO) and  

MG5_aMC9 (0+1j@LO): ≈ 25%
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Variations  
around nominal  
scale choice

Significantly larger impact for 
SHERPA (0+1j@LO): ≈ 40%
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A closer look at MadGraph
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Default scale choice (used throughout):  
 

Transverse mass  after -clustering

of generated final state

MT kT

Alternative scale choice: 
 

 directly computed on final state 
(purely kinematic scale choice)
MT /2

Compare different central dynamic scale choices

Cross-sections predicted for  
different nominal scale choices not  
within each other’s scale variations!

→ Do we need to take additional  
components into account?

40%
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Summary and outlook
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Prepared new Monte Carlo setups for loop-induced ZH 0+1j@LO

Using available general-purpose generators;  
fully integrated into ATLAS production system → immediately available

Many more details available in [ATL-PHYS-PUB-2022-055]

With respect to 0j@LO calculation: modifies kinematics of Z and Higgs boson
(Particular in boosted regime; important for future ZH measurements)

Significant differences in impact of scale variations between 
SHERPA and MG5_aMC 0+1j@LO predictions

(Larger for SHERPA, but might be incomplete for MG5_aMC)

Let’s discuss!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-055/


Backup
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Definition of loop-induced ZH
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Need a definition!

Definition used here and e.g. also in [Phys. Rev. D 92, 073006]:

• Diagrams with closed quark loops and three external gluons
• Diagrams with closed quark loops and external quark line

What is a good definition?
• Be theoretically well-defined:  

finite and gauge-invariant cross-section

• Be experimentally well-defined:  
group sub-processes with similar experimental signatures

Take loop-induced ZH+jet to be composed of:

Consequences / properties of this definition:

• Includes all diagrams contributing a |Yukawa|2 to the squared matrix element of  
pp → ZH+j at this order

• Incudes non-gg initial states

• Diagrams overlap with NLO corrections to Drell-Yan ZH+jet

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.073006
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Details on generator setup
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ATLAS DRAFT

Process ME generator PS generator
Loop-ind. /� 0+1j@LO S����� (2.2.8p3) S����� (2.2.8p3)
Loop-ind. /� 0+1j@LO MG5_aMC (2.9.9) P����� 8 (8.307)
Loop-ind. /� 0j@LO P�����-B�� v2 (ggHZ) P����� 8 (8.212)

Table 1: Summary of MC configurations compared.

utilise the PDF4LHC15NLO set of parton distribution functions [14] to ensure compatibility with existing51

parameterisations of PDF-induced uncertainties on predicted cross-sections in STXS fiducial volumes52

[15].53

Only decays of the / boson into charged leptons are considered, / ! ✓
+
✓
� with ✓ = 4, `, g. This decay is54

included in the matrix element computation; spin correlations and finite-width effects are thus taken into55

account.56

Uncertainties arising from missing higher-order corrections are assessed through the variation of the57

renormalisation and factorisation scale parameters `' and `� by factors of 0.5 and 2.0 around their nominal58

values. The cases where `' and `� differ by a factor of four are not included. The scale uncertainty band59

is defined as the envelope around the nominal prediction that contains the remaining six variations2.60

Further generator-specific settings are described below.61

3.1 S�����62

The S����� 2.2.8 event generator is interfaced to the O���L���� 2.0 library [16] for the computation of the63

loop-induced /� 0+1j@LO matrix element. Samples with different jet multiplicities are combined using64

the multi-jet merging algorithm implemented in S����� [17, 18], adapted for loop-induced processes as65

described in Ref. [19]. A merging cut (&cut) of 20 GeV is chosen based on the studies reported in Ref. [20].66

The resulting fixed-order sample is evolved by the Catani-Seymour parton shower [21] implemented in67

S�����. The di-lepton invariant mass is required to be greater than 66 GeV to remove photon-mediated68

contributions.69

For a general Higgs boson decay, the S����� truth event record does not contain sufficient information to70

unambiguously categorise generated events into fiducial volumes according to the Simplified Template71

Cross-Section definitions [22], which are employed in Section 4. The Higgs boson is thus kept undecayed.72

The renormalisation and factorisation scales are dynamically chosen using the STRICT_METS algorithm,73

which first determines the topology of the hard-scattering event through a :) -type backward clustering74

starting from the generated final-state particles [18, 23]. The “core scales” `
0
' and `

0
� associated with the75

clustered event are chosen as the total transverse mass ") , i.e.76

`
0
' = `

0
� = ") =

’
8

"),8 =
’
8

q
<

2
8 + ?

2
),8 , (1)

where the sum runs over the set of particles remaining after the clustering has been performed; <8 and ?),877

label the mass and the transverse momentum of the 8-th particle, respectively. The final renormalisation78

and factorisation scales `' and `� are then determined from the individual clustering scales and the core79

scales defined in Eq. 1.80

2 The set of remaining scale variations contains (`' , `� ) 2 {(0.5, 0.5), (0.5, 1.0), (1.0, 0.5), (1.0, 2.0), (2.0, 1.0), (2.0, 2.0)}.
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Generator versions

Dynamic scale choice

MT = ∑
i

m2
i + p2

T,i

MG5_aMC:

SHERPA: STRICT_METS, core scales set to MT

 computed after -clusteringMT kT
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Scale choice for MG5_aMC
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Default scale choice:  
Transverse mass  after -clustering

of generated final state

MT kT

Alternative scale choice:  
 directly computed on final state 

(purely kinematic scale choice)
MT /2

MT = ∑
i

m2
i + p2

T,i

Significant differences between 
two scale choices; not within each 
other’s scale uncertainties!
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