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Photon and Z boson

• Test resummation, perturbative QCD, PDF…


• Improve MC background description for BSM searches

Good coupling

to quarks

Clean experimental signature 
Measured / reconstructed  

very precisely

Excellent

QCD probe tool+ =
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Isolated photon  
measurements
• 𝛾+2jets at 13 TeV (JHEP 03 (2020) 179)


- pT𝛾 > 150 GeV, pTjet > 100 GeV

- Differential cross section vs. multiple observables in 3 regions:  

Inclusive, fragmentation enriched pT𝛾 < pTjet2  
and direct enriched pT𝛾 > pTjet1


• 𝛾𝛾 at 13 TeV (arXiv:2107.09330)


- pT𝛾1 > 40 GeV, pT𝛾2 > 30 GeV

- Inclusive differential cross section vs. multiple observables


• Predictions for 3𝛾 and 4𝛾, at 8 and 13 TeV (ATL-PHYS-PUB-2021-001)


- Compared to 8 TeV 3𝛾 measurement
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https://link.springer.com/article/10.1007/JHEP03(2020)179
https://arxiv.org/abs/2107.09330
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-001/
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Background estimation 
for 𝛾 analyses

• Sample purity:

- For 𝛾+2jets (pT𝛾 > 150 GeV): ≳95%


- For 𝛾𝛾 (pT𝛾 > 30 GeV): 35%–80%


• Main background: Jets:  
Energetic neutral hadrons within jets decaying to 
collimated 𝛾-pairs → misidentified as single 𝛾


Estimation based on non-correlation between 
EM shower shape and the isolation energy


• New source of background for 𝛾𝛾:  
Pileup of 2 𝛾+jet events,  
0.6% inclusively, up to 6% differentially 
Estimated with track-info from 𝛾→e+e- conversions
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ABCD method 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For 𝛾𝛾: ABCD extension to 2𝛾 case
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Leading uncertainties

• For 𝛾+2jets: 𝛾 and jet energy scale


• For 𝛾𝛾: Background and  
isolation-requirement efficiency

 [GeV]
jet-jet

m

60 100 200 1000 2000

R
e

la
tiv

e
 s

ys
te

m
a

tic
 u

n
ce

rt
a

in
ty

0.2−

0.1−

0

0.1

0.2

ATLAS
-1 = 13 TeV, 36.1 fbs

+2jets+Xγ→pp

Total systematic uncertainty

Jet energy scale

Photon energy scale

Photon identification

 [GeV]
γ

TE

200 300 1000 2000

R
e

la
tiv

e
 s

ys
te

m
a

tic
 u

n
ce

rt
a

in
ty

0.2−

0.1−

0

0.1

0.2

ATLAS
-1 = 13 TeV, 36.1 fbs

+2jets+Xγ→pp

Total systematic uncertainty

Jet energy scale

Photon energy scale

Photon identification

20 30 40 100 200 1000
[GeV]γγm

0

0.05

0.1

0.15

0.2

0.25

R
el

at
iv

e 
un

ce
rta

in
ty

background estimation photon reco. + id.
photon isolation photon energy
other data stat.
total

background estimation photon reco. + id.
photon isolation photon energy
other data stat.
total

ATLAS -1= 13 TeV, 139 fbs

20 30 40 100 200 1000
 [GeV]γγm

0

20

40

60

80

100

120

Fr
ac

tio
n 

of
 e

ve
nt

s 
in

 s
ig

na
l r

eg
io

n 
[%

]

            jγ
Stat. unc. γj jj
Total unc. electron  pile-upγγ

 signal:γγ Background (stat. unc.):

-1 = 13 TeV, 139 fbsATLAS

Uncert. for 𝛾𝛾

!5



Sherpa NLO predictions:

• 𝛥𝜙(𝛾-jet) well described

• High mjj mismodelling (similar to Z+jets) – phase space 

important for Vector Boson Fusion and Scattering studies
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Integrated fiducial cross section for 𝛾𝛾 and 𝛾𝛾𝛾

Impressive impact from perturbative QCD  
on the event rate for these processes
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Result for 𝛾𝛾

Result for 3𝛾



Results for 𝛾𝛾 • Generally good modelling of perturbative regions by NNLO 
and multi-leg merged NLO predictions


• Soft QCD also described well by Sherpa NLO

(Theory prediction uncert. dominated by QCD scale variations)
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Z + jets measurements
Using Z → ee/𝜇𝜇 decays


• Collinear Z + jets (ATLAS-CONF-2021-033)

Measure and study collinear emission  
of a Z boson from a high pT jet 


• Z + 1 or 2 b-jets (JHEP 07 (2020) 44)

- Testing different flavor schemes of initial-state partons

- Sensitive to gluon splitting

2021-07-02 Alexandre Laurier – Carleton University
3
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Collinear Emission Back-to-back 
scatter

Motivation & Physics overview

▷ Goal: Measure and study collinear emission of a 
real Z boson from a high pT jet.

▷ Known mismodelling in collinear emissions.

▷ Collinear emissions from a jet has corrections 
going as:

! ln! $"(&'()*#
▷ High jet pT phase space most sensitive to pQCD

and EW corrections → pT(lead jet) > 500 GeV.

▷ First ATLAS measurement of collinear Z boson 
production.

▷ CMS published at 13 TeV,                                    ,
studying collinear-like phase space.

JHEP 05 (2021) 285
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NEW! 
for EPS

Motivation (2)

Also ambiguity over best calculation scheme re. 
initial-state heavy flavour:

● 4-flavour: only light quarks in proton,
HF production by gluon splitting in matrix 
element

● 5-flavour: (massless) HF production in PDF — 
single-b production

Gluon splitting is not an initial-state effect: any 
shape distinction between schemes? 5F “should” be 
most appropriate scheme for boosted phase-space: 
any normalisation distinction?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-033/
https://link.springer.com/article/10.1007/JHEP07(2020)044?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200711
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Collinear Z + jets
• Splitting in 5 regions:


- Inclusive (pTjet > 100 GeV), 

- High pT (pTjet1 > 500 GeV), 

- Collinear (high pT + min(ΔR) < 1.4), 

- Back-to-back (high pT + min(ΔR) > 2.0), 

- High ST (Scalar sum(pTjet) > 600 GeV)


• Main backgrounds:

- ttbar: 2-7% (data driven estimation)

- Diboson: 2-6%

- EW Zjj: 1-3%


• Main uncertainties: Jet energy scale and resolution, 
unfolding (MC modelling and sample statistics)
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• Sherpa 2.2.11 (0-2p NLO, 3-5 LO) and MGPy8 FxFx (0-3p NLO) 
describe well Njets


• Good modelling of pT(Z)/pT(jet) by Sherpa

• Syst. uncert. on predictions dominated scale uncert.

NEW! for EPS
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Figure 6: Di�erential cross section as a function of the exclusive jet multiplicity in the inclusive (left) and high-pT
region (right). Further details are provided in the caption of Figure 5.

section for higher jet multiplicities, S����� v.2.2.11 and MG5_�MC+P�8 F�F� agree with the data for414

both the inclusive and high-pT regions.415

The angular distance between the Z boson and the closest jet, min�R(Z, jet), and the ratio of the Z-boson416

transverse momentum and the closest-jet transverse momentum,
⇣
pT(Z)
pT(jet)

⌘
, are quantities sensitive to the417

presence of collinear Z-boson emission and to back-to-back topologies. Figure 7 shows the di�erential418

cross sections as a function of min�R(Z, jet) and
⇣
pT(Z)
pT(jet)

⌘
in the high-pT region. Both distributions show419

an accumulation of events at low and high values of these two quantities: collinear events populate the420

figures where min�R(Z, jet) < 1.4 and
⇣
pT(Z)
pT(jet)

⌘
< 0.4, while the back-to-back events are observed with421

min�R(Z, jet) ⇡ ⇡ and
⇣
pT(Z)
pT(jet)

⌘
⇡ 1.0. The collinear events are expected to be dominated by diagrams422

corresponding to the EW radiation of a Z from one of the legs of a dijet event. Consequently, they423

are expected to correspond to the accumulation of events with low values of
⇣
pT(Z)
pT(jet)

⌘
. This hypothesis424

is validated in Figure 8, which shows the measurement of the
⇣
pT(Z)
pT(jet)

⌘
distribution for the subset of425

collinear events defined by min�R(Z, jet) < 1.4 where only the accumulation of low
⇣
pT(Z)
pT(jet)

⌘
events is426

observed. In contrast, the measurement of the
⇣
pT(Z)
pT(jet)

⌘
distribution for the back-to-back selection defined427

by min�R(Z, jet) > 2.0 is populated by events with
⇣
pT(Z)
pT(jet)

⌘
⇡ 1. The jet multiplicity is also measured428

separately for the collinear and the back-to-back topologies; as shown in Figures 9, the collinear region is429

dominated by dijet events whereas the back-to-back region is dominated by Z + 1 jet events. Figures 7 to 9430

demonstrate that most of the mismodelling observed for MG5_�MC+P�8 CKKWL and S����� v.2.2.1431

in the high-pT phase space occurs in the collinear region, whereas back-to-back events are in general432

better modelled by both MG5_�MC+P�8 CKKWL and S����� v.2.2.1. These figures also show that the433

modelling of the back-to-back region by both MG5_�MC+P�8 F�F� and S����� v.2.2.11 are generally434

consistent with data and o�er large improvements over MG5_�MC+P�8 CKKWL and S����� v.2.2.1.435
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Motivation & Physics overview

▷ Goal: Measure and study collinear emission of a 
real Z boson from a high pT jet.

▷ Known mismodelling in collinear emissions.

▷ Collinear emissions from a jet has corrections 
going as:

! ln! $"(&'()*#
▷ High jet pT phase space most sensitive to pQCD

and EW corrections → pT(lead jet) > 500 GeV.

▷ First ATLAS measurement of collinear Z boson 
production.

▷ CMS published at 13 TeV,                                    ,
studying collinear-like phase space.

JHEP 05 (2021) 285

Inclusive sample Collinear category



Z + 1 or 2 b-jets
• Z + at least 1 or 2 b-jets (pTb-jet > 20 GeV)

• Main backgrounds: Z+jets for 1b-jet cat.,  

and ttbar for 2b-jet cat.

• Main uncertainties: b-tagging efficiency  

and mis-tag rate

!13
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Figure 1. Transverse momentum (left) and invariant mass (right) of the di-b-jet system built with
the two highest-pT b-jets for events with at least two b-jets in the tt̄ validation region. Systematic
uncertainties of the predicted distributions are combined with the statistical ones in the hatched
band, and the statistical uncertainty of the data is shown as error bars. The systematic uncertainties
for the predictions account only for the yield and the shape of tt̄ events.

The tt̄ contribution is estimated using simulated events generated with Powheg-

Box + Pythia normalised to the theoretically predicted cross-section, as discussed in

section 3.2. An uncertainty of about 6% is assigned to the inclusive tt̄ cross-section (see

table 1), following the variation of the renormalisation and factorisation scales by a factor

of 2.0, and the variation of the PDFs within their uncertainties. In addition, uncorrelated

systematic uncertainties in the modelling of the distributions are derived by comparing

the predictions from the nominal tt̄ sample with the ones from the alternative samples

described in section 3.2.

The modelling of tt̄ production in the simulation is validated using a tt̄-enriched region,

which is selected by requiring that events have two leptons of different flavour (eµ); all other

selections are the same as in the signal region. As an example, figure 1 shows the pT,bb

and the mbb distributions for events with at least two b-jets. The total background from

top quarks is the sum of tt̄ and single-top events, where the latter are about 3% of the

tt̄ component in the validation region, and other backgrounds are negligible. Data and

simulation agree well within the uncertainties which account for both the yield and shape

uncertainties of simulated tt̄ events and the statistical uncertainties of predictions and data.

Background contributions from multijet events in the electron and muon channels are

estimated using a data-driven technique. Multijet-enriched control regions without b-tag

and mℓℓ requirements are used to derive the expected shape of this background. In the

electron channel, the multijet-enriched control region is defined by applying the full signal

event selection except for the electron identification and the d0/σd0 cuts, and inverting

the isolation selection for both electron candidates. In the muon channel, the multijet-

enriched control region is defined by applying the full signal event selection but requiring

– 13 –
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Figure 2. Post-fit b-tagging discriminant distributions for the electron (left) and muon (right)
channels in the 1-tag (top) and 2-tag (bottom) signal regions. The lower panels display the ratios
of the predictions to data using the signal and Z+jet background simulation either from Sherpa
(red) or Alpgen (blue). Systematic and statistical uncertainties for the predicted distributions are
combined in the hatched band, and the statistical uncertainty, estimated with pseudo-experiments,
is shown on the data points. The systematic uncertainties account for both the detector-level
uncertainties and the theory uncertainty of the non-Z backgrounds.

and after separating the Z + b from the Z + c and Z + l templates in the 2-tag region.

An uncertainty affecting the shape and rate of the Z+jets background is derived by taking

the difference between the post-fit Z+jets background evaluations using Sherpa and Alp-

gen samples. Another uncertainty accounts for potential jet-jet correlations that are not

covered by the truth-tagging procedure which mitigates the large statistical fluctuations in

the 2-tag region for Z + l. A 20% uncertainty is derived by taking the largest difference

between the double-tagged event yields obtained with or without the weighting procedure
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Figure 2. Post-fit b-tagging discriminant distributions for the electron (left) and muon (right)
channels in the 1-tag (top) and 2-tag (bottom) signal regions. The lower panels display the ratios
of the predictions to data using the signal and Z+jet background simulation either from Sherpa
(red) or Alpgen (blue). Systematic and statistical uncertainties for the predicted distributions are
combined in the hatched band, and the statistical uncertainty, estimated with pseudo-experiments,
is shown on the data points. The systematic uncertainties account for both the detector-level
uncertainties and the theory uncertainty of the non-Z backgrounds.

and after separating the Z + b from the Z + c and Z + l templates in the 2-tag region.

An uncertainty affecting the shape and rate of the Z+jets background is derived by taking

the difference between the post-fit Z+jets background evaluations using Sherpa and Alp-

gen samples. Another uncertainty accounts for potential jet-jet correlations that are not

covered by the truth-tagging procedure which mitigates the large statistical fluctuations in

the 2-tag region for Z + l. A 20% uncertainty is derived by taking the largest difference

between the double-tagged event yields obtained with or without the weighting procedure
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Figure 9. Measured cross-section as a function of Z-boson |y| (left) and leading b-jet |y| (right)
in events with at least one b-jet. The data are compared with the predictions from Sherpa 5FNS
(NLO),Alpgen + Py6 4 FNS (LO), Sherpa Fusing 4FNS+5FNS (NLO), Sherpa Zbb 4FNS
(NLO), MGaMC + Py8 5FNS (LO), MGaMC + Py8 Zbb 4FNS (NLO) and MGaMC + Py8
5FNS (NLO). The error bars correspond to the statistical uncertainty, and the hatched bands to
the data statistical and systematic uncertainties added in quadrature. The red band corresponds to
the statistical and theoretical uncertainties of Sherpa 5FNS (NLO) added in quadrature. Only
statistical uncertainties are shown for the other predictions.

the shape of the data quite well despite the large underestimation of the normalisation

already discussed for figure 7.

The distributions of the Z-boson rapidity, the leading b-jet rapidity, and their sep-

aration, ∆yZb, are directly sensitive to the b-quark PDFs and to higher-order diagram

contributions, and they may show differences for different flavour schemes. The differential

cross-sections as a function of the Z-boson rapidity and of the leading b-jet rapidity for

events with at least one b-jet are shown in figure 9. All MC predictions provide a satis-

factory description of the shape of the data. Some modulation relative to data is observed

in the leading b-jet |y| distribution, in some cases beyond the experimental uncertainty.

Figure 10 (right) shows the differential cross-section as a function of ∆yZb. Sherpa 5FNS

(NLO) and Sherpa Fusing 4FNS+5FNS (NLO) describe the data quite well, while all

other predictions exhibit a slightly smaller rapidity separation than data, even if within

the uncertainty of the data. Use of a different PDF set as in Alpgen predictions leads to

a change in the distribution, but the differences are small compared with the experimental

uncertainties.
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• Shows the need  
for 5-flavor number scheme
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Z + 1 b-jet
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Z+2 b-jets

Sensitive to  
gluon splitting
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Showed our recent progress on understanding QCD 
both from theory and experimental perspectives, 
using photons and Z bosons as tool  
in ATLAS

Conclusion
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its invariant mass (pT,bb/mbb) in events with at least two b-jets. The data are compared with
the predictions from Sherpa 5FNS (NLO), Alpgen + Py6 4 FNS (LO), Sherpa Fusing
4FNS+5FNS (NLO), Sherpa Zbb 4FNS (NLO), MGaMC + Py8 5FNS (LO), MGaMC +
Py8 Zbb 4FNS (NLO) and MGaMC + Py8 5FNS (NLO). The error bars correspond to the
statistical uncertainty, and the hatched bands to the statistical and systematic uncertainties of the
data, added in quadrature. The red band corresponds to the statistical and theoretical uncertainties
of Sherpa 5FNS (NLO) added in quadrature. Only statistical uncertainties are shown for the
other predictions.

to the pT distributions for events with at least one b-jet, but significant disagreement is

still observed.

Finally, the ratio of the pT of the di-b-jet system to its invariant mass (pT,bb/mbb) is

sensitive to gluon splitting: a small value indicates a hard splitting and a large value is

a consequence of soft splitting. The differential cross-section as a function of pT,bb/mbb is

shown in figure 15. Sherpa 5FNS (NLO) and Sherpa Fusing 4FNS+5FNS (NLO)

show quite good agreement with data, while MGaMC + Py8 Zbb 4FNS (NLO) agrees

less well.
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