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Research Highlights

• Saad el Morabit• Ankita Budhraja
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Toast to Robert
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New FORM 5 Release

• What’s new


- Built-in Feynman Graph generator


- Improved polynomial arithmetic performance


- Floating point coefficients as opposed to rational numbers


[J. Davies, T. Kaneko, Coenraad Marinissen, T. Ueda, Jos Vermaseren, 2601.19982]
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Theses
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Money

• ERC-C
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New: Theory Coffee Hour

Have a question you have always wanted to ask a theorist? 
Working on the theory chapter of your thesis? 
Curious about the theoretical implications of (recent) measurements? 
Interested in setting up a shared theory/experiment initiative?  

Come to the theory coffee hour!  

Every last Wednesday of the month 
3pm in the coffee area downstairs.  
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FCC @ Nikhef
• Monthly meetings & discussions on FCC topics


• Driven by current interests:  
informal, exploratory, low commitment


• Indico page and mailing list: fcc@nikhef.nl     


mailto:fcc@nikhef.nl
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FCC @ Nikhef
• Monthly meetings & discussions on FCC topics


• Driven by current interests:  
informal, exploratory, low commitment


• Indico page and mailing list: fcc@nikhef.nl     


• Recycling frontier: 
New theory enables new measurements  
from old LEP data!
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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Healthy Together

Polarized training model

80% e!ort in low zones 1 + 2 with only 20% in zones 4 + 5
“Go slow to go fast”

”What is best practice for training intensity and duration distribution in
endurance athletes?” [S Seiler (2010)]

running @ QCD journal club zone training by Maximillian @ group meeting



Jet Substructure with Energy Correlators
Ankita Budhraja



1

QCD AT PARTICLE COLLIDERS

• QCD is the fundamental theory of strong interactions.

• Jets are manifestation of QCD in real-
world particle colliders.

asymptotic 
freedom

confinement

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA



QCD AT PARTICLE COLLIDERS

1

QCD precision studies

Probe quark-gluon plasma

New physics searches / ?/ ?

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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ENERGY CORRELATORS IN JETS

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA

Data
Theory

EE
C
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WHY ENERGY CORRELATORS ?

ΛQCD

perturbative

no
np

er
tu

rb
at

iv
e

theory
fit

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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HIGHER-POINT CORRELATORS : COMPUTATIONALLY EXPENSIVE

RL RL

RL

2-pt 3-pt 4-pt useful for  determinationαs

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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HIGHER-POINT CORRELATORS : COMPUTATIONALLY EXPENSIVE

RL RL

RL

2-pt 3-pt 4-pt

takes  computational time.𝒪(MN)

medium modifications

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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HIGHER-POINT CORRELATORS : COMPUTATIONALLY EXPENSIVE

RL RL

RL

2-pt 3-pt 4-pt

takes  computational time.𝒪(MN)

I will focus 
on this !

medium modifications

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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FAST COMPUTATION

measure distances relative to a 
special particle s

 computational time for any 𝒪(M2 log M) N!

Samuel Alipour-fard Jesse Thaler Wouter Waalewijn

New definition, same physics !

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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VISUALIZING JET SUBSTRUCTURE

AK5 Jets, |¥jet| < 1.9

pjet
T 2 [500, 550] GeV

CMS Open Data : 2011A Jet Primary Dataset

R1 2 [0.27, 0.3]

¡2

R2/R1

RE3C

10°1

100

101

102

• Qualitative differences between QCD jets and W boson jets. 

AK8 Jets, |¥jet| < 1.9

pjet
T 2 [500, 550] GeV

Pythia 8.310, pp ! W+ W°,
p

s = 14 TeV

R1 2 [0.21, 0.23]

¡2

R2/R1

RE3C

100

101

102

AK5 Jets, |¥jet| < 1.9

pjet
T 2 [500, 550] GeV

CMS Open Data : 2011A Jet Primary Dataset

RL 2 [0.27, 0.3]

¡L-S

RS/RL

RE3C

100

101

102

103

traditional

new

QCD jet W jet

s i1

i2

ϕ

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA
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GAINS : UNDERSTANDING THE NON-PERTURBATIVE EFFECTS
Wouter WaalewijnIsabelle Pels

our prediction !

• For , nonperturbative 
large and negative.

N < 1

NP =
N ΛQCD

Q R3/2
1

−(
ΛQCD

Q )N 1
R1+N/2

1

no
np

er
tu

rb
at

iv
e

PYTHIA

−1 × NP

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA



9

GAINS : NEW OBSERVABLES TO PROBE MEDIUM EFFECTS

Samuel Alipour-fard Jesse Thaler Wouter WaalewijnArjun Kudinoor
• A new generalization of 3-point correlator

• Standard choice  is the least 
discriminating

p = q = 1

Scanning observables to 
discriminate pp and PbPb jets

IRC 
unsafe

• Stats is hard for energy correlators.

• We define a new discriminant D. 
D = 0 no discrimination D = 1 perfect discrimination

JET SUBSTRUCTURE WITH ENERGY CORRELATORS; ANKITA BUDHRAJA





Energy 
Correlators



Old Problems, New Solutions

● What is beta-decay?

● What is double beta-decay?

● My theory and experimental work.

Saad el Morabit: Dark Matter and Theory Group

https://xenonexperiment.org/photos



The ABC of Radioactivity, over a 100 years of decay

● Fact of life: Things Fall Apart. Some large particles decay into smaller ones

● Why? Daughter particle is more energetically favourable than mother

● Many ways to do this, important one is beta decay: n->p + e- + ν 

● Alternatively: positron emission and electron capture
Lewis, G. M. (1970) Neutrinos



Double Beta Decay. What is it?
● Now two neutrons decay 2n->2p + 2e- + 2ν (Xe136, maybe Xe134)

● Also has positron and electron capture cousin (Xe124, even rarer 10^22 yr)

● Rarest events on the record: Xe136 ~ 10^21 yr. Universe’s age 1*10^10 yr

● Neutrinoless variety, implies neutrino
Is its own antiparticle (nobel prize)

● Respected nuclear models disagree
by whole integers (really hard physics)

https://www.rcnp.osaka-u.ac.jp/candles/index.html?Lang=EN&InputContents=Study



New paper: “Radiative corrections to two-neutrino double-beta decay”

● Electric Field near nucleus is enormous (~10^21 V/m), electron is scattering

● Only partially solved: Electron feels whole nucleus through Coulomb’s law

● What we did: allowed the electron to radiate photons

● Status quo: Just combined single beta decay corrections

● Result 1: status quo is far off because of electron-electron repulsion (% diff)

● Result 2: insensitive to nuclear details

https://arxiv.org/pdf/2603.23592



Black: status quo and Red: what we did

Photons mess up event reconstruction

Fraction of events generating a photon

This is for Ge76 but also applies to Xe136



Current Experimental Work

● Use own theory work in measurement of Xe136 in XENONnT

● Simulate various backgrounds (U235, K40, Cs137, Co60, solar neutrinos, …)

● Match data-simulation matching, binned-inference, cut analysis, etc.

● BBKING: program to allow experimentalists to generate spectra themselves

Saad chiseling 
off some ice
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