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• Theory challenges with current top mass measurements


• Energy Correlators for precision jet substructure


• A new proposal for top mass using EECs


• Demonstrating robustness and experimental feasibility 
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Precision Measurements: Key to new physics

Impact of the large 
uncertainty in Mtop

• The masses of the Higgs,  and  bosons known to < 0.2% precision


• The top mass (~172 GeV) is not as precise as you’d like it to be:


-  (~ 1 GeV) contributes the largest uncertainty  


- A large 20 GeV uncertainty in the indirect  from  


- Crucial for EW Vacuum stability analysis
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(Jet energy scale) 
Impacts Mjet, Mtt̄, pT, …

(UE Modeling)

The current status of collider QCD predictions
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(Jet energy scale) 
Impacts Mjet, Mtt̄, pT, …

(UE Modeling)

The current status of collider QCD predictions

Dyanmics of the initial state 
under good theoretical control


(which is why we could 
measure the  so precisely)MW

Use Monte Carlo simulations for strong 
interactions in the final state. 


• Extremely versatile


• But not precise enough  
for something so sensitive 
as the top quark mass


• Doesn’t include soft gluon,  
Coulomb resummation
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Existing top mass determinations
• A number of complementary techniques 


• Excellent summary: Review of top quark mass 
measurements in CMS, Phys.Rept. 1115 (2025) 116-218



8

Top Mass from Total Cross Section
• Theoretically robust as it primarily depends on PDF and 

hard scattering


• Yields measurement in well defined  scheme.


• Weak sensitivity to the top mass.


Main sources of uncertainty:


• Integrated luminosity


• Correlations in PDF, 

MS

αs, mt
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Pole Mass Measurements
• Gain more sensitivity by considering normalized multi-

differential distributions: 


• The highest sensitivity in the  region. 
Coulomb effects on quasi-bound  state become important  
[See Maria Garzelli’s talk]


- Very hard to compute for  
differential distributions


- Not included in current extractions

mtt̄, ytt̄

mtt̄ ∈ (340,360) GeV
tt̄
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Pole Mass Measurements
• Gain more sensitivity by considering normalized multi-

differential distributions: 


• The highest sensitivity in the  region. 
Coulomb effects on quasi-bound  state become important  
[See Maria Garzelli’s talk]


- Very hard to compute for  
differential distributions


- Not included in current extractions


- Argued to induce  impact 

mtt̄, ytt̄

mtt̄ ∈ (340,360) GeV
tt̄

𝒪(1 GeV)
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Direct Measurements
• Fit to data -dependent Monte Carlo templates 


• Main sources of uncertainty: 


- Experimental: JES, JER


- Modelling: b jet, FSR, CR


• No well defined relation to a field-theoretic mass scheme: 


-  conceptual uncertainty


- Challenging to calibrate


- Also impacts alternative 
measurements 

mt

𝒪(1 GeV)

See Hoang 2004.12915
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Boosted Jet Mass
• Boosted region amenable to precise, hadron-level (SCET-

based) calculations.


• Unfold the distribution to enable comparison with the theory


• Plain jet mass yields large uncertainties


• Gaining higher sensitivity needs jet grooming or XCone 
clustering:


- Beyond the scope of current  
jet substructure resummed  
calculations 
(requires careful treatment  
of exclusive top-decay)
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Hadron-level predictions for boosted jet mass
• High-order analytical resummation using SCET 

and HQET of jet mass in the boosted region. 

• Analytical, model-independent treatment of 
leading hadronization effects


- Calibrate  and hadronization models 
 

- Direct extraction using soft drop jet mass

mMC
t

Bachu, Hoang, Mateu, AP, Stewart Phys.Rev.D 104 (2021)

Dehnadi, Hoang, Jin, Mateu JHEP 12 (2023) 065 
Hoang, Jin, Plätzer, Samitz JHEP 10 (2018) 200 
Ferdinand, Lee, AP Phys.Rev.D 108 (2023) 11, L111501

Hoang, Mantry, AP, Stewart Phys.Rev.D 100 (2019) 7, 074021
<latexit sha1_base64="AKudufKmyqbjO+f66PnHpwgQaOc="></latexit>
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MC Top Mass Calibration

• Use high precision NNLL+  to calibrate 


• MC top mass consistent with MSR mass at 1 GeV


• Differences in the shape absorbed in 


• Missing in this approach for  (  0.5-1.0 GeV effects):


- Interpretation for non-boosted tops


- UE and initial state MPI


- Non-universal power corrections (CR)

Ω1 mMC
t

ΩMC
1

pp ∼

Dehnadi, Hoang, Jin, Mateu 
JHEP 12 (2023) 065



• Compromise between  
theoretical control and mass sensitivity.

Problems with top mass measurements
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Current Paradigm:

 

 (soft physics)

Δmpole
t = ± 0.7 GeV

+𝒪(1 GeV)

Mtt̄

Better Theoretical Control

M
as

s 
Se

ns
iti

vi
ty

ΔmMS
t ∼ ± 2 GeV

σtt̄



 


(Modeling hadronization)

ΔmMC
t = ± 0.3 GeV
+𝒪(1 GeV)

Mreco
top
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The Standard Candle Approach
The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

DataProton Structure,  
Hard Scattering MC Simulations
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The Standard Candle Approach
The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

DataProton Structure,  
Hard Scattering MC Simulations

MC Simulations
Useful for testing, 

developing  
(and unfolding)

The EEC-based 
Standard Candle 
Approach

Precise calculations 
and  

no modeling

Direct 
Comparison

Data

Proposal: A unique Energy Correlator-based “Standard-Candle” approach:
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The Standard Candle Approach
The over-reliance of current approaches on MC simulations presents a bottleneck that limits precision.

DataProton Structure,  
Hard Scattering MC Simulations

MC Simulations
Useful for testing, 

developing  
(and unfolding)

The EEC-based 
Standard Candle 
Approach

Precise calculations 
and  

no modeling

Direct 
Comparison

Data

σtt̄

Mtt̄

Mreco
top

Better Perturbative Control

M
as

s 
Se

ns
iti

vi
ty

A new indirect Mtop

Proposal: A unique Energy Correlator-based “Standard-Candle” approach:
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• Theory challenges with current top mass measurements


• Energy Correlators for precision jet substructure


• A new proposal for top mass using EECs


• Demonstrating robustness and experimental feasibility 
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Energy Correlators

• Correlation functions are extremely powerful. 


• An explosion of applications of Energy Correlators in  
collider QCD.


• First dedicated workshop on EECs at Mainz this year:

125 6. Initial Conditions from Inflation

CMB (Hlozek et al. 2011)

Weak Lensing (Tinker et al. 2011)

Clusters (Sehgal et al. 2011)

CMB Lensing (Das et al. 2011)

Galaxy Clustering (Reid et al. 2010)

LyA (McDonald et al. 2006)

non-linear

linear 
(reconstructed)

Figure 6.4: Compilation of the latest measurements of the matter power spectrum.
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Figure 6.5: The latest measurements of the CMB angular power spectrum by the Planck satellite.

6.6.2 CMB Anisotropies

The temperature fluctuations in the cosmic microwave background are sourced predominantly

by scalar (density) fluctuations. Acoustic oscillations in the primordial plasma before recombi-

nation lead to a characteristic peak structure of the angular power spectrum of the CMB; see

fig. 6.5. The precise shape of the spectrum depends both on the initial conditions (through the

parameters As and ns) and the cosmological parameters (through parameters like ⌦m, ⌦⇤, ⌦k,

Measurements by Plank Satellite

<latexit sha1_base64="PsZ7nNY/UVPlIHRu3s41ySp8CKA="></latexit>

h�T (n̂1)�T (n̂2)i

‣ jet substructure, precision measurements, heavy ion, nuclear structure, light-ray operator product 
expansion, bootstrap, connections with celestial holography, … 



• One of the very first event shapes and a QCD correlation 
observable. 


• For : 
 




• Each event contributes to multiple bins, with the final 
distribution being an ensemble average over all events.

e+e− → γ*/Z → qq̄ + X

dΣEEC

d cos χ
= ∑

ij
∫

EiEj

Q2
δ( ⃗n i ⋅ ⃗n j − cos χ) dσ

21

The Energy Energy Correlator
Basham et al. 1978

EEC at NNLO

Most event shape variables have been computed to NNLO since
2007 [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich; Weinzierl], except EEC
Only recently calculated using the CoLoRfulNNLO subtraction [Del Duca, Duhr,

Kardos, Somogyi, Trocsanyi, 2016; Tulipant, Kardos, Somogyi, 2017]

Sizable corrections from LO to NLO to NNLO
Hua Xing Zhu Energy-Energy Correlation March 20, 2018 5 / 24

• In fixed order expansion: 
dΣEEC = δ(1 + cos χ) + αsdΣ(LO) + α2

s dΣ(NLO) + α3
s dΣ(NNLO) + …

Collinear 
limit

Back-to-back limit

• Two limits exhibiting a rich all-orders structure: 


- The Collinear limit: 


- The back-to-back limit: 

χ → 0

χ → π



• For  collisions we can measure the EEC on particles inside jets


- Use 


-

pp

ΔRij = Δη2
ij + Δϕ2

ij

zQ2 → (pTΔR)2

• In the collinear limit we find that the fixed order expansion breaks down 
for : 




• In QCD a time-like factorization formula can be derived to resum large 
logs in the collinear limit: 
 

z → 0

lim
z→0

dΣEEC ∼
αs

z (1 + αs ln z + (αs ln z)2 + …) , z ≡
1 − cos χ

2

ΣEEC(z, ln
Q2

μ2
, μ) = ∫

1

0
dx x2 ⃗J EEC(ln

x2zQ2

μ2
, μ) ⋅ ⃗H(x,

Q2

μ2
, μ) × (1 + 𝒪(z))
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Universal behavior in the collinear limit

Dixon, Moult, Zhu 2019

zQ2 → (pTR)2
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e+e�, Q = mZ

<latexit sha1_base64="+k5vcYTn9uU2ra7J/iWfPQhK4do=">AAACOHicbVBNS8NAEN34WetXVfDiJVgEvZREpHoUvXjwUMFqwZYw2Wzs0t1N2J2IJfbPeNVf4D/x5k28+gvctD3Y6oOBx3szzMwLU8ENet67MzM7N7+wWFoqL6+srq1XNjZvTJJpypo0EYluhWCY4Io1kaNgrVQzkKFgt2HvvPBvH5g2PFHX2E9ZR8K94jGngFYKKttt7DKE4HK/rWWuIeKgzOAgqFS9mjeE+5f4Y1IlYzSCDafcjhKaSaaQCjDmzvdS7OSgkVPBBuV2ZlgKtAf37M5SBZKZTj58YODuWSVy40TbUugO1d8TOUhj+jK0nRKwa6a9QvzXexwtmNAiUyyZ1EI5dSHGJ52cqzRDpujowDgTLiZukaIbcc0oir4lQDW3P7q0Cxoo2qzLNj1/Oqu/5Oaw5tdr9auj6unZOMcS2SG7ZJ/45JickgvSIE1CyRN5Ji/k1XlzPpxP52vUOuOMZ7bIBJzvH9EVrMU=</latexit>

✓L(radians)

<latexit sha1_base64="1sexMWvIc3YB9DJMks2F51cAzDI=">AAACNnicbZDLSsNAFIYn9VbjrVV3boJFcFUSkeqy6MZlFXuBNpTJ5LQdOpOEmYm0hr6LW30CX8WNO3HrIzhJs7CtBwZ+vnMO55/fixiVyrY/jMLa+sbmVnHb3Nnd2z8olQ9bMowFgSYJWSg6HpbAaABNRRWDTiQAc49B2xvfpv32EwhJw+BRTSNwOR4GdEAJVhr1S8c9BRO9lzyAjDnP6KxfqthVOytrVTi5qKC8Gv2yYfb8kMQcAkUYlrLr2JFyEywUJQxmZi+WEGEyxkPoahlgDtJNMvsz60wT3xqEQr9AWRn9u5FgLuWUe3pSGxzJ5V4K/+1N5gcWmC/TI4vM40sO1eDaTWgQxQoCMjc4iJmlQivN0PKpAKLYVAtMBNV/tMgIC0yUTtrU6TnLWa2K1kXVqVVr95eV+k2eYxGdoFN0jhx0heroDjVQExH0jF7QK3oz3o1P48v4no8WjHznCC2U8fMLiUKsuA==</latexit>

Resummation

<latexit sha1_base64="2lHwROS04BmYh1gtB/ExRuSCFDQ=">AAACNnicbVDLTsJAFJ36RHyBunPTSExckdYYdEl04xITeSSUkOlwgQkzbTNza8Cm/+JWv8BfcePOuPUTHKALAU8yyck59+aeOX4kuEbH+bDW1jc2t7ZzO/ndvf2Dw0LxqKHDWDGos1CEquVTDYIHUEeOAlqRAip9AU1/dDf1m0+gNA+DR5xE0JF0EPA+ZxSN1C2ceAhjTDyQ0TCpTXDIaZp2CyWn7MxgrxI3IyWSodYtWnmvF7JYQoBMUK3brhNhJ6EKOROQ5r1YQ0TZiA6gbWhAJehOMouf2udG6dn9UJkXoD1T/24kVGo9kb6ZlBSHetmbiv964/mBBa2np0cWNV8uJcT+TSfhQRQjBGwesB8LG0N72qHd4woYiokhlClu/mizIVWUoWk6b9pzl7taJY3LslspVx6uStXbrMccOSVn5IK45JpUyT2pkTph5Jm8kFfyZr1bn9aX9T0fXbOynWOyAOvnF4INrLQ=</latexit>

Pythia
<latexit sha1_base64="/AOr5OUA8+L5bdaKqpkiVPmg3UE=">AAACNnicbVDLTsJAFJ36RHyBunPTSExckdYYdEl0wxITeSRAyHS4wISZtpm5VbDhX9zqF/grbtwZt36CU+hCwJNMcnLOvblnjhcKrtFxPqy19Y3Nre3MTnZ3b//gMJc/qusgUgxqLBCBanpUg+A+1JCjgGaogEpPQMMb3SV+4xGU5oH/gJMQOpIOfN7njKKRurmTNsIY4zbIcBhXQD3xwXTazRWcojODvUrclBRIimo3b2XbvYBFEnxkgmrdcp0QOzFVyJmAabYdaQgpG9EBtAz1qQTdiWfxp/a5UXp2P1Dm+WjP1L8bMZVaT6RnJiXFoV72EvFfbzw/sKD1dHJkUfPkUkLs33Ri7ocRgs/mAfuRsDGwkw7tHlfAUEwMoUxx80ebDamiDE3TWdOeu9zVKqlfFt1SsXR/VSjfpj1myCk5IxfEJdekTCqkSmqEkWfyQl7Jm/VufVpf1vd8dM1Kd47JAqyfX3H2rKs=</latexit>

Herwig
<latexit sha1_base64="QrH+5UfaiVm3f/rDnb55c7xgqR8=">AAACM3icbVDLTsJAFJ3iC+sLdOmmkZjghrRqUHaoGxcmYiKPBBoynQ4wYfrIzK1CGj7FrX6BH2PcGbf+g1PoQsCTTHJyzr25Z44TcibBND+0zMrq2vpGdlPf2t7Z3cvl9xsyiAShdRLwQLQcLClnPq0DA05boaDYczhtOsObxG8+USFZ4D/COKS2h/s+6zGCQUndXL4DdATxfe3qrmhVKmcnk26uYJbMKYxlYqWkgFLUunlN77gBiTzqA+FYyrZlhmDHWAAjnE70TiRpiMkQ92lbUR97VNrxNPvEOFaKa/QCoZ4PxlT9uxFjT8qx56hJD8NALnqJ+K83mh2Y01yZHJnXHG8hIfQu7Zj5YQTUJ7OAvYgbEBhJgYbLBCXAx4pgIpj6o0EGWGACqmZdtWctdrVMGqclq1wqP5wXqtdpj1l0iI5QEVnoAlXRLaqhOiLoGb2gV/SmvWuf2pf2PRvNaOnOAZqD9vMLjj2pfA==</latexit>

OPAL(1993)

<latexit sha1_base64="pZSTePzA4MQubW0VujRygOC1kjk=">AAACJ3icbVDLSgMxFE3qq9ZXq0s3wSK4scyIVJdFNy4r2Ae0Y8lkMm1okhmSjFiGfoRb/QK/xp3o0j8x087Cth4IHM65l3ty/JgzbRznGxbW1jc2t4rbpZ3dvf2DcuWwraNEEdoiEY9U18eaciZpyzDDaTdWFAuf044/vs38zhNVmkXywUxi6gk8lCxkBBsrdVznMT13p4Ny1ak5M6BV4uakCnI0BxVY6gcRSQSVhnCsdc91YuOlWBlGOJ2W+ommMSZjPKQ9SyUWVHvpLO8UnVolQGGk7JMGzdS/GykWWk+EbycFNiO97GXiv97z/MCCFujsyKLmi6WEJrz2UibjxFBJ5gHDhCMToaw0FDBFieETSzBRzP4RkRFWmBhbbcm25y53tUraFzW3XqvfX1YbN3mPRXAMTsAZcMEVaIA70AQtQMAYvIBX8Abf4Qf8hF/z0QLMd47AAuDPL6FepZA=</latexit>

10�1
<latexit sha1_base64="FX2ABLq80O1T8s7vH0h5UqafHDU=">AAACJnicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5cV7APasWQymTY2yQxJRixD/8GtfoFf407EnZ9ipu3Cth4IHM65l3tygoQzbVz3GxbW1jc2t4rbzs7u3v5BqXzY0nGqCG2SmMeqE2BNOZO0aZjhtJMoikXAaTsY3eR++4kqzWJ5b8YJ9QUeSBYxgo2VWp77kLmTfqniVt0p0Crx5qQC5mj0y9DphTFJBZWGcKx113MT42dYGUY4nTi9VNMEkxEe0K6lEguq/Wwad4JOrRKiKFb2SYOm6t+NDAutxyKwkwKboV72cvFf73l2YEELdX5kUQvEUkITXfkZk0lqqCSzgFHKkYlR3hkKmaLE8LElmChm/4jIECtMjG3Wse15y12tktZ51atVa3cXlfr1vMciOAYn4Ax44BLUwS1ogCYg4BG8gFfwBt/hB/yEX7PRApzvHIEFwJ9fKqylWA==</latexit>

100

<latexit sha1_base64="5IIMluGpiyVIpVFdDVvDe9pCjW4=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtRujSs2tuwugv8QrSA0UaI2q0BmGMUkFlYZwrPXAcxPjZ1gZRjidO8NU0wSTKR7TgaUSC6r9bJF0js6tEqIoVvZJgxbq740MC61nIrCTApuJXvdy8V/vaXlgRQt1fmRVC8RaQhPd+BmTSWqoJMuAUcqRiVFeFwqZosTwmSWYKGb/iMgEK0yMLdWx7XnrXf0l3cu616g32le15m3RYxmcgjNwATxwDZrgHrRABxBAwTN4Aa/wDb7DD/i5HC3BYucErAB+/wB8KaN1</latexit>

6

<latexit sha1_base64="oldeFIRjF2AJu9VuuuRh9IOr6LA=">AAACHXicbVDLTgIxFL2DLxxf4NZNIzFxRWaMQZdENy4xkUcCE9LpdKCh7UzajpEQvsCtfoFf484tf2MHZiHgSZqcnHNv7ukJU8608byFU9rZ3ds/KB+6R8cnp2cVt9rRSaYIbZOEJ6oXYk05k7RtmOG0lyqKRchpN5w85n73lSrNEvlipikNBB5JFjOCjZWeb4eVmlf3lkDbxC9IDQq0hlXHHUQJyQSVhnCsdd/3UhPMsDKMcDp3B5mmKSYTPKJ9SyUWVAezZdI5urJKhOJE2ScNWqp/N2ZYaD0VoZ0U2Iz1ppeL/3pvqwNrWqTzI+taKDYSmvg+mDGZZoZKsgoYZxyZBOV1oYgpSgyfWoKJYvaPiIyxwsTYUl3bnr/Z1Tbp3NT9Rr1Raz4ULZbhAi7hGny4gyY8QQvaQIDCO3zAp/PlfDs/q8GSU2ycwxqcxS+tW6IQ</latexit>

4

<latexit sha1_base64="oz8lyYpamctkRBYr3s1Fcg8Paik=">AAACIXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNFqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsL23ogcDjnXu7J8WPOtHGcb1jY2t7Z3Svulw4Oj45PypXTro4SRWiHRDxSfR9rypmkHcMMp/1YUSx8Tnv+9D7ze09UaRbJRzOLqSfwWLKQEWys1K6PylWn5iyANombkyrI0RpVYGkYRCQRVBrCsdYD14mNl2JlGOF0XhommsaYTPGYDiyVWFDtpYukc3RplQCFkbJPGrRQ/26kWGg9E76dFNhM9LqXif96z8sDK1qgsyOrmi/WEprw1kuZjBNDJVkGDBOOTISyulDAFCWGzyzBRDH7R0QmWGFibKkl25673tUm6dZrbqPWaF9Xm3d5j0VwDi7AFXDBDWiCB9ACHUAABS/gFbzBd/gBP+HXcrQA850zsAL48wt1NaNx</latexit>

2

<latexit sha1_base64="XRYa/KXh1FTBQjpIxiDyfL/TzDI=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZUqsuiG5ct2Ae0Q8lkMm1okhmSjFhKv8CtfoFf407ciT9jpp2FbT0QOJxzL/fkBAln2rjuNyxsbG5t7xR3nb39g8OjUvm4reNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvs/8zhNVmsXy0UwS6gs8lCxiBBsrNa8GpYpbdedA68TLSQXkaAzK0OmHMUkFlYZwrHXPcxPjT7EyjHA6c/qppgkmYzykPUslFlT703nSGTq3SoiiWNknDZqrfzemWGg9EYGdFNiM9KqXif96z4sDS1qosyPLWiBWEpro1p8ymaSGSrIIGKUcmRhldaGQKUoMn1iCiWL2j4iMsMLE2FId25632tU6aV9WvVq11ryu1O/yHovgFJyBC+CBG1AHD6ABWoAACl7AK3iD7/ADfsKvxWgB5jsnYAnw5xd28qNy</latexit>

3

<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0

<latexit sha1_base64="oz8lyYpamctkRBYr3s1Fcg8Paik=">AAACIXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNFqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsL23ogcDjnXu7J8WPOtHGcb1jY2t7Z3Svulw4Oj45PypXTro4SRWiHRDxSfR9rypmkHcMMp/1YUSx8Tnv+9D7ze09UaRbJRzOLqSfwWLKQEWys1K6PylWn5iyANombkyrI0RpVYGkYRCQRVBrCsdYD14mNl2JlGOF0XhommsaYTPGYDiyVWFDtpYukc3RplQCFkbJPGrRQ/26kWGg9E76dFNhM9LqXif96z8sDK1qgsyOrmi/WEprw1kuZjBNDJVkGDBOOTISyulDAFCWGzyzBRDH7R0QmWGFibKkl25673tUm6dZrbqPWaF9Xm3d5j0VwDi7AFXDBDWiCB9ACHUAABS/gFbzBd/gBP+HXcrQA850zsAL48wt1NaNx</latexit>

2

<latexit sha1_base64="oldeFIRjF2AJu9VuuuRh9IOr6LA=">AAACHXicbVDLTgIxFL2DLxxf4NZNIzFxRWaMQZdENy4xkUcCE9LpdKCh7UzajpEQvsCtfoFf484tf2MHZiHgSZqcnHNv7ukJU8608byFU9rZ3ds/KB+6R8cnp2cVt9rRSaYIbZOEJ6oXYk05k7RtmOG0lyqKRchpN5w85n73lSrNEvlipikNBB5JFjOCjZWeb4eVmlf3lkDbxC9IDQq0hlXHHUQJyQSVhnCsdd/3UhPMsDKMcDp3B5mmKSYTPKJ9SyUWVAezZdI5urJKhOJE2ScNWqp/N2ZYaD0VoZ0U2Iz1ppeL/3pvqwNrWqTzI+taKDYSmvg+mDGZZoZKsgoYZxyZBOV1oYgpSgyfWoKJYvaPiIyxwsTYUl3bnr/Z1Tbp3NT9Rr1Raz4ULZbhAi7hGny4gyY8QQvaQIDCO3zAp/PlfDs/q8GSU2ycwxqcxS+tW6IQ</latexit>

4

<latexit sha1_base64="5IIMluGpiyVIpVFdDVvDe9pCjW4=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtRujSs2tuwugv8QrSA0UaI2q0BmGMUkFlYZwrPXAcxPjZ1gZRjidO8NU0wSTKR7TgaUSC6r9bJF0js6tEqIoVvZJgxbq740MC61nIrCTApuJXvdy8V/vaXlgRQt1fmRVC8RaQhPd+BmTSWqoJMuAUcqRiVFeFwqZosTwmSWYKGb/iMgEK0yMLdWx7XnrXf0l3cu616g32le15m3RYxmcgjNwATxwDZrgHrRABxBAwTN4Aa/wDb7DD/i5HC3BYucErAB+/wB8KaN1</latexit>

6

<latexit sha1_base64="46apvGdOrpmE0tNtDjm/A5UOBB0=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtb1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBzeKNw</latexit>

1

<latexit sha1_base64="oz8lyYpamctkRBYr3s1Fcg8Paik=">AAACIXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNFqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsL23ogcDjnXu7J8WPOtHGcb1jY2t7Z3Svulw4Oj45PypXTro4SRWiHRDxSfR9rypmkHcMMp/1YUSx8Tnv+9D7ze09UaRbJRzOLqSfwWLKQEWys1K6PylWn5iyANombkyrI0RpVYGkYRCQRVBrCsdYD14mNl2JlGOF0XhommsaYTPGYDiyVWFDtpYukc3RplQCFkbJPGrRQ/26kWGg9E76dFNhM9LqXif96z8sDK1qgsyOrmi/WEprw1kuZjBNDJVkGDBOOTISyulDAFCWGzyzBRDH7R0QmWGFibKkl25673tUm6dZrbqPWaF9Xm3d5j0VwDi7AFXDBDWiCB9ACHUAABS/gFbzBd/gBP+HXcrQA850zsAL48wt1NaNx</latexit>

2

<latexit sha1_base64="oldeFIRjF2AJu9VuuuRh9IOr6LA=">AAACHXicbVDLTgIxFL2DLxxf4NZNIzFxRWaMQZdENy4xkUcCE9LpdKCh7UzajpEQvsCtfoFf484tf2MHZiHgSZqcnHNv7ukJU8608byFU9rZ3ds/KB+6R8cnp2cVt9rRSaYIbZOEJ6oXYk05k7RtmOG0lyqKRchpN5w85n73lSrNEvlipikNBB5JFjOCjZWeb4eVmlf3lkDbxC9IDQq0hlXHHUQJyQSVhnCsdd/3UhPMsDKMcDp3B5mmKSYTPKJ9SyUWVAezZdI5urJKhOJE2ScNWqp/N2ZYaD0VoZ0U2Iz1ppeL/3pvqwNrWqTzI+taKDYSmvg+mDGZZoZKsgoYZxyZBOV1oYgpSgyfWoKJYvaPiIyxwsTYUl3bnr/Z1Tbp3NT9Rr1Raz4ULZbhAi7hGny4gyY8QQvaQIDCO3zAp/PlfDs/q8GSU2ycwxqcxS+tW6IQ</latexit>

4

<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0
<latexit sha1_base64="XRYa/KXh1FTBQjpIxiDyfL/TzDI=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZUqsuiG5ct2Ae0Q8lkMm1okhmSjFhKv8CtfoFf407ciT9jpp2FbT0QOJxzL/fkBAln2rjuNyxsbG5t7xR3nb39g8OjUvm4reNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004wvs/8zhNVmsXy0UwS6gs8lCxiBBsrNa8GpYpbdedA68TLSQXkaAzK0OmHMUkFlYZwrHXPcxPjT7EyjHA6c/qppgkmYzykPUslFlT703nSGTq3SoiiWNknDZqrfzemWGg9EYGdFNiM9KqXif96z4sDS1qosyPLWiBWEpro1p8ymaSGSrIIGKUcmRhldaGQKUoMn1iCiWL2j4iMsMLE2FId25632tU6aV9WvVq11ryu1O/yHovgFJyBC+CBG1AHD6ABWoAACl7AK3iD7/ADfsKvxWgB5jsnYAnw5xd28qNy</latexit>

3

<latexit sha1_base64="46apvGdOrpmE0tNtDjm/A5UOBB0=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtb1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBzeKNw</latexit>

1

<latexit sha1_base64="oz8lyYpamctkRBYr3s1Fcg8Paik=">AAACIXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNFqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsL23ogcDjnXu7J8WPOtHGcb1jY2t7Z3Svulw4Oj45PypXTro4SRWiHRDxSfR9rypmkHcMMp/1YUSx8Tnv+9D7ze09UaRbJRzOLqSfwWLKQEWys1K6PylWn5iyANombkyrI0RpVYGkYRCQRVBrCsdYD14mNl2JlGOF0XhommsaYTPGYDiyVWFDtpYukc3RplQCFkbJPGrRQ/26kWGg9E76dFNhM9LqXif96z8sDK1qgsyOrmi/WEprw1kuZjBNDJVkGDBOOTISyulDAFCWGzyzBRDH7R0QmWGFibKkl25673tUm6dZrbqPWaF9Xm3d5j0VwDi7AFXDBDWiCB9ACHUAABS/gFbzBd/gBP+HXcrQA850zsAL48wt1NaNx</latexit>

2

<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0

<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0

<latexit sha1_base64="6DVc8fw2NqlTDUvGaBDGl1UUi4c="></latexit>

2N
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22

• EECs enable a field-theoretic 
analysis of hadronization 
effects.


• A field-theoretic statement 
about the leading 
nonperturbative correction:


• This  is universal with dijet 
event shapes in  collisions.


• Enables a model-independent 
assessment of hadronization 
effects in  measurement

Ω1q
e+e−

αs

<latexit sha1_base64="AQiCGc8xyniiNYTX1M1VP7Rou3A=">AAACRXicbVDLSgNBEJyN7/iMHr0MBiGihF2R6DHoxUPwhYlCEsLspJMMzuwuM72SsOQD/Bqv+gV+gx/hTbzq5HEw0YKBmqpuurv8SAqDrvvupGZm5+YXFpfSyyura+sbmc2KCWPNocxDGep7nxmQIoAyCpRwH2lgypdw5z+cDfy7R9BGhMEt9iKoK9YOREtwhlZqbGRrCF1Mbg7oRanU3x/9SpeWXSpos9xNw92zVW7eHYL+Jd6YZMkYV42Mk641Qx4rCJBLZkzVcyOsJ0yj4BL66VpsIGL8gbWhamnAFJh6MrymT3et0qStUNsXIB2qvzsSpozpKd9WKoYdM+0NxH+97mjAhNY0gyGTmq+mNsTWST0RQRQjBHy0YCuWFEM6iJQ2hQaOsmcJ41rYGynvMM042uDTNj1vOqu/pHKY9wr5wvVRtng6znGRbJMdkiMeOSZFck6uSJlw8kSeyQt5dd6cD+fT+RqVppxxzxaZgPP9A3posOI=</latexit>

R, NLL + LO+ ⌦(R0)
<latexit sha1_base64="AQiCGc8xyniiNYTX1M1VP7Rou3A=">AAACRXicbVDLSgNBEJyN7/iMHr0MBiGihF2R6DHoxUPwhYlCEsLspJMMzuwuM72SsOQD/Bqv+gV+gx/hTbzq5HEw0YKBmqpuurv8SAqDrvvupGZm5+YXFpfSyyura+sbmc2KCWPNocxDGep7nxmQIoAyCpRwH2lgypdw5z+cDfy7R9BGhMEt9iKoK9YOREtwhlZqbGRrCF1Mbg7oRanU3x/9SpeWXSpos9xNw92zVW7eHYL+Jd6YZMkYV42Mk641Qx4rCJBLZkzVcyOsJ0yj4BL66VpsIGL8gbWhamnAFJh6MrymT3et0qStUNsXIB2qvzsSpozpKd9WKoYdM+0NxH+97mjAhNY0gyGTmq+mNsTWST0RQRQjBHy0YCuWFEM6iJQ2hQaOsmcJ41rYGynvMM042uDTNj1vOqu/pHKY9wr5wvVRtng6znGRbJMdkiMeOSZFck6uSJlw8kSeyQt5dd6cD+fT+RqVppxxzxaZgPP9A3posOI=</latexit>

R, NLL + LO+ ⌦(R0)

<latexit sha1_base64="+GVZ/NvdL6SmxJVKROdujPOaDZY=">AAACNXicbVDNSsNAGNzUvxr/Wnv0EixCvYSkaPUiFL14rGBbsQ1hs9m0S3eTsLsRQ+izeNUn8Fk8eBOvvoKbNgfbOrAwzHwf3+x4MSVCWtaHVlpb39jcKm/rO7t7+weV6mFPRAlHuIsiGvEHDwpMSYi7kkiKH2KOIfMo7nuTm9zvP2EuSBTeyzTGDoOjkAQEQakkt1IbQhqPoSsazH08vbJMu3nuVuqWac1grBK7IHVQoONWNX3oRyhhOJSIQiEGthVLJ4NcEkTxVB8mAscQTeAIDxQNIcPCyWbpp8aJUnwjiLh6oTRm6t+NDDIhUuapSQblWCx7ufiv9zw/sKD5Ij+yqHlsKaEMLp2MhHEicYjmAYOEGjIy8goNn3CMJE0VgYgT9UcDjSGHSKqiddWevdzVKuk1Tbtltu7O6u3roscyOALHoAFscAHa4BZ0QBcgkIIX8AretHftU/vSvuejJa3YqYEFaD+/q1uqAg==</latexit>

↵s(mZ) = 0.125
<latexit sha1_base64="etCnjIkNvFl9XMkvnUSubR4EPW4=">AAACNXicbVDLSsNAFJ3UV42v1i7dBItQNyERrW6EohuXFewD2xAmk0k7dCYJMxMxhH6LW/0Cv8WFO3HrLzhps7CtBwYO59zLPXO8mBIhLetDK62tb2xulbf1nd29/YNK9bArooQj3EERjXjfgwJTEuKOJJLifswxZB7FPW9ym/u9J8wFicIHmcbYYXAUkoAgKJXkVmpDSOMxdEWDuY+n15Zp2xdupW6Z1gzGKrELUgcF2m5V04d+hBKGQ4koFGJgW7F0MsglQRRP9WEicAzRBI7wQNEQMiycbJZ+apwoxTeCiKsXSmOm/t3IIBMiZZ6aZFCOxbKXi/96z/MDC5ov8iOLmseWEsrgyslIGCcSh2geMEioISMjr9DwCcdI0lQRiDhRfzTQGHKIpCpaV+3Zy12tku6ZaTfN5v15vXVT9FgGR+AYNIANLkEL3IE26AAEUvACXsGb9q59al/a93y0pBU7NbAA7ecXqZ2qAQ==</latexit>

↵s(mZ) = 0.115
<latexit sha1_base64="sYz3ZJ2oMBeqEHRfbZnTHKh6EwM=">AAACNXicbVDLSsNAFJ3UV42v1i7dBItQNyERrW6EohuXFewD2xAmk0k7dCYJMxMxhH6LW/0Cv8WFO3HrLzhps7CtBwYO59zLPXO8mBIhLetDK62tb2xulbf1nd29/YNK9bArooQj3EERjXjfgwJTEuKOJJLifswxZB7FPW9ym/u9J8wFicIHmcbYYXAUkoAgKJXkVmpDSOMxdEWDuY+n15ZpWxdupW6Z1gzGKrELUgcF2m5V04d+hBKGQ4koFGJgW7F0MsglQRRP9WEicAzRBI7wQNEQMiycbJZ+apwoxTeCiKsXSmOm/t3IIBMiZZ6aZFCOxbKXi/96z/MDC5ov8iOLmseWEsrgyslIGCcSh2geMEioISMjr9DwCcdI0lQRiDhRfzTQGHKIpCpaV+3Zy12tku6ZaTfN5v15vXVT9FgGR+AYNIANLkEL3IE26AAEUvACXsGb9q59al/a93y0pBU7NbAA7ecXp9+qAA==</latexit>

↵s(mZ) = 0.105

<latexit sha1_base64="72DOo0niVJEBGs8OK03TDiqyKko=">AAACLXicbVDJSgNBFOyJW4xbokcvg0GIlzAjEj0GPegxAbNAMoSenjdJk57F7jeSMOQ7vOoX+DUeBPHqb9hZDiaxoKGoeo9XXW4suELL+jQyG5tb2zvZ3dze/sHhUb5w3FRRIhk0WCQi2XapAsFDaCBHAe1YAg1cAS13eDf1W88gFY/CRxzH4AS0H3KfM4pacuqlLsII03toTi56+aJVtmYw14m9IEWyQK1XMHJdL2JJACEyQZXq2FaMTkolciZgkusmCmLKhrQPHU1DGoBy0lnqiXmuFc/0I6lfiOZM/buR0kCpceDqyYDiQK16U/FfbzQ/sKR5anpkWXODlYTo3zgpD+MEIWTzgH4iTIzMaXWmxyUwFGNNKJNc/9FkAyopQ11wTrdnr3a1TpqXZbtSrtSvitXbRY9ZckrOSInY5JpUyQOpkQZh5Im8kFfyZrwbH8aX8T0fzRiLnROyBOPnFzV9qHQ=</latexit>

Q(GeV)

<latexit sha1_base64="WIO8AOSpQRYsBZfhtVZ0yHkeIrY=">AAACOnicbVDLSgNBEJz1bXwlehG8DAbBU9xViR7FEPAY0UTBhDA76dUhszvLTK8kLPFrvOoX+CNevYlXP8DZJAcTLWgoqrrp7vJjKQy67rszMzs3v7C4tJxbWV1b38gXNhtGJZpDnSup9K3PDEgRQR0FSriNNbDQl3DjdyuZf/MI2ggVXWM/hlbI7iMRCM7QSu38dhOhh+mVVDFQFdC4elQ5qFYrg3a+6JbcIehf4o1JkYxRaxecXLOjeBJChFwyY+48N8ZWyjQKLmGQayYGYsa77B7uLI1YCKaVDl8Y0D2rdGigtK0I6VD9PZGy0Jh+6NvOkOGDmfYy8V+vN1owoXVMtmRS88OpCzE4baUiihOEiI8ODBJJUdEsR9oRGjjKviWMa2F/pPyBacbRpp2z6XnTWf0ljcOSVy6VL4+LZ+fjHJfIDtkl+8QjJ+SMXJAaqRNOnsgzeSGvzpvz4Xw6X6PWGWc8s0Um4Hz/AOBirK4=</latexit> S
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e
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p
E
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<latexit sha1_base64="Pi7ZsuXSV68ijUAfPqhJVcxIPqc=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqsuiG5ct2Ae0Q8lkMm1okhmSjFiGfoFb/QK/xp24E3/GTDsLWz0QOJxzL/fkBAln2rjuFyxtbG5t75R3nb39g8OjSvW4q+NUEdohMY9VP8CaciZpxzDDaT9RFIuA014wvcv93iNVmsXywcwS6gs8lixiBBsrtd1RpebW3QXQX+IVpAYKtEZV6AzDmKSCSkM41nrguYnxM6wMI5zOnWGqaYLJFI/pwFKJBdV+tkg6R+dWCVEUK/ukQQv190aGhdYzEdhJgc1Er3u5+K/3tDywooU6P7KqBWItoYlu/IzJJDVUkmXAKOXIxCivC4VMUWL4zBJMFLN/RGSCFSbGlurY9rz1rv6S7mXda9Qb7ata87bosQxOwRm4AB64Bk1wD1qgAwig4Bm8gFf4Bt/hB/xcjpZgsXMCVgC/fwBxu6Nv</latexit>

0
<latexit sha1_base64="zEwPLln906OEe+Ba9OTG0wJuIqI=">AAACI3icbVDLTgIxFG3xhfgCXbppJCauyIxRdEl04xKjPBKYkE6nAw1tZ9J2jGTCJ7jVL/Br3Bk3LvwXOzALAU/S5OSce3NPjx9zpo3jfMPC2vrG5lZxu7Szu7d/UK4ctnWUKEJbJOKR6vpYU84kbRlmOO3GimLhc9rxx7eZ33miSrNIPppJTD2Bh5KFjGBjpYdLxxmUq07NmQGtEjcnVZCjOajAUj+ISCKoNIRjrXuuExsvxcowwum01E80jTEZ4yHtWSqxoNpLZ1mn6NQqAQojZZ80aKb+3Uix0HoifDspsBnpZS8T//We5wcWtEBnRxY1XywlNOG1lzIZJ4ZKMg8YJhyZCGWFoYApSgyfWIKJYvaPiIywwsTYWku2PXe5q1XSPq+59Vr9/qLauMl7LIJjcALOgAuuQAPcgSZoAQKG4AW8gjf4Dj/gJ/yajxZgvnMEFgB/fgFsMaPo</latexit>

500
<latexit sha1_base64="o929K1zVXhdABFs4F4VlVC4FBHE=">AAACJHicbVDLSgMxFE3qq46vVpdugkVwVTIi1WXRjcsK9gHtUDKZTBuayQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD8RXBuMv2FpY3Nre6e86+ztHxweVarHHR2nirI2jUWsej7RTHDJ2oYbwXqJYiTyBev6k7vc7z4xpXksH800YV5ERpKHnBKTSy7GeFip4TqeA60TtyA1UKA1rEJnEMQ0jZg0VBCt+y5OjJcRZTgVbOYMUs0SQidkxPqWShIx7WXzsDN0bpUAhbGyTxo0V/9uZCTSehr5djIiZqxXvVz813teHFjSAp0fWdb8aCWhCW+8jMskNUzSRcAwFcjEKG8MBVwxasTUEkIVt39EdEwUocb26tj23NWu1knnsu426o2Hq1rztuixDE7BGbgALrgGTXAPWqANKBiDF/AK3uA7/ICf8GsxWoLFzglYAvz5Bd5XpB4=</latexit>

1000
<latexit sha1_base64="FQerMsquIg0rNhHVZ3hfZZx1Mgw=">AAACJHicbVDLSgMxFE3qq46vVpdugkVwVWZEq8uiG5cV7APaoWQymTY0yQxJRixDf8GtfoFf405cuPFbzLSzsNUDgcM593JPTpBwpo3rfsHS2vrG5lZ529nZ3ds/qFQPOzpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk9vc7z5SpVksH8w0ob7AI8kiRrDJJe/SdYeVmlt350B/iVeQGijQGlahMwhjkgoqDeFY677nJsbPsDKMcDpzBqmmCSYTPKJ9SyUWVPvZPOwMnVolRFGs7JMGzdXfGxkWWk9FYCcFNmO96uXiv97T4sCSFur8yLIWiJWEJrr2MyaT1FBJFgGjlCMTo7wxFDJFieFTSzBRzP4RkTFWmBjbq2Pb81a7+ks653WvUW/cX9SaN0WPZXAMTsAZ8MAVaII70AJtQMAYPIMX8Arf4Dv8gJ+L0RIsdo7AEuD3D+cSpCM=</latexit>

1500
<latexit sha1_base64="qK3dcnNNMEvyi58bgGX1X8Yb2FA=">AAACJHicbVDLSgMxFE181vHV6tJNsAiuSqZIdVl047KCfUA7lEwm04ZmMkOSEcvQX3CrX+DXuBMXbvwWM+0sbOuBwOGce7knx08E1wbjb7ixubW9s1vac/YPDo+Oy5WTjo5TRVmbxiJWPZ9oJrhkbcONYL1EMRL5gnX9yV3ud5+Y0jyWj2aaMC8iI8lDTonJpTrGeFiu4hqeA60TtyBVUKA1rEBnEMQ0jZg0VBCt+y5OjJcRZTgVbOYMUs0SQidkxPqWShIx7WXzsDN0YZUAhbGyTxo0V/9uZCTSehr5djIiZqxXvVz813teHFjSAp0fWdb8aCWhCW+8jMskNUzSRcAwFcjEKG8MBVwxasTUEkIVt39EdEwUocb26tj23NWu1kmnXnMbtcbDVbV5W/RYAmfgHFwCF1yDJrgHLdAGFIzBC3gFb/AdfsBP+LUY3YDFzilYAvz5BeAXpB8=</latexit>

2000

<latexit sha1_base64="WB4z/DXD1Uax7OQVo5NtQ0la5is=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEFCUVKowVLIxF0IfURpXjOK1VO4lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fPyEM6Ud5xuWNja3tnfKu9be/sHhUaV63FFxKgltk5jHsudjRTmLaFszzWkvkRQLn9OuP7nN/e4TlYrF0aOeJtQTeBSxkBGsjfTg2PVhpebYzhxonbgFqYECrWEVWoMgJqmgkSYcK9V3nUR7GZaaEU5n1iBVNMFkgke0b2iEBVVeNs86Q+dGCVAYS/Mijebq340MC6WmwjeTAuuxWvVy8V/veXFgSQtUfmRZ88VKQh1eexmLklTTiCwChilHOkZ5YShgkhLNp4ZgIpn5IyJjLDHRplbLtOeudrVOOnXbbdiN+8ta86bosQxOwRm4AC64Ak1wB1qgDQgYgRfwCt7gO/yAn/BrMVqCxc4JWAL8+QVjdKPj</latexit>

0.2

<latexit sha1_base64="cupTaqvMMBWjW6iyQGmibupHGEU=">AAACI3icbVC7TsMwFLXLq4RXCyNLRIXEFCWACmMFC2MR9CG1UeU4TmvVdiLbQVRRP4EVvoCvYUMsDPwLTpuBthzJ0tE59+oenyBhVGnX/YaltfWNza3ytrWzu7d/UKketlWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJxre533kiUtFYPOpJQnyOhoJGFCNtpAfXuRhUaq7jzmCvEq8gNVCgOahCqx/GOOVEaMyQUj3PTbSfIakpZmRq9VNFEoTHaEh6hgrEifKzWdapfWqU0I5iaZ7Q9kz9u5EhrtSEB2aSIz1Sy14u/us9zw8saKHKjyxqAV9KqKNrP6MiSTUReB4wSpmtYzsvzA6pJFiziSEIS2r+aOMRkghrU6tl2vOWu1ol7XPHqzv1+8ta46bosQyOwQk4Ax64Ag1wB5qgBTAYghfwCt7gO/yAn/BrPlqCxc4RWAD8+QVlMaPk</latexit>

0.3

<latexit sha1_base64="+EkKRWbT3B7s9tDnrPZuCkz9ZZw=">AAACI3icbVC7TsMwFLXLq4RXCyOLRYXEFCWoKowVLIxF0IfURpXjOK1VO4lsB1FF/QRW+AK+hg2xMPAvOG0G2nIkS0fn3Kt7fPyEM6Ud5xuWNja3tnfKu9be/sHhUaV63FFxKgltk5jHsudjRTmLaFszzWkvkRQLn9OuP7nN/e4TlYrF0aOeJtQTeBSxkBGsjfTg2PVhpebYzhxonbgFqYECrWEVWoMgJqmgkSYcK9V3nUR7GZaaEU5n1iBVNMFkgke0b2iEBVVeNs86Q+dGCVAYS/Mijebq340MC6WmwjeTAuuxWvVy8V/veXFgSQtUfmRZ88VKQh1eexmLklTTiCwChilHOkZ5YShgkhLNp4ZgIpn5IyJjLDHRplbLtOeudrVOOpe227Ab9/Va86bosQxOwRm4AC64Ak1wB1qgDQgYgRfwCt7gO/yAn/BrMVqCxc4JWAL8+QVm7qPl</latexit>

0.4

<latexit sha1_base64="Ih8At/2tLqvnMO9ZPrViqjY0ESk=">AAACI3icbVC7TsMwFLXLq4RXCyNLRIXEFCUICmMFC2MR9CG1UeU4TmvVdiLbQVRRP4EVvoCvYUMsDPwLTpuBthzJ0tE59+oenyBhVGnX/YaltfWNza3ytrWzu7d/UKketlWcSkxaOGax7AZIEUYFaWmqGekmkiAeMNIJxre533kiUtFYPOpJQnyOhoJGFCNtpAfXuRxUaq7jzmCvEq8gNVCgOahCqx/GOOVEaMyQUj3PTbSfIakpZmRq9VNFEoTHaEh6hgrEifKzWdapfWqU0I5iaZ7Q9kz9u5EhrtSEB2aSIz1Sy14u/us9zw8saKHKjyxqAV9KqKNrP6MiSTUReB4wSpmtYzsvzA6pJFiziSEIS2r+aOMRkghrU6tl2vOWu1ol7XPHqzv1+4ta46bosQyOwQk4Ax64Ag1wB5qgBTAYghfwCt7gO/yAn/BrPlqCxc4RWAD8+QVoq6Pm</latexit>

0.5
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The back-to-back region of the EEC
• The shape of the  boson  distribution has a rich all-orders structure 

for low  values: 


•  The -factorization formula resums these logarithms: 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Soft Z

• The same mechanism describes the structure of the EEC in the back-

to-back region: 


• The b2b factorization has the same soft function: 
 




• The most precisely known event shape: N LL accuracy
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Collinear Back-to-back
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z �

1 � cos �ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)
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1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)

– 2 –

One context: 
Loop amplitudes in planar N=4 SYM

depend on 3(n-5) variables

L. Dixon        Field theory amplitudes KITP Mod20   Nov. 25, 2020 6

sum all planar Feynman graphs with
L loops and n external lines

= +…
coaction principle acts here

“modularity” acts here; coaction principle?

Conclusions & next steps
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First highly-differential measurement of 
EEC(z) in  with ALEPH from 
collinear to back-to-back limit with high 
statistical precision

Excellent agreement between archived 
data and theory calculation

Directly sensitive to theory parameters 
(ex: )

Constraining non-perturbative 
parameters in lattice QCD

Stay tuned!

e+e−

αS

Excellent agreement with  datae+e−
Uses  from Thrust fitsΩ1q
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Is the  example even relevant for the LHC?e+e−
At the LHC we can measure energy correlations on (fat) jets containing boosted boson/top quark decays.

Jet Substructure

• The LHC is the first collider where electroweak scale particles appear
boosted inside jets =) The SM in a new regime.

• Electroweak scale dynamics imprinted in energy flow of jets
=) jets have substructure!

Pirsa: 17050002 Page 10/109

b

t

W
±

q̄
0

q

28

‣ The observation of a Higgs boson with very high momentum may carry indirect information on possible new 
physics states 

‣ BUT: Higgs is unstable, observed only through its decay products 

‣ Depletion of the signal in this regime requires the use of  
its decay into bottom quarks 

‣ PROBLEM: How do we distinguish it from the overwhelming 
QCD background [107 times as large !!] ? 

‣ e.g. 
b

b̄

b

b̄

Example 1: boosted Higgs 

mH = 125 GeV
pT = 1 TeV

mt = 173 GeV
pT = 1 TeV

b̄

b

H

QCD at 50 September 15, 2023 4 / 53
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Z boson at rest Boosted Z decay

Boost

The correlations in the  with  produced at rest is preserved in boosted electroweak  decays! e+e− Z Z

Is the  example even relevant for the LHC?e+e−
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Z boson at rest Boosted Z decay

Boost

Threshold region 
mapped to a peak

Collinear limit 
unchanged

• The  collinear limit probes the same quark/gluon collinear fragmentation dynamics 


• The back-to-back region now appears as a peak corresponding to the opening angle of the boosted  decay.

χ → 0

Z

The correlations in the  with  produced at rest is preserved in boosted electroweak  decays! e+e− Z Z

Is the  example even relevant for the LHC?e+e−



Outline
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• Theory challenges with current top mass measurements


• Energy Correlators for precision jet substructure


• A new proposal for top mass using EECs


• Demonstrating robustness and experimental feasibility 
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The “back-to-back” version for the top

The correlator is sensitive to angles between the decay products. At LO:


• Top rest frame : 


• Lab frame (boosted): 

ζ̃t = ζ̃12 + ζ̃23 + ζ̃31 ∈ [2,2.25] ,

ζt ≡ ∑
i<j

ζij ≈ 3( mt

pT
)

2

∑
i<j

ζ̃ij ,

A feature at the 
characteristic angle 

.⟨ζt⟩ ≈ 3m2
t /p2

T

Top decay @ LO

Threshold limit for the top: At 
leading order the top quark 
exhibits a near planar decay:

Holguin, Moult, AP, Procura 2022

The three-point correlator picks out the 
characteristic three-body top quark decay

Measurement function :
(ζij = ΔR2
ij)

̂ℳ (n)(ζ12, ζ23, ζ31) = ∑
ijk∈jet

pn
T,ipn

T,jpn
T,k

p3n
T,jet

δ(ζ12 − ζij)δ(ζ23 − ζik)δ(ζ31 − ζjk)
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Excellent top mass sensitivity and robustness to hadronization

• The imprint of the top quark is extremely sensitive to the top quark mass


• Nonperturbative effects have a very small effect on the peak, 


‣ This is in a stark contrast to the jet mass with  shifts in the peak.

Δmhadr.
t ≈ 150 ± 0.5 MeV

∼ 1 GeV

Holguin, Moult, AP, Procura 2022
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Problems: 

• Challenging to unfold the jet  to  precision!


• Shifts due to hadronization and MPI in the jet  spectrum induce large  shifts in the extracted 
top mass from .

pT ∼ 5 GeV

pT ∼ 1 GeV
ζt ∼ m2

t /p2
T,jet

The need for a clean jet  measurement however spoils the theoretical elegance of this approach:pT

Holguin, Moult, AP, Procura 2022
But the jet  spoils the elegance …pT
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The Standard Candle approach in nutshell

• Remove the shared energy scale


• Calibrate  using the  mass :   


• Exploit the  inside the top jets as a standard candle

Mtop W mW = 80.377 ± 0.012 GeV

W

Holguin, Moult, AP, Procura, 
Schöfbeck, Schwarz 2023-24

<latexit sha1_base64="wodCIaQiPcHuTJKy62yFZdEbAUU="></latexit>

mt / mW

s
⇣t

⇣W

<latexit sha1_base64="qZn7uzdtak8nhVtaiwCwrL6vKC8="></latexit>

⇣t /
m2

t

p2
T,jet

(squeezed limit)
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High degree of correlation of the two imprints
The ratio of top and  peaks are more correlated than you’d naively think …W

Decay in the top
rest frame

Lab frame
Higher contribution 
to EEEC due to 
energy weighting

• The top quark and the  share a common boost defined by 


• While the orientation of the  is largely uncorrelated with top boost axis in the rest frame, 
the EEEC preferentially picks out the s aligned with the top in the lab frame.

W pT,jet

W
W

<latexit sha1_base64="qZn7uzdtak8nhVtaiwCwrL6vKC8="></latexit>

⇣t /
m2

t

p2
T,jet
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• Theory challenges with current top mass measurements


• Energy Correlators for precision jet substructure


• A new proposal for top mass using EECs


• Demonstrating robustness and experimental feasibility 
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Isolate which of the sub-processes 
matter for the Standard Candle 
approach

The task ahead

(Jet energy scale)

(UE Modeling)
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The checklist Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence

For a robust experimental strategy for precision top mass we 
need to ensure 


1. The distribution is resilient to experimental systematics,


2. Robust against modeling of hadronization and UE


3. All non-universal and power suppressed effects have a 
negligible impact


4. The key effects will be perturbatively calculable.

Goal is to isolate effects that are 
substantial (~500 MeV) from others 
that are negligible (< 200 MeV).



• The strategy for now is to simply take the ratio of the peaks 
of the  and the  distributions. The resulting ratio is 
proportional to top mass: 
 




• In the large boost limit,  
 




• The constant  is perturbatively calculable and -dependent


• For now extract this from parton showers by averaging over 
 GeV.


• Primary error from varying the fit polynomial degree.

T(ζ) W(ζ)

dT
dζ

ζ=ζt

= 0 ,
dW
dζ

ζ=ζW

= 0

mt = mW C(αs, R) ζt /ζW + 𝒪 ( mW

⟨pT,jet⟩
,

mt

⟨pT,jet⟩ ) ,

C R

pT ∈ [400,600]

Calibrating the top mass
Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 24

38
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Hadronization effects
All the showers exhibit a cancellation of hadronization effects in 
the . Negligible shift  MeVpT,jet ≲ 200

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Hadronization effects
Negligible impact of b hadron fragmentation modeling:

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Effect of contamination
We work with standard CMS CP5 tune and consider UE 
tune variation and find negligible impact

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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PDF variations
Variations in PDFs lead to significant shifts and induce substantial 
uncertainties in the  distribution but the ratio of the peaks is 
extremely robust (negligible shift):

pT,jet

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023, 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Hard scattering corrections
Probe variations in the physics at the hard scale via scale 
variation in the ISR: Negligible impact.

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence



44

Hard scattering corrections
Probe variations in the physics at the hard scale via NLO 
matching to  process: Negligible impact.tt̄ + j

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Wide angle soft physics
Color reconnection models probe the soft wide angle 
effects at the nonperturbative scale: Negligible impact

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Shower Uncertainty
Shower uncertainty results from LL showers + LO description 
of the top decay: Negligible impact of FSR scale variation

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Shower Uncertainty
Shower uncertainty results from LL showers + LO description 
of the top decay: Expect significant improvement with the top 
decay description at NLO + Sudakov resummation in the peak

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Differences between showers

• Difference between Herwig A.O. and dipole showers due to 
different approximations of NLO top decay.


• Herwig angular-ordered shower differs by 3%: A proxy for LL 
uncertainty.

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023

Compare different showers without normalizing via :CGen

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Jet radius dependence

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Varying the jet radius impacts the sampled top and  boosts 
via the , but it is purely perturbative:  
Shift from had/UE is  MeV effect! 

W
pT,jet

∼ 200

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Jet radius dependence
Varying the jet radius impacts the sampled top and  boosts 
via the , but it is purely perturbative:  
Shift from had/UE is  MeV effect! 

W
pT,jet

∼ 200

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence



Outline
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• Theory challenges with current top mass measurements


• Energy Correlators for precision jet substructure


• A new proposal for top mass using EECs


• Demonstrating robustness and experimental feasibility 
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Statistical sensitivity
Crucially, the measurement is statistically feasible at the LHC

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Jet energy scale
We model the CMS jet energy scale uncertainty and vary 
the pT,jet

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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We model the CMS jet energy scale uncertainty and vary 
the : Negligible impactpT,jet

Jet energy scale

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Constituent Energy Scale
Study the effect of varying the constituent momenta: 1% for 
charged, 3% for photons and 5% for neutrals: Negligible impact

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Constituent Energy Scale
Study the effect of varying the constituent momenta: 1% for 
charged, 3% for photons and 5% for neutrals: Negligible impact

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Constituent Energy Scale
Study the effect of varying the constituent momenta: 1% for 
charged, 3% for photons and 5% for neutrals: Negligible impact

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Track Efficiency
The restriction to tracks is a small effect to the EEC spectrum. 
Primary shift in the  distribution: Only 10% accuracy of track 
function moments required.

W

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Heavy Flavor Dependence
A known effect in detectors is the different jet response depending 
on the origin of a jet. Test the effect separately for particles that 
originate from a heavy flavor bottom quark or from a light quark.

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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Heavy Flavor Dependence
A known effect in detectors is the different jet response depending 
on the origin of a jet. Smaller effect for track-based EEC.

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2024

Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence
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We are done … Production mechanism: 

• PDF uncertainty


• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 


• Hadronization effects


• Impact of underlying event


• Wide angle soft physics


• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity


• Jet energy scale


• Constituent energy scale 


• Tracks-based measurement


• Heavy flavor dependence

Key relevant effects: 

• Jet radius dependence: Found to be purely perturbative. 


• Perturbative uncertainty: Key effects of NLO corrections to 
the top quark decay and Sudakov resummation in the peak


• Track-based measurement: Extending the track  
function formalism to apply for new distributions  
measured on the top  
and W distribution peaks.



Soft physics

Contamination
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Proton 
Structure

Hard 
scattering

Looking ahead…
Energy scale uncertainty 


Exploit the excellent angular resolution of the tracker

Top quark decay 

LO in simulations

New frontier

Standard 
candle

• Demonstrate robustness using 
simulations.


• Compute precise predictions using 
analytical calculations


• EECs are completely  
inclusive like the  
total cross-section

Hadronization models

Use a field theoretic approach

• Prospects of better than 500 MeV (0.3%) 
precise  at the HL-LHC


• (better than 1 GeV with Run 3)


•  in a well-defined mass scheme

Mtop

Mtop



Thank you!
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Backup

64



65

Why care about the top mass? [EW Stability]
Important role in the analysis of electroweak vacuum stability 

• Are we living in a true-vacuum or is there another global minimum 
or a bottomless abyss in the Higgs effective potential? 

• The outcome of EW vacuum stability depends sensitively on the 
precision on the top quark mass. 

• Lifetime of our vacuum to decay through bubble nucleation 
(related to Higgs instability scale): 
 
 
 
The enormous error stretching 2000 orders of magnitude results 
from the top mass precision!


• Need sub-percent ( )  to answer these questions:  
a longstanding problem for three decades.

< 1 GeV Mtop

Rapid Instability
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Khoury, Steingasser 2021-22

Andreassen, Frost, Schwartz 2014
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The top quark imprint in EEEC

• Distinct peak at  for equilateral configuration: peak dominated by hard decay of the top


• Appears at relatively larger angles: Resilient to collinear radiation, 


• The asymmetry cut  eliminates the otherwise overwhelming contribution of collinear splittings.

ζt ∼ 3(mt /Q)2

αs ln ζpeak
t < 1

δζ < m2
t /p2

T

Holguin, Moult, AP, Procura 2022• A naive sum over the three angles picks up 
contributions from collinear splittings


• To capture the correlations among the three prongs 
we need to avoid such configurations


• Consider equilateral configurations with a  
asymmetry cut .δζ
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Imprint of the  in the EEEC distributionW
• The observable we define to extract the -imprint:  




• : average of medium and long sides, : Min cut on short side, : Max allowed difference between the 
medium and long sides

W

T(ζ, ζS, ζA) ≡ ∫ (∏dζij) δ(ζ − (
ζij + ζjk

2 )
2

) Θ(ζij ≥ ζjk ≥ ζki ≥ ζS) Θ(ζA − ( ζij − ζjk)2) ̂ℳ (1)(ζij, ζjk, ζik) dσ

ζ ζS ζA

As  is lowered we allow for more squeezed configuration and see the peak at  emerging.ζS ζW ∼ m2
W /p2

T

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023



• The  distribution is impacted by nonperturbative 
effects in back-to-back Sudakov. 


• The ratio against 2-point correlator is robust against both 
collinear and b2b hadronization effects: 
 




• This works because the same back-to-back soft function 
 appears in num and denom. Cancellation of 

leading nonperturbative effects: 
 

 
 




• Remaining shifts in the  primarily arise from the shifts 
in the .

T(ζ,0,∞)

W(ζ) ≡
T(ζ,0,∞)
EEC(ζ)

S⊥(b⊥, μ, ν)

EEC(ζ) ∼ JEEC ⊗ JEEC ⊗ S⊥

T(ζ,0,∞) ∼ JEEEC ⊗ JEEC ⊗ S⊥

W(ζ)
⟨pT,jet⟩

68

A robust  sensitive projectionmW
Parton level

Hadron level

with MPI

0.2 0.4 0.6 0.8

0.1

0.2

0.3

0.4

0.5

0.6

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023

Holguin, Lee, Moult, AP, Procura 
[in progress]
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Squeezed b2b 3-point Correlator 
Squeezed EEEC region: z12 ∼ 1 − z13 ∼ 1 − z23 ∼ λ ≪ 1

3

Soft

Collinear z121

2z13
z23

<latexit sha1_base64="2VY1T2RWYHtdicxga+fYSbIpIqA="></latexit>
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We derive a new factorization formula:
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The squeezed EEEC jet function involves dihadron TMD + contact term: 
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Key takeaways: 

• Rapidity divergence only in the 

contact term

• Non-trivial cancellation of IR poles

Holguin, Lee, Moult, AP, Procura [in progress]

Plots from a talk by Yen-Jie Lee
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Universal behavior in the collinear limit
In QCD a time-like factorization formula can be derived to resum large logs in the collinear limit:
Dixon, Moult, Zhu 2019
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Strong coupling determination: 

• 4% precise (the best jet substructure-based)  
extraction from E3C/E2C ratio by CMS


• EECs enable a field-theoretic analysis of 
hadronization effects:

αs

CMS Collaboration, 2402.13864

αs(MZ) = 0.123+0.004
−0.005

Lee, AP, Stewart, Sun 2405.19396 
[Accpeted by PRL] 
(Also see Chen, Monni, Xu, Zhu 2046.06668)

Same as thurst!
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Why is EEC robust against hadronization?

• Top width  provides a cutoff and renders hadronization effects tiny


• Jet mass sensitive to a ultra soft mode at scales lower than  and hence has large 
sensitivity to hadronization 

Γt

Γt

Collinear

Soft

Collinear

Ultrasoft

Unlike the jet mass, the EEC is a SCET  observable:II
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EECs are also insensitive to the contamination
The correlator measurement can be expressed as 

The  determines the opening angle but can only be accessed via the jet . 


• For now fix the hard  in MC by hand:

pT,t pT

pT,t

Simplifications: 

• Top quarks produced with a fixed hard  as in  collisions.


• Can solely focus on the impact of the underlying event

pT e+e−

Jet-based 
measurement

Wide-angle 
soft physics

Hadronization

Top quark 
decayUE/Pile-up
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The correlator measurement can be expressed as 

• The underlying event still impacts the jet  and adds contamination to the triplets sampled.


• The correlator measurement after normalization is however completely insensitive to the UE.

pT

EECs are also insensitive to the contamination
Holguin, Moult, AP, Procura 2022



Calibrating the top mass
Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 23-24
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Shower R = 0.8 R = 1 R = 1.2 R = 1.5

Pythia 8.3 1.075 ± 0.001 1.090 ± 0.001 1.099 ± 0.001 1.105 ± 0.001

Vincia 2.3 1.078 ± 0.001 1.091 ± 0.002 1.101 ± 0.001 1.107 ± 0.001

Herwig 7.3 Dipole 1.078 ± 0.001 1.088 ± 0.001 1.098 ± 0.001 1.106 ± 0.001

Herwig 7.3 A.O. 1.092 ± 0.001 1.104 ± 0.001 1.113 ± 0.001 1.120 ± 0.001

• Use the standard CP5 tune for Pythia and 
Vincia


• Herwig Angular ordered shower differs from 
the others by 3% due to different 
approximations to NLO top decay



75

A slope in  is not an issuepT
• There is a systematic procedure to incorporate power corrections in perturbative calculations which describe 

this  dependence. 


• With the leading -dependence canceled, any undesirable shifts are highly suppressed to < 100 MeV level.

pT

pT


