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The emerging importance of high energy 
logarithms for LHC studies



Introduction

Transverse momentum hierarchies, collinear splittings, 
MPI, and hadronization described by parton showers.

Control over logarithmic corrections is critical in 
describing the LHC phenomena. 

All-order control is also needed over the large high-
energy logarithms:
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See talks by Silvia Ferrario Ravasio, Daniele Lombardi, Leticia Mendez, 
Zoltan Nagy, Simon Platzer, Daniel Reichelt, Joanne Roper, Nicolas 
Schalch, and James Whitehead. 
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[ATLAS, 2403.02793]High Energy Jets (HEJ)→
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All-order control is also needed over the large high-
energy logarithms:



High Energy Jets (HEJ)
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The High Energy Jets is built to describe effects from hard, wide angle emissions. 
HEJ resums large logarithms in , the same as BFKL equations/t

High-energy limit for 2 → n scattering. We are interested in the 
Multi-Regge Kinematics (MRK)

̂s ≫ m2
ij ≫ p2

i⊥ m2
ij = (pi + pj)2

y1(p1) ≪ y2(p2) ≪ . . . ≪ yn(pn)

[J. Andersen, J. Smillie, 0908.2786] 

[J. Andersen, J. Smillie, 0910.5113] 

[J. Andersen, J. Smillie, 1101.5394]


[J. Andersen, J. Black, H. Brooks, B. Ducloue, 
M. Heil, A. Maier, J. Smillie, 2110.15692]

[J. Andersen, B. Duclou´e, H. Hassan, 
C.Elrick, A. Maier, G. Nail, J. Paltrinieri, 

A.Papaefstathiou, J. Smillie, 2303.15778]

The setup corresponds to a strong ordering in rapidities

|pi⊥ | ∼ finite

• Systematic classification of leading and sub-leading corrections 
based on Regge theory scaling


• Matrix elements are factorised into currents that retain analytic 
properties such as crossing symmetry 


• Integration over loop momenta for virtual particles (Lipatov ansatz) 
and integration over phase-space for real emissions (Lipatov vertices) 
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High Energy Jets

Processes: 
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HEJ 2 overview: arXiv:2303.15778 
[J. Andersen, B. Ducloue, H. Hassan, C. Elrick, A. Maier, G. Nail, J. Paltrinieri, 
A. Papaefstathiou, J. Smillie]

[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]
Latest release: HEJ 2.3 

• pure multijet production,  jets

• gluon-fusion production of a Higgs boson with jets,   and  jets

• production of a W boson with jets,  and  jets

• production of jets with a charged lepton-antilepton pair, via a virtual Z 

boson and/or photon

• production of two same-sign W bosons with jets,  and  jets

• production of jets with a neutrino-antineutrino pair via a virtual Z boson

≥ 2
H ≥ 1

W( → lν) ≥ 2

W±W± ≥ 2

The HEJ code release is available at:

https://hej.hepforge.org/



High Energy Jets

[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]

Latest release: HEJ 2.3 

https://hej.hepforge.org/

HEJ 2 overview: arXiv:2303.15778 
[J. Andersen, B. Ducloue, H. Hassan, C. Elrick, A. Maier, G. Nail, J. Paltrinieri, 
A. Papaefstathiou, J. Smillie]

• Including the photon plus jets process, in 

Recent progress: 

HEJ 2.3

• Higgs Boson plus quark pair production for 
di-Higgs studies 
[A. Maier, G. Ruisi, in preparation]

•  + jetsZ( → e+e−)
[J. Andersen, S. Jaskiewicz, A. Maier, in preparation]
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[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]

• pure multijet production,  jets

• gluon-fusion production of a Higgs boson with jets,   and  jets

• production of a W boson with jets,  and  jets

• production of jets with a charged lepton-antilepton pair, via a virtual Z 

boson and/or photon

• production of two same-sign W bosons with jets,  and  jets

• production of jets with a neutrino-antineutrino pair via a virtual Z boson

≥ 2
H ≥ 1

W( → lν) ≥ 2

W±W± ≥ 2

Processes: 

The HEJ code release is available at:



Higgs couplings
• Top-quark Yukawa coupling first 

directly observed in 2018 ( )


• Higgs coupling to second generation 
leptons measured in 2020 ( )


• Higgs coupling to second generation 
quarks measured in 2022 ( )

tt̄H

H → μ+μ−

H → cc̄
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• The Higgs self-coupling is yet to be measured

[ATLAS Collaboration, 1806.00425] [CMS Collaboration, 1804.02610]

[ATLAS Collaboration, 2007.07830] [CMS Collaboration, 2009.04363]

[ATLAS Collaboration, 2201.11428] [CMS Collaboration, 2205.05550]
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[G. Di Gregorio, Cometa Krakow]

Tests of EW 
symmetry breaking 

mechanism

Major HL-LHC goal



Double Higgs production
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gg → HH (NNLOFTapprox)

VBF (N3LO)

WHH (NNLO)

ZHH (NNLO)

ttHH (NLO)

tjHH (NLO)

σ(pp → HH + X) [fb]

MH = 125 GeV

PDF4LHC15
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[LHCHXSWG-2019-005, 1910.00012]

The cross-section for 
 process is a 

factor 1000 smaller than 
 production 

cross-section 
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1.1. Overview of production modes 7

gg → HH (NNLOFTapprox)

VBF (N3LO)
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
PDF4LHC15 parton densities have been used with the scale choices according to Table 1.1. The size
of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.
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Experimental status and projections
Current Experimental Limits (Run 2) @ 95% CL 

ATLAS:  
CMS:    

−1.2(−1.6) < κλ < 7.2(7.2)
−1.39(−2.29) < κλ < 6.43(7.95)

• Input to the European Strategy for Particle Physics (EEPPU 2026) 

• The expected significance for the combined result is above 3.2  already with 
2000  and 3.8  at an integrated luminosity of 3000  in the S2 
scenario 

• Promising Signal strength on the 0.5 level expectations are obtained  

★ Combined (ATLAS+CMS) projections show an expected sensitivity of 7.6  !!!

σ
fb−1 σ fb−1

σ

13

Di-Higgs searches in ATLAS & CMS - Moriond QCD 2025

HL-LHC Projections - Non-Resonant Combination (CMS)

S1 Systematic uncertainty stay 
the same as in Run 2
Theory Systs halved  

(ATLAS only)

S2 Reduced or unchanged 
 (Scale most jet unc. by Lumi)

Stat 
only No Systematics

M
or

e 
co

ns
er

va
tiv

e

HIG-20-011-PASEdson Carquin (Moriond 25)

Theory systematics 
halved in projections

Expected discovery 
significance ~3.8  per 
experiment


σ

Combined 
ATLAS+CMS 
projections ~7.6σ

[HIG-20-011-PAS]
ATLAS-CONF-2025-012 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
http://cds.cern.ch/record/2947512
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Experimental status and projections
Current Experimental Limits (Run 2) @ 95% CL 

ATLAS:  
CMS:    

−1.2(−1.6) < κλ < 7.2(7.2)
−1.39(−2.29) < κλ < 6.43(7.95)

Theory systematics 
halved in projections

Expected discovery 
significance ~3.8  per 
experiment


σ

Combined 
ATLAS+CMS 
projections ~7.6σ

A precision on trilinear Higgs coupling below 30%
[HIG-20-011-PAS]
ATLAS-CONF-2025-012 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
http://cds.cern.ch/record/2947512
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Recent search for non-resonant production 
of Higgs boson pairs via gluon-gluon and 
vector boson fusion processes in final states 
with two bottom quarks and two photons.  

[ATLAS, 2507.03495]see also



Higgs pairs in γγbb̄

pp → H( → γγ) + bb̄ + 2j

[CMS, 2011.12373]

Important background from
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Higgs pairs in γγbb̄

pp → H( → γγ) + bb̄ + 2j

Recent search for non-resonant production 
of Higgs boson pairs via gluon-gluon and 
vector boson fusion processes in final states 
with two bottom quarks and two photons.  
[CMS, 2011.12373]

Important background from
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Scaling of amplitudes

In the Regge limit the amplitudes have the following scaling [V. Fadin, R. Fiore, M. Kozlov, A. Reznichenko, 0602006]
[R. Brower, C. DeTar, J. Weis, 1974]

ℳ ∝ sα12
12 sα23

23 ⋯sαn−1,n
n−1,n f({pTi})pa

pb

p1

p2

pn

sij = (pi + pj)2

15

 is the spin in the effective t-channelαij
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ℳ ∝ sα12
12 sα23

23 ⋯sαn−1,n
n−1,n f({pTi})

Example configurations in HEJ:

HEJ resummable

FKL states

Leading Logarithmic (LL)
HEJ resummable non− FKL

NLL

[M. Heil, A. Maier, J.M. Smillie, J. Andersen,1706.01002]

 is the spin in the effective t-channelαij



HEJ developments

pp → H( → γγ) + bb̄ + 2j

In order to describe the di-Higgs background

need to be describe  emissions along with the Higgsqq̄

pa p1 ≡ pH

pb pq

pq̄

q1

qn−2

In
cr
ea
si
n
g
ra
p
id
it
y

B

W

V

In the MRK limit, scattering amplitudes factorise

1
ti

→
1
ti

exp[α̂(qi)(yi+1 − yi)]

Reggeized gluon

New derivation of HEJ amplitudes required to 
describe  H + qq̄ [A. Maier, G. Ruisi, in preparation]

ℳ ∼ shqs1/2
qq̄

|ℳfag→fa⋯H⋯qq̄
HEJ |

2
= ℬfa,H,qq̄(pa, pb, p1, pq, pq̄, qj, qj+1)

×
n−3

∏
i = 1
i ≠ j

𝒱(pa, pb, p1, pq, pq̄, qi, qi+1)

×
n−2

∏
i=1

𝒲(qi, yi, yi+1)

17

Vμ(pa, pb, p1, pq, pq̄, qi, qi+1) = − (qi + qi+1)μ

+
pμ

a

2 ( q2
i

pi+1 ⋅ pa
+

pi+1 ⋅ pb

pa ⋅ pb
+

pi+1 ⋅ (pq + pq̄)
pa ⋅ (pq + pq̄) ) + pa ↔ p1

−
pμ

b

2 (
q2

i+1

pi+1 ⋅ pb
+

pi+1 ⋅ pa

pb ⋅ pa
+

pi+1 ⋅ p1

pb ⋅ p1 ) − pb ↔ (pq + pq̄)



Results for  backgroundγγbb̄

pp ! (H !)∞∞ + bb̄ + jets
LHC@13 TeV
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[A. Maier, G. Ruisi, in preparation] [A. Maier, G. Ruisi, in preparation]

The leading order predictions 
are obtained using Sherpa 2.2 

[Sherpa, 1905.09127]

In the VBF region, resummation of high-energy logarithms suppresses the 
background further with respect to the leading order prediction.
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Photon + dijets

[ATLAS, 2403.02793]
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Recent measurement of the  bypp → γ + dijets

The state of the art prediction for this observable obtained  
using MEPS@NLO [S. Höche, F. Krauss, M.Schönherr, F. Siegert, 1207.5030]

Interplay of QCD and electroweak processes, with QCD 
dominating up to mjj ∼ 3 TeV
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Photon + dijets

[ATLAS, 2403.02793]
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Prediction obtained with HEJ
[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]

The leading order predictions are 
obtained using Sherpa 2.2 

[Sherpa, 1905.09127]20

EW component computed with 
VBFNLO 3.0 

[J. Baglio et al., 2405.06990]



 + dijetsZ( → e+e−)
[ATLAS, 2403.02793]Recent measurement of the  bypp → e+e− + dijets

[J. Andersen, S. Jaskiewicz, A. Maier, in preparation]
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Conclusions
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HEJ 2.3 available at:

https://hej.hepforge.org/
•Effects from high-energy corrections show up in experimental 
measurements! Description of these corrections requires 
dedicated resummation  HEJ→

• Improvement in the description of the radiation pattern can 
help in suppressing the QCD-background in VBF studies 
searching for the di-Higgs process

•Will be even more important with higher precision data, and at 
higher energies
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•Effects from high-energy corrections show up in experimental 
measurements! Description of these corrections requires 
dedicated resummation  HEJ→

• Improvement in the description of the radiation pattern can 
help in suppressing the QCD-background in VBF studies 
searching for the di-Higgs process

•Will be even more important with higher precision data, and at 
higher energies

HEJ 2.3 available at:

https://hej.hepforge.org/

Thank you!
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[J. Andersen, M. Heil, A. Maier, J. Smillie, in 1803.07977]
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HEJ Developments
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