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Introduction

Control over logarithmic corrections is critical in ¥ CMS Experiment at the LHC, CERN
.y = .\ Data recorded: 2015-Sep-28 06:09:43.129280 GMT
describing the LHC phenomena. &= | Run/Event/LS: 257645 /1610868539 / 1073

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

See talks by Silvia Ferrario Ravasio, Daniele Lombardi, Leticia Mendez,
Zoltan Nagy, Simon Platzer, Daniel Reichelt, Joanne Roper, Nicolas
Schalch, and James Whitehead.

All-order control is also needed over the large high-
energy logarithms:
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—> High Energy Jets (HEJ)
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[ATLAS, 2403.02793] NLO + PS from MEPS@NLO

[S. Hoche, F. Krauss, M.Schdnherr,
F. Siegert, 1207.5030]



J. Andersen, J. Smillie, 0908.2786]
J. Andersen, J. Smillie, 0910.5113]

High Energy Jets (HEJ) PO

M. Heil, A. Maier, J. Smillie, 2110.15692]

i . . - . . - [J. Andersen, B. Duclou’e, H. Hassan,
The High Energy Jets |s. built t-o describe effects from hard, V\.nde angle emissions. C.Elrick. A. Maier. G. Nail. . Paltrinieri.
HEJ resums large logarithms in s/, the same as BFKL equation A.Papaefstathiou, J. Smillie, 2303.15778]

High-energy limit for 2 — n scattering. We are interested in the
Multi-Regge Kinematics (MRK)
Pa —)—O—)— P1
A 2 2 2 2
§ > mj; > piy m;; = (p; + p))

The setup corresponds to a strong ordering in rapidities

V(P) K n(p) .. L y(py) | p; 1 | ~ finite

Pb *O* Pr * 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

* |ntegration over loop momenta for virtual particles (Lipatov ansatz)
and integration over phase-space for real emissions (Lipatov vertices)



High Energy Jets

Latest release: HEJ 2.3 The HEJ code release is available at:

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

Processes:

pure multijet production, > 2 jets
gluon-fusion production of a Higgs boson with jets, H and > 1 jets

production of a W boson with jets, W( — [v) and > 2 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, W=W= and > 2 jets
production of jets with a neutrino-antineutrino pair via a virtual Z boson
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Latest release: HEJ 2.3
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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]

Processes:

pure multijet production, > 2 jets
gluon-fusion production of a Higgs boson with jets, H and > 1 jets

production of a W boson with jets, W( — [v) and > 2 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, W*W* and > 2 jets
production of jets with a neutrino-antineutrino pair via a virtual Z boson

The HEJ code release is available at:

https://hej.hepforge.org/

Recent progress:

* Including the photon plus jets process, in HEJ 2.3
[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]

* Higgs Boson plus quark pair production for
di-Higgs studies

[A. Maier, G. Ruisi, in preparation]

+Z(— eTe) +jets
[J. Andersen, S. Jaskiewicz, A. Maier, in preparation]



Higgs couplings

Top-quark Yukawa coupling first

directly observed in 2018 (t1H)

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

Higgs coupling to second generation

leptons measured in 2020 (H — u*tu")

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

Higgs coupling to second generation

quarks measured in 2022 (H — cc)
[ATLAS Collaboration, 2201.11428] [CMS Collaboration, 2205.05550]
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Higgs couplings
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Double Higgs production
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Experimental status and projections

Current Experimental Limits (Run 2) @ 95% CL

ATLAS: —1.2(—1.6) <k, < 7.2(7.2)
CMS:

—1.39(-2.29) < k; < 6.43(7.95)
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ATLAS-CONF-2025-012
[HIG-20-011-PAS]

Expected discovery

significance ~3.8¢6 per
experiment

Combined
ATLAS+CMS

projections ~7.66

Theory systematics
halved in projections
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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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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
http://cds.cern.ch/record/2947512

Higgs pairs in yybb

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. Vv ~H Vor----- H Vv -~ H

[CMS, 2011.12373]  see also [ATLAS, 2507.03495]
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utu- Zy vy ZZ' ¢ Tttt g9 WWS bbb
[Report: B. Di Micco, M. Gouzevitch,

J. Mazzitelli, C. Vernieri, 1910.00012] 12



Higgs pairs in yybb

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] see also [ATLAS, 2507.03495]
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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.

[CMS, 2011.12373]  see also [ATLAS, 2507.03495]

25

0.2% 0.3% 3.1% 9.5% 24.9% 33.9%

1.1% 3.5% 4.6%

0.4% 0.7%

o
=

0.3%

0.2%

(%) AXAX < HH dd

utu- Zy vy ZZ' ¢ Tttt g9 WWS bbb

> > q > > g > >
V _-H Vo= H V _--H
2 .- V ~
V NN S| Vr-—-———-- H Vv T-H
> > q - > q > >

Important background from

pp — H( = yy) + bb + 2j

g > >
----H
b
b
g > > >

Central Higgs and b-jets — high-energy resummation region

[Report: B. Di Micco, M. Gouzevitch, g b1 IT cae [Report: C. Biello, et all, 2510.18815] 14

J. Mazzitelli, C. Vernieri, 1910.00012]



Scaling of amplitudes

[R. Brower, C. DeTar, J. Weis, 1974]

In the Regge limit the amplitudes have the following scaling [V. Fadin, R. Fiore, M. Kozlov, A. Reznichenko, 0602006]
Pa P1 A1y 03 1.0 2
% S S12 S23 “.Sn—l,nf({pTi}) Sij= (pi_l_pj)
P2
. a;; is the spin in the effective t-channel
Pb Pn

15



Scaling of amplitudes

[R. Brower, C. DeTar, J. Weis, 1974]
In the Regge limit the amplitudes have the following scaling

[V. Fadin, R. Fiore, M. Kozlov, A. Reznichenko, 0602006]

Pa P1 a a Xp—1,n 2
Mo 5152 8y57 8, TPt sij = (Pi+p)
D2
. a;; is the spin in the effective t-channel
P Pn ~ 1077 . . ;
10&3? . é
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16 [M. Heil, A. Maier, J.M. Smillie, J. Andersen,1706.01002]



HEJ developments

In order to describe the di-Higgs background

pp — H( = yy) + bb + 2j

need to be describe gg emissions along with the Higgs

In the MRK limit, scattering amplitudes factorise

‘ %fag_)fa'"H'"qq ‘

HEJ — %fa,H,qq(pa’ pb’ plapq9pga q], q]‘+1)

n—3

X H 7 (Pg> P> P15 Py P> 9> Qi 1)
i =1
i #J

n—2
X H WGy Yir1)
i=1

New derivation of HEJ amplitudes required to
describe H + gg

[A. Maier, G. Ruisi, in preparation]
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Results for yybb background

— 10_6 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 3 3‘ ! ! ! I I I | I I
% === HEJ 4j - & === HEJ 4 -
2 s === 104 =210 F === LO04 _
Q 10 — S - ]
oF 3 S| S - .
= : 4 :
béﬁg o0 il i |
o £ 10 85— E i i
: : 1076 -
1077 E i ]
10-10L : i :
= pp — (H =)y + bb + jets L pp— (H =)~y + bb + jets
[ LHCQ13 TeV : 107 LHC@13 TeV
10 g_ anti-k;, R = 0.4, Dj; 1L > 25 GeV _g E anti-k;, R = 0.4, Dj; 1L > 25 GeV
- [A. Maier, G. Ruisi, in preparation] i - [A. Maier, G. Ruisi, in preparation]
| | | | | | | |
— — T T T | T T T |
i B = -
N ] -
% i = 2.0F
= - =2 19
S ke
2 = 10
= S 05
0 500 1000 1500 2000 2500 3000 3500 4000 0 2 4 6 8
mYBF [GeV] A 5]
In the VBF region, resummation of high-energy logarithms suppresses the The leading order predictions
background further with respect to the leading order prediction. are obtained using Sherpa 2.2

18 [Sherpa, 1905.09127]



Photon + dijets

Recent measurement of the pp — y + dijets by [ATLAS, 2403.02798]
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Photon + dijets

Recent measurement of the pp — y + dijets by [ATLAS, 2403.02793] Prediction obtained with HEJ
[J. Andersen, A. Maier, M. Rosca, G. Ruisi, 2506.17438]
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Z( — e"e7) + dijets

Recent measurement of the pp — ee™ + dijets by [ATLAS, 2403.02793]
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Conclusions

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

HEJ 2.3 available at:

- Effects from high-energy corrections show up in experimental _
measurements! Description of these corrections requires | https://hej.hepforge.org/ |

dedicated resummation —» HEJ

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

22



Conclusions

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

HEJ 2.3 available at:

- Effects from high-energy corrections show up in experimental _
measurements! Description of these corrections requires | https://hej.hepforge.org/ |

dedicated resummation —» HEJ

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

Thank you!
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Auxiliary slides



Higgs + dijets

High-energy logarithms are crucial in describing regions selected by VBF cuts
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HEJ Developments
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