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12 jets with pT > 50 GeV 

at CMS (13 TeV)

Many colour-charged, hard particles with     ,     ,     

Large logs in            damage convergence of pert. expansion
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High Energy Resummation

• Logs arise from integrals over loop momenta in virtuals and from integrals over reals

• Our description = LO + LL + … 
• Considering large values of    , no                
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Inclusive 2-jet partonic cross section given by              |M2j+|2 , with
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High Energy Limit

Powers of      in the real matrix elements match powers of log in the inclusive matrix element.<latexit sha1_base64="Unm2e2qvtP/h1ytA6R0pjAyoUIo=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeCHjxWsB/QLiWbZtu02WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1grHtzO/9cS04Uo+2knCgpgMJI84JdZJTdPL+GjaK1e8qjcHXiV+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblrqpYQmhYzJgHUcliZkJsvm1U3zmlD6OlHYlLZ6rvycyEhsziUPXGRM7NMveTPzP66Q2ugkyLpPUMkkXi6JUYKvw7HXc55pRKyaOEKq5uxXTIdGEWhdQyYXgL7+8SpoXVf+qevlwWand5XEU4QRO4Rx8uIYa3EMdGkBhBM/wCm9IoRf0jj4WrQWUzxzDH6DPH+kBj14=</latexit>sij

Regge scaling dictates the scaling of the 
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Calculate leading terms from amplitudes in the High Energy limit:                       finite
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sij ! 1, |pTi|

Current

Current

Increasing

rapidity

Local pieces, independent of the rest of the process (real + virtual)

Can use this simpler structure to make an efficient event 
generator for arbitrary numbers of quarks/gluons.

where       is the spin of that particle in effective t-channel
Brower, DeTar, Weis Phys Rept. 14:257, 1974
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Not Quite the High Energy Limit
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Matching to fixed order event-by-event for each jet multiplicity: 


• multiplicatively for matrix elements with LL or NLL description


• remaining configurations added

LO 3j event Possible HEJ resummed event

  with jet rapidities kept fixed

Event weight
<latexit sha1_base64="rcb2CpfjYMwGVr2O1iug3k7u+rI="></latexit>

⇠ |MLO|2|MHEJ|2

|MHEJ,LO|2

Matching to Fixed Order

Modifications only to matrix elements, phase space exact and collinear factorisation of pdfs
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• exact for simple processes (2 to 2 (+X))

• accurate to leading logarithm in s/t

• constructed event-by-event

• takes LO samples as input
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HEJ2 event generator:     https://hej.hepforge.org
Andersen, Hapola, Heil, Maier & JMS  arXiv:1902.08430

The High Energy Jets (HEJ) framework is

• gauge invariant in all phase space

• sufficiently fast for numerical integration (up 

to 30 gluons)

Extra colour-neutral bosons can be added without affecting the logarithmic accuracy

HEJ2.2 includes:
Andersen, Ducloué, Elrick, Hassan, Maier, Paltrinieri, Papaefstathiou & JMS  arXiv:2303.15778
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https://hej.hepforge.org
https://arxiv.org/abs/1902.08430
https://arxiv.org/abs/2303.15778
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Comparison between resummed HEJ results and fixed order for forthcoming ATLAS study Plots by C. Elrick

Similar, fairly flat vs 
<latexit sha1_base64="VkLVXJo2tj9IxeOBP7k3nEhkLl4=">AAAB9HicbVDJSgNBEO1xjXGLevTSGARPYSa4HQPm4DGCWSAZQk+nJmnSs9hdExiGfIcXD4p49WO8+Td2kjlo4oOCx3tVVNXzYik02va3tba+sbm1Xdgp7u7tHxyWjo5bOkoUhyaPZKQ6HtMgRQhNFCihEytggSeh7Y3vZn57AkqLKHzENAY3YMNQ+IIzNJLbq4NERtN+5lSn/VLZrthz0FXi5KRMcjT6pa/eIOJJACFyybTuOnaMbsYUCi5hWuwlGmLGx2wIXUNDFoB2s/nRU3pulAH1I2UqRDpXf09kLNA6DTzTGTAc6WVvJv7ndRP0b91MhHGCEPLFIj+RFCM6S4AOhAKOMjWEcSXMrZSPmGIcTU5FE4Kz/PIqaVUrznXl6uGyXKvncRTIKTkjF8QhN6RG7kmDNAknT+SZvJI3a2K9WO/Wx6J1zcpnTsgfWJ8/A7GRoQ==</latexit>

�y12

pp ! jets
LHC@13 TeV
anti-kt, R = 0.4, pj;? > 60GeV

0 1 2 3 4 5 6 7 8 9
dy jet12

0.0

0.2

0.4

0.6

0.8

1.0

d
æ

∏
3
j

in
c

d
dy

je
t1

2
/

d
æ

∏
2
j

in
c

d
dy

je
t1

2

HEJ pp ! jets

Born Level pp ! jets

NLO Level pp ! jets

pp ! jets
LHC@13 TeV
anti-kt, R = 0.4, pj;? > 60GeV

0 1 2 3 4 5 6 7 8 9
dy jetfb

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

d
æ

∏
3
j

in
c

d
dy

je
tf

b
/

d
æ

∏
2
j

in
c

d
dy

je
tf

b

HEJ pp ! jets

Born Level pp ! jets

NLO Level pp ! jets

Larger differences vs 

Inclusive 3-jet/2-jet Ratios
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Comparison between resummed HEJ results and fixed order for forthcoming ATLAS study Plots by C. Elrick
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Example: Average Number of Jets
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Application to Higgs VBF (QCD component)

Fixed-order difficult because LO = 1-loop.

Don’t even have LO results with full finite mass and loop effects for 4j+


In HE limit, factorised structure removes complexity from increasing number of jets

Del Duca et al  hep-ph/0105129, hep-ph/0108030

Greiner et al  arXiv:1608.01195

Andersen, Cockburn, Heil, Maier & JMS  arXiv:1812.08072
Del Duca, Kilgore, Oleari, Schmidt & Zeppenfeld   hep-ph/0301013 

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

Figure 2: Leading-order diagrams contributing to the process gq ! gHq. Diagrams with

clock-wise fermion flow in the heavy quark loop can be obtained via charge conjugation

and are not shown.

ordering y1 ⌧ yH ⌧ y2. The forward emission of the gluon is of course completely

analogous.

In [28], it was shown that the amplitude in this limit assumes a similar factorised form

as in the pure quark case. This is also true within the HEJ formalism [34]. As an example,

the colour-averaged square of the helicity-conserving amplitude for a positive-helicity gluon

and a negative-helicity quark can therefore be written as

��Mg+q�!g+Hq�
��2 =

1

N2
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� 1
||Sm
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·
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1

t1t2

◆
·
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g2sCF

1

t2

◆

(2.8)

where Kg(p
�
1 , p�a ) was given in eq. (2.6). The current contraction is given by

Sm

g+q�!g+Hq� = j+µ (p1, pa)V
µ⌫

H
(q1, q2)j

�
⌫ (p2, pb) , j±µ (po, pi) = ū±(po)�µu±(pi) , (2.9)

as in eq. (2.4) for qQ ! qHQ.

2.2.2 Peripheral Higgs-boson emission

We now consider the case where we drop the strong-ordering requirement between the Higgs

boson and one of the jets. For the case where the Higgs boson is not strongly separated

from a quark, we again invoke t-channel factorisation to treat this as in the qQ ! qHQ

– 7 –

Only boxes and triangles for any n 
Keeps all finite mass and loop propagator effects

Fixed-order matching performed to highest-available accuracy

Here use Sherpa and OpenLoops
Gleisberg et al arXiv:0811.4622; Cascioli, Maierhöfer, Pozzorini arXiv:1111.5206

https://arxiv.org/abs/hep-ph/0105129
https://arxiv.org/abs/hep-ph/0108030
https://arxiv.org/abs/1608.01195
https://arxiv.org/abs/1812.08072
https://arxiv.org/abs/hep-ph/0301013
https://arxiv.org/abs/0811.4622
https://arxiv.org/abs/1111.5206
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Resummation alone reduces cross section at large 
values of 


Finite quark mass/loop effects reduce x-section in 
VBF cuts by further 11% 

Prediction xs after VBF cuts
Fixed order 9%

HEJ 4%
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Andersen, Cockburn, Heil, Maier, JMS arXiv:1812.08072
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Application to Higgs VBF (QCD component)
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Higgs + 1j
HEJ has always resummed logarithms in the region between the outer jets in rapidity, hence always for 
processes with at least two jets


Observed in H+2j studies, that scaling with an intermediate Higgs boson was as in QCD

The same (Regge) scaling applies in the amplitude if the Higgs boson is external in rapidity

Hence can capture leading logs with the same method for H+1j

Andersen, Hapola, Maier, JMS arXiv:1706.01002
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Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, JMS arXiv:2210.10671

Previous 2jet+ New 1jet+Increasing

rapidity

Black = Born/skeleton function                 Red = Range of resummation

Similar effects on distributions

“HX” adds

VH, VH, … 

Suppression

at large

delta y 

CMS data arXiv:1807.03825

https://arxiv.org/abs/2210.10671
https://arxiv.org/abs/1807.03825
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Improvements at Large pT: NLL

Observed that particle channels which are formally 
next-to-leading log, contribute significantly at large pT

Can consistently apply resummation to all such 
channels (part of full NLL, and step towards it)

pp ! (W ! l∫) + 3j
LHC@7 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj| < 4.4
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310
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https://arxiv.org/abs/2012.10310
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Improvements at Large pT: NLO Matching

Not able yet to match to NLO event-by-event, but can do 
better than a k-factor by matching bin-by-bin


We derive predictions from HEJ, truncated to NLO and 
take the ratio to full NLO for each distribution.


Final predictions are then given by 

LHC@7 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj| < 4.4
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310

<latexit sha1_base64="LQ4VZVL20VVwAoY33yocqvVWpRM="></latexit>

wHEJ2NLO = wHEJ2
wNLO

wHEJ atNLO
+ wFOW+�4j

Can check by expansion that each bin is accurate to NLO+LL

https://arxiv.org/abs/2012.10310


GGI August 2023                                                                                                                                                                           Jenni Smillie16

pp ! (W ! l∫)+ ∏ 2j
LHC@7 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj| < 4.4

10°4

10°3

10°2

10°1

100
d
æ

(W
!

l∫
)+

∏
2j

/d
p 1

,?
[f
b
/G

eV
]

HEJ1

HEJ2 NLO

Wjj NLO

Data from ATLAS: 1409.8639

100 200 300 400 500 600 700
pj,?(leading jet) [GeV]

1.0

1.5

R
at

io
to

D
at

a

pp ! (W ! l∫)+ ∏ 2j
LHC@8 TeV
anti-kt, R = 0.4, pj,? > 30 GeV, |yj| < 4.4

10°3

10°2

10°1

100

101

102

103

d
æ

(W
!

l∫
)+

∏
2j

/d
p W

,?
[f
b
/G

eV
]

HEJ1

HEJ2 NLO

Wjj NLO

Data from ATLAS: 1711.03296

102 103

pW,? [GeV]

0.5

1.0

1.5

R
at

io
to

D
at

a

Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310

• HEJ2 NLO prediction lies between the 
previous two


• Scale variation reduced — larger than NLO 
due to higher multiplicities

• At large pT values, require ≥ 4j events to 
obtain good agreement


• See also progress merging with a parton 
shower

Improvements at Large pT: Wjj

Andersen, Brooks & Lönnblad  arXiv:1712.00178

Andersen, Hassan, Jaskiewicz  arXiv:2210.06898

https://arxiv.org/abs/1712.00178
https://arxiv.org/abs/2210.06898
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• This is the “Precision Era of the Large Hadron Collider”


• High Energy Jets allows the description of high energy logs in a 
fully flexible framework


• High Energy Jets provides alternative way to include finite quark 
mass effects


• Recent improvements improve the description of data away from 
the strict limit


• Ongoing work to increase accuracy to full NLL and to full NLO

HEJ2 event generator:     https://hej.hepforge.org

Summary & Outlook

https://hej.hepforge.org

