
Verification of Forward Jet Production in Deep Inelastic
Scattering at HERA

DESY Summer Student Programme, 2021

Wenting Zhang
University of Cambridge

Supervisor
Hannes Jung

01, 2021

Abstract

The inclusive forward jet cross-section in deep inelastic e+p scattering has been
measured in the region of x–Bjorken, 4.5 × 10−4 to 4.5 × 10−2, with the cut 0.5 <
E2

T , jet/Q
2 < 2, where the results are the most sensitive to BFKL-effect. This mea-

surement is motivated by the search for effects of BFKL–like parton shower evolution.
The cross-section at hadron level as a function of x is compared to that predicted by
Monte Carlo models (RAPGAP and ARIADNE). An excess of forward jet production
at small x is observed compared with ARIADNE generated events. RAPGAP, a model
based mainly on DGLAP parton shower evolution, has the lowest cross-section. This
shows that the Colour Dipole model describes the data reasonably well. BFKL–like
parton shower evolution effect is thus observed.
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1 Introduction

Multiple approaches have been made to predict the behavior of proton structure F2(x,Q2),
which changes dramatically at small x-Bjorken. In one approach, DGLAP evolution equa-
tion was used, which includes a leading term ln(Q2). Another approach would be BFKL
evolution equation, which has a leading term ln( 1x). In the paper ‘Forward Jet Production
in Deep Inelastic Scattering at HERA’, they have produced some plots using ARIADNE,
LEPTO and HERACLES for results simulation in Monte Carlo. In this paper, RAPGAP
and ARIADNE are used to reproduce the plots and re-verify the Colour Dipole model and
thus BFKL–like parton shower evolution. The paper consists of five sections, with theoret-
ical background followed by Method and Results, and the last section is the Conclusion.

2 Theoretical Background

BFKL equation predicts a strong ordering of the longitudinal momenta(x), whereas DGLAP
equation predicts a strong ordering of parton transverse momenta(kT ) (Table 1). Thus,
for BFKL equation, partons with large transverse and longitudinal momenta will provide
additional contributions to hadronic final state. These partons are experimentally resolved
as jets.

Thus, one way to detect BFKL effect would be to investigate jets’ cross-section at low
x-Bjorken and compare it with Monte-Carlo generated data. In this case, RAPGAP and
ARIADNE was used. RAPGAP is a generator which mostly has the components from
DGLAP, while ARIADNE has some BFKL terms contribution towards it. It can be ex-
pected that the experimental data would have a higher cross-section comparing to Monte-
Carlo simulated data, and ARIADNE generated data fits better with the HERA data in
comparison to RAPGAP. In this way, the BFKL-effect at low x-Bjorken could be proved.

3 Methods

The HERA experimental data is acquired at HERA by operating with 174 colliding bunches
of Ep=820GeV protons and Ee=27.5GeV positrons, the integrated luminosity used in this
analysis was 6.36pb−1. Among all, about 7× 106 events survived.

The Monte-Carlo data was produced using a DESY virtual machine[3]. Firstly, C++ was
used to setup and fill the histograms and to select events with specific cuts (Table2). The
chosen phase space ensures only forward jets which are most sensitive to BFKL effect were
selected. The C++ file along with the plot file were then uploaded onto the DESY virtual
machine, on which one can setup all necessary inputs for Pythia in steer-ep which are
then used to generate events. In this case vast majority of the parameters were default
parameters. Only Ep, Ee, IFPS was modified as required. The rapgap.sub file was then
setup to run the program to generate events and input all events data into the yoda file.
This is again downloaded and plotted using rivet-mkhtml command to show the final plot
on a web-page.
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4 Results

First, an appropriate range ofE2
T , jet/Q

2 for investigating BFKL effect is determined(Figure
1). For E2

T , jet/Q
2�1, RAPGAP and ARIADNE generated data both fit rather well with

the HERA data, showing DGLAP equation dominates over this region. For E2
T , jet/Q

2≈1,
BFKL fits well, as a small number of excess jets were observed compared to both sets of
MC generated data, showing that this region is where the results are the most sensitive
to BFKL effect. At high E2

T , jet/Q
2, neither equation fits well within this range, as it is

already in the photo-production range, due to the low Q value. Hereby, we conclude that
to show the most BFKL effect, phase space 0.5<E2

T , jet/Q
2<2 should be applied.

Figure 1: Comparison of results obtained from rivet and the corresponding ones in the
paper ’Forward jet production in deep inelastic scattering at HERA’. (a) HERA exper-
imental and MC generated data of the cross-section plotted with respect to E2

T , jet/Q
2,

ARIADNE generated data(blue), RAPGAP generated data(red).(b) Validation graph with
results generated using RAPGAP.[1]

With all appropriate phase space, an excess of forward jets was observed compared to MC
generated events using RAPGAP and ARIADNE in the small x-Bjorken region(Figure 2).
Specifically, ARIADNE generated data fits better than RAPGAP generated data, which
is what we expected. Both of which show that the BFKL-effect is observed at the small x-
Bjorken region. At the high x-Bjorken region, the HERA data fits well with MC simulated
events - this means that the DGLAP equation dominates over this region, which is what
was expected from their equation format.

5 Conclusions

In conclusion, we have reproduced the graphs with RAPGAP and ARIADNE - RAPGAP
has fewer BFKL characteristics than ARIADNE. It is proven that for E2

T , jet/Q
2≈1, jets

in this range are more sensitive to BFKL-effect. Applying with appropriate phase space,
where BFKL-effect is enhanced, the events’ cross-section is plotted against x-Bjorken. It
is proved that, at small x-Bjorken, the Colour Dipole model describes the data reasonably
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Figure 2: Comparison of results obtained from rivet and the corresponding ones in the pa-
per ’Forward jet production in deep inelastic scattering at HERA’. (a) HERA experimental
and MC generated data of the cross-section plotted with respect to x−bj, ARIADNE gener-
ated data(blue), RAPGAP generated data(red).(b) Validation graph with results generated
using a few MC generators.[2]

well. BFKL–like parton shower evolution effect is observed. For further improvement, a
larger number of events or different event generators can be used for comparison purposes.
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Zarȩbska, L. Suszycki, J. Zając, A. Kotański, L. A.T. Bauerdick, U. Behrens, J. K.
Bienlein, C. Burgard, K. Desler, G. Drews, A. Fox-Murphy, U. Fricke, F. Goebel,
P. G¨ttlicher, R. Graciani, T. Haas, W. Hain, G. F. Hartner, D. Hasell, K. Hebbel,
K. F. Johnson, M. Kasemann, W. Koch, U. K¨tz, H. Kowalski, L. Lindemann, B. L¨hr,
M. Martínez, M. Milite, T. Monteiro, M. Moritz, D. Notz, F. Pelucchi, M. C. Petrucci,



REFERENCES 4

K. Piotrzkowski, M. Rohde, P. R.B. Saull, A. A. Savin, U. Schneekloth, F. Selonke,
M. Sievers, S. Stonjek, E. Tassi, G. Wolf, U. Wollmer, C. Youngman, W. Zeuner,
C. Coldewey, H. J. Grabosch, A. Lopez-Duran Viani, A. Meyer, S. Schlenstedt, P. B.
Straub, G. Barbagli, E. Gallo, P. Pelfer, G. Maccarrone, L. Votano, A. Bamberger,
S. Eisenhardt, P. Markun, H. Raach, S. W¨lfle, P. J. Bussey, A. T. Doyle, S. W. Lee,
N. Macdonald, G. J. McCance, D. H. Saxon, L. E. Sinclair, I. O. Skillicorn, R. Waugh,
I. Bohnet, N. Gendner, U. Holm, A. Meyer-Larsen, H. Salehi, K. Wick, A. Garfagnini,
I. Gialas, L. K. Gladilin, D. Kçira, R. Klanner, E. Lohrmann, G. Poelz, F. Zetsche,
R. Goncalo, K. R. Long, D. B. Miller, A. D. Tapper, R. Walker, U. Mallik, S. M. Wang,
P. Cloth, D. Filges, T. Ishii, M. Kuze, K. Nagano, K. Tokushuku, S. Yamada, Y. Ya-
mazaki, S. H. Ahn, S. H. An, S. J. Hong, S. B. Lee, S. W. Nam, S. K. Park, H. Lim,
I. H. Park, D. Son, F. Barreiro, G. García, C. Glasman, O. Gonzalez, L. Labarga,
J. Del Peso, I. Redondo, J. Terrón, M. Barbi, F. Corriveau, D. S. Hanna, J. Hartmann,
A. Ochs, S. Padhi, M. Riveline, D. G. Stairs, M. Wing, T. Tsurugai, V. Bashkirov,
B. A. Dolgoshein, G. L. Bashindzhagyan, P. F. Ermolov, Yu A. Golubkov, L. A. Khein,
N. A. Korotkova, I. A. Korzhavina, V. A. Kuzmin, O. Yu Lukina, A. S. Proskuryakov,
L. M. Shcheglova, A. N. Solomin, S. A. Zotkin, C. Bokel, M. Botje, N. Brümmer,
J. Engelen, E. Koffeman, P. Kooijman, A. van Sighem, H. Tiecke, N. Tuning, J. J.
Velthuis, W. Verkerke, J. Vossebeld, L. Wiggers, E. de Wolf, B. Bylsma, L. S. Durkin,
J. Gilmore, C. M. Ginsburg, C. L. Kim, T. Y. Ling, P. Nylander, S. Boogert, A. M.
Cooper-Sarkar, R. C.E. Devenish, J. Große-Knetter, T. Matsushita, O. Ruske, M. R.
Sutton, R. Walczak, A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, S. Dondana,
U. Dosselli, S. Dusini, S. Limentani, M. Morandin, M. Posocco, L. Stanco, R. Stroili,
C. Voci, L. Iannotti, B. Y. Oh, J. R. Okrasiński, W. S. Toothacker, J. J. Whitmore,
Y. Iga, G. D’agostini, G. Marini, A. Nigro, C. Cormack, J. C. Hart, N. A. McCubbin,
T. P. Shah, D. Epperson, C. Heusch, H. F.W. Sadrozinski, A. Seiden, R. Wichmann,
D. C. Williams, N. Pavel, H. Abramowicz, S. Dagan, S. Kananov, A. Kreisel, A. Levy,
T. Abe, T. Fusayasu, K. Umemori, T. Yamashita, R. Hamatsu, T. Hirose, M. Inuzuka,
S. Kitamura, T. Nishimura, M. Arneodo, N. Cartiglia, R. Cirio, M. Costa, M. I. Fer-
rero, S. Maselli, V. Monaco, C. Peroni, M. Ruspa, A. Solano, A. Staiano, M. Dardo,
D. C. Bailey, C. P. Fagerstroem, R. Galea, T. Koop, G. M. Levman, J. F. Martin,
R. S. Orr, S. Polenz, A. Sabetfakhri, D. Simmons, J. M. Butterworth, C. D. Catter-
all, M. E. Hayes, E. A. Heaphy, T. W. Jones, J. B. Lane, B. J. West, J. Ciborowski,
R. Ciesielski, G. Grzelak, R. J. Nowak, J. M. Pawlak, R. Pawlak, B. Smalska, T. Tymie-
niecka, A. K. Wroblewski, J. A. Zakrzewski, A. F. Żarnecki, M. Adamus, T. Gadaj,
O. Deppe, Y. Eisenberg, D. Hochman, U. Karshon, W. F. Badgett, D. Chapin, R. Cross,
C. Foudas, S. Mattingly, D. D. Reeder, W. H. Smith, A. Vaiciulis, T. Wildschek,
M. Wodarczyk, A. Deshpande, S. Dhawan, V. W. Hughes, S. Bhadra, J. E. Cole,
W. R. Frisken, R. Hall-Wilton, M. Khakzad, S. Menary, and W. B. Schmidke. Mea-
surement of the e(t,jet)/ 2 /q 2 dependence of forward-jet production at hera. Physics
Letters, Section B: Nuclear, Elementary Particle and High-Energy Physics, 474, 2000.

[2] J. Breitweg, M. Derrick, D. Krakauer, S. Magill, D. Mikunas, B. Musgrave, J. Repond,
R. Stanek, R. L. Talaga, R. Yoshida, H. Zhang, M. C.K. Mattingly, F. Anselmo, P. An-
tonioli, G. Bari, M. Basile, L. Bellagamba, D. Boscherini, A. Bruni, G. Bruni, G. Cara
Romeo, G. Castellini, L. Cifarelli, F. Cindolo, A. Contin, N. Coppola, M. Corradi,
S. de Pasquale, P. Giusti, G. Iacobucci, G. Laurenti, G. Levi, A. Margotti, T. Mas-
sam, R. Nania, F. Palmonari, A. Pesci, A. Polini, G. Sartorelli, Y. Zamora Garcia,



5 REFERENCES

A. Zichichi, C. Amelung, A. Bornheim, I. Brock, K. Coböken, J. Crittenden, R. Deffner,
M. Eckert, M. Grothe, H. Hartmann, K. Heinloth, L. Heinz, E. Hilger, H. P. Jakob,
A. Kappes, U. F. Katz, R. Kerger, E. Paul, M. Pfeiffer, J. Stamm, H. Wieber, D. S. Bai-
ley, S. Campbell-Robson, W. N. Cottingham, B. Foster, R. Hall-Wilton, G. P. Heath,
H. F. Heath, J. D. McFall, D. Piccioni, D. G. Roff, R. J. Tapper, R. Ayad, M. Ca-
pua, L. Iannotti, M. Schioppa, G. Susinno, J. Y. Kim, J. H. Lee, I. T. Lim, M. Y.
Pac, A. Caldwell, N. Cartiglia, Z. Jing, W. Liu, B. Mellado, J. A. Parsons, S. Ritz,
S. Sampson, F. Sciulli, P. B. Straub, Q. Zhu, P. Borzemski, J. Chwastowski, A. Es-
kreys, J. Figiel, K. Klimek, M. B. Przybycień, L. Zawiejski, L. Adamczyk, B. Bednarek,
M. Bukowy, A. M. Czermak, K. Jeleń, D. Kisielewska, T. Kowalski, M. Przybycień,
E. Rulikowska-Zarebska, L. Suszycki, J. Zajac, Z. Duliński, A. Kotański, G. Abbiendi,
L. A.T. Bauerdick, U. Behrens, H. Beier, J. K. Bienlein, K. Desler, G. Drews, U. Fricke,
I. Gialas, F. Goebel, P. Göttlicher, R. Graciani, T. Haas, W. Hain, D. Hasell, K. Hebbel,
K. F. Johnson, M. Kasemann, W. Koch, U. Kötz, H. Kowalski, L. Lindemann, B. Löhr,
J. Milewski, M. Milite, T. Monteiro, J. S.T. Ng, D. Notz, A. Pellegrino, F. Peluc-
chi, K. Piotrzkowski, M. Rohde, J. Roldán, J. J. Ryan, P. R.B. Saull, A. A. Savin,
U. Schneekloth, O. Schwarzer, F. Selonke, S. Stonjek, B. Surrow, E. Tassi, D. West-
phal, G. Wolf, U. Wollmer, C. Youngman, W. Zeuner, B. D. Burow, C. Coldewey,
H. J. Grabosch, A. Meyer, S. Schlenstedt, G. Barbagli, E. Gallo, P. Pelfer, G. Mac-
carrone, L. Votano, A. Bamberger, S. Eisenhardt, P. Markun, H. Raach, T. Trefzger,
S. Wölfle, J. T. Bromley, N. H. Brook, P. J. Bussey, A. T. Doyle, S. W. Lee, N. Mac-
donald, G. J. McCance, D. H. Saxon, L. E. Sinclair, I. O. Skillicorn, E. Strickland,
R. Waugh, I. Bohnet, N. Gendner, U. Holm, A. Meyer-Larsen, H. Salehi, K. Wick,
A. Garfagnini, L. K. Gladilin, D. Horstmann, D. Kçira, R. Klanner, E. Lohrmann,
G. Poelz, W. Schott, F. Zetsche, T. C. Bacon, I. Butterworth, J. E. Cole, G. Howell,
L. Lamberti, K. R. Long, D. B. Miller, N. Pavel, A. Prinias, J. K. Sedgbeer, D. Sideris,
R. Walker, U. Mallik, S. M. Wang, J. T. Wu, P. Cloth, D. Filges, J. I. Fleck, T. Ishii,
M. Kuze, I. Suzuki, K. Tokushuku, S. Yamada, K. Yamauchi, Y. Yamazaki, S. J.
Hong, S. B. Lee, S. W. Nam, S. K. Park, H. Lim, I. H. Park, D. Son, F. Barreiro,
J. P. Fernández, G. García, C. Glasman, J. M. Hernández, L. Hervás, L. Labarga,
M. Martínez, J. del Peso, J. Puga, J. Terrón, J. F. de Trocóniz, F. Corriveau, D. S.
Hanna, J. Hartmann, L. W. Hung, W. N. Murray, A. Ochs, M. Riveline, D. G. Stairs,
M. St-Laurent, R. Ullmann, T. Tsurugai, V. Bashkirov, B. A. Dolgoshein, A. Stifutkin,
G. L. Bashindzhagyan, P. F. Ermolov, Y. A. Golubkov, L. A. Khein, N. A. Korotkova,
I. A. Korzhavina, V. A. Kuzmin, O. Y. Lukina, A. S. Proskuryakov, L. M. Shcheglova,
A. N. Solomin, S. A. Zotkin, C. Bokel, M. Botje, N. Brümmer, J. Engelen, E. Koffe-
man, P. Kooijman, A. van Sighem, H. Tiecke, N. Tuning, W. Verkerke, J. Vossebeld,
L. Wiggers, E. de Wolf, D. Acosta, B. Bylsma, L. S. Durkin, J. Gilmore, C. M. Gins-
burg, C. L. Kim, T. Y. Ling, P. Nylander, T. A. Romanowski, H. E. Blaikley, R. J.
Cashmore, A. M. Cooper-Sarkar, R. C.E. Devenish, J. K. Edmonds, J. Große-Knetter,
N. Harnew, C. Nath, V. A. Noyes, A. Quadt, O. Ruske, J. R. Tickner, R. Walczak, D. S.
Waters, A. Bertolin, R. Brugnera, R. Carlin, F. Dal Corso, U. Dosselli, S. Limentani,
M. Morandin, M. Posocco, L. Stanco, R. Stroili, C. Voci, J. Bulmahn, B. Y. Oh, J. R.
Okrasiński, W. S. Toothacker, J. J. Whitmore, Y. Iga, G. D’Agostini, G. Marini, A. Ni-
gro, M. Raso, J. C. Hart, N. A. McCubbin, T. P. Shah, D. Epperson, C. Heusch, J. T.
Rahn, H. F.W. Sadrozinski, A. Seiden, R. Wichmann, D. C. Williams, H. Abramow-
icz, G. Briskin, S. Dagan, S. Kananov, A. Levy, T. Abe, T. Fusayasu, M. Inuzuka,



REFERENCES 6

K. Nagano, K. Umemori, T. Yamashita, R. Hamatsu, T. Hirose, K. Homma, S. Ki-
tamura, T. Matsushita, M. Arneodo, R. Cirio, M. Costa, M. I. Ferrero, S. Maselli,
V. Monaco, C. Peroni, M. C. Petrucci, M. Ruspa, R. Sacchi, A. Solano, A. Staiano,
M. Dardo, D. C. Bailey, C. P. Fagerstroem, R. Galea, G. F. Hartner, K. K. Joo,
G. M. Levman, J. F. Martin, R. S. Orr, S. Polenz, A. Sabetfakhri, D. Simmons, R. J.
Teuscher, J. M. Butterworth, C. D. Catterall, M. E. Hayes, T. W. Jones, J. B. Lane,
R. L. Saunders, M. R. Sutton, M. Wing, J. Ciborowski, G. Grzelak, M. Kasprzak,
R. J. Nowak, J. M. Pawlak, R. Pawlak, B. Smalska, T. Tymieniecka, A. K. Wróblewski,
J. A. Zakrzewski, A. F. Zarnecki, M. Adamus, O. Deppe, Y. Eisenberg, D. Hochman,
U. Karshon, W. F. Badgett, D. Chapin, R. Cross, S. Dasu, C. Foudas, R. J. Loveless,
S. Mattingly, D. D. Reeder, W. H. Smith, A. Vaiciulis, M. Wodarczyk, A. Deshpande,
S. Dhawan, V. W. Hughes, S. Bhadra, W. R. Frisken, M. Khakzad, andW. B. Schmidke.
Forward jet production in deep inelastic scattering at hera. European Physical Journal
C, 6, 1999.

[3] Andy Buckley, Jonathan Butterworth, David Grellscheid, Hendrik Hoeth, Leif
Lönnblad, James Monk, Holger Schulz, and Frank Siegert. Rivet user manual. Com-
puter Physics Communications, 184, 2013.


	Introduction
	Theoretical Background
	Methods
	Results
	Conclusions

