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GOAL | to analyse the QCD dynamics in the s >> |¢| limit:
the high energy limit (HEL)

FACT | in HEL the scattering processes are dominated by

H

sub-processes with gluon exchange in the ¢ channel

‘BFKLI theory resums multiple gluon radiation out of

the gluon exchanged in the ¢ channel
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FACT | in HEL the scattering processes are dominated by
sub-processes with gluon exchange in the ¢ channel

BFKL | theory resums multiple gluon radiation out of

E

the gluon exchanged in the ¢ channel

PHENOM. | Process-dependent questions:

[

@ does a fixed-order expansion in «; suffice to describe the data ?

@ can the data be described in terms of other, Sudakov,

resummeations ?

@ in phase space, where do sub-processes with gluon exchange in the
t channel dominate over the other sub-processes 7



\ FORWARD SCATTERING |
‘ PARTON-PARTON SCATTERING I In the c.m. frame, t = —s(1 — cos6)/2,

with 0 the scattering angle. s > |t|:

W forward, i.c. small angle, scattering: do/dt ~ 1/t?

= ihe scattering process is dominated by sub-processes with gluon exchange
in the ¢t channel: ¢ () ¢ Q,q9—>qg,99—9gg
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‘ PARTON-PARTON SCATTERING I In the c.m. frame, t = —s(1 — cos6)/2,

with 0 the scattering angle. s > |t|:

W forward, i.c. small angle, scattering: do/dt ~ 1/t?

= ihe scattering process is dominated by sub-processes with gluon exchange
in the ¢t channel: ¢ () ¢ Q,q9—>qg,99—9gg

q g — q g scattering amplitude in the s > |t| limit:

!
Pa G Po G

|

Agrsi)qg(pcwpa’ |pb’ 9 pb)

By _ 9 T 0% (p - 1 q £00'c 099 (p, -
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W (99 (C%9): gluon (quark) high energy effective vertices
- high energy factorisation: to obtain ¢ () — ¢ () or g g — g g replace

ig £ ¢ C%9 (pp; ppr ) > 9 Tz CH9(py; piy)
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‘ BFKL RESUMMATIONI

in any scattering process with s > [f| gluon exchange in the ¢ channel

dominates p

a
LQQQOOMO00000Q, 1

BFKL is a resummation of multiple gluon radia-
tion out of the gluon exchanged in the £ channel g
:

for s > |t| BFKL resums the Leading Log (and Next-to-Leading Log)
contributions, in , of the radiative corrections to the gluon
propagator in the ¢ channel, to all orders in o

the LL terms are obtained in the approximation of strong rapidity
ordering and no k; ordering of the emitted gluons

the NLL terms are

the resummation yields a integral equation for the evolution of the
gluon propagator in the ¢ channel



\ LL BFKL RESUMMATIONI

¥ the universal building blocks of the LL. BFKL resummation are:

*® the real term: the emission of a gluon along the gluon ladder

/
Da Q Pa’ Q tree

gg—3g (paapa’ |k|pb’ , pb)
¢y =5 [’igf““(?g;g(pa;paf)]
k , /
qZ,C, ¢ X% |:Zg deC Og(q17k7q2)i|

1 |, bb'c’ 1g;g c M)
o o X [zgf C% (py; Py )}

w C9(q, k, g2) is the gluon emission (Lipatov) vertex
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¥ the universal building blocks of the LL. BFKL resummation are:

*® the real term: the emission of a gluon along the gluon ladder

/
Da Q Pa’ Q tree

gg—3g (paapa’ |k|pb’ , pb)
¢y =5 [’igf"accg;g(pa;paf)]
k , /
qZ,C’ ¢ X% |:Zg deC CQ(Q17k7q2)i|

1 |4 £00'C 99 (m Do,
o o X [zgf C (pb,pb)}

w C9(q, k, g2) is the gluon emission (Lipatov) vertex

*® the virtual term: the reggeisation of the gluon exchanged in the ¢ channel
(here in d = 4 — 2¢ dimensional regularisation)

Al—loop _ ~2(t)a(1)ln iAtree

gg—>gg_g —t 99—99
20 3 2\ °
oW=272 P(1)= e (ﬁ—t)

W 52(t)a is the 1-loop gluon Regge trajectory (Ca = N)



‘ NLL BFKL RESUMMATIONI

¥ the building blocks of the NLL. BFKL resummation are:

*® corrections to the Lipatov vertex

Fadin, Lipatov 1989-96
VDD 1996

real

Fadin, Lipatov 1993
Fadin, Fiore, Quartarolo 1994
Fadin, Fiore, Kotsky 1996

Bern, Schmidt, VDD 1998
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¥ the building blocks of the NLL. BFKL resummation are:

*® corrections to the Lipatov vertex

Fadin, Lipatov 1989-96
VDD 1996

real

Fadin, Lipatov 1993
Fadin, Fiore, Quartarolo 1994
Fadin, Fiore, Kotsky 1996

Bern, Schmidt, VDD 1998

Fadin, Fiore, Kotsky 1995-96
Fadin, Fiore, Quartarolo 1995
Glover, VDD 2001




\ GLUON REGGEISATION |

‘ANSATZ I in HEL the gluon-gluon scattering amplitude for the exchange of a
colour octet of negative signature in the ¢ channel is

Ag g—gg (paapa’ ‘pb’ ’ pb)

= s [ig f““'cCg;g(pa;paf)} ! [(S)a(t) + (S)a(t)} [ig fbb'cCg;g(pb;pbf)}

t —1 —1

¥ the effective vertex C%9 and the gluon Regge trajectory have the
perturbative expansion

C99 = 099014 G2)C%IM g% (£)C992))+ O (%)
a(t) = gV +7'(t)a!? + 0

¥ the 2-loop gluon Regge trajectory is

1 2 404 56
2
o¥=C, [5— PR (W ‘2‘53) N (_E)}

where (= (110‘43_2NF) K = (% ) C, — g



\ BACKWARD SCATTERING |
‘ QUARK-GLUON SCATTERING I in the c.m. frame u = —s(1 + cos6)/2.

s > |ul: backward, i.e. large angle, scattering: do/du ~ 1/(su)

q g — q g scattering amplitude in the s > |u| limit:

ree S /
“Agg—mq =2 [g (Tb)a’icg(/g) (p1,p3)} - [9 (Tb )ia 052) (P2, Pa)

052) . effective vertex

@ the quark reggeises
Fadin, Sherman 1977

@ in QED the electron reggeises but
the photon does not




‘ QUARK REGGEISATION I

‘ANSATZ I in the s > |u| limit, the quark—gluon scattering amplitude for the
exchange of a colour triplet of positive signature in the v channel is

Atree

a9—99
. " s \ ) _g\ %) y
- el E () (2)) b ncutin
—u |\ —u —U
0(u) is the quark Regge trajectory, with expansion
2 €
3(u) = P ()5 +* (u)s® + 0(g°) () = fer (£
2C
the 1-loop trajectory is 6(V= —X
€
the 2-loop trajectory is Bogdan, Fadin, Glover, VDD 2002
2 404 56
5 = 50 + K— +C, (2—7 — 2(3) Ny ( 27) (Cr — Cu) (16C3)]

¥ by mapping C» — C, we obtain the gluon trajectory



‘ BFKL PHENOMENOLOGY I

* in principle, the BFKL resummation can be applied to any scattering

process with s > |t|, where t is a typical (squared) transverse energy scale

( )

dijet
@ in p p collisions ¢V, H+2jet , production at large rapidities

heavy diquark

\

F5 scaling violations
@& in DIS ’ 5

forward jet production

@ in ete , v*v* — hadrons at large YV



‘ BFKL PHENOMENOLOGY I

* in principle, the BFKL resummation can be applied to any scattering

process with s > |t|, where t is a typical (squared) transverse energy scale

( )

dijet
@ in p p collisions ¢V, H+2jet , production at large rapidities

heavy diquark

\

F5 scaling violations
@& in DIS ’ 5

forward jet production
@ in ete , v*v* — hadrons at large YV
* in HEL, the partonic cross section is 6 (AB — j1j2) ~ Z(j1)FerrrZ(j2)
¥ the BFKL ladder F BFK 1S universal

¥ the impact factors Z(j) ~ |C99]? are process dependent




‘ IMPACT FACTORS I
|LO IMPACT FACTOR | qgq* = g ) g o g )

@ ot LO the impact factors are known for all the processes of interest
(see next Table)



‘ IMPACT FACTORS I
\LO IMPACT FACTOR | gg* = g:

@ ot LO the impact factors are known for all the processes of interest
(see next Table)

\NLO IMPACT FACTOR |

@ at NLO the impact factors are known for ¢ g* — ¢, g g* — g and v*¢* — qq
Bartels, Colferai, Gieseke, Vacca 2001-02



[ TABLE OF IMPACT FACTORS |

oy 2p p=ag >
@*%H pg* — Hp

_DIJET PROD.
V + 2 JET PROD

@‘l— 1(2) JET PRCD
R Do
<__FORWARD JET IN DIS _>

T o>




[ TABLE OF IMPACT FACTORS |

— —_DWET PROD. >

2y o p&
V—|—2JETPROD
q9” —>qV
H+1(2 JETPROD

Qq*—)H pg* —>H)

HEAVY DIQU@

<___FORWARD JET IN DIS D
v*g* — QW
""" — HADRONS




‘ DIJET PRODUCTION IN p»p» COLLISIONS |

J1

Db

Pgp

KINEMATICS
Pa = TalPa pp=apPp:
incoming parton momenta
S': hadron c.m. energy
S= x,TpS : parton c.m. energy
FEj, . : Jet transverse energy
(Q? = —t : typical momentum transfer
2 2
- 02~ E?
Ay = |yj1 - yj2| :
rapidity difference between the jets
1 1
%ln@ n——l—ln@—l—ln—
* xa,b = 0(1) ln @ ~ Ay > ].
W shysics of large rapidity intervals,
and not small-z physics



‘ DIJET PRODUCTION IN HEL I

the cross section for dijet production in HEL:

do

— feff( 7/‘1‘%‘) feff( ,,Léi) da-gg

d2pj1J_ d2pj2Ldyj1 dyjz d2pj1J_d2pj2J_

the parton momentum fractions in HEL:

= M@%&L — Me_ijL

VS ’ VS
the effective p.d.f. A

feff(xvﬁi‘) — G(%N%) T 5 Z [Qf(xmul%‘) T Qf(ﬂ?,/,bi)}
f



‘ DIJET PRODUCTION IN HEL I

the cross section for dijet production in HEL:

do

dagg

_ Of (,.0 2y .0 L0 2
= LoJeff\( Ly, K ) ‘Lbf ﬁc('-l/’bhu )
d2pj1J_d2pj2J_dyj1 dyjé ’ ! ’ !

the parton momentum fractions in HEL:

0 ‘pj1¢|6yj1L , 20 — Me_ijL

X b — \/g

x, NG

the effective p.d.f. A

feﬁ(x7U%) — G(aja/i%) T § Z [Qf(xmul%‘) T Qf(xa/l%)}
f

parton cross section in terms of BFKL ladder f and impact factors:

— f(Qa »db | 4 Ay)
d2pj1¢d2pj2¢ |pj11_ |2 S |pj2¢ |2
asymptotically, the [.I. BFKL ladder is:
ACs In 20 Ay/m

lim al,qy, , Ay) ~
Ay>>1f(q b, » AY) N RNTE

d2pj1J_ d2pj2J_



\ BFKL MONTE CARLO |
‘DRAWBACKS OF THE BFKL LADDERI

@ the (N)LL BFKL resummation is performed at fixed o
> any variation in the scale of as occurs in the NLL terms

@ cnergy and longitudinal momentum are not conserved:

in dijet production, the exact z’s are

Yj: "

€ _ . .

Lg = ﬁ <|pj1¢| T ‘ijJ_‘e Ay + ZpiJ_eyz yﬁ)
1=1

e_yj2

_A - s .
Ty = W (Pju| T |Pju|€ J + ;Pue Y +y32>



\ BFKL MONTE CARLO |
‘DRAWBACKS OF THE BFKL LADDERI

@ the (N)LL BFKL resummation is performed at fixed o
> any variation in the scale of as occurs in the NLL terms

@ cnergy and longitudinal momentum are not conserved:

in dijet production, the exact z’s are

Yj: "

e A R

Lg = ﬁ <|pj1¢| T ‘ijJ_‘e J + izzlpiJ_eyz yﬁ)
e Yiz —A - —; + .

Tp = W Djo. | + [P le” =7 + ;Pue Yi T Jis

@ a3 Monte Carlo solution of the BFKL equation can account for
*® running of o

*® energy and longitudinal momentum conservation

Schmidt 1996; Orr, Stirling 1997



‘ DIJET PRODUCTION IN HEL I

¥ in an event with two or more jets, tag the most forward and the most

backward jets
TalbS
E. E:

Ji1L )21

Ay — |yj1 _yj2| ~ In

¥ minimise the jet transverse energy
¥ maximise s= TalhS
*® in a collider with ramping-up energy S, fix = Ta b

do for different values of S Mueller, Navelet 1987
dx,dzy

analyse

*® in a fixed energy S collider, increase = x, ;
([ do

analyse < dAd%
dAy do¢

for different values of Ay

¢ : azimuthal angle between tagged jets

\

Schmidt, VDD; Stirling 1993-95



‘ DIJET PRODUCTION — PHENOMENOLOGY I

LHC, Vs = 14 TeV \/E = 1.8 TeV Orr, Stirling 1997
T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T |: 1~0 D T T . T T ‘ T T T T ‘ T T T T ‘7
102 Lo Ppr>R0 GeV Vi——y,=A/2  — [ e 3 S
s 1 0.8 3 —
L . $ 3 i
o 101 — ) $ 7
g AT ]
—~ 100 —
=N pr>50 GeV Z - |
& y
S -~ Naive BFKL N h \VARE R ]
72 \\ ]
10 QCD LO N 3 D@ correlated jet energy scale systematic error band
— BFKL MC - i .
L o 0.0 i\/\/’/*
1073 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ | \.‘\ Al ‘ [ ) ) ) ) ‘ ) ) ) ) ‘ ) ) ) ) ‘,
0 2 4 6 8 10 0 > 4 6

d
* in ® __ the BFKL Monte Carlo yields a depletion rather than an
dyh dyjz

enhancement, both for & , due to the falling parton
luminosities
¥ < cos ¢ > shows too much azimuthal decorrelation wrt data,

while it is well described by a parton-shower Monte Carlo (HERWIG)
‘ CAVEATI < cos ¢ > is dominated by soft gluon ( ) effects




\ JETS |

proposal for colliders with ramping-up energy S:

¥ take the cross section for dijet production in HEL at fixed z’s:

do do
= [ d?p,;. d°p. U2 " 99
dr0d / Pji ., p]QLfeff( :uF) feff( :LLF) dgpju_dgpj%_
E . E, _.,.
¥ use approximate z’s: — ZL Y — 2L e Yol

V'S V'S

W ihe 2’s are in a one-to-one correspondence with the rapidities

W Ay is fixed at its max: Ay=In S

E1
¥ integrate out transverse energies above a threshold E | : Pj1o. | >EL
= ihe gluon-gluon cross section is

) Ora? AC In2aAy/m
o P—
7 2EJ2_ \/7C30A045Ay/2

¥ compute the cross section at different c.m. energies .S



\ MUELLER-NAVELET JETS — DO ANALYSIS |

D0 implementation of Mueller-Navelet: DO Collaboration 1999
¢ 9. ) A
x1=Meycosh7‘y v+
¥* exact LO z’s: < A j = JiL J2.1
R Y 2
Ty = ——=—e 7 cosh ——
\ VS 2

¥* acceptance cuts:
‘pj1a2L| Z 20 GeV |p311_p321_| < QJ\[AX = 1000 GeV2

‘yj1,2¢| <3 Ay > 2

3 measure the cross section at vSa = 1800 GeV and /S =630 GeV
in 6 (1, 75) bins, with 0.06 < 27,2, < 0.22

¥ using the Mueller-Navelet cross section, compute the ratio R =

- get the BFKL intercept
OBFKIL — 1.65 £+ 0.07



‘ OUR MUELLER-NAVELET /DO ANALYSIS |

% DO uses an upper bound on ()7, such that E2 /Q? =0.4

rq — 20 4 MV

MN

¥ in HEL
Ty — Ty F# T}

2MN are not good approximations to z
a,b g pp 1,2

¥ the rapidity interval can be written as
2

E
Ay=Y +In——= with ¥V =In -
Pji1Pjay EJ_

Ay>2 @ 2 —F2Y 2
W .1 effective maximum momentum transfer

2 =min(1000 GeV?, B2 (Y —2))

MAX

T LbS




‘ OUR MUELLER-NAVELET /DO ANALYSIS |

% DO uses an upper bound on ()7, such that E2 /Q? =0.4

rq — 20 4 MV

MN

¥ in HEL
Ty — Ty F# T}

2MN are not good approximations to z
a,b g pp 1,2

¥ the rapidity interval can be written as
2

E
Ay=Y +In——= with ¥V =In -
Pji1Pjay EJ_

Ay>2 @ 2 —F2Y 2
W .1 effective maximum momentum transfer

2 =min(1000 GeV?, B2 (Y —2))

MAX

T LbS

we analysed Mueller-Navelet /D0 with
@ analytic BFKL Andersen, Frixione, Schmidt, Stirling, VDD 2001
@ BFKL Monte Carlo

@ general-purpose NLO partonic Monte Carlo



‘ OUR MUELLER-NAVELET /DO ANALYSIS |

analytic BFKL

= =
= N »

o
©

0.6

0gg (1b)

©
N
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N
T T [TTT
[

I | I | I |
2 3 4 5

AyorY

red: Mueller-Navelet (at fixed a:be)

o

O
=
[ep

blue: at fixed wg’b

green: at fixed mg’b with Ay > 2
magenta: green + pj, | Py, < 1000 GeV?
@ in 0,, all curves have asymptot-
ically the same shape: sub-leading

terms are important

NLO partonic Monte Carlo

w w w w
Eey=1.8 TeV

curves: NLO

;DD i
DDD
DDDDDD symbols: Born
DDDDD

4 0o _
10 U000 ]
5 DDDDD ]
© I Oong B
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1
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0o
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@]

solid, O: all x;,
dashed, ¢: all x5, Ay>2

OOOOO
OOOOO
o ]
dotted, O: bin 1, Ay>2, Q*<1000 GeV? 0o,

102 NI L L L [ L L L [ L L L [ L L L L L
0 2 4 6 8 10

D (GeV)

D= |min(pj1J_) - min(pj2j_)|
symbols: LO
curves: NLO

CAVEAT
soft gluon effects at D= 0



\ CONCLUSIONS |

‘ THEORY I

@ in the high energy limit, scattering amplitudes factorise into a gluon
ladder and impact factors

@ the BFKL resummation is known at LL and NLL accuracy
@ oluon (and quark) reggeisations are known at two-loop order
@ jmpact factors are known at LO accuracy for all processes of interest

@ 5 BFKL Monte Carlo at LL accuracy is available



\ CONCLUSIONS |

‘ THEORY I

@ in the high energy limit, scattering amplitudes factorise into a gluon
ladder and impact factors

@ the BFKL resummation is known at LL and NLL accuracy
@ oluon (and quark) reggeisations are known at two-loop order
@ jmpact factors are known at LO accuracy for all processes of interest

@ 5 BFKL Monte Carlo at LL accuracy is available

‘ DIJET PRODUCTION I in pp collisions (at Tevatron)

@ AZIMUTHAL DECORRELATION No evidence of BFKL radiation has been
found. Data are described well by parton shower generators (HERWIG)

@ MUELLER-NAVELET JETS Sub-leading effects forbid the extraction of the
BFKL intercept

@ CAVEAT Both analyses above are contaminated by soft gluon (Sudakov)
effects



