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dynamics. The objective of this work is to study the Sudakov resummation of Mueller-
Navelet jets. Through the one-loop calculation, Sudakov type logarithms are obtained for
this process when the produced dijets are almost back-to-back. These results could play
an important role in the phenomenological study of dijet correlations with large rapidity
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1 Introduction

In high energy collisions, small-z evolution provides the QCD description of the dynamics
of gluon evolution in the high energy limit when the longitudinal momentum fraction x
of partons is small. Due to the enhancement of the Bremsstrahlung radiation of small-x
gluons, high energy scattering amplitudes are expected to rise rapidly as collision energy
increases. The rise of the resulting scattering cross sections can also be seen from the so-
lution of Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation [1, 2] which increases

as the rapidity interval Y = In1/x increases. The important feature of BFKL evolution is
4asNe

that the resulting cross section grows as e(®?~DY with ap—1 = =2s2¢ In 2 at leading order.
This behaviour essentially is equivalent to the exchange of a pomeron, thus sometimes the
rise of gluon density and cross sections is attributed to the so-called BFKL pomeron.

In high energy proton-proton collisions, inclusive dijets productions with large rapidity
separation

p+p— jEtl(ylv le)|y1>0 + jetZ(y% kQL)’y2<O + X, (1'1)

which is known as Mueller-Navelet jets production, are particularly interesting for studying
the properties of the BFKL pomeron and small-z gluon evolution in the era of the LHC.
Here y; and k;| represent the rapidities and transverse momenta of the produced jets. At
the leading order (LO), the differential cross section of this process [3] can be written as

do
dy1dyod?ky | d?ko |

= 9619(361)-1-396‘161(331)] [1629(062)4-;1132(1(362) oo(k11, ko1 ) f(kiL, k21, Y),
(1.2)
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representation of the BFKL evolution equation with rapidity interval Y = y; — yo. The

where og(k11,ko1) = ( and f(k11,k21,Y) obeys the momentum space
physical picture of the LO Mueller-Navelet jets production is as follows: one parton with
longitudinal momentum fraction z = %eyl from the projectile proton with positive ra-

pidity and another parton with longitudinal momentum fraction xo = %6*92 from the
target proton with negative rapidity exchange a BFKL pomeron, which is characterized by
the so-called BFKL pomeron propagator f(ki i, ks ,Y), and eventually becomes two jets
at rapidity y; and yso, respectively. This is illustrated as in the left figure of figure 1. We
suppose that the rapidity interval Y = y; — yo is so large that ;1 and xo are reasonably
large. Therefore, the use of the collinear parton distributions, which neglect the trans-
verse momenta of partons inside protons, can be justified. In this scenario, the transverse
momentum imbalance of these two jets is due to the small-z gluon radiation which is re-
summed by the BFKL evolution equation, and the azimuthal angular correlation is solely
determined by the BFKL dynamics, namely f(k1,,ko.,Y).

Eq. (1.2) gives the dominant contribution when Y is sufficiently large. For not so large
Y, if we neglect the parton shower, namely the Sudakov effects, we expect that these two
jets are almost back-to-back in the azimuthal plane due to hard scattering. If we roughly fix
the transverse momenta of the jets and increase their rapidity interval Y, we then have more
and more gluons radiated with randomized transverse momenta due to the increment of the
BFKL evolution. Thus, these two jets get less and less correlated, and may even become
completely decorrelated at asymptotically large Y. Recently, the CMS collaboration at the
LHC has measured the dijet azimuthal correlation with large rapidity separation between
the jets, which has been interpreted as the BFKL evolution (resummation) effects. This
pattern of decorrelation with increasing Y has been qualitatively observed by the CMS
collaboration [4] at the LHC.

One should however note that this pattern can be significantly modified when including
corrections to the impact factors describing the production of the two jets. In order to
quantitatively compare with data for Mueller-Navelet jets, one needs to compute the one-
loop diagrams and also include the next-to-leading order(NLO) contributions, besides the
correction from the NLO BFKL evolution [5]. This has been intensively studied in the
last two decades by several groups [6-12]. Reasonably good agreement between the NLO
calculation and the CMS data has been achieved [13-16].

In light of recent development [17-20] of Sudakov resummation in small-z formalism, by
reexamining the one-loop diagrams associated with this process, we find that there also exist
Sudakov type logarithms in Mueller-Navelet jets production in the configuration in which
the produced jets are almost back-to-back. It was found that the resummation of Sudakov
type logarithms and small-z logarithm can be performed separately when two scales are
present. (In this particular process, we have the average transverse momentum P, =~
|k11| =~ |koy | which characterizes the hard scattering and the dijet momentum imbalance
qL = El 1+ Eg 1 which is due to gluon radiation. In the back-to-back configuration, it is
clear that Pi > qi, which generates the Sudakov type logarithms, such as a In? 5—;) We
shall use the same technique developed in ref. [18] in the following calculation toLderive



the Sudakov double logarithms for Mueller-Navelet jets production in pp collisions in the
Coulomb gauge which treats both the projectile and target protons symmetrically.

We expect that Sudakov resummation introduces the suppression of back-to-back con-
figurations, which is playing a similar role as the BFKL evolution in terms of dijet decorre-
lation. Of course, at asymptotically high energy with extremely large rapidity separation
Y, the BFKL part is dominant and Sudakov suppression is presumed to be negligible.
Nevertheless, at present LHC energy and kinematical regime where the measurement is
made, we believe that these two effects should be taken into account together in order to
achieve a better description of the LHC data.

The original derivation of BFKL evolution was achieved in momentum space, which
motivates the idea of k; factorization in high energy scatterings. Later, the color dipole
picture of the BFKL pomeron in coordinate space was found in refs. [21, 22], and the exact
equivalence between the color dipole model and the original BFKL results was verified
afterwards [23]. Since it is mostly convenient to perform Sudakov resummation in coordi-
nate space in order to take the momentum conservation of arbitrary number of gluons into
account, the color dipole model is then the natural choice of framework to work with. As
illustrated in the right figure of figure 1, by using Fourier transform with proper normal-
ization, we can convert the above expression in eq. (1.2) into the so-called T-matrix, which
obeys the coordinate space representation of the BFKL equation in the color dipole model.
Therefore, in the following discussion, we will derive the Sudakov double logarithm from
the one-loop calculation of the Mueller-Navelet dijet production by using the color dipole
model, and discuss the resummation of Sudakov logarithms.

The rest of the paper is organized as follows. In section 2, we briefly discuss the lowest
order dipole-dipole scattering amplitude, which helps us to fix the normalization with the
momentum space expression. Then, we use the dipole splitting function to compute one-
loop diagrams in coordinate space and derive the Sudakov double logarithm in section 3.
In section 4, we give an intuitive discussion on the origin of this Sudakov factor and
discuss its implications. At last, we conclude in section 5, and provide some discussion
on the emergence of the Sudakov factor from the collinear factorization point of view in
the appendix.

2 Leading order cross section in the color dipole model

In this section, we would like to specify our normalization and compare the dipole model
approach with the usual BFKL approach in momentum space and collinear factorization
results. First of all, let us compute the LO dipole-dipole scattering amplitude and show
that it is equivalent to the momentum space results. Throughout the paper, we work in

light-cone coordinates and define light cone variables as p™ = po%pz and p~ = po%. As
shown in figure 1, the leading order cross section can be written down as follows
dU(qq — QQ) / d2p1d2,02 —iky 1 -p1—ikay -p2
= —_— T Y 2.1
dylddeQku_CkaJ_ xlfl(xl)foQ(:UQ) (27’()4 e (Pl,,o2, ) ) ( )

where T'(p1, p2,Y) represents the scattering matrix between two coordinate dipoles with size

p1 and ps as depicted in figure 1. In the center of mass frame, x1 = \%} vl xq = \’}227;‘_6_312,
1 2
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Figure 1. Left figure: illustration of the quark-quark channel Mueller-Navelet dijet production in
momentum space. Right figure: same process in the dipole model.

Y=y1—y2=1In ””1]_:?7225 with P? = |k ||k21| and center of mass energy S = 2pJp,. For
the quark-quark channel, we just need to set fi = ¢1 and fo = ¢o. For other channels, we
just need to use the corresponding parton distributions and put proper color factor for the
T—matrix. Therefore, let us focus on the one-loop calculation for the quark-quark channel,
since the derivation for other channels is rather similar. At the lowest order without any
BFKL evolution, namely without any gluon radiation, one finds that it is given by the
dipole-dipole scattering cross section which can be written as [25]

NZ2—-1 [d% . . , ,
To(p1, p2) = Ozg AIN2 /l4l (2 T ellrm) (2 gLz _ eZlLP2) ’ (2.2)
c 1

which gives
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do(qqg — qq) Nl o
dyrdysd?ky | d?koy z1f1(w1)a2 fo(w2)

The above results is equivalent to eq. (1.2) for the quark-quark channel once we set

flk11, kot ,Y) = (5(2)(k:u + koy) when Y = 0. Moreover, we can obtain exactly the

same results as in lowest order collinear factorization calculation after taking into account
do(qq —qq) N2 —12a2 [ +u? 2 +u? 202 N2 —1a?

= ———| ~ 24
mwdt 4N2  s? t2 * s? 3 st N2 12 (24)

in the high energy —t <« s ~ —u limit, where —t = k‘i = k%J_ and s = z1225. In
addition, it has been shown that the dipole model is completely equivalent to the BFKL
Green’s function approach. By relating the BFKL pomeron propagator f(kiy,k2,,Y) to
the Fourier transform of T'(p1, p2,Y'), we can easily demonstrate that eq. (2.1) is equivalent
to the LO formula with BFKL evolution in ref. [3] (See also e.g., refs. [10, 11]). Since
the systematic resummation of Sudakov double logarithms can conveniently be done in
coordinate space, we choose to do the calculation in the dipole model.



Figure 2. Real diagram with the initial state gluon radiation.

3 One-loop calculation and the Sudakov double logarithms

At one-loop level, on top of the LO diagram, we need to consider the radiation of an extra
gluon. In principle, this extra gluon radiation can occur anywhere in figure 1. To per-
form the dipole model calculation at one-loop, we choose to employ the Coulomb gauge
following ref. [24] which allows us to simplify the one-loop calculation in leading logarithm
approximation (LLA), by removing all the diagrams with additional gluon exchanges be-
tween two partons with large rapidity intervals, which are suppressed in high energy limit.
That is to say, at the level of LLA in high energy scatterings, the dominant contributions
always come from the diagrams with two vertical gluon exchanges between the projectile
and target protons.

Let us suppose the four-momentum of the radiated gluon is (I7,17,1,). As long as
I™ > 1", namely [T > \% for real gluons, the Coulomb gauge is equivalent to the light cone
gauge with AT = 0 [25], which allows us to compute gluon radiation from the right moving
quark in the dipole model. As to the region [T < [~ in the phase space of the radiated
gluon, the Coulomb gauge reduces to the light cone gauge with A~ = 0, which indicates
that the gluon radiation is originated from the left moving quark. These two regions are
completely symmetric, thus we can just compute the former and multiply by a factor of 2 to
take into account the latter. With this choice of gauge, we still can use the dipole splitting
kernel which is derived in the light cone gauge with the above corresponding constraints.

3.1 The derivation of the Sudakov factor

At one-loop order, let us first consider the diagram as shown in figure 2 in the eikonal
approximation, which gives

asCp (! Px10d?bd2py o o
x2f2($2)(27‘_>};/ dgxfl(x)/we tk11 -x10—tk21 -p2
1

X Y 50 — b)Ys(x1 — b)T(x10,p2,Y), (3.1)
Aaf



where the two-dimensional coordinates of active partons are labeled in figure 2 and x19 =
X1 — Xg. The longitudinal momentum fraction of the incoming quark x is no longer fixed,
instead, now it becomes x; /¢ with £ > x7. For the right-moving massless quark with no
initial transverse momentum and initial longitudinal momentum p*, the splitting wave
function of ¢ — g + ¢ in transverse coordinate space can be cast into (see e.g. ref. [26])

wr e
2 J-uij_ (60!—55— + §5a+66+)7 )\ = 17

u ~e<2) )
kt+ L L (5a+55+ + fda_éﬁ_)7 A=2,

gﬁ(era ]{7+,’U, ) = 2mi (32)

where A represents the gluon polarization, «, indicate helicities for the incoming and
outgoing quarks, and 1 — £ = 1% is defined as the longitudinal momentum fraction of the
incoming quark carried by the radiated gluon. Here u is the transverse separation of the
quark-gluon pair, and it is conjugate to their relative momentum. When £ — 1, the radiated
gluon becomes very soft. By performing the Fourier transform, it is straightforward to show
that eq. (3.1) can be converted to

SCOp 1 142 2L g
$2f2($2)a27r2F/ dﬁl_i 93f1(1‘)/ lgL o
1

2
X/ : ?210? P et thon D (xg, 02, Y). (33)
T

Now our task is to evaluate eq. (3.3). First of all, according to the definition of the plus-
function, one can write

2 1 2 1
/d§1+§§$f1() /d§(1+§) zfi(x )+$1f1($1)/0 dfl2_§- (3.4)

As demonstrated before in ref. [18], the first term in the above equation corresponds to

the renormalization of the collinear parton distribution, since it only contains collinear
singularities after being put back to eq. (3.3). (The finite part can be put into the NLO
hard factor.) As to the second term, after taking into account the constraint 1 — & =

I+ I . . .
o > Voot due to the use of Coulomb gauge with respect to the above ¢ integration,

we can obtain

In

/dg = Y2l _ gy Vol P2 (3.5)

Similarly, one can consider the gluon radiation from the left moving quark quark with the
large — momentum component xop, and obtain

o1 Y202k PE (3.6)
Py 5

Adding these two contributions together, we find that the first part gives contribution
which is proportional to a; In %ﬁigs = « Y. It is obvious that this corresponds to the BFKL

L
evolution of the dipole-dipole scattering cross section. Following the same strategy [18],



one can demonstrate that the BFKL evolution equation can be derived after taking all the
graphs into account.
After renaming x1g to p1, the second part can be cast into

a2l P? [ dr d?R, _ ip.
wlfl(x1)$2f2($2)4a30p’/(27r);l2lnl;‘ W i(qL+l1)-R1—iPy ”‘T(Pl,PQ,Y)
1L L
(3.7)

where q| = k1| +koy, Pl = %(ku_ —koy),ri =p1—peand R} = %(pl—i—pg). In the above
equation, we have neglected [; (which is the order of ¢, ) as compared to P,. The change
of variables here is important to our calculation, since ¢, and P, are the most convenient
and relevant variables in the back-to-back limit. Furthermore, in the back-to-back dijet
limit, since Pi ~ PJQ_ > ¢, we do not distinguish between P, and P,. In the leading
power approximation, we neglect all contributions which are of order of qﬁ_ / PJQ_. This allows
us to also neglect [| as compared to P;. When [ is as large as P, , one can easily see that
the resulting contribution is then power suppressed.
Now the integral in question is

Pl g g, PP oe [N gm 1 PP
/(2@2126 L Llan:>,u /(2#)2_256 < ll7ln l2’ (3.8)

where we have changed the dimension of the integral from 2 to 2 — 2¢ in order to isolate
the expected soft-collinear divergence. In the MS scheme, we find that the above integral
yields (see the appendix of ref. [18])

~ 2 ~ 2

1|1 1 P2 1 P2 1 P2R? 2

A U ) MRt B (3.9)
A |2 e p2 2 2 2

where ¢y = 2¢77F and ~g is the Euler constant.

Now let us consider the virtual graphs as shown in figure 3. In principle, we need to
take all these three graphs in figure 3 into account. We shall not present the complete
calculation here, since it is a bit tedious.! We found a quick way to obtain the total virtual
contribution by using the simple fact that the ultra-violet divergence should cancel between
these three graphs. Due to this cancellation, it is natural to just simply assume that these
three virtual graphs completely cancel in the ultra-violet region where [, > P,. On the
other hand, in the I, < P, region, we find that graph (b) and (c) are power suppressed,
thus can be neglected. Therefore, the only important contribution comes from graph (a)
with the constraint [, < P, which amazingly gives the identical result as the complete
evaluation of all three graphs.

Again, using the dipole model and the Fourier transform, it is straightforward to find
that graph (a) in figure 3 gives the following contribution

e B e -y g Ity

'In the case of Higgs productions and dijet productions in pA collisions, detailed computations of virtual

diagrams are presented in ref. [18]. The technique needed to perform such complete calculation for Mueller-
Navelet jets is akin to that used in Higgs productions and dijet productions.
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Figure 3. Virtual diagrams.

Similarly, taking the Coulomb gauge constraint into account, the second term gives

N

N i
/ Al 26 g VInpl gy V2mwy | B
0

+1n —=. 3.11
1-¢ Iy P, 3 (3.11)

Following the same procedure, we identify the first part as the contribution to the BFKL
evolution, and the second part as the contribution to the Sudakov factor, which can be

cast into
- ~ ~ 2
d?l P2 111 1. P2 1 P2 2
/J‘Zn;‘ e e IS H (P (3.12)
i ~ T € €
(2m)22 12 4 2 u 2 U2 12

I, <P

As commented above, we have made an ultra-violet cut [; < P, in the above integration
by using the knowledge that the large [ region will be cancelled by other virtual diagrams.
By adding the real and virtual contributions together, one can easily find that the soft

and collinear divergences cancel, and the remaining Sudakov factor is?

0.Cr |, PPRY

2 )

1
2 c (3 3)

Sqg—qg = —
which becomes the so-called Sudakov suppression factor after exponentiation due to multi-
ple gluon radiation. Since one needs to impose a delta function due to the conservation of
transverse momentum when performing the resummation of arbitrary number of Sudakov
gluon radiations, it is common practice to do the Fourier transform of that delta function
and find that the Sudakov factor naturally exponentiates in the coordinate space. It is
also interesting to note that this result with the effective colour factor Cr agrees with the

2We always find this imperfect cancellation between real and virtual contributions, as long as we require
that back-to-back dijets with fixed momenta ki, and k2, are produced. Qualitatively speaking, Sudakov
double logarithms always arise due to the incomplete cancellation of the soft-collinear region of phase space
between real and virtual graphs. As far as the back-to-back dijet correlation is concerned, such incomplete
cancellation is bound to occur, since a certain constraint should be put on the real graphs to generate
the desired dijet configuration, while virtual graphs have no constraint at all. On the other hand, if one
integrates over the full phase space of one of the dijet momenta (e.g. k21 ) at one-loop level, one should find
that Sudakov double logarithms are absent. This implies that generic dijet productions at one-loop level
can not be viewed as productions of two independent jets.
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Figure 4. Real diagram with final state gluon radiation.

empirical formula [18] for the Sudakov double logarithmic factor which implies that each
incoming quark contributes %CF to the effective colour factor. At the end of the day, in
the back-to-back limit, we find the cross section of Mueller-Navelet jets production

do(qq = qq)
dyldy2d2(JLd2PL - xlfl(l'l)ngg(xQ)
2 52
d2rLd2RL —iq, Ry —iP, - _QSQ?;F lng%
/(271')46 iqL-Ry—iPry o T(p1,p2,Y), (3.14)

where naturally a convolution of the BFKL evolved T-matrix together with the Sudakov
factor in coordinate space occurs. We find that both the Sudakov resummation and BFKL
evolution suppress the back-to-back configuration of dijet productions. On the other hand,
we expect that the Sudakov factor is important when the rapidity separation Y is not too
large, while the BFKL pomeron exchange dominates when Y is asymptotically large. At
the present LHC kinematics, we believe that both effects should be taken into account.

In addition, simply taking the difference in color factors into account, it is straightfor-
ward to generalize the above calculation and compute the Sudakov double logarithms for
other dominant channels such as qg — ¢qg and gg — gg as follows

as(Cp + Cy P2R?
Sqg—q9 = — o Zﬂ )1n2 R

3.15
Cg 7 ( )
asCy

pQRQ
Sog—99 = — D) In® —o=.

.16
r (3.16)

3.2 Comments on other graphs

In the derivation of the Sudakov double logarithm, we find that only the above considered
graphs contribute while the rest of one-loop graphs do not. Some of the diagrams, which

contain interactions between the radiated gluon and the t-channel exchanged vertical gluon,
are simply power suppressed by factors of %, while other graphs do not contain Sudakov
type double logarithms.

There is one type of one-loop diagrams as shown in figure 4, in which the final state

gluon is radiated. In principle, this type of diagrams could contribute the Sudakov factor



as well. However, in this particular Coulomb gauge that we choose, this diagram only
contain the small-x evolution and jet cone contributions so long as the azimuthal angular
deviation from the jets being back-to-back, ¢ ~ %, is less than the jet size, §. We are
going to use the same trick employed in ref. [18] to study this graph as follows. In the soft
gluon limit §; = 1 — { < 1, the contribution from figure 4 after factorizing out the LO
contribution can be cast into

) 1
ta.Cr / PL_itymo / Ly (3.17)
(2m) (I —&gk11) b &

Since we are only interested in the correlation between the produced dijet, we can aver-

age over the azimuthal angle of the leading jet, say the azimuthal angle of ky,. Using
the identity

! / T ! ! ith a<1 (3.18)
- e W1 a .
27 Jo 14+acosl 1—qg2’ ’

one can cast the above integral into

d?1, 1 . 1 de¢
4a,C —u1 %ol —9 3.19
“ F/ @n?iZ — k2| / & (3.19)

\/521171

Obviously, the above integration has a collinear singularity at {; = ]% which is expected
since this comes from the region where the radiated gluon is collinear to the quark. Let us
simply regularize this collinear singularity by putting a cutoff ¢ in the & integral which gives

(-3 Vdg 1 - /1 dg, 1 \fxlpl 71 1
L Ve &g 1 —E2K5 ) L (1440) €& 13— €23, l2 ki1 02|’
(3.20)
where the azimuthal cone size § should depend on the angular resolution of the jet measure-
ment. The above results contain only two terms which correspond to two kinds of different
physics, namely, the energy evolution and the jet cone definition. In principle, we should
do a rigorous calculation with proper definition of cone size R = \/Ay? + A¢?, where
Ay and A¢ are the rapidity and azimuthal angle size of the jets, respectively. We have
done this complete calculation and found the same conclusion. In practice, we normally
choose § ~ R ~ 1.
By taking into account the similar diagram for gluon radiation originating from the
f 1p1 T n V2 wng
QL

to the BFKL evolution of the scattering dlpole cross section. The second term clearly

quark in the left moving proton, we obtain In =Y, which corresponds
represents the jet cone singularity, which can be regularised easily by using more rigorous
jet cone definition. As compared to the calculation in ref. [18], which is computed in AT = 0
light-cone gauge, the Sudakov contribution is now absent in the Coulomb gauge calculation
presented here. One can employ a jet function and rigorously compute the jet cross section.
Nevertheless, this is independent of the calculation for the Sudakov double logarithms.?

3In ref. [18], we studied the Sudakov factors in pA collisions with the use of AT = 0 light-cone gauge,

~10 -



Let us comment on other diagrams which have not been discussed above. For example,
there are interference diagrams of initial and final state gluon radiation, and so as far as
the Sudakov factor is concerned, those graphs do not contribute to the Sudakov double
logarithms. In total, there are nine different types of real graphs and three different types
of virtual graphs. However, the rapidity divergent part of all graphs contribute to the
BFKL evolution of the dipole scattering amplitude. We have checked explicitly the combi-
nation of all the graphs naturally gives the total colour factor % for the BFKL evolution
equation in the dipole model as indicated below. At the lowest order, there is no Y de-
pendence in the dipole-dipole scattering cross section. At one-loop order, we find that the
energy dependence can be absorbed into the redefinition of T'(p1, p2,Y) which gives the Y
dependence as follows

asN.Y d2bp%
b2

T(p1,p2,Y) =T , P2)+

5 [=To(p1, p2)+To(p1—Db, p2)+To(b, p2)] .

(3.21)
This exactly agrees with the dipole model version of the BFKL evolution. Due to boost
invariance, we can either put all the evolution in the projectile or put it in the target.
This is justified since the solution of BFKL equation T'(p1, p2,Y’) is symmetric between the
interchange of p; and ps.

Last but not least, we would like to comment on the collinear singularities which also
appear in the one-loop calculation in certain diagrams. We find that the collinear sin-
gularities associated with the initial state gluon radiation should be subtracted from the
one-loop calculation and put into the redefinition of the corresponding incoming collinear
parton distributions, which naturally yields the scale evolution of collinear parton distri-
butions. On the other hand, through rigorous calculations with proper definition of jets,
we find that the final state collinear singularities always cancel between real and virtual
graphs, since jets are infrared safe observables.

4 Heuristic derivation

Based on the calculation that we conducted above and techniques developed in ref. [18], we
provide below a heuristic derivation of Sudakov double logarithms, which is much simpler.
Without getting into much technical detail, we use the general physical picture of Sudakov
factors to illustrate how they arise from the one-loop calculation. In general, Sudakov
effects occur when physical systems have two distinct scales besides the collision energy.
In this problem, these two scales are the dijet momentum imbalance ¢, = k1, + ko and
the jet transverse momentum P; ~ |ki | ~ |ko1|. In the back-to-back configuration,
kinematics require P, > ¢, . The Sudakov factor helps to resum the large logarithms of
their ratio, which start to appear at one-loop order.

where we found that the final state radiation does contain Sudakov double logarithms. On the other hand,
for the current Mueller-Navelet jets productions problem in pp collisions, we have to choose the Coulomb
gauge which treats both the projectile and target protons symmetrically, and we find no Sudakov double
logarithmic contributions from graphs with final state gluon radiations. Although the conclusions with
respect to the contribution of final state gluon radiation are different, we believe that there is no potential
contradiction here due to different choice of gauges.
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At one-loop order, we have one extra gluon as compared to the LO diagram and we
need to integrate over its phase space. Let us divide the phase space into three regions,
namely the infrared region pu <1, < ¢; with the infrared cutoff u, the ultra-violet region
l1 > P, and the region in between with ¢, < 1} < P;. Roughly speaking, after taking
care of the collinear divergence associated with initial parton distributions, the infrared
divergences should cancel between the real and virtual graphs. Furthermore, the ultra-
violet divergences always cancel among real diagrams and virtual graphs separately.

The back-to-back dijets are characterized by ¢, and P, with ¢, <« P;. That is
to say, the azimuthal angular deviation of the dijet system from = should be less than
¢~ % < 1. For a given dijet configuration in the back-to-back limit, the phase space of
real gluon radiation is limited only to the infrared region defined above while the virtual
graphs are unrestricted. Therefore, we can compute the probability of the back-to-back
dijet directly. The contribution from the real diagram with initial state gluon radiation is

- (4.1)

asCr /qi 21, [P dart
o

> . B ), T

and the virtual contribution is

2
asCF Ld2 Progrt
[ (1)
,u,

1

where we have truncated the L integration at P|, since we should identify the con-

tribution from the interval [P J_,p "] as the BFKL type contribution. The corresponding
logarithm is In Pii after taking the gluon splitting from the left-moving quark into account.
From the same consideration, we should also multiply a factor 2 to the above contributions.
Therefore, the Sudakov contribution is

Pz 5 Py g+ P
T P S T A 2 q]

which agrees with the results obtained above after setting R, ~ 1/q,. Furthermore,
we can also compute the above Sudakov double logarithm by only considering the dijet
configuration with the angular deviation greater than ¢, which gives the probability of
gluon radiation with transverse momentum I; > q,,

2 @
[+ 2

a,Cr [P1d2l, /PL At aCp ., , P?
I 71

1L
- ; 2 = ——1In"—-. (4.4)
According to its probabilistic interpretation [18], the Sudakov factor is just the above result
with a minus sign. Here we have used the fact that the contributions from the ultra-violet
region cancel among all real diagrams.
As to the case of final state gluon radiation as shown in figure 4, using the same
argument, we find no Sudakov double logarithms as long as the angular deviation ¢ ~ %—i

is less than the jet cone size, which is usually chosen to be of order 1 in high energy
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! —
kol = kQ 1T aqu
Figure 5. Illustration of the factorization formalism for the Mueller-Navelet dijet production: ¢;
and go) are generated by Sudakov effects and can be related to the transverse momentum distri-

butions from the incoming nucleons; f(k], k5, ;Y) obeys the BFKL evolution, and the associated
resummation will be important for large rapidity separation of the two jets Y.

experimental analysis. More explicitly, we find the full double logarithmic contribution
from final state emissions off the $1pf-line to be

(4.5)

. k
a,Cp /PJZ_ dki /mm[\/imlpi',\/imlpf(sﬁl] di+
Y q k

2 ’
ZL kJ_ 1 I+
2
where k| =1 +&zk11. It is clear that if 6 > ¢ there are no In? 5—; terms in eq. (4.5), and
1
when ¢ is of order 1 there are no double logarithms of any variety. However, if one were

2
to take § < %’ eq. (4.5) gives Sudakov In? % terms and the d-dependence disappears.
1

5 Factorization results and matching between BFKL and Sudakov re-
summations

The Sudakov double logarithms derived in previous sections can be casted into a factor-
ization formalism. Generic arguments are as follows: incoming partons contribute to a
finite transverse momentum ¢, from collinear and soft gluon radiations. These radiations
are controlled by the Sudakov formalism, and can be derived formally by the Collins-
Soper-Sterman resummation [27]. Each of the incoming partons acquires a final transverse
momentum ¢;, , before they they scatter off each other by exchanging a t-channel gluon.
The latter process is dominated by the BFKL dynamics and we can resum the large log-
arithms by solving the BFKL evolution equation. Schematically, this can be illustrated
as figure 5.
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According to this factorization argument, we can write the differential cross section
for the MN-dijet production as,

do
dy1dyod?ky | d?ko |

= /dQQ1Ld2QQJ_]:a($1a quiip = ki) Fo(z2, o1 = ko)
X Gap(kis, kor; ) ferrn (k1L — G, kel — 13 Y), (5.1)

where 6, represents the partonic cross section for the ab channel normalized with the
appropriate color factor in oy in eq. (2). In the above equation, F,; are the so-called
transverse momentum distributions (TMDs) with Sudakov resummation effects including
initial and final state radiations [28]. There is scheme dependence in the TMDs, which,
however, will be cancelled by the associated hard coefficients 7. In the final factorization
formula, we choose the TMDs calculated in the “TMD?”-scheme [28, 29] (or “Hard” scheme
in refs. [30, 31]). In the dijet production process, final state radiation will also contribute
to the single logarithms which will depend on the jet cone size. In general kinematics of
dijet production, the TMD resummation is much more complicated than the above equa-
tion, where a matrix form has to be included to take into account final state radiation
contributions [32-34]. However, in the current case, because of the two jets are produced
with large rapidity separation, the resummation formula will be much simplified. In partic-
ular, the kinematic variables in the partonic processes have the following approximations:
s ~ (—u) > (—t). The scattering process is dominated by the diagrams shown in figure 1.
The detailed discussion of this aspect will be presented in the appendix. Here we list the
final results with respect to the above factorization formula.

From the results discussed in the appendix, we modify the TMDs studied in Drell-Yan
processes [28-31]) for the dijet resummation, and now they take the following form,

2R

Fol@,quspr=ki) = :v/ (%)L B e Shualr=k LR O @ (2, 1) (5.2)
Ry elaL Ry =87, (up=k1 ,R1)

Falwasipy ki) = [ et e S0 o) 53)

where f, 4(z, 1) are integrated quark/gluon distribution functions at the scale pp = co/R 1,
respectively. In the above equation C'® f, 4 represent the convolution integral for the parton
distributions,

dx’
Co fylam = [ 3 e ), (5.4)
C® fylz ) /dw 5 Cople /i ). (5.5)

where ¢ runs through all parton flavors including quarks and gluons. The Sudakov form
factor Sg,q contains the final jet contributions depending on the jet size R as well. They

K dy2 k2 1
a 1
S“d_/cg/gz s (A In e L 1B, +D, lnR2>, (5.6)

read as
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for quark and gluon, respectively. At one-loop order, we have

4,=2cp, Ag=32Ca, (5.7)
By= 2220y, By = — 222N, fi, (5.8)
Cyrqle) =1+ %(1 —2), Cyylz) =1+0(a?), (5.9)
Cy/q() % , Cy/g() ;L;m — 1), (5.10)
Dy = ;—;CF, Dy = ;i;cA, (5.11)
11 Ny

where 3y = 15— 5N The double logarithms presented here are identical to those derived in
previous sections obtained from different methods. In the phenomenological calculations,
we will also introduce the non-perturbative part, see, for example, with b,-prescription [27].
Finally, we shall have one-loop corrections for the hard coefficients,

A ~ (0

bagsar = 0o {1 + 5o [2K 4241 A} (5.12)
Gagrag = 00 sag {1+ 5 2 [QIC + AL+ ALY (5.13)
Gagas = 8y age {1+ 5= 2K +20L]} (5.14)

where K and Al 4, are defined as

67 72 f
_ or _ = f 1
K=Cy4 <1 5 > 9 (5.15)
3 1 3 2
Al = 1 =+ o 1
q CF|:2HR +4+37T:|, (5 6)
1 7%\ Ny

The detailed derivation of the above coefficients is presented in the appendix. It is inter-
esting to notice that all the partonic channels contain the same correction terms K as what
was found in ref. [7]. In our calculations, we have taken into account the anti-k; algorithm
to define the final state jets, where extra terms are found in association of the final state
quark or gluon jets. By doing that, we also introduce the jet size-dependent terms in both
the Sudakov form factors and the hard coefficients. However, these are universal, in the
sense that the quark final state contributes to the same factor in both gg and ¢¢’ channels.
We can also write down the above expressions in the R | -space,

do d?p11d?pa gk
= p1Ltikalpai C
Trdvad®hy P / 2m) ® fa(z1,p11)C @ fo(22,p21)
x e~ Stua(FLp10) e =Seualkarr2094 0 ()T (py 1, pa13Y) (5.18)

where we have both Sudakov and BFKL resummation effects. Again, H,p, are hard coef-
ficients normalized to the leading order expressions in section 2. From the above results,
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we find the one-loop corrections as,

0 Qg
Hagsag = Highrgg {1+ o2 2K+ 221}, (5.19)
Qg
Hagrag = Highsgg {1+ 22K+ AL+ Az}, (5.20)
Qs
Hogrgg = HO\ 0 {1 + 22K+ 2AIg]} , (5.21)

where K and Al 4, are defined above. On the other hand, when the rapidity interval Y is
small, we do not need to do BFKL resummation. Therefore, we can replace the last factor
in the above equation by

T(p11,p21;Y) = 6@ (p1y — Pu)efyf:;%u A% , (5.22)
which reduces to results obtained in the collinear factorization approach. In this case, it
seems that the rapidity resummation now can be included in the Sudakov resummation as
well. Clearly, the difference between the BFKL and Sudakov resummation relies on the
above factor.

However, the derivation of the Sudakov logarithms is only valid in the region of small
qL = lgl L+ Eg 1, where the two jets are produced back-to-back in azimuthal angular distri-
butions. When the two jets are produced away from back-to-back region, ¢, is not small
compared to k;; anymore, and we have to match to the complete BFKL factorization cal-
culations. The latter has been worked out at the next-to-leading logarithmic order, and
the differential cross section is written as

do Ppiid®par g, ;
— p1L+ikay pay
T dndh k) / 2 e 1 fa(@1, )2 fo (72, 1)
x HE KL (21,29, p11, pars )T (p11, a1 ). (5.23)

At intermediate ¢, we expect the above results to match each other.

6 Discussion and conclusion

For dijet production in high energy proton proton collisions, dijets with large rapidity
separation are particularly interesting for the study of QCD resummation physics. It
has long been realized that the so-called BFKL resummation will be important in this
process, which is referred as the Mueller-Navelet dijet production [3]. On top of the BFKL
resummation, through one-loop calculation for this process from different perspectives, we
have demonstrated that there should be the resummation of Sudakov factors. In this work,
we have obtained various Sudakov double logarithms for Mueller-Navelet jets production
in different channels when dijets are almost back-to-back. We believe this results can help
to quantitatively study the BFKL dynamics through Mueller-Navelet jets production at
the LHC.

Last but not least, we would like to comment on the recent studies of the transverse
momentum resummation for generic dijet production in hardon-hadron collisions [32-34].
It has been shown that the Sudakov resummation is playing an important role in describing
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the dijet correlation data at both the Tevatron and the LHC. The result presented in this
manuscript, which is specifically for Mueller-Navelet dijets with large rapidity separation,
is complementary to those studies.
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A Collinear framework calculations

In this appendix, starting from the collinear factorization framework, we would like to
argue that there should be Sudakov resummation as well as the BFKL resummation for
Mueller-Navelet jets production at high energy colliders. We can perform the calculations
of dijet production in the back-to-back correlation region at one-loop order, and take the
high energy limit. From these calculations, we identify the Sudakov double logarithms,
and the BFKL-type logarithms depending on the rapidity difference Y between the two
jets in the final state. Therefore, we need to perform both resummations.

In refs. [32-34], the Sudakov resummation was derived for dijet production, which
is valid for the two jets produced at the same rapidity region. However, the derivations
can also help us to identify the large logarithms for the Mueller-Navelet dijet production.
In the following, we will extend the calculations in refs. [32-34] to the current case. In
addition, when the two jets are produced with large rapidity separation, we are in a special
kinematic region, where the physics is dominated by t-channel diagrams. Therefore, we
will apply the following kinematic approximations, s ~ —u > —t, which also implies
that Pf ~ tu/s ~ —t. More importantly, all the partonic channels with ¢-channel gluon
exchange will be the most important contributions. This is because they all have terms
which are proportional to s /t2. Therefore, we will only take these dominant channels in the
following calculations: q¢" — q¢’, qg — qg, and gg — gg. After taking the above limit, the
leading order result (eq. (13) of ref. [34]) agrees with eq. (2) with leading order expression
for f(kyi, ko, V)P0 = 5(2)(k‘u + ko). Therefore, we do have the same normalization. In
ref. [34], the differential cross section for dijet production at the back-to-back correlation
limit is calculated at one-loop order, taking into account the most important collinear and
soft gluon radiation contributions. In the collinear calculation set-up, ¢ = El 1L+ Eg L
is the relevant variable in the final resummation, and one-gluon radiation contributes to
non-zero ¢ .

Furthermore, we take the back-to-back correlation limit, i.e., P; > q,. The leading
contributions from collinear and soft gluon radiations can be obtained from the results
of refs. [32-34]. It becomes much simpler because of the large rapidity separation of the
dijet and the approximation we are taking s ~ —u > —t. For example, for the ¢¢' — q¢’
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channel, from egs. (65) and (66) of ref. [34], we have the following expression for the soft
gluon contribution at small ¢, from real diagrams,

as 1
271'2qL

2
{2C’FIHZ+QCFIH }%2 +2C4 In P2} , (A.1)
where the first term corresponds to the Sudakov double logs, the second term for the
jet functions, and the third term for the BFKL small-x resummation term. To derive the
above results, we have applied the anti-k; algorithm for the final state jets. When the gluon
radiation is inside the jet cone, it will not contribute to the finite g,. This requirement
leads to the jet size dependent term in the above equation [32-34]. We can also identify
the third term depending on the rapidity separation between the two jets, In(s/P?) ~ Y,
where Y is the rapidity difference between the two jets. Similarly, from the results in
ref. [35], the virtual contribution can be simplified as,

« 4 1 P2 1 S S S
= —= + - (4ln— — —2In — —2In®* (=5 ) —6ln—5 — 1
i {0 [ 2 (e o) [ entom e (oone (7)o g )

85 p? 20 N
921n2 —28yIn =+ | - =L A2
ron (2w () +nt+ T 2w ) - P ) a2

To obtain the complete one-loop result, we Fourier transform ¢, -dependent expressions to
R -space, and add the virtual contribution,

22

7 74 s R / / /
Tipsag = 2 {10 () [Pu(©0301 ~ €) + Pyf€)5(0 - )] + 511 - 951 €)
2 P2 2 P2
x [—CFlnz <PLC?L> —1In Pcf’ (CF< 3+21nR2> +2C’Alnp2)

85 s\ 20N

where we have included the collinear gluon contributions associated with the two incoming

quark distributions. We have also set the renormalization scale for the running coupling
constant at P, to simplify the above expression, up = Pj. W(R 1) corresponds to the
Fourier transform of f(kji,k21,Y) in eq. (2) from the collinear factorization calculations.
Again, we can clearly identify the three important terms in the above equation: Sudakov
double logarithms, single logarithms associated with collinear gluon radiation contribution,
and the BFKL-term.

Following the Sudakov resummation procedure [32-34], we would arrive at the following
resummation result,

Wag—qq (RL) = 21 fq(21, co/ R1) 2 for (22, CO/RL)hqq’%qq’e_Sqq/_’qq/(S’PL’RL) ) (A.4)

where the simplified Sudakov form factor is defined as

pP? 2 2
- du? ag P?
Sqq,ﬁqq,:/ b odos() [zc 1n<ﬂ >—3C’F+ZCF1n

+2C  In —
@/ W2 2w

(A.5)

R? P2

~ 18 —



By using the above results, we will find that the hard coefficient can be written as

. (0) Qg 85 9 1 52 20 Ny
hq(]/_>qq/ —_ hqq/_)qq/ {1+2ﬂ' |:CA <9+7T )+CF (31HR 3 3 —37 . (AG)

It is interesting to note that the above equation can also be written as follows,
0 «
Pag g = higp gy {1+ o 2K + 241,]} (A7)

where the same coefficient

67 5Ny
K=Cpl =—— | —— A8
A (18 6 ) 9 (4.8)
appears in ref. [7], and the extra terms come from the different treatment of the final
state jets,
3 1 3 2,

In our calculations, as mentioned above, we take the anti-k; algorithm to derive the final
state jet contributions, whereas the whole phase space was integrated out in ref. [7]. We
note that different jet algorithm will lead to different results in the above equation.

The calculations for q¢ — gg and gg — gg channels can be followed accordingly. For
the qg — qg channel, we have the real diagram contribution,

o Lot om PL o foamt s opmt] 4 20am - (A.10)
2772q3_ A F an_ AnR2 FIlR2 AHPJ% 5 .

and the virtual contribution reads [35],

Qs

2 2 s 3 P2
S = = In— —SCp—2 In —+
%{ 62(CA+CF)+6<CAnu2 2CF 5OCA+CFnu2>

2 P2
Ca+C) (-2 (2 )+ ) 1or(2mEm 43Im—L —3
—l-( A+ F)( n <,U2>+6 + CFp HMQHPE-F n'u2

+(Cy — Cp)In? <P2> + Cy (% + 1)} (A.11)
By adding up soft and jet contributions, we obtain the full one-loop result for W (b) as

— a 2 p2
5900 = 22 {10 (1) [Pun(€51-€) +Puy(€)501-6] +501-905(1-¢)

0

1 P2 R? P2 R? 1 3\ 3. 1 3 b5x2
C | 2 1 V1 -1 1V In — —= 1 v
X[F<2n<cg e \MrTz) " e e

1., (P?R? P2R?
— —In In — —28)+21
con(cg (B ) g (e )

1 72 76 23Ng
261 ——= : A.12
+BonR2+6+9 54>H (A.12)

Co
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From the above results, we derive the Sudakov resummation formula,

Wag—sag(R1) = 21 fq(21, c0/R1)x2 fo(w2, co/R1 ) hgg—sqgeSw9as (PR (A.13)

where the simplified Sudakov form factor is defined as

- PLdp? o) [, (PP 3
ng_>qg = /2 , F o |:1n (/;) (CA + CF) — 50}7 — 2[300,4
cg/RY

1
4+ Cpln —

o2 +Cyln—

1 S
+2C 4 1In ] , (A.14)
R? P?

and the hard coefficient is calculated as
3. 1 3 5n?
0
hqg—)qg hr(Jg)—H]g {1 + 5= |:CF < In R2 - 5 - 6>

1 7% 76 23Ng
28oln — + — + — — — : Al
+CA(ﬁ0nR2+6+9 =9l (A.15)

Again, if we write in terms of K, we have the following result for hqg— 44,
o
hagas = gy {1+ 52 (2K + Al + AL | - (A.16)

Because we have a quark jet plus a gluon jet in the final state, the extra terms differ from
the above q¢’ — q¢’ channel, and the gluon term reads as

1 T N
AL =Cy <250 n 75 - ) -1 (A.17)

which comes from the gluon jet contribution.
For gg — gg channel, we have the real diagram contribution,

1 P} 1
= {2CAln+2CAln —5 +2CaIn 2}. (A.18)
27T QJ_ qL R P

The virtual graph contribution is simplified as [35]
o 4 1 P? P?
SCA{—2+<1 —+2 g—sﬁo>+8ﬁol —
2m € i p p
p? P? 10Ny

4 67
—45pIn — —2In —1— — L4 2= A.19
/BOHMR R T U 9} (A.19)

Adding the soft and jet contributions, we obtain the total contribution for W (b) at one-
loop order,

— o 2 p2
Weghigg = 5 {—ln <m> [Pyg(€)3(1 = &) + Pyg(€)8(1 — €)] +6(1 — €)8(1 — &)

=0

2
x C'y [—ln ( c% > In Co (21 2 +21n 2)

P2R? 1 13Ny 272
+2ﬂo(21n Ll 4 2In R2>+67—f—”“. (A.20)
Co
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From the above results, we obtain the Sudakov resummation as

Wogsgg(B1) = 1 fg(21, co/R1)w2 fy(22, co/ R1)hggsgge oo PLRL) (A.21)

where the simplified Sudakov form factor is defined as

S = [ el

S
S =
99—99 2
3Ry M 2T

P

P2
[ln (l;) 204 —4BoCa +2C4 In % +2C4In } , (A22)

with hard coefficient as

Qg 1 67 13N, 2x?
hgg—g9 = h(gg)agg {1 + %CA [450 In R + 9 T7f - 3} } . (A.23)
It can also be written as
Qs
hagag = sy {14+ 55 2K + 201} (A.24)

where Al is defined above.

We would like to emphasize that the above resummation results show that large loga-
rithms In(s/ Pf) play an important role for dijet production with large rapidity separation.
We need to separately resum these large logarithms. In addition, because of the t-channel
gluon exchange dominance, this term is universal among different channels. This can be
seen from egs. (A.5), (A.14), (A.22). It is also consistent with a factorization in terms of
BFKL resummation.
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