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Motivation for the present study

o A study of angular correlations in pair bb production provides a test of
dynamics of hard interactions, which is highly sensitive to the higher-order
corrections in QCD.

@ Usually calculations with additional hard jets are improved via Monte-Carlo
(MC) generators by matching of the full NLO corrections in Collinear Parton
Model (CPM) with the parton showers. But neither MC-calculations
(PYTHIA, MCQ@NLO, Cascade), nor the calculations in the LO of standard
kp-factorization approach, e.g. [H. Jung, M. Kraemer, A. V. Lipatov and
N. P. Zotov, Phys. Rev. D 85, 034035 (2012)], could accurately describe the
shape of angular distributions.
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Model process and Sudakov’s decomposition

To derive the factorization formula in PRA, let’s consider the following auxilliary
hard subprocess:

g(p1) + g(p2) = g(k1) + Y(Pa) + g(k2), 1)

where p% :p% = k% = k’g =0, Mi = Pi.
We use the Sudakov (light-cone) components of any four-momentum k:

Kt = % (iﬁnﬁ + k’ni) + R,

where nff = (ni)“ =(1,0,0,F1)*, n3 =0, nyn~ =2,

k* =ky = (nak) = kO £ k3, nikr = 0, so that p; =p3 = 0 and
s=(p1+p2)? = pirp; > 0. Then the dot-product of two four-vectors k and ¢ in
this notation is equal to:

(kTq- + k™ qy) —krqr.

(kq) = %
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Collinear limit

Now we introduce the “t-channel” momentum transfers 1,2 = p1,2 — k1,2, which
implies that qr1,2 = —k71,2, ¢ = —k; and q;' = —k;’. Let us define

t1,0 = q%“lﬂ’ and the corresponding fractions of the “large” light-cone components
of momenta:

Ry
1=~ 2= .
Py P2

In the collinear limit, when k%l 5 K w12, while 0 < z12<1

44 A 2
IM|2qp, ~ 9 ng(zl)ng(ZZ)ﬂ

5 2
k2T1k2T2 21722 @
where Pyg(z) =2C4 (1 —2)/z+2/(1 — 2) + 2(1 — 2z)) — LO gluon-gluon DGLAP
splitting function and Acpas is the amplitude of the subprocess

g(z1p1) + g(z2p2) — Y(P4) with on-shell initial-state gluons.
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Multi-Regge Kinematics (MRK)

The limit of Multi-Regge Kinematics (MRK) for the subprocess (1) is
defined as:
Ayr =y(k1) —y(Pa) > 1, Ayz = y(Pa) —y(k2) > 1, @)
ki ~ kg ~ Mz 4~ 1 < s, (4)
where rapidity for the four-momentum k is equal to y(k) = log (k*/k”) /2.
From (3) and (4) =
21,2 < 1,
Mpa ~|kri] ~ g ~ O(21) > g7 ~O(7),
Mrpa ~ |kro| ~a; ~ O(22) > a3 ~ O(3).

MRK limit of QCD amplitudes can be obtained using Lipatov’s EFT for MRK
processes in QCD.
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The field content of the effective theory.

Light-cone derivatives:

1s]

+ +

2t =ntr=2"+43 64 =2——
* oxT

Lagrangian of the effective theory L = Ly, + Y. (LQCD + Lmd), v = vgte,
y
[t“, tb] = fabete, The rapidity space is sliced into the subintervals, corresponding

to the groups of final-state particles, close in rapidity. Each subinterval in rapidity
(1<« n<Y) has it’s own set of QCD fields:

1
Loep = ——tr [G2 ], Guv = 0uvw — vy + g lop, vo].

Different rapidity intervals communicate via the gauge-invariant fields of
Reggeized gluons (A+ = A% t*) with the kinetic term:

Lyin = —0 A 0" A%,
and the kinematical constraint:
0_Ay =04A_=0=

A4 has k— =0 and A_ has ky =0.
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The effective action for high energy processes in QCD.

Particles and Reggeons interact via induced interactions:

1 x
Ling= — tr{ —904 |Pexp —g/dx'7v+(x/) 0507 A_(z)+
g
zt
1 g 1+ ’ o
+ —0_ |Pexp - dz'Tv_(a") <0507 Ay (x)
g

Wilson lines lead to the infinite chain of the induced vertices:

Ling = tr { [wr — gzura;lzur + gzv+8;1v+8;111+ - ] -0 A_+

+ [v_ — gv_ailv_ + g2v_8:1v_8:1v_ — ] 808"A+}
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Matrix element in the MRK limit
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The MRK asymptotics of the squared amplitude of the process (1) has the
following form:

49t - ~ Apral?
> ng(zl)ng(ZZ)i‘ |

Ptk = 1z
MK k2T1k2T2 2122

()

where Pyg(z) = 2Ca/z — the MRK gluon-gluon splitting functions, |[Apga|? —
Gauge-invariant PRA amplitude with Reggeized (off-shell!) initial-state
partons, which explicitly depends on t12 = q%l 5 = k%"l 9-
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Modified MRK (mMRK) approximation

Now we introduce the modified MRK (mMRK) approximation for the
squared amplitude of the subprocess (1) as follows:

o We substitute the MRK asymptotics for the splitting fuctions Isgg(z) by the
full LO DGLAP expression Py4(z) to the MRK squared amplitude.

¢ Into the its denominator we substitute the factors k%"l 5 by the exact value
of q%2: k2T1,2 - —q%2 = q2T1,2/(1 —21,2).

¢ However, the “small” light-cone components of momenta: ¢; and q2+ do not
propagate into the hard scattering process, so it’s gauge-invariant definition is

unaffected and is given by the Lipatov’s EFT [L. N. Lipatov, Nucl. Phys. B
452, 369 (1995)].

After these substitutions, the mMRK approximation for the squared amplitude of
the subprocess (1) takes the following form:

4g1 |[Apral?
M2 ~ 25 P(21)Pyg(z0) —2 .
M2 MRk oy 99 (#1)Pgg(22) o,

(6)
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Factorization formula for the PRA

We substitute the mMRK approximation to the factorization formula of CPM:

b - /‘dki"koTl dky d?keo

M, mk
di1d " ,u?) ECLmMERK g,
@r3ky J (@m)Pky / B82Sy (115 o (@2,14%)

25T1T2

where fg(z, 42) are the (integrated) Parton Distribution Functions (PDFs) of the
CPM, p} , = #1,2P}',. Change of variables: (k{",&1) = (21,21),

(k;,fcz) — (ZQ,IQ), where x1,2 = C~C172Z1,2.
= kp-factorization formula:

1 1
dz1 [ d®ari = dza [ d*qrs - X
dU:/—/&q)g(:El,tl,p?)/—/ qT2‘bg(iE2,t2,,u,2)~dO'pRA,
x1 Q x2 s
0 0

where the partonic cross-section in PRA is given by:

|Apral?

dé =
TPRA 2Sx1T2

1 _
2m)%s (5 (qf‘n, + 45 n+) +qr1+ 912 — PA) d® 4.
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Nonintegrated Parton Distribution Functions (nPDFs)

The tree-level “unintegrated PDFs” (unPDFs) are:
1 1
- o x x
@g(z7t7‘u2):——s dz ng(z)_fg (_7#2)7
t2m z z

x
which have the collinear divergence at ¢1,2 — 0 and infrared (IR) divergence at
21,2 — 1. It regularizes at 21,2 < 1 — Agarr(t1,2, u?), where
Axmr(t p®) = Vt/(Vp? + V1), and @ ~ M3 4.
The collinear singularity is regularized by the Sudakov formfactor:
2

I3 1
dt’ as(t'
Ti(t,uz):exp —/7 5251-) Z /dZZPJZ(Z)G (1—AKMR(tl,p,2)—Z)
t J=4,4,9

The final form of our unPDF is:

1
as(t x x
®i(z,t, 1%) = T(t, u%% > /dz Pij(2)- fi (;,#2) 0 (1—Axmr(t,p®) —2).
J1=4,4,9 3

The KMR unPDF approximately satisfies the following normalization condition:

u2
/dt & (z,t, 1?) ~ xfi(z, u?).
0
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Motivation

1lar correlations in BB pair production at the LHC in the

Parton Re

ization Approach

Motivation for the present study is the CMS data [CMS Collab. V. Khachatryan

et al., JHEP 1103, 136 (2011)].

The BB-pair is searched in the events with at least one hard jet.

CMS \s=7TeV,L=231pb’

g [T T
T [ PYTHIA = Data(p®>56GeV) |
E - = :;‘g&i’g‘ o Data(pl>84GeV)
o [ Cascade Data (p}* > 120 GeV)
o o PS> 15 GeV, ®| < 2.0 Normalisation region |
= L me<30

ratio to PYTHIA

4N W RO 4N W os

CMS \s=7TeV,L=3.1pb’

e

E PYTHIA = Data(p" > 56 GeV)
[ EEMadGraph © Data (o

E ata (p" > 84 GeV)
[ W MC@NLO ™

r Cascade « Data(p;" > 120 GeV)
[ p®>15GeV, 1% <20 Normalisation region
Fome<30 \

N}
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LO contribution (b-jet is leading)

We consider the following LO PRA process:
R(q1) + R—(a2) — b(as)[— B(prp)] + blas)[— B(prp)]

prB > p’z'%" =15 GeV, |yp| < yB** =2,
pj"}i" = 56, 84 and 120 GeV, |yjet| < yjfgtax =
Isolation condition for jet:
1) AR34 = 1/Ay2, + Ap2, > ARerp = 0.5 = prp = max(lqrs|, |qral);
2) AR34 < AReczp = prr = |ars + dral;

3) prr > PFE" and max(|ar1], larz|) < pri.
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NLO* contribution (gluon jet is leading)

To take into account precise kinematics of hard gluon jet we consider NLO* PRA
process:

Ry (q1) + R—(q2) = b(g3)[—= B(pre)] + b(ga)[— B(prs)] + 9(gs). (7

And the corresponding kinematic constraints:
@ For B and B mesons |yg| < y5** and min(prp,prg) > pRi.
9 Now the leading jet is the gluon one: prr = |qrs],

min max

max (|qr1l, larzl, lars|, laral) <prr and pro > prls lys| < yje
Q Isolation condition: AR35 > ARexp. and AR5 > ARexp..
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Fragmentation approach

In the fragmentation approach [B. Mele, P. Nason, 1991] the cross section of the
inclusive pair production of B-mesons has the following form:

d [e%s) [e%s) 1 d 1 d
Tobs. Z1 2 zZ2 2
_G%bs. d dprs | YD , 2 p ,
Iy dBg / pT B / pTBO/ o B/b(21, 1 )0/ o B/b(22, 17)
PrE PrE
i , (®)
dqr3dqradysdysdAg

where A¢p = A4, DB/b(z,,u,Q) are the fragmentation functions [B. A. Kniehl, G.
Kramer et. al], and grs = |ar3| = pre/21, qra = |ars| = prg/z2, Y3 = yB,
Ya =Yp-
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Figure 1: A¢ cross sections of BB pair production. Green dashed line is the LO
contribution, blue dash-dotted line — NLO™ contribution, red solid line is their sum.
Shaded bands show theoretical uncertainties. CMS data from the [CMS Collab.

V. Khachatryan et al., JHEP 1103, 136 (2011)].
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AR cross sections, V'S = 7 TeV.

T T T 10° T T
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pmin>56 GeV PTL">84 GeV PRL">120 GeV

Q
&S B
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Figure 2: AR cross sections of BB pair production. Green dashed line is the LO
contribution, blue dash-dotted line — NLO™ contribution, red solid line is their sum.
Shaded bands show theoretical uncertainties. CMS data from the [CMS Collab.

V. Khachatryan et al., JHEP 1103, 136 (2011)].
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Conclusions

¢ In the framework of the PRA we have got a good description of the anglular
correlations of BB production within uncertainties and without any
additional parameters.

9 As we could see, careful calculation of kinematics of the associated hard jet in
the LO approximation of the PRA consistently merged with the NLO*
correction from the emission of additional hard gluon leads us to right
description of the experimental data.
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Thank you for your attention!
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