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@ Beyond LL approximation
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@ — need of a full NLL calculation?
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@ (Small) breaking of BFKL factorization at NLL level
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Mueller-Tang jets

GAP

An important process for studying PT P "
high-energy QCD and the Pomeron at ® a ! %
hadron colliders [Mueller, Tang '87] _ . l

. e | .
Final state: . I ‘.
e two jets with similar pr —

’ n

o large rapidity distance Y =~ log(s/p%);
e absence of any additional emission in central rapidity region (gap)
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Mueller-Tang jets

GAP

An important process for studying PT P "
high-energy QCD and the Pomeron at ® a ! %
hadron colliders [Mueller, Tang '87] _ . l

. e | .
Final state: . I ‘.
e two jets with similar pr —

’ n

o large rapidity distance Y =~ log(s/p%);
e absence of any additional emission in central rapidity region (gap)

@ Gap = mostly colour-singlet
exchanges contribute to cross section

@ Y > 1= enhanced PT series
(asY)" resummed into singlet BFKL
GGF

@ In LLA factorization formula holds

Mueller Tang jets in next-to-leading BFKL Dimitri Colferai



Introduction
00000

Mueller-Tang jets at LO and LL

. . b b
@ LO amplitude: box + crossed diagrams e 2 B e g 8
projected onto colour-singlet S S - |
ab,a’b’ _ sabga'b’ 2 ne= 2 _ ! n !
n =06%67% /(NZ — 1) & ! !
a g b B a’ p a B
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Mueller-Tang jets at LO and LL

@ LO amplitude: box + crossed diagrams

I I
projected onto colour-singlet - |
nab,a'b' — 6ab5a'b'/(Ng _ 1) n : n :

@ Elastic amplitude at higher orders:
affected by large log” s due to
gluon-ladder diagrams
(UV and IR finite)

@ All LL resummed in (colour-singlet) .
gluon Green function (GGF) “E . é
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Mueller-Tang jets at LO and LL

@ LO amplitude: box + crossed diagrams

I I
projected onto colour-singlet - |
nab,a'b' — 6ab5a'b'/(Ng _ 1) n : n :

@ Elastic amplitude at higher orders:
affected by large log” s due to
gluon-ladder diagrams
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IHOII| ©

(UV and IR finite) . 73 g g }mmg
@ All LL resummed in (colour-singlet) G) " 9 9 ;
gluon Green function (GGF) “E . é 3 3 i g
@ LL partonic cross section: l /q\g QO f;ﬁ
2 GGF x 2 (trivial) impact factors @ @

@ Two outgoing partons to be
identified with the (back-to-back)
jets
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CMS analysis at 7 TeV

pf'z =60-100 GeV 0.41 pb' (7 TeV)y
L2

E CMS ~#-Data

@10’ [ PYTHIA 6 (normalized for N> 3)
o [HERWIG & (normalized at N =0)

racks

e
- ¥
. = 2

;+qufo+7r++;o—,'__._ e e 4 +
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Datal(HERWIG 6+F YTHIA 6)
NS S

tracks

e Charged-particle multiplicity in the gap region be-
tween the tagged jets compared to PYTHIA and
HERWIG predictions.

e HERWIG 6: include contributions from color sin-
glet exchange (CSE), based on BFKL at LL.

e PYTHIA 6: inclusive dijets (tune Z2*), no-CSE.
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D0 and CMS analysis at 7 TeV

N 8pb’ (7 TeV)
2
£ . o . cms
- H EEI (187 - 07%)
Soon 2 EEI (MPI, [S?] = 1.5%) 4
E. A Dovat g €I (WP 57 o SO
Wosl
o 2%
o008 ol
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—_ BFKLNLL/NLO QCD F
ooz BFKL LL/NLO QCD o
0 n’“‘rr“<0
I T T T N ) F Gap region -1 <n < 1
T B R e w0 e o
P"“(GGV)
P} = 60-100 GeV. 08pb" (7 TeV)
" e cms
EEI (S| = 0.7%)

EEI (MP, |S7| = 1.5%)
= S| from SCI)

w2 o

CSE fraction (%)

0002 Low E; sample oo High £, sample Gap rogion 1 cn <1 |
o001 o £
Left: LL & NLL BFKL at Tevatron [hep-ph/1012.3849] T |
an
. NLL* BFKL . . i
e Ratio R = 55505 of jet-gap-jet . . . .
NLOQCD. Jet-gap-) NLL* BFKL calculations different implementations of the

events to inclusive dijet events as a

function of p; and the rapidity gap Y soft rescattering processes (EEI models), describe many

features of the data, but none of the implementations is
able to simultaneously describe all the features of the
measurement. Ekstedt, Enberg, Ingelman, [1703.10919]
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NL description
@0000

NL impact factors

@ Compelling to include all NLL corrections into the game

Vsl Real corr. (quark — quark) Real corr. (quark — gluon)

N o + éﬂmba) + & =
E g § § E E g @gﬂ/
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@0000

NL impact factors

@ Compelling to include all NLL corrections into the game

Vsl Real corr. (quark — quark) Real corr. (quark — gluon)

TN T T BT T T

@ Idea: generalize MT factorization formula at NLL ~ * : § : 3
G

@ BFKL GGF at NLL known since long [Fadin, g .
Fiore et al.] :
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@0000

NL impact factors

@ Compelling to include all NLL corrections into the game

H Viirtual éar Real corr. (quark — quark) Real corr. (quark — gluon)
er 8 8 8 3 8 § 8
Vo |
@ Idea: generalize MT factorization formula at NLL ~ * : § : 3
(e G
@ BFKL GGF at NLL known since long [Fadin, Wt Y
. q-K a-K
Fiore et al.] ;
b

@ NL impact factors determined by NLO

calculation,
with IR (soft and collinear) divergencies
Virtual | Real
1 ! Y Not a trivial statement:
1 1 211
e ! : @ all log(s) terms must reproduce LL
g ! g kernel (GGF at 1st order)
~logs const . -
E T e @ all IR singularities (taken away
l Vféqu 7T T finhe\y collinear ones proportional to
GGF PDF Imp Fact. splitting functions) must cancel
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NL impact factors

P kz
a3 1 I BB P—k+q o he
&I, 12,q) = 78/ dz/dzk L8 8¢, I° (Ih + 1)
27r(Ng B 1) 0 ~0 § E ~0 p mom.
1+(1- 2)2 p 8 8 fractions

x Ss(k, q,z) Cr

z
2.2
X {CEL + CrCafi(li2, k,q,2) + Cifo(ly 27k7q)}
k2(kfzq)2 ’ ’

@ The calculation of NL impact factors for Mueller-Tang jets was performed by
[Hentchinski, Madrigal Martinez, Murdaca, Sabio Vera, '14] using Lipatov's
effective action (and confirmed by F.Deganutti and myself)
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NL impact factors

p kz

3 1 1 P —k+q h.c.
= o 1z X (I o 1)
&I, 12,q) = + dz [ &k I (h < 1
27r(Nc - 1) 0 ~0

1+(1-2)2 %

z

£~
-

~0 p mom.
fractions

00055530
J30055580

x Ss(k, q,z) Cr

2q?
XC2——" 4 CrCafi(l2,k,q, C2 (12, k, }
{ ;:I(Q(kizq)2 FCafi(li2,k,q,2)+ C; h(l12,k, q)

@ The calculation of NL impact factors for Mueller-Tang jets was performed by
[Hentchinski, Madrigal Martinez, Murdaca, Sabio Vera, '14] using Lipatov's
effective action (and confirmed by F.Deganutti and myself)

@ Phase-space integration restricted by IR-safe jet algorithm (e.g., kt >~ cone)
@ The two partons in the same hemisphere form (at least) one jet:
o AQ=/Ay?+ A¢p? < R = J = {qg} composite jet
e AQ >R = J={g} and g outside jet cone or J = {q} and
g outside
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Problem with NL impact factor

I-z h.c.
q-1, X
Iy < 1
~0  p mom. (h 2)
fractions

J00506300

SUIBHI

ad * 2
¢(Ilvl27q):m/o dz/dk -0

+(1-2)?

1

X SJ(kv qu) Cr

x{c2i+ccm k,q,z) + C3h(l12, k )}
sz(kfzq)Z FCanillh2,k,q, a2, k, q

@ There is a problem in the Ci term, due to fol dz/z integration

@ If integration is not constrained, we have a divergence
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Problem with NL impact factor

1 P~k+q
a3 "1 I S )’gq—l, 1-z % h.c.
S 2 e 8 I I
(1, 12, q) = f/ dz/d k 08 B0 »mom (h & 1)
27r(NC - 1) 0 p, 8 8 fractions

1+ (1-2)2
X SJ(k,q,Z) CF%

242
XC2——" 4+ CrCafi(l12,k,q,2z) + C2 f5(I1 2, k, }
{sz(k—zq)2+ FCafi(li2,k,q,2) + C;fa(l12,k, q)

@ There is a problem in the Ci term, due to fol dz/z integration
@ If integration is not constrained, we have a divergence

@ Such region z — 0 corresponds to gluon in central (and backward) region,
where the emission probability of the gluon turns out to be flat in rapidity:

Jy dz/z =[5/ dy
@ If we believe the IF calculation to be reliable at least in the forward hemisphere
I k
(y>0) = foog\/g/ dy = fkl/\/gdz/z = Llog(s/k?)

@ But a log(s) in IFs is not acceptable within the spirit of BFKL factorization
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Constraint on diffractive invariant mass

In order to solve this problem, [HMMS] constrain e —
mass of diffractive system Mz = (P + q)? < M2, PV k}Mx
‘g BAkH
. LE B¢t
@ In this case z > k*/ M2, ' S 2 '
= finite z-integral ~ log(M2,,/k%) h e e
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Constraint on diffractive invariant mass

In order to solve this problem, [HMMS] constrain e —
mass of diffractive system Mz = (P + q)? < M2, PV k}Mx
‘g BAkH
. LE B¢t
@ In this case z > k*/ M2, ' S 2 '
= finite z-integral ~ log(M2,,/k%) h e e

This constraint avoids log s in IF, but it is experimentally unfeasible:
@ Diffractive mass requires measuring outgoing proton or its remnants

@ Diffractive mass cut effective if able to measure arbitrarily soft particle
energies
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Constraint on diffractive invariant mass

In order to solve this problem, [HMMS] constrain e —
mass of diffractive system Mz = (P + q)? < M2, PV k}Mx
‘g BAkH
. LE B¢t
@ In this case z > k*/ M2, ' S 2 '
= finite z-integral ~ log(M? ,,./k%) h e e

This constraint avoids log s in IF, but it is experimentally unfeasible:
@ Diffractive mass requires measuring outgoing proton or its remnants

@ Diffractive mass cut effective if able to measure arbitrarily soft particle
energies

...and it is definitely different from the JGJ experimental definition
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Violation of BFKL factorization

@ What happens for MT jets? The theoretical argument:
“colour-singlet momentum transfer => no log s 5 ”
is wrong

@ Here colour-singlet either below or above

—> log s unavoidable without constraints
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NL description
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Violation of BFKL factorization

@ What happens for MT jets? The theoretical argument:
“colour-singlet momentum transfer => no log s 5 ”
is wrong

@ Here colour-singlet either below or above

—> log s unavoidable without constraints

@ MT event selection constrains particles not to be emitted within the gap
provided they are above some energy threshold E;i (cal resolution)

@ Only particles below threshold can be emitted at any rapidity

@ This prescription is IR safe because inclusive for E; < Ein

2
th S

log —
2 2
Ej E;
With such “minimal” experimental prescription, BFKL factorization is violated
(impact factors depend on s). However violation is expected to be small.

But gluons below threshold can have any rapidity = ¢ > Ci
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Numerical results
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@ We go on and use NL IF
and GGF for do/dY

@ Numerical implementation
requires 10-dimensional
integrals

Results
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Numerical results
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Leading VS Next-to-leading cross section

We follow CMS setup:

9 /s=14TeV
E; > 40 GeV
15< |y <5
3{Y=yn—-yp<9
Yeap € [-1,1] — AVgap =2
Ethresh = 1.0 GeV
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Leading VS Next-to-leading cross section

We follow CMS setup:

Vs =14 TeV

@ E; > 40 GeV

15< |y <5
3{Y=yn—-yp<9

Yeap € [-1,1] — AVgap =2
Ethresh = 1.0 GeV

NLL corrections of the impact
factors are negative

Ol S OLL
with a slightly steeper
decrease

do/dY (nb)

ratio

100 ¢

08
06

T T T
LO vertex O LL ggf ——

LO ONLL

full NLO O NLL ——
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Numerical results
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Factorization violation

‘ ‘ ‘ }ull NLO‘DNLL -—‘o—-
e log(s) term +—w—
. . 2 s o e
Contribution of the term C; log £ ool - ]
that violates factorization: e
@ Violation of factorization is 3 ol e e |
3 - -
small, ~ 6% e
- e
@ Resummation of such L - |
logarithms not necessary
for phenomenology s 4 s e 7 s
o orf N ———
T 0.05 pasersris e ,
0
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Numerical results
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Dependence on gap width

D=2 —o—i
D=1 s
E_‘:mf% AYgap =0 —e—
: : 100 £ ]
@ Cross section slightly . .
increases while decreasing 5
. 5 e
AYgap and saturates with no N =
gap 3 =
. . . oy == ]
@ Emission from singlet
exchange in central region is ==
dynamically suppressed , . s Vs . \
s ‘ : ‘ ‘ s
‘% 12 | bt g
1
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Numerical results
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Energy threshold dependence

E, =20 GeV
Eyy=1.0 GeV ——
[ Ey = 0.5 GeV r—o—i
= h’:-'.
@ Mild dependence on energy 1oy Fes
threshold of the gap R = -
@ Most of the dependence is % -
due to soft dynamics Ll -
(IR singularities)
not to high-energy dynamics —
(log s terms) A P
11 F
§ 1 et e
09 ™
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Numerical results
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Energy scale dependence

LOOLL so*=[112,2] ==
— ful
ful,so*=[12,2] - - - |

Energy scale s is a parameter
needed in order to define the

log(s/so) 2
S 10f
@ Reduced dependence on H]
energy scale at moderate Y
. . 1r
@ which however increases at
large ¥ S S S S S
o S - ]
= {f—=-=-=-=-=-=-=
€ o5l -]
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Numerical results
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Renormalization scale dependence

Runn|ng Coupllng aS(Q2) at LOD‘LL,}\=1‘/2,1,2 I
phyisical scale Q = M(Ej1 +Ep) |
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Numerical results
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Renormalization scale dependence

T T T
LOOLLA=1/212 ——

Running coupling aS(Q2) at | full NLO O NLL, A =1 ——
phyisical scale Q = M(Ej1 +Ep) |
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Numerical results
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Renormalization scale dependence

T T T
LOOLLA=1/212 ——

Running coupling ag(Q?) at | a2
phyisical scale Q = M(Enx+Ep2) | 3 WA=2 - - - |
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Numerical results
0000000

Renormalization scale dependence

T T T
LOOLLA=1/212 ——

Running coupling ag(Q?) at - a2
phyisical scale Q = M(Enx+Ep2) | 3 =2 - - -

full,L A =172 ----- E

@ Renorm scale dependence 3
still large 5 1ol
=]

@ Need for scale fixing
procedure (BLM, PMS, ...)
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Numerical results
0000000

Renormalization scale dependence

; ; 2 ‘ ‘ LOOLLA=1212 —
Runnlng Coupllng aS(Q ) at ful NLO O NLL,A =1 ——
phyisical scale Q = M(Enx+Ep2) | 3 WiA=2 - - - |

fulLA=1/2 -----
fullLA=4

@ Renorm scale dependence 3
still large 5 1ol
=]

@ Need for scale fixing
procedure (BLM, PMS, ...)

@ Minimum sensitivity reached
atA=4
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Conclusions and outlook

@ Complete numerical implementation of MT jets at LHC in NLLA with
collinear resummation of BFKL kernel; cross section slightly lower and
steeper than in LLA

@ Gap survival probability still to be taken into account

@ Strictly speaking jet-gap-jet observable violates BFKL factorization in
NLLA

@ Nevertheless the violation is small and factorization formula is expected
to work well for LHC (non-asymptotic) kinematics.

@ Good stability w.r.t. gap/threshold parameters

@ Better description expected with proper renorm scale fixing ( ~ 4 times
larger than natural scale)
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Conclusions
°

Conclusions and outlook

@ Complete numerical implementation of MT jets at LHC in NLLA with
collinear resummation of BFKL kernel; cross section slightly lower and
steeper than in LLA

@ Gap survival probability still to be taken into account

@ Strictly speaking jet-gap-jet observable violates BFKL factorization in
NLLA

@ Nevertheless the violation is small and factorization formula is expected
to work well for LHC (non-asymptotic) kinematics.

@ Good stability w.r.t. gap/threshold parameters

@ Better description expected with proper renorm scale fixing ( ~ 4 times
larger than natural scale)

Improvements could include hadronization, resummation of log s term in
IFs, and inclusion of gap survival probability
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