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Hannes Jung@ RBRC-BNL parton shower (MC) vs pure
NLO for single inclusive jet

workshop June 2017: — must agree!

Approach described in: S. Dooling et al

@ se N|_O+PS J[O Calculate: Phys.Rev., D87:094009, 2013.
N(ps) * Corrections to be applied to fixed
KPS - T NLO-MC order NLO calculations:
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« DGLAP (theory): q

fransverse momenta \
strongly ordered

k> ki1 1 (:negleCt ki = aip + Oin + kry
iInformation on kT«— isolate

logarithmic enhanced term ~

collinear factorization)

 Monte Carlo:
momentum
configuration which »
obeys exact

momentum

conservation + order — mismatch due to exact
them (no strong kinematics in MC shower
ordering) to assign (ISR & FSR)

probability weigh



evolution where transverse

momentum IS conserved:
BFKL= evolution from large
X~102 to low x~10°6

oroton
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VS.

DGLAP= evolution from
ow scale (hadron) to
nard scale (process)

fransverse

momenta
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kS ¢ . .
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poroton momentum fraction e treated exactly (no
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observations:

* (trivial) BFKL limited to low x region — requires
extension to treat generic observable

 (NN)LO DLGAP evolution (hard scale) at low x
plagued by large low x logs

* NLO BFKL evolution (low x) plagued by large
collinear logs

* N both cases: exact kinematics can be a source of
large higher order corrections

— Can we combine both evolutions and take
iINnto account kinematics (more) precisely?



A variable that unifies

both: rapidity ,_ Ly B
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e collinear factorization

e high energy factorizati
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I ———— k=ap+ Bn+ kr

ordering in rapidity vs ordering in [3

(momentum fraction w.r.t. collision partner)
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BFKL/Multi-Regge DGLAP/collinear
Kinematics Kinematics



task: search for factorization of correlators which is
only ordered in 3 & formulate evolution

out-going line

} + q=7z-xp+qr+pn
q |
e 2>
i kK 8
| giq | % k=x-p+ kr
: ingoing line
’ g (“kT-factorization™)

=forget about 3



first result in literature: low x resummation of DGLAP splitting functions
e use diagrammatic definition of collinear tactorization

e low X (=BFKL) evolution to resum log1/x to all orders

e TMD splitting function = coetticient for resumed Pqg(z)

q upper blob: no low z logarithm; finite == defines a TMD
quark-to-gluon splitting function
k |
TS 2 2 2
. PO (25 ) o A
= 9\ g2’ A2 4+ 2(1 — z) k?
: ' k>
— P A=) 41 -2

generalization to off-shell quark



— all splittings

 complete evolution | | , g | | .
i g Nk | toi |

(a) qu (b) qu (c) qu (d) —'f)gg

e cannot be defined/determined as coefficient of
high energy resummation of DGLAP splitting
function

e first attempt construction based on
a) generalization of Curci-Furmanski-Petronzini
formalism (light cone gauge)
b) high energy factorization — formalism: high
energy effective action



an action formalism for high energy factorization:
Lipatov’s high energy effective action [Liatov; hep-ph/9502308]

basic idea:

correlator with regions
localized in rapidity,
significantly separated
from each other

factorize using auxiliary
degree of freedom =
the reggeized gluon



A short appraisal of Lipatov's high
energy effective action

2 loop gluon trajectory

NLO impact factors for jets with and without rapidity
gap

2 scale process: photon-quark scattering

description of dilute-dense collision (=Color Glass
Condensate formalism)

Complementary (dilute): spinor helicity amplitudes
based formalism

— well tested effective action formalism
for high energy factorization



| - | -t Calculating
g ’ % i kernels

— & = more general

kinematics!

* incoming parton (off-shell, from hadron) — high energy
factorization + normalization matched to collinear

factorization

e out-going parton (off-shell, to partonic process)
— generalization of CFP-method + eikonal factors

(motivated from high energy factorization) to guarantee
gauge invariance — requires generalization

e factorization: generalized projectors — appendix



straightforward

Quark Sp“’[’“ngs relatively

Fg*g*q(q7k7p/) = gt (Wﬂ_ knﬁ)a
I eo(q, k,p') = igt® <yﬂ_ﬂ%>
g*qrq\1> " boat)
. p'u n,u
Flu* * 7k7 ! p— ta ,u_
sl ) Y <V p'p’ﬁurn-p’g)

e production vertices of high energy factorization
can be generalized to TMD kinematics
[Lipatov, Vyazovski, hep-ph/0009340]
e guarantees current conservation for off-shell legs
(close relation to Wilson [ines) iGituliar, mH, kutak, 1511.08439]



Gluon production vertex
significantly more complicated

Trk2is (g k p') = VA3 (—q, k, —p') d" \(q) d** . (k)

g*g*g

2,143 L2 phts
+ dr2 (k) g_ft7___(jﬂlﬂz(q) Z’/
n-p p-p
3-gluon vertex pol. tensor of
‘ light-cone gauge

* turns out: Lipatov high energy ettective action in light-
cone does the job, but does not allow to directly
verity current conservation for generalized kinematics

[Lipatov, hep-ph/9502308]

e complete expression: analysis of helicity spinor
amplitudes in high energy limit in light-cone gauge

[MH, Kusina, Kutak, Serino; 1711.04587]



Results:
A) quark induced splittings (angular averaged)

<9

o ° A=q- zk

1 — 2z

their correct collinear
A A2 imit is veritied
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B) Pgg splitting

poO) (- k_2 — O q’ (2 —2)@* + (2° — 42% + 32)k?
"@ IR | (12 - (1 2k
(223 —42% + 62 — 3)q* + 2(42* — 1225 + 92° + 2 — 2)k?

(1= 2)(g* + 2(1 — 2)k?)

v current conservation

v collinear limit: DGLAP splitting
v low x limit: BFKL kernel

v soft limit pt = 0: CCFM kernel




so far: real part of splitting kernels — for Pgg and
Pqq there Is also a virtual correction; indeed needed
to cancel soft (pr—0) singularities

nice feature of real corrections: follow a relatively
simply diagrammatic construction

open guestion: how do these kernels relate to

operator definitions of

MD parton distribution®?

Turns out: answer to both questions closely related

(work in progress)



For definiteness: start with operator definition of
unpolarized gluon TMD eg.

1O (o) = [ B CE PR € € LR O]
for definiteness: DIS like process

process dependent Le = Pexp{—ig J o= dCAT((, £}
(— loss of universality),

projection on high energy gluon

with definite signature should help

(in progress)

to compare with previous result: incoming off-shell
high energy gluon at tree-level & one-loop



real correction in covariant gauge:

can be shown to
“ >0 — :
“production T+ agree with
vertex” previous vertex
- 9 used for Pgq

wavy line = high energy gluon— formalism
of high energy effective action

2 gluons in gluon TMD:

);) +Z_ g - g i_ - -
Uioar, vy U, a0l



Virtual corrections now straightforward and can be
now calculated

details: work In progress



Conclusions

complete set of 4 real TMD splitting kernels
— satisfies all necessary constraints so far

partial evolution equation already formulated
(not in this talk)

complete virtual corrections + relation to operator
definitions = work In progress; first promising
results exist

In general: there is still a need to properly develop
the whole framework; at the very least: a consistent
way to combine DGLAP and BFKL






High energy effective
action



an action formalism for high energy factorization:
Lipatov’s high energy effective action [Liatov; hep-ph/9502308]

basic idea:

correlator with regions
localized in rapidity,
significantly separated
from each other

factorize using auxiliary
degree of freedom =
the reggeized gluon



* idea: factorize QCD amplitudes in the high energy
[imit through introducing a new kind of field: the
reggeized gluon A. (conventional QCD gluon: vy,)

Kinematics (strong ordering in light-cone
momenta between different sectors): O+ A_ (x) =0=0_A44 (37>

underlying idea:

» reggeized gluon globally charged Ax(z) = —it" A% (x)
under SU(Nc)

* put invariant under local gauge transformation
1 1
~|

OLUp = Q[Du, XLl vs. oLds = Ag,xL] =0

— gauge invariant factorization of QCD correlators



underlying idea:

= integrate out specific detalls of
(relatively) fast +/- fields

B

= description in sub-amplitude local

in rapidity: QCD Lagrangian +
universal eikonal factor
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- effective field theory for each local
rapidity cluster

> g §

Seff = SQCD + Sind.

Sind. = /d4:1: {tr (T-[v(z)] — A_(2)) 0T AL ()| + ["+7 <7 ="7] ¢

H/_/




elkonal factor ;
. Ti|ve] = ——0LPexp (—%/ dazlivi(x’))
= special 9 -

an oo # of gluons in the reggeized gluon

k,e,v toa kv koo
—i g5 (n b)Y, ’q SN _ %fclcga]g_; ()1 (nE)2,
T k=0 T Kk =,
(a) (b) (c)
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— + n 1(m 2(n 3’
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“Induced” vertices (d)



allows for (highly
non-trivial)
calculation of the
gluon Regge
trajectory up to 2
l00pPS

+ NLO impact
factor for forward
jets with rapidity
gap



more recent: description of dilute-dense collision
(=Color Glass Condensate formalism) from high energy
effective action — confirms previous light-cone gauge

results



Complementary formalism
(for dilute collisions)

same amplitude (with 1 initial reggeized gluon per
scattering hadron) can be directly calculated from
spinor-helicity amplitudes

PaA PAar PA Par PA PA’ PA Par
k1
= + + T
ks ks |%:%
PB |%:1 PB |%: PB |%: PB



CFP-formalism



starting point: diagrammatic definition of

collinear factorization

IS

e axial, light-cone gauge:
collinear singularities only form
propagator which connect
sub-amplitudes

e to isolate coef
collinear singu
projectors in s
space

ficient of
arities use

ninor /Lorentz

e calculate DGLAP splitting
functions as expansion in o



.- TMD splitting function
Pqg(z,k1) as coefficient for all order resumed Pgg(z)

q upper blob: no low z logarithm; finite ==» defines a TMD
quark-to-gluon splitting function
k |
C > 2 2 2
| P(O) < k— €| =Tr A
- 9\ g2’ A2 4+ 2(1 — z) k?
| ' k2
— | AR G

ﬁ A =q—zk

later on: use of high energy tactorization for quarks
— oOff-shell factorization “splitting function” ®
“coefficient”



first generalization to finite TM

High energy/low x resummation of splitting functions

e essentially the BFKL Green's function =
low  resummation of gluon splitting function

e use off-shell extension of incoming projector
kMY
PEY
gluon, in "’ Jo2

e derived within high energy factorization +
reduces to conventional projector in on-shell
limit

obtain: all order Py, with (asInl/x)"
however:

all order P, requires as (asInl/x)" (starts at NLL == finite coefficient)



Generalized projectors

L PnY 4 nklr 5
Foin = d2(_gu [ n ) Foow ==9" " collinear splitting
pr ! » _ 1 functions
q,11n 27 q,out in
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worked out In:



Evolution equation
and soft [Imit



Soft singularities p—0

o ¢ Appeal’s for qu, qu, ng

p=k—q

o — * -0, g-g: regularized by virtual

« corrections (gg essentially verified)
D= 18,2
. k2 s d2t2ep o o Pij(2,p,k,¢)
ey (Zv E?O@) = %2/ rlte(u2eve)e O (ur —q°) e
the coefficients of the singularities:
~ 2.0 N 2.0+(]1 — 2€
lim P, = / lim Py, = s ?)
p2—0 (1 — 2)1_26 P20 >
- 1 1 °
jim B — o, L what apout
p2—0 'z 1—2z q _>g’)



Can study these effects already the pure high energy limit
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