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* use NLO+PS to calculate:

Inclusive jets, 0.0 < |y < 0.5, anti-k7, R=0.5

d*e/dprdy [pb/GeV]

difference: "
exact kinematics of
PS radiation

— POWIHEG nolHAD noMPI noFSR nolS
—— POWHEG noHAD noMPT 13 TeV
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H. Jung, TMDs from parton branching method at LO and NLO and first applications, RBRC Workshop, BNL, June 26, 2017
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parton shower (MC) vs pure

NLO for single inclusive jet
' must agree!

Approach described in: S. Dooling et al
Phys.Rev., D87:094009, 2013.

Corrections to be applied to fixed
order NLO calculations:

* kinematic effects: TMDs !
* radiation outside of jet-cone

Inclusive jets, 32 < |y| < 4.7, anti-k7, R=0.5

e POWHEG noHAD noMP1 noFSR nolSR
—— POWHEG noHAD noMPI 13 TeV
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3 = low X
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¥ DGLAP (theory): TQ'%/

transverse momenta
strongly ordered

ki,T>>ki+1,T (: neglect
Information on kT«— Isolate
logarithmic enhanced term ~

collinear factorization)

¥ Monte Carlo:
momentum
conbguration which »
obeys exact

momentum

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

probabllity weigh



evolution where transverse
momentum IS conserved:
BFKL= evolution from large
X~10-2 to low x~10-6

proton
momentum

fraction strongly
ordered >» wm

(: neglect information

on «— Isolate

logarithmic enhanced
term ~ high energy

factorization)

transverse momentum treated exactly (no

approximation), but implicitly Kit~Ki+11



VS.

DGLAP= evolution from

n
low scale (hadron) to
hard scale (process)
ki = transverse
momenta
T strongly ordered
2 Kim>Kis1 T
- kir, a1, 1= -5« | |
P (=neglect information
k2., az, ﬁ22: azggél on kT«— isolate
. kar,as, B3 = Ozgg’m Iogarithmiq enhanced
term ~ collinear

proton momentum fraction
approximation), but implicitly

factorization)

treated exactly (no

K=Y



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

¥ |In both cases: exact kinematics can be a source of
large higher order corrections

I Can we combine both evolutions and take
Into account kinematics (more) precisely?



A variable that unibes
both: rapidity - Lkt L

In —
"5

kT 1

= |n

kT2

>>>1

.
strong ordering In rapidity
0517kT,1
11 az
Anpr=m2" n1=1n (
g
o, kT
v both for

¥ collinear factorization k11 » kt»
¥ high energy factorization ax»az



+C —~— k:!p+"n+kT

-

ordering in rapidity vs ordering In |

(momentum fraction w.r.t. collision partner)

_ Kir

kir,oa, 1= o5
K 1

> kZ,Ty CYZ; 52 2: agZ}péz
_ ks

A\
means M o K. K
51 >>52 >>53 > L. !12n.p>>!12n.p>>!12n.p>>...
implieS: o] < ag <.y Lo 151
kr1~kro~ .. AND Kr1" Kkro"
BFKL/Multi-Regge DGLAP/collinear

Kinematics kinematics



task: search for factorization of correlators which iIs
only ordered in ! & formulate evolution

| =n! xap
l=n! xap
.y out-going line
} + q=zaxp+qgr+!n
e a1
: | Koy |
i kK &1 8 ,
5 - K= xap+ Kt
ingoing line"
: P (OkT-factorizationO)

=forget about !



prst result in literature: low x resummation of DGLAP splitting functions
¥ use diagrammatic debnition of collinear factorization "

¥low x (=BFKL) evolution to resum logl/x to all orders

¥ TMD splitting function = coefbcient for resumed P q4(2)

q upper blob: no lowx logarithm; Pnite =» debPnes a TMD
guark-to-gluon splitting function
K | ' " | n
' 2 ' 2 2
C.> R |
= a9 & | 2#Fz(ll z) k? $
| 2
C'> az?+(1! 2)?2+4z°(1! 2)2!k_2

@ | =q! zk

generalization to off-shell quark



¥ complete evolution " | | |
| all splittings” g |§+% |§ l + 19 |
) I IY b B B § i ?

(@) Py (b) Py (€) Py (d) Py

¥ cannot be debPned/determined as coefbcient of
high energy resummation of DGLAP splitting
function

¥ Prst 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 Lipatov: hep-ph/8502308]

basic idea:

correlator with regions
localized In rapidity,
signibPcantly separated
from each other

factorize using auxiliary
degree of freedom =
the reggeized gluon



A short appraisal of LipatovOs 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



o .+ Calculating
' ' kernels

| s
; ' & = more general

| | kinematics!

¥ Incoming parton (off-shell, from hadron) ! high energy
factorization + normalization matched to collinear

factorization

¥ 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

¥ factorization: generalized projectors | appendix



Quark Spllttlngs | relatively

straightforward
(A K p) = Igt“I " kan
e o(dik,p) = igta; N %‘k ,
ek = gt Boke g

¥ production vertices of high energy factorization "
can be generalized to TMD kinematics

[Lipatov, Vyazovski, hep-ph/0009340]

¥ guarantees current conservation for off-shell legs

(close relation to Wilson lines) Gituiar, mH, kutak, 1511.0843¢]



Gluon production vertex
signibcantly more complicated

i@,k p) = VR (=g, k,—p) d* (Q) d*2x(K)

q nH3 kzp/L:%
+ dMlMZ k d/Ll,uz _
’ () T — @ <P
3-gluon vertex pol. tensor of
‘ light-cone gauge
¥ turns out: Lipatov high energy effective action in light-

cone does the job, but does not allow to directly
verify current conservation for generalized kinematics

[Lipatov, hep-ph/9502308]

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

[MH, Kusina, Kutak, Serino; 1711.04587]




Results:
A) guark induced splittings (angular averaged)

Z, 0

‘p:k!q | = q! zk

1! 2

their correct collinear

21 2 limit 1s veriped
z|! 21 (1! Z2)2k?|

$
1 2(1 221 z)+ k2z(1! z?) ! 1z(! 2+(1! z)2k2)

(I 2+ 211 2)k?)?
k2 ] | 2 "0 | 2+(1| ZZ)kZ
12 | 2+ z(1! z)k2 (1! 2)|! 2! (1! z)2k?| .
z?l 21 z(1! 2)(1! 3z+ z29)k?+(@ ! 2)°1(! *+ szz)
1! 2)(" 2+ z(1! 2)k?)




B) Pyg splitting

k2 & (2 — 2)& + (2° — 42 + 32)k?

(0) = =
Fos <27 (12) o &+ 2(1—2)k* | 2(1-2)|& —(1—2)°k?]
(22° — 422 +62z —3)F + 2(42* — 1223 +92% + 2 — 2)k?

4+

(1—2) (& + 2(1 — 2)k?)

# current conservation

# collinear limit: DGLAP splitting
# low X limit: BFKL kernel

# soft limit pt! 0: CCFM kernel




so far: real part of splitting kernels ! for Pygg and
Pqq there Is also a virtual correction; indeed needed
to cancel soft (p1! 0) singularities

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

open gquestion: how do these kernels relate to
operator debPnitions of TMD parton distribution?

Turns out: answer to both questions closely related
(work In progress)



For debniteness: start with operator debPnition of
unpolarized gluon TMD eq.

GO(x k)= (‘;f.;féﬁ T TR, QL LoFS (0)IP)

for dePniteness: DIS like process .
process dependent " L= Pexp{#tig J, dCAT(GH)
(! loss of universality),

projection on high energy gluon

with dePnite 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
Oproduction i+ agree with

- >e—
vertexO previous vertex
" used for Pgyq
K, a1 o, a2,"2

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

2 gluons in gluon TMD:

—>—#— Hoo- — Hoo- — X M )—-»—— h - > -



Virtual corrections now straightforward and can be
now calculated

details: work in progress



Conclusions

complete set of 4 real TMD splitting kernels "
| satisbes all necessary constraints so far

partial evolution equation already formulated
(not In this talk)

complete virtual corrections + relation to operator
debnitions = work In progress; brst 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 Lipatov: hep-ph/8502308]

basic idea:

correlator with regions
localized In rapidity,
signibPcantly separated
from each other

factorize using auxiliary
degree of freedom =
the reggeized gluon



¥ |dea: factorize QCD amplitudes in the high energy
limit through introducing a new kind of pPeld: the
reggeized gluon A :+ (conventional QCD gluon: v,)

Kinematics (strong ordering in light-cone
momenta between different sectors ): O« A (X) =0 =0 A+ (X).

underlying idea:

¥ reggeized gluon globally charged @+ (X) = I 1t*A% (x)
under SU(Nc)

¥ but invariant under local gauge transformation

1 1
LVH = é[DU’$'—] VS. OLA: = a[Ai,XL]:O

| gauge Iinvariant factorization of QCD correlators



underlying idea:

" Integrate out specibc detalls of
(relatively) fast +/- belds

&

" description in sub-amplitude local

@00000000000 :ﬁ

In rapidity: QCD Lagrangian +

universal eikonal factor"

Xi
To[vy]="! éﬁiP exp <! g/ dx'ivi(xﬁ)

' effective beld theory for each local
rapidity cluster

> g §

Sef = Socb + Sing.

! Y0
#

# $ #. . .
Sing. = d* tr (Ty v(X)]! A (X)) !12A,(x) + O+0O" O O .




elkonal factor |
- : To[vei]= ! Z0LP exp (! g/ dx!ivi(xﬁ)
= special : !

n " # of gluons In the reggeized gluon

ke v + 5 kici,vl ko o v
g _ _quzmc(ni) ’q _ mbé; 7 _ gf 61620,](31 (ni)Vl(nlL)
q,a,+ Kt — 0 —<b q,a,+ kli-|-k2t_()
(a) (b) (c)

5 (f agagef alea f agalef asea

T\v1 (AT \V2 (V3
+ n n n ;
=5 G k7 )( )

ki +ky +k3” =0.
OinducedO vertices ()



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

+ 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 ! conbrms previous light-cone gauge
results

P C ' = 1e(g,! r)=2"#(p" ! r*)h" d’ze=@ ")
" # $%0
S $(pT)W(2)! 1! $(! pt) W) 1
P r
—— —— =1% (p,—1)= —4ré(pT —r ) u(r,p)  dPze® PN

# ) * ) * (
a 0(p*) U(2) — 6% —0(—p™) [U(2)]" — 6%



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
- + + + aa
ks ks |%:%
PB |%:1 PB |%: PB |%: PB



CFP-formalism



starting point: diagrammatic depbnition of
collinear factorization

[=n! zap l=n! xap

: ¥ axial, light-cone gauge.

collinear singularities only for
propagator which connect
! sub-amplitudes

¥ to isolate coé cient of
collinear singularities use
% projectors In spinor/Lorentz
space

¥ calculate DGLAP splitting
\\ functions as expansion ihg

[
x
O
«

\00.00)



: TMD splitting function
Pqg(z,kT) as coefbcient for all order resumed Pqg(2)

q upper blob: no lowk logarithm; Pnite =» debPnes a TMD
guark-to-gluon splitting function
k I I 11 I 11
ST ' 2 ' 2 2
. POz, k—,! = Tr !
= a9 6 | Z#Fz(l! Z) k? $
| 2
2‘ az®+(1! z)*+4z°(1! 2)2!k—2

@ = q! zk

later on: use of high energy factorization for quarks "
| off-shell factorization Gplitting function" ®
@oefpcientO



prst generalization to Pnite TM

High energy/lowx resummation of splitting functions

¥ essentially the BFKL GreenOs functies
low X resummation of gluon splitting functior

¥ use df-shell extension of incoming projector
| kHk'
Ph
gluon, in k2
¥ derived within high energy factorization +
reduces to conventional projector in on-shel

limit

obtain: all orderPyq with (asIn 1/x )"
however:
all orderPqq requiresas (asIn1/x )" (starts at NLL == Pnite codficient)



Generallzed projectors

|“n* + nHl#
su# # S uH __m
P = g T o P=T9 collinear splitting
s s __"  functions”
Pq in 5’ Pq out — N é.l ‘
generalization:
sul Zpﬂp s ! | k,un —|‘k|ﬂ’u 2 nn|
]P)gﬁn o k2 , IP)g'uout_ g'u K-n I (k n)
s yp 5 h
qun — 71 PqOUt:Qﬂ'II

worked out In:



Evolution equation
and soft limit



Soft singularities p! 0

) ¥ Appears for Pqq, Pqg, Pgg
p=k! q

\ ST ¥ (-0, g-g: regularized by virtual
corrections (gg essentially veribed)

Kij ~ k_2 . = !—SZ d2*2'p @$H|2: . qz%|5ij (z,p, K,

2 T (e ) p?

the codficients of the singularities:
24C - 248Cs(1" z2)*

520 1 (1" z)1-2 5250 7 Z

1] ¥ what about

. 1
lim Pgg = 2N¢ |- A
wlo 997 N7




Can study these effects already the pure high energy limit

| | ad
N 1. Ydz dPp
% 11 aj # 11 :I; #&
204F Z,la+pl® +CrQ . la+pl°
| Y & : )
L dx NS V2 2 ( x 2#
— —AR('Zlvq y ) qu —, P9 — Q _7‘q+p‘
z  ~1 <1 21 Z
0.001 ,
" ® quarkions x=102 .
g0.000 ¢ ¢ quark total la| =2 GeV P Flnd:
& Resummation of (Pnite)
< 0.000 * .
2 virtual result (IR poles
S 4 n .
5 0000 . | cancelled) regularizes
é . . : . -
- ARSI the sm_gL_JIar!Ity of the
¢ 3 s = : e © ° qu Spllt’[lng
0.009 7 1(;10 108 106 104 102



