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Forward dijets in dilute-dense hadronic collisions
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Incoming partons’ energy fractions:
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Gluon's transverse momentum (pi¢, por imbalance):
lke|* = |p1e + poe® = |P1el® + |2l + 2| piel| poe| cos A
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Scales and regimes

P: — average jet transverse momentum
k; - target gluon's transverse momentum (dijets imbalance)
Qs — saturation scale

T High Energy Factorization

l
(I?s kt Pt

Generalized Transverse
| . > Momentum Dependent
Q, k; P, Factorization
+—{1 — Collinear factorization
Qs k¢ P

Improved Transverse
+— —— Momentum Dependent
Qs ke i Factorization
(this talk)
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HEF and generalized TMD factorization

High Energy Factorization [Catani, Ciafaloni, Hautmann 1991]

do,pA%dijeterX

P v T
X g x1fa/p(X1, 117) [Mag= S cd|“Fgralxe, kt)
dyidy2d®pred®pae £

xlf‘,,/p(xl,/ﬁ) — collinear PDF in p, suitable for x; ~ 1
|/\/l‘,,,g*ﬁcd|2 — matrix element with off-shell incoming gluon

]—"g/A(xz, ki) — unintegrated gluon PDF in A, suitable for x, < 1

Generalized TMD factorization [Dominguez, Marquet, Xiao, Yuan 2011]

doPA—dijets+X ¢ 2 HD ) k
Il o Z x1fap(X1, 1t )Z ag—cd’ ag (2, ke)

a,c,d

Ha(ygacd — hard factor of i-th type, with on-shell incoming gluon

.F;SQ(Xg, k:) — unintegrated gluon distribution of i-th type in A
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Successes, strengths and limitations of HEF (1/2)

Forward-central dijet production: proton-proton
[van Hameren, Kotko, Kutak and SS 2014]

HEF approach with:

le+08
e Ké nonli‘near +‘ Sudak‘ov I:I
CMS PAS FSQ-12-008 +—# » KS gluon: BK with kinematic
1e+07 - 1 constraint, non-singular DGLAP
VS = 7.0 TeV . . . -
Pe1,Pra>35 GeV == pieces, running coupling — fitted
T geros | V<28 32<Ialar % . to combined F, HERA data
1 » Sudakov resummation: ensures
S~ . .
5 100000 | Iél 1 no emission between k; and p
‘ (turns out to be relevant for
10000 - 1 moderate A¢)
1000 1 1 1 1 1 1 . .
0 05 1 15 2 25 3 Successful description

Mg of azimuthal decorrelations!
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Successes, strengths and limitations of HEF (2/2)

Forward-forward dijet production: proton-proton vs proton-lead
[van Hameren, Kotko, Kutak, Marquet and SS 2014]

HEF approach with:

1.6

VS = 5.02 Tev K?c:(l).o‘ f—

KS¢c=0.5 = = - e .

Lol PurPe20Gey | KECTOS o » Nuclear modification factor

3.2<Y1¥2<49  1cBK d=4.0 -----

+A
r2r 1 Roa — doP™
PA = A doptp

» KS gluon: parameter ¢ controls
strength of the non-linear term

» rcBK gluon: BK equation with
running coupling, parameter d
modifies saturation scale in the

02 : ‘ ‘ : : ‘ initial condition
2.5 2.6 2.7 2.8 2.9 3 3.1

Predictions qualitatively

Sizable effects of gluon saturation at A¢p =7 — consistent for all gluons
and model parameters.
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Observations:

» HEF does a good job in describing data and provides interesting
predictions. Reliable when k; ~ P;. Not applicable in the strict
back-to-back limit with A¢ ~ 7, which corresponds to k; < P;.

> In the strict back-to-back limit, one needs to turn into generalized
TMD factorization — reliable when k; < P;. But that approach
misses important ingredient of HEF namely k; dependence in the
matrix element. It is therefore not applicable when k; ~ P;.

Would there be a way to combine virtues of the two approaches?
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Relating HEF and generalized TMD factorization

HEF

77
\
generalized TMD
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Relating HEF and generalized TMD factorization

HEF

77

\

generalized TMD

* easy

\

collinear

<
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Relating HEF and generalized TMD factorization

—_— HEF *
Color A \

Glass 77 collinear

Condensate| o f /
—_— generalized TMD *

* easy
) [Kotko, Kutak, Marquet, Petreska, SS and van Hameren 2015] (see Elena’s talk)
¢ [Dominguez, Marquet, Xiao, Yuan 2011]
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Relating HEF and generalized TMD factorization

[ ]
— HEF ~—J %
Color A \
Glass 77 collinear

Condensate N t /
*

—_— generalized TMD —

improved TMD

* easy

[Kotko, Kutak, Marquet, Petreska, SS and van Hameren 2015] (see Elena’s talk)
¢ [Dominguez, Marquet, Xiao, Yuan 2011]
77?7  this talk
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TMD gluon distribution (first try)

¥ g2
dérd €te/xzp;5tikt-gr

Foalxa, ke) =42
b k)2 [ o

(ATr [F'= (€7,€,) F'~(0)] |A)
This definition is gauge dependent!
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TMD gluon distributions (proper definition)

4+  similar diagrams with 2,3, ... gluon exchanges

They all contribute at leading power and need to be resummed.
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TMD gluon distributions (proper definition)

4+  similar diagrams with 2,3, ... gluon exchanges
They all contribute at leading power and need to be resummed.

That is done by gauge links U, g

dEX e, e
F k) =2 ixopp & —ike-&,
2a(x2, ke) /(277)3,); e

» Ula,p renders gluon distribution gauge invariant

(A[Tr [F'~ (£7,&,) UggF'™ (0)] |A)
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Gauge links

Wilson lines along the path from a to 8

5
Wia,5) = Pexp | —ig / dn" A%(n)T?

The path [a, 3] depends on the hard process.
» Gluon TMD, F, is in general process-dependent.
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Gauge links

Wilson lines along the path from a to 8

5
Wia,5) = Pexp | —ig / dn" A%(n)T?

The path [a, 3] depends on the hard process.
» Gluon TMD, F, is in general process-dependent.

Cross section for dijet production in hadron-hadron collisions cannot be
written down with just a single gluon! [Bomhof, Mulders, Pijiman 2006]

i
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() 7.7

N’
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Generalized TMD factorization

[Dominguez, Marquet, Xiao, Yuan 2011]

deAHch 2 1

(6%
— s () 4
PP Phdyidys ~ Gargs)p "Ho/e 0l Zfag e T Ocd

> g8 > qg:n=2
g8 —+qgq: n=3
gg —+gg:n==~6

H(g)ﬁcd obtained in large N limit
H(g)_}cd obtained in the approximation k; = 0
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Towards improved TMD factorization (see Elena’s talk)
[Kotko, Kutak, Marquet, Petreska, SS and van Hameren 2015]

» Reduce to n = 2 for all channels

do.pA%dijets{»X 2

2

1

PPdhedydys  aos)? Dty i) Y0 Kol 1+ 0o
a,c,d i=1

» Restore all the finite-N,. terms in the hard factors

K e KD s
2 A2 2 42 N
9g — qg —52%22 {02+S Ngt } %S(S;pu)
_ 1 (2 + 0?)? 1 24+
g8 99 N, &%%4 2CANZ &2
N, (82 — t0)2(R2 + %) 2N, (82— t0)?
&8 o 20282 Cr 082
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Relating HEF and generalized TMD factorization

[ ]
— HEF ~—J %
Color A \
Glass 77 collinear

Condensate N t /
*

—_— generalized TMD —

improved TMD

* easy

[Kotko, Kutak, Marquet, Petreska, SS and van Hameren 2015] (see Elena’s talk)
¢ [Dominguez, Marquet, Xiao, Yuan 2011]
77?7  this talk
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Off-shell matrix elements

» On-shell matrix element is a very bad approximation for dijet
configurations with the two jets close in azimuthal angle A¢ ~ 0.

> These configurations arise when the gluon transverse momentum
ke > 0.
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Off-shell matrix elements

» We cannot just use the usual prescriptions for calculating on-shell
matrix elements and keep the gluon off-shell. Such result would
not be gauge-invariant!

The process ag*™ — cd must be embedded in an on-shell process.
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Off-shell matrix elements

» We cannot just use the usual prescriptions for calculating on-shell
matrix elements and keep the gluon off-shell. Such result would
not be gauge-invariant!

The process ag*™ — cd must be embedded in an on-shell process.

Effective procedure: [Catani, Ciafaloni, Hautmann 1991]

» Standard Feynman rules with the
gauge vector n = pa.

» Off-shell gluon’s longitudinal
polarization vector:

0o 1V2x

= Tl P

This procedure is just enough to render the result gauge-invariant.
Generalizations to arbitrary gauge and higher multiplicities exist. [Lipatov 1995;
Antonov, Lipatov, Kuraev, Chrednikov 2005] [van Hameren, Kotko, Kutak 2013]
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Colour ordered amplitudes

N-gluon amplitude:

ar.. A1 AN _
M (51 se s EN ) =
A

Ao _
E (Fa ...Fa"Nfl)alaN M (1)‘1,02 2o 17NA"’> ,

oESN_2
where (F?),. = fabc and Sy_» are (N — 2)! non-cyclic permutations.
. by )\,72 /\o'N 1 A
» colour ordered amplitudes M (1™, 55,72, only NV are
gauge invariant

» only (N — 2)! of them needed for amplitude with N external legs
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TMDs from colour ordered amplitudes
In the gg* — gg channel:

88" —gg
f31326f6«3334 Mgg*—wg (1*’ 2? 37 4)
+ f:ala3cfcaza4 Mgg*—)gg (1*a 37 27 4) 9

aiazazas A2 A3 g
M (nl,ez ,€5%, €4 )

where ki = n1 + kr.
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TMDs from colour ordered amplitudes
In the gg* — gg channel:

gg*—gg
= f31326f63334 Mgg*—>gg (1*’ 2,3, 4)
+ f:ala3cfcaza4 Mgg*—)gg (1*a 3; 27 4) 9

aiazazas A2 A3 g
M (nl,az ,€5%, €4 )

where ki = n1 + kr.

Only two unique colour structures multiplying the gauge links
corresponding to }'é'g) — two independent TMDs.

colour-ordered amplitude squared gluon TMD
Mg ge (17,2,3,4) ngg)—wg = ﬁ(fog(? - 2-72')
[(Mas g5 (17,3,2,4) +FE + T + N2F)
Mgg*ﬁgg (1*a 27 3’ 4) 2g*%gg (l*v 3» 274) gpgg)ﬁgg = N%(N?fé? - ZIéZ")
Mg g (1%,2,3,4) Mggr g (1%,3,2,4) +Fi + Fi + N2F))

Similar story for the other two channels qg — qg and gg — qg.
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Improved TMD factorization

The final formula

do.pA—>dijets+X

2P, 2kedyrdy;  (xa

2 2
O 2 () ()
f, , K. @
X25)2 aCZdXI /P(Xl 17 ); ag*—cd ™ ag—cd q + 6cd

1

i 1 2
k() N 8 47%) (ot th) N, (F*+F Tt (untti-ss)
gg*—gg Cr ttunss 2CF ttunss
K 1 (P47 (ao+it) 1 (B47%)(mo+t—s3)
g8*—qq 2Nc 55t0 4N2Cg S5t
() (52 41%) 55—1t Ce 5(5°+12)
qu*—>qg 2tts (1 + N2 Ea) Ne  ttd

Modified Mandelstam variables:

> 5= (om+ P)za

t=(em—p1)’,

Recovery of the on-shell limit:

> |im‘kt‘*,o(§ — §) =0,

Sebastian Sapeta (CERN)

|im|kt|ﬁo(f - /f) = 0,

0= (e — p2)?

|im|kt|*>o(L_l — fl) =0
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First numerical results:

» GBW model used
to compute TMDs

» off-shell hard
factors

> large N, limit

Improved TMD
factorization points
towards less
correlations.
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do/Ag [nb]

improved TMD vs HEF

Azimuthal correlations
in forward dijets production

100000 ¢ T T T T T
t Improved TMD GBW ——1 __.a-"'--"_
L HEF GBwW =2 ra
10000 !
| vs=7.0Tev
1000 F Pr1,Pt2>20 GeV 4
L 3.2<|y1,y21<4.7
100 & !
r af
L ]
10 ndIF F E
1 E
0.1 1 1 1 1 1
275 2.8 285 2. 295 3 3.05 3.1 3.15
Ag
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Conclusions

>

We have developed the improved TMD factorization approach for
forward dijet production in dilute-dense hadronic collisions.

Our framework unifies HEF (off-shell ME but single gluon TMD) and
generalized TMD factorization (multiple TMDs but on-shell ME).

The improved TMD factorization formula is valid in the limit
|p1t], |p2e| > Qs with an arbitrary value of |k;|.

Our result provides a robust framework for studies of saturation
domain with hard objects.

We have just begun numerical studies: first results with GBW model
point towards slightly smaller azimuthal correlations in forward dijet
production.
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Conclusions

>

We have developed the improved TMD factorization approach for
forward dijet production in dilute-dense hadronic collisions.

Our framework unifies HEF (off-shell ME but single gluon TMD) and
generalized TMD factorization (multiple TMDs but on-shell ME).

The improved TMD factorization formula is valid in the limit
|p1t], |p2e| > Qs with an arbitrary value of |k;|.

Our result provides a robust framework for studies of saturation
domain with hard objects.

» We have just begun numerical studies: first results with GBW model
point towards slightly smaller azimuthal correlations in forward dijet
production.

Future

» Phenomenology of improved TMD factorization with gluons from
a range of models.

» Exploration of all-order validity of the improved TMD factorization

in for hadronic dijet production in dilute-dense collisions.
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