Momentum imbalance observables as
a probe of gluon TMDs
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Outline

» Gluon TMDs for a spin-1/2 hadron
» Observables depending on transverse momentum imbalance in:

» Electroproduction of heavy quark and jet pairs
» Hadroproduction of Higgs+jet

» Hadroproduction of J/(T) 4+~

» Conclusions




Gluon TMDs

The gluon correlator

Gluon correlator
The gluon correlator describes the hadron — gluon transition
Gluon momentum  p® = x P* + p% + p~n®, with n’=0 and n-P=1

transverse projectors: go? = g% — pon® — n®PP 2P = PP n,
Spin vector: 5*=5 (P“ — M? na) +S7, with S?+82=1

p| g | é |p
T{ r uB(|03;P,S) ]T

P P

Definition for a spin-1/2 hadron, in terms of QCD operators on the light
front (LF) £-n=0 [U, U’: process dependent gauge links]:

o o npne [d(&-P)d%r . « -
of =18 = L /( ) T &P (P, S|Tr[F ?(0) Up,¢ F? (&) Yie.q 1 1P, S) | ¢

Mulders, Rodrigues, PRD 63 (2001) 094021
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Gluon TMDs

The gluon correlator

Parametrization of (Daﬁ (at “Leading Twist” and omitting gauge links)
PPy
M;

2
+go¢ﬂ PT )hfg(xv pQT)} [unp. hadron]

1
2P (x, pr) = o - gFPFE(x, P) + = 5
2M2

2x

PTp eer{apg'}

1 .
<1>?B(x7 pr) = o S,_{le?.ﬁ gfL(x,pZT) + M2 hig(xfpzT)} [long. pol. hadron]

1 e prp Sto 1 . «B PT ST
¢?;-,8(X7 pT) = g { ?ﬂ TT:U fng(X:p%')‘i‘IE?-/B Thngg(X:pZT)
{a B} {a B} {a B}
i PToeT ST’ + Stper Py W (x, p2) — PTp €T PT pr- ST -8 (x, p2 )}
aM,, 1T T M2 M, T VePT

[transv. pol. hadron]

> f£ : unpolarized TMD gluon distribution
> hng: (helicity-flip, rank-2 in pr) distribution of linearly polarized gluons
inside an unpol. hadron. It is T-even — hf‘g # 0 in absence of IS or FSI
Mulders, Rodrigues, PRD 63 (2001) 094021
> flLTg: T-odd distribution of unp. gluons inside a transversely pol. hadron
Sivers, PRD 41 (1990) 83




Gluon TMDs

Phenomenology

Phenomenology of gluon TMDs

All TMDs receive contributions from ISI/FSI, which can render them
process dependent and even lead to factorization breaking effects

Several processes have been suggested to access flLTg
Boer, Lorcé, CP, Zhou, 1504.04332

hng is still unknown experimentally. It can be probed by looking at
the transverse momentum imbalance of two particles or jets:

» In pp collisions, i.e. pp — vy X or J/¢pv X (RHIC, LHC)

Qiu, Schlegel, Vogelsang, PRL 107 (2011) 062001
den Dunnen, Lansberg, CP, Schlegel, PRL 112 (2014) 212001

» In ep collisions, i.e. simpler measurements of azimuthal
asymmetries in heavy quark or jet pair production (EIC, LHeC)
Az ~  cos2¢ hf‘g [Only one TMD involved]
Boer, Brodsky, Mulders, CP, PRL 106 (2011) 132001




Heavy quark pair production in DIS
Outline of the calculation

Electroproduction of heavy quarks
e(t)+h(P) — e(')+ Q(K1) + Q(K2) + X

the QQ pair is almost back to back in the plane L to g and P
qg={—1{" four-momentum of the exchanged virtual photon 7*

¢e=¢p =0

— Correlation limit: |g7| < |K_], |KL| ~ [KiL| = [KoL]




Heavy quark pair production in DIS

Outline of the calculation

Calculation of the cross section
TMD Master Formula

30 3 3
do — 1 d y4 d°Ki d’Ks /dxd2pr (277)464(q—|—p—K1—K2)

2s (27)32E. (27)3 2E; (27)3 2E;
1
XD i LE:a) @ ®alx,pr) @ [H amsbel, p, Ko, o)

a,b,c

Leptonic tensor: LM (£, q) = —gh Q2 + 2 (014" + (70, Q2 = —¢?

At LO in pQCD: |Hys asspc]? = IH, esq 5l? from the diagrams

v'g = QQ:




Heavy quark pair production in DIS
Outline of the calculation

Angular structure of the cross section

In the photon-hadron cms: y; (y2) rapidity of @ (Q)

P.
L

Q

i 2
DIS variables:  xg = %_q Y=

bl

qr = |qr|(cos p1,sinpr) KoL =|KL|(cospL,sing,)

do
dy1 dyz dy dxg dqu d? K.

o {A0+A1cos¢l+A2cos2q§L}ﬂg

a7 .

= VTZ hy g{B()COS2(¢J_ = ¢T)+ B COS((i)J_ = 2¢T)
h

+ Bicos(361 — 2¢7) + B cos2¢1 + By cos2(2¢p1 — ¢T)}

Integrating over ¢7, ¢; = A ff




Heavy quark pair production in DIS
Outline of the calculation

gr-imbalance observables

1 +1 \S\S:

Example of diagram contributing to B;":
gluon helicities flip

+1 ¥l

T
hy?

A;: gluon helicities do not flip

The different contributions can be isolated by defining

d¢ doT W(oL, d
W(or,gr)) = LAOLEL TN vy cosaon — o).

2
Positivity bound: hi8(x, p2)| < b £8(x, p> p2 = g
1 T A T T T




Heavy quark pair production in DIS

Numerical results

Maximum asymmetries in ep — €' QQX

R: upper bound on [{cos2(¢, — ¢1))|

03 . . . . 03
R R
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CP, Boer, Brodsky, Buffing, Mulders, JHEP 1310 (2013) 024




Heavy quark pair production in DIS

Numerical results

Maximum asymmetries in ep — €' QQX

R: upper bound on |(cos2¢T)|
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CP, Boer, Brodsky, Buffing, Mulders, JHEP 1310 (2013) 024




Dijet production in ep and pp collisions

Dijet production in ep and pp collisions

Results for eh — € jet jet X can be obtained by taking Mg =0 in
the expressions for the asymmetries in ep — €' QQX.
The denominator receives a contribution also from v*q — gq

hng contributes to the dijet imbalance in hadronic collisions,

commonly used to extract the average partonic py. Complication!
Boer, Mulders, CP, PRD 80 (2009) 094017

Azimuthal asymmetries in pp — QQX and pp — jetjet X suffer
from factorization breaking contributions and would allow us to

quantify the importance of ISI/FSI
Rogers, Mulders, PRD 81 (2010) 094006




Higgs production

hnginpp—>HX

Higgs boson production happens mainly via gg — H

Talks by D. Boer and M. Echevarria

Pol. gluons affect the Higgs transverse spectrum at NNLO pQCD
Catani, Grazzini, NPB 845 (2011) 297

The nonperturbative distribution can be present at tree level and

would contribute to Higgs production at low g7
Boer, den Dunnen, CP, Schlegel, Vogelsang, PRL 108 (2012) 032002
Echevarria, Kasemets, Mulders, CP, arXiv:1502.05354




Higgs production

Transverse spectrum of the Higgs boson

1 do
o dg*

hi 8@ hie M . 2M? )
lflg ® flé |h1 g(X7 pT)l < p%_p flg(xa pT)

X 14Ro(@)  Ro=

Gaussian model for both ££ and hng:

f8(x,pT) = ff () oxp (,(PZT )

m(pT) P7)
M?£E(x) 2(1 —r) 1 p3
hiE(x,p3) = — 220 ep(1— = ET 0<r<1
vhorn) = e r 163
1 T T T T
Ry 014 T 7 ldold? [Gev Y

08 r=2/3 ---- 012 |

06 | o 01 fin p°|'>°{ :;32 .

0al oo | % lin. pol. =0 —— |

(p7) =7 GeV?

02 f %

0
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Higgs plus jet production

Calculation of the cross section

Higgs plus jet production

Motivations: azimuthal asymmetries can be defined [# pp — HX]
study of the TMD evolution by tuning the hard scale
Nonuniversality and factorization breaking effects

Boer, CP, PRD 91 (2015) 074024

TMD Master Formula

1 d3 Ky
2s (27)3 2K}, (27r)32K° Z/ I dx d*por d*pir (27)°

a,b,c
2}

Higgs and jet almost back to back in the L plane: |g7| < |K|
qr = Kut + KT, K| = (Knut — KiT)/2

do =

x 8*(pact-Po—q) T {%(xa,par)%(Xb,pr) et




Calculation of the cross section
Feynman diagrams

At LO in pQCD the partonic subprocesses that contribute are
sg—~+Hg gq—Hqg qGg—Hg

>t T Y

Quark masses taken to be zero, except for My — oo
Kauffman, Desai, Risal, PRD 55 (1997) 4005

No indications that TMD factorization can be broken due to color
entanglement Rogers, Mulders, PRD 81 (2010) 094006




Higgs plus jet production
Calculation of the cross section

Angular structure of the cross section

Focus on gg — Hg (dominant at the LHC). In the hadronic c.m.s.:
ar = |qr|(cos¢7,sindpr) Ko =|Ki|(cosdi,singr) ¢ =1 —¢L

do =

do d£ do
dyH dyj deL d2qT o fho nax qu f d(b do

Normalized cross section for pp — Hjet X

do 1
& — — oo(@?) [L+ Ro(aF) + Re(a}) cos 26 + Re(q7) cos 4]
fg ® fg
o0(q7) =

qumax dq2 fg ® flg




Calculation of the cross section
TMD observables

The three contributions can be isolated by defining the observables

27
d d
(cosng)g, = LCEENOL (1 g24)
g

such that

Trmax
(cos n¢>:/ ! dq% (cos ng)q,
0

1 do
o d?qr
(cos2¢)q, = Ro x fE @ hi®
(cosdd)g, = Ry x hi€@h?

=g = 1+R < fEaff+mfan®




Higgs plus jet production
Numerical results

Models for the TMD gluon distributions

fg: Gaussian + tail

R? 1
g 2\ _ 8 _ =1l
fl(x’pT)_fl(X)ﬂm R =2 GeV
hy¢: Maximal polarization and Gaussian + tail
lg 2 2M3 g 2
BEE(ep?) = —LfE(x.p?) [max pol.]
T
M2 R} 1
REE(p) = 26E(x) 2 Ri=2R

2n (1+PR)

Boer, den Dunnen, NPB 886 (2014) 421




Higgs plus jet production

Numerical results

gr-distribution

Configuration in which the Higgs and the jet have same rapidities

0.1 T T 0.1 T T
- - - 2 -
o ldolde? [GevY o ldo/de? [GevY
008 |\ Kg=10GeV ———-1 008 | [ (] cYp— 1
\
b K =100 GeV oo ) Kg=100 GEV oo
006 | N\ ] 0.06 [

lin.pol.=0 ——

Gaussian + tail, max pol. Gaussian + tail
0 L L L 0 L L L
0 05 1 15 2 0 05 1 15 2
or [GeV] Or [Gev]

Effects largest at small g7 (hard to measure), but model dependent!




Higgs plus jet production
Numerical results

Azimuthal cos2¢ asymmetries

Sensitive to the sign of hng: (cos2¢)q, <0 = hng >0

0.003

0.0025 |

0.002 |

I cos2ig O[Gev Y]

Kq=10GeV —---

0.0015 | : ;

0001 |

Gaussian + tail, max pol.

K5=100GeV -wvvene 1

0.003

0.0025 |

I cos2plg, 0[Gev

K;=10GeV —---
Kg=100GeV wvree 1

o015 | £

0001 |




Higgs plus jet production
Numerical results

Azimuthal cos4¢ asymmetries

00003 |- Ccosdoly [Gev)] ] 00003 |- Ccosdely [Gev)]

0.00025 E 0.00025 |
Ko=10GeV — - - Ky=10GeV ———-

0.0002 | K5=100GeV «wovrere 1 0.0002 | Kg=100GeV «wwrere 1
0.00015 1 0.00015

00001 | i, ] 0.000L |

I Gaussian + tail, max pol. Gaussian + tail
500° [

0 2 4 6 8 10 12
or [GeV] Gr [GeV]

Gl = Wi/ 2 (cos4¢) ~ 0.1 — 0.2% at K, = 100 GeV




Higgs plus jet production

Numerical results

Gaussian model for the unpolarized TMDs

0.14

dTmax = KL/2 ’

[ oo (Gevy

Kn=30GeV ---- |

Gr [GeV]

0.004

0.0035

0.003 -

0.0025 -

0.002 -

| @ cos29ig O[GevY]

Kp=30GeV ----

| Coostely, [GevE

ar [Gev]

(cos2¢) = 9%, (cos4dp) ~ 0.4% at K, = 100 GeV




The unpolarized gluon TMD distribution

pp—J/Y + X

J /1) + ~ production in hadronic collisions

First determination of h;€ and £& could be possible now at the LHC
Color Singlet mechanism dominates: TMD factorization might hold

0.100F>~,
0.050

s2Gev?) sPGev?)
qr(Gev)

— setB
e KMR ™
--- CcoC -0.0002f 4%

\Y

- Gaussian 00004} \

— SetB + max
=es KMR + max
--- CGC

_--10

0.020
0.010
0.005

...... Set B + max
s+ KMR + max

--- cGC 00001} / s
7 e ""-"-----__ =

2 4 6 8

den Dunnen, Lansberg, CP, Schlegel, PRL 112 (2014) 212001

~- Gaussian + max
~0.0006

- ~0.0008

5 9rCeV)_g.0010 -+ Gaussian + max

Todr(CeV)

1 do
= —S = 1)g =FrERQFE [hfg does not contribute # H —|—jet]
g dqu

SP = (cos2¢)g, = FE Q@ hE S = (cosdg)e; = hiE @ hiE

Polarized proton with St = |S7|(cos ¢s,sin ¢s) — flLTg Possible
at the future AFTERQLHC and, in principle, at RHIC




The gluon Sivers function
ptp— J/Y + v X

Angular structure of the cross section for p'p — J/¢ + v X

dour
d_yw dy«, dz KJ_ dz qr

+ sin ¢s cos2¢ [fE @ h8 + h % @ f-5]
+ sin s cos4p [h 8 ® My + hi ¢ @ hi¥
+ cospssin2¢ [fED T + hi € ® 5]

o sings ff @ firf +B { sin(¢s — 2¢) £ ® hi;

+ cospssindd [h @ H, + hi 8 ® hirf } b=dr— 1
Lansberg, CP, Schlegel, in preparation

K,
P TTTEO Y 5k I‘UWﬁ"T‘ +k PerETBTT——— 4k

PIETEO Xk PoBOOO

o miijk Feynman diagrams at LO pQCD

K, K, K
P BTy 5 — k l'«mi%fk POy 5 —

I'v’mmm“»—z L4k POTOO——— Stk lwmii Lok
K, K.,

(Color Singlet Model)




The gluon Sivers function

plp—J/ + v X

Upper bounds of the Sivers asymmetry
A ds — J d¢s sin¢s [do(¢s) —do(¢s +m)] [ dés sings dour

Yoo [dgs [do(¢>s) - da(¢s w0 [ desdouw
1 ‘

AS"Ws ) ng

081 P2 0= 1Gev? sings T O

P2 = 5GeV2 e A |ST| 2 f-g ® fg

06 -

T Positivity bound

02/ |pT| . ) . 2
|f (x,p7)| < £ (x, PT)

0 o L L L
o 2 4 6 8 10 12 14
Ay [GeV]

Gaussian model for flLTg
Mfg 2e(1 — 1 p2




The gluon Sivers function
C-even quarkonium production

Transverse spectra of 1g and xqs (Q = ¢, b)

1 do(ne) 2
1— Ro(g pseudoscalar
o(ne) dat lar) | !
1 do(xeo) 2
—=—~ x 14+ Ro(q scalar
o(xe) da7 ar) | ]

Effects of hlL € on higher angular momentum states are suppressed
Boer, CP, PRD 86 (2012) 094007

08 3

o7 0o 1 ddf (Gev?) ] oldo / d? (GevD)
0 %o 28 %o
: t2%= 0 x; 2 (9= 0) x.
05 N ---- 1 Ng ----
04 N\ R 15 f N
03 op20=16ev2 N 062 0= 0.25 Gev?
1 i
02 =N
N 05
01 RN 4
0 0
0 05 1 15 2 25 3 0 02 04 06 08 1 12 14
ar (GeV) Gr (Gev)

Proof of TMD factorization at NLO only for g production
Ma, Wang, Zhao, PRD 88 (2013), 014027; PLB 737 (2014) 103




The gluon Sivers function
C-even quarkonium production

A5 for plp = g X and plp — vas X

in ¢ _ |5T| L L 1 L
AV 5 (ng) = 21— Ro)fE®FE {ff’@ 78+ @M, + hf® thg}
sin ¢, _ |ST| AL i i 1
AV P (xqo) = TR DR {fg ®FLE — hEQK,. — hEfg thg}
Sr| L
AS'" ¢s _ | e fLe
(XQZ) 2 flg ) flg 1 @ hT
Upper bounds (Gaussian models for TI\/IDs)
1 1
Asms(ncb) Asn%(xc,bu)
08 Total 08 r Tota —— |
Sivers s Sivers s
06 =\ Lin.pol.gluon ---- 06 1 Lin. pol. gluon - ==~
04| 04
02 vl [
o 1 GNE—
-0.2 -0.2

o1 2 3

4“5 6 718
o [Gev]
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Conclusions

» The cleanest way to probe gluon TMDs would be to look at
qr-distributions and azimuthal asymmetries in e p(*) — ¢'QQRX
and/or e p(M) — ¢ jet jet X

> hng produces a modulation of the transverse spectrum of
H+jet and leads to azimuthal asymmetries in pp — Hjet X

» First determination of hng and £ could come from J/4(T)
+ ~ production at the running experiments at the LHC. In
experiments with polarized protons, fﬁ- could also be accessed
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