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TMD vs. collinear factorization

Collinear factorization in PRCD

O applicable to one-scale processes, e.g. 1-particle tnclusive processes
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TMD vs. collinear factorization

Collinear factorization in PRCD

O applicable to one-scale processes, e.g. 1-particle tnclusive processes
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O Cross sections at high energies = (havd part) X (soft parts)

O hard part = pRCD (NLO, NNLO,...) ; softparts = universal, 1-dim

collinear parton distributions
a(z, p), Aq(z, p), 0g(z, p) |Gz, 1), AG(z, p)

O also for higher twist observables = Single-Spin AsY mwmetries (ETRS)
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O Collinear factorization: 2 (or wmore...)-particle tnclusive processes

P C_PDF D% X Drell-yYan

p X

two scales: hard scale () + final state transverse momentum T

do °r
o dQQ dqr o <w(QT)>

=> tntegrated observables / d®qr w(qr)

O gqr- olepewolewce

do ( - Q | owne scale => collinear factorization ok,
id T qar transverse momentum generateo perturbativeng tn hard part

do 7 | large logs in the hard part (gluow radiation)  log”(qr/Q)
dqr (AQCD salies Q) = CSS-resummation => coll. fact. still applicable

= Transverse momentum dependent (TMD) factorization!




l1dea of TMDPs:

transverse momentum g+ from “tntrinsie” transverse parton

momentum R+
=> different kind of factorization
= additional degree of freedom of partonic motion
—> study different aspects of hadrow spin structure (e.9. 3-d
momentum structure, spin-orbit corrvelations, ete.)
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O proven for SIDIS + pp - collistons with color singlet funal states

[Collins; )L, Ma, Yuaw; RLuw; Rogers, Mulders; ...




= Wilsow line: tnitial/final state interactions (sugw change, color entanglement, ete.)




fLnLtLon 0

dz=d%27 ko2
_2(27)°

(P Si(J( )FW[O Z] q(2 )\P,S>

= Wilsow line: tnitial/final state interactions (sugw change, color entanglement, ete.)

All-order deﬁwi‘ciow loe@ ond tree-level

LAY bat, Rogers, PRDL=, 114042; Collins’ “Foundations of pRCD”]

= Wilson lines off the Lightcone

=> regulator € = “wnsubtracted”
“subtract” soft factor

'(I)”(Qf, ET? S7 f, :u)‘

ODLLLWS‘SO’P&Y 6\/0Ll/tti«0l/\/ 60('l/£ati«0 nws ‘fOV E, AL Implements Subtractions/Cancellations
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TMD at large R+ perturbative Sudakov factor non-perturbative inwput
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TMD at large R+ perturbative Sudakov factor non-perturbative inwput
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TMD at large R+ perturbative Sudakov factor non-perturbative inwput

Up Quark TMD PDF, x = .09
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O similar treatment avatlable
[Aybat, Collins, Riu, Rogers, PRDES, 0340431

O first attempt to metemew‘c

evolution tnto data fits
LAnselmino et al., arxXiv:1204.1239]

=> Lmproved X2 compared to previous fits




Gluon TMDs

e 1 Al ik : '
Fj(fakT):$P+/ o L etk z(p S| FH(0)W[0; 2] Fi(2)| P, S) .

X, K+

F[T—even] (l‘, ET) I‘[T—Odd] (33, ET)
4 P/&

* gluonic correspondence to “Boer-Mulders”:
T-even
*  unpolarized gluons in transversely pol.
proton: gluon Sivers function
gluownie transversity / pretzelosity /
wormgears: T-odd
wo chirality
two collinear PDFs

ilfy
V1T

[Mulders, Rodriunes, PRD 63,094021]




Gluon TMPs do not appear tn Drell-Yan or SIDIS




Processes sensitive to gluon TMDs
Gluon TMPBs do not appear tn Brell-Yaw or SIDIS

Heavy uark prooluctiow n e + P - collistons

[®oer, Broolsbend, Mulders, Plsano, PRL 106, 132001 ]

e + p10 = ¢ + jet(c,b) + jet(@b) +

TMD factorization oR)!

Spin dependent (+independent...) gluon TMPs: EIC would be Ldeal!
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Processes sensttive to gluon TMDPs
Gluon TMPBs do not appear tn Brell-Yaw or SIDIS

Heavy uark prooluctiow n e + P - collistons

[®oer, Brodsl@nd, Mulders, Plsano, PRL 106, 132001 ]

e + p10 = ¢ + jet(c,b) + jet(@b) +

TMD factorization oR)!
Spin dependent (+independent...) gluon TMPs: EIC would be Ldeal!

a
:Z;U x (F1 + 3 cos(2gb)§]

—S—
aZLmu’CVlaLLH LWDIC‘P&WD[BW’C terme: Py ¢ fiq (x, QT) = unpol. gluon distribution

unpolarized cross sectlon:

azimuthally dependent term:  Fy hi¥(z,qr) = linearlypol. gluons
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Gluon TMPs do not appear tn Drell-Yan or SIDIS

Heavy uark prooluctiow n e + P - collistons

[®oer, Brodslend, Mulders, Plsano, PRL 106, 132001 ]

e + p10 = ¢ + jet(c,b) + jet(@b) +

TMD factorization oR)!
Spin dependent (+independent...) gluon TMPs: EIC would be Ldeal!

AT
dqgr

unpolarized cross sectlon:

x (F1 + 3 cos(2gb)§]

—S—
aZLmu’CVlaLLH LWDIC’P&WD[BW’C terme: Py ¢ fiq (x, QT) = unpol. gluon distribution

azimuthally dependent term:  Fy hi¥(z,qr) = linearlypol. gluons

Heavy “back-to-back” dije’c production in pp - collisions:
TMD factorization problematic!
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Pp - collistons
Gluon TMDs measurable in pp-collistons with color singlet final states
T (@Q (vy), (v1D), (('T)(D), ) + X (RHC/LHC)
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Pp - collistons
Gluon TMPs measurable in pp-collisions with color stnglet final states
e (@Q, (vy), (v 1), ('1)(1D), ) + X (RHIC/ LHC)

Photown PaLr prod wetlon

[Riu, M.S., Vogelsang, PRL 107, 062001 (2011)]
quark TMDs

P P
> xb 2 X b
Qb Ay
* %,
da Q.
X X
Pa 4 P‘l 4

gluon TMDs at O (X2)
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Pp - collistons
Gluon TMPs measurable in pp-collisions with color stnglet final states
DEe (@&Q, (vy), (v 1), ('1)(1D), ) + X (RHIC/ LHC)

Photown Pair production  Other Leptonic final states (2lY, 4L)

[Riu, M.S., Vogelsang, PRL 1037, 062001 (2011)] [Boer, den Dunnen, Pisano, M.S., Vogelsang, in prep.]
quark TMDs

P P
. xb 2 X s
a, Ay
* %,
QJ Q-I
X X
Pa a P, a

gluon TMDs at O (X2)

X
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Pp - collistons
Gluon TMPs measurable in pp-collisions with color stnglet final states
Dt (@&Q, (vy), (v 1), ('1)(1D), ) + X (RHIC/LHC)

Photown Pair production  Other Leptonic final states (2lY, 4L)

[Riu, M.S., Vogelsang, PRL 107#, 062001 (2011)] [Boer, den Dunnen, Plsano, M.S., Vogelsang, iy prep.]
quark TMDs

P P
2 Xb i X
dp o8
M %
d. Q
X X
Pa a4 P‘l a4

gluon TMDs at O (X2)

XM P

no colored final state = TMD factorization ok

(nttial state tnteractions only, past-pointing Wilsow lines
gauge invariance = box finite = effectively tree-level

potentially large gluow distributions
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Lnpolarized pprYYX Cross-Section at gr << &

doyu 2 - . _

4qu ~J (Sin2 9) ((1 + 0052 0) [f{l X f{l] + COS(2¢)sm(20) [hiLq R hqu])
I ———————————————
quark contritbutions = almost tdentical to DY
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gluon contributions = absent tn DY
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Lnpolarized pprYYX Cross-Section at gr << &
doyu 2 . . 1 ¥
Tty ™ (oz) (@ + cos®B)( 71 @ ] + cos(26)sin(26) [y * ® B )
I ——
quark contributions => almost tdentical to DY

7
+(;_7sr) (fl 1@ £+ Falhy @ hy*] + cos(20) Rk * @ ff + f{ © by + cos(dg)Filh;* © h'fg])

gluon contributions = absent tn DY
Fi ((9) = non-trivial functions of cos(0) and sin(0) (Logarithms from quark Loop)




Lnpolarized pprYYX Cross-Section at gr << &
i‘;’g& ~ ( ‘ ) ((1 +cos?0)[fI ® £I] + cos(2¢)sin(26) [k ? ® hlu])

sin? @
T —

quark contributions => almost tdentical to DY

2
(52) (i1 111+ Rl 011 + o) © 1 + 1 81 +ow(td)Ful? 01

gluon contributions => absent in DY
Fi ((9) = non-trivial functions of cos(0) and sin(0) (Logarithms from quark Loop)

*  cos(4®) modulation a pure gluonic effect

cos () => sigwn of gluon hyt

requires pr isolation cuts for the photons

sin() * prefactor(f)

powerful L combination with DY
= map out quark TMps LA Y

= gluon TMPs in YY
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can gluonic TMDs be useful for the LHC?

[Boer, den Punnen, Plsano, M.S., Vogelsang, PRL 108, 032002 (2012)]

Main Higgs production mechanism: gluon fuston

Owce a scalar particle (Higgs!?) is found...
want to determine its spin, pari’cg, ete.
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can gluonie TMPs be useful for the LHC?
[Boer, den Punnen, Plsano, M.S., Vogelsang, PRL 108, 032002 (2012)]
Main Higgs production mechanism: gluon fuston

Owce a scalar particle (Higgs!?) is found...
want to determine its spin, pari’cg, ete.

pure Higgs production

linearly polarized gluons sensttive to Higgs parity

o 55
gTqO( [f1g®fiq]:[h1g®h1g]

+: scalar Higgs -: psewdoscalar Higgs

—> precise o+ measurement may offer a way to determine Higgs parity
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“can gluonic TMDs be useful for the LHC?

[Boer, den Punnen, Plsano, M.S., Vogelsang, PRL 108, 032002 (2012)]

Main Higgs production mechanism: gluon fuston

Owce a scalar particle (Higgs!?) is found...
want to determine its spin, pari’cg, ete.

pure Higgs production

linearly polarized gluons sensttive to Higgs parity

o 55
gTqO( [f1g®fiq]:[h1g®h1g]

+: scalar Higgs -: psewdoscalar Higgs

—> precise o+ measurement may offer a way to determine Higgs parity

l d(r . ’, P
- [GeV™7] Nuwmerieal estimate:

o d qr -===  scalar Higgs ’
Gaussitan ansatz +
0.025 naive saturation of positivity bounds
0.020} o 2
0015k pseudoscalar Higgs <PT 27 b

0.010f
0.005¢

CS evolution of wnapol./Lin. pol. gluons studied in
[Sun, Xiao, Yuawn, PRD 84, 094005]




Higos decay into photown pairs: gg = H/A = YY

e e + (: + + ¢ +I (I
\\ ; \\ //
NN e

@ - untegrated cross section of
Higgs + box:

'd¢

do‘yy

d*q df)

o< Fif] ® fI] + F2 [hfg ®h1lg'
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Higgs decay tnto photow pairs: gg = H/A = YY
AN
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et P ok

@ - untegrated cross section of
Higgs + box:

scalar pseudoscalar

| R#=my:  Fi > Fy
0 =m/2 ] box dominant

R~wy:  F ~ F
Higgs dominant (pole of the propagator)

Sigh signature preserved at the pole!
small total Higgs width - qood @
resolukion




| 1
- e = ) 1 = N = - - e [ 2 [ - e =N

Higgs decay into 4 Leptons: gg = H/A = 4L

[Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

Different decay channels for scalar and psewdoscalar Higgs:

SM Higogs: tree-level vertex Beyond SM pseudoscalar Higgs: top-Loop
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Higgs decay into 4 Leptons: gg = H/A = 4L
[Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

Different decay channels for scalar and psewdoscalar Higgs:
SM Higgs: tree-level vertex Beyond SM psewdosealar Higgs: top-Loop

e

Z/ph.

A

Z +p_h‘.<

one on-shell Z: gg > Z22Z2* two on-shell Z: gg > Z2Z

= 5MeV, M= 912 GeV, M= 91.2 GeV

= 5MeV, M;=912GeV, M = 25 GeV
F2/Fl

F2/Fl
10F 10

08}\ Box + Higgs

08 [ Box + Higgs -\
[ I — Box + PS Higgs osk \ Box + PS Higgs

\
~
~

04f

024
—>

et~ Q [GeV )
128 130

—> wove diffieult w.r.t. parity distinction, clean process experimentally
wWarning: multi-pardon scattering!
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ay use also aztmuthal cos (2P) modulation...

[Boer, den Dunnen, Pisano, MS, Vogelsang, tn prep.]

(g5 cos

(20)) = [ dParde i cos(20) 7 ~ Fa(6, Q) [ @ b7 + hi* @ f]
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May use also azimuthal cos (2) wmodulatiown...

[Boer, den Dunnen, Pisano, MS, Vogelsang, tn prep.]

a7 cos(20)) = / Pards g3 cos(20) 7% ~ Fo(0,Q%) | f{ @ hi® + hi? @ ff

scalar Higgs contributes to Fs, psewdoscalar doesn't
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May use also azimuthal cos (2) wmodulatiown...

[Boer, den Dunnen, Pisano, MS, Vogelsang, tn prep.]

a7 cos(20)) = / Pards g3 cos(20) 7% ~ Fo(0,Q%) | f{ @ hi® + hi? @ ff

scalar Higgs contributes to Fs, psewdoscalar doesn't

= offers alternative determination of Higgs parity.
—> theoretically cleaner (Yes/no decision), needs large acceptance

— scalar 0 = /2

— scalar 0 =3m/8

— scalar 0 =m/4

60 — scalar 0 =m/8

— - pseudoscalar 0 = /2

— - pseudoscalar 0 = 3mt/8

PLOt fO vV ‘P l/‘ Oto W — - pseudoscalar 0= /4

— - pseudoscalar 6 = /8

on

pairproduatlow e

0

I |
4 119.8 120

Q [GeV]




mportant progress on evolution of TMPs => cawn be studied at EIC
Gluon TMDs cawn be studies at EIC

*Gluon TMDBs from pp - collisions with leptonic final states at RHIC / LHC

Gluon Boer-Mulders effect may offer a way to determine
parity of the Higgs bosow at LHC




