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Higgs production in gluon fusion

Higgs production in gg — H happens via a top quark loop:
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The inclusive Higgs production cross section at LHC can be described well
because the collinear gluon distribution inside protons is known well

It becomes a different matter for the transverse momentum distribution
At large Q1 one can again use collinear factorization, but at small Qr
there are large logs of Q1/Q (resummation) & nonperturbative contributions

Here: TMD perspective (TMD factorized expressions and TMD evolution)
(gauge links and process dependence will be discussed by Piet Mulders)



TMD ftactorization expressions
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TMD ftactorization expressions

Y term

do - ~ Q3
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W(baQ;an$B) — fiq(anbQ;CAmu) ~iq($Bab2;CBmu)H (QMLL)



TMD ftactorization expressions

Y term

do - ~ Q?

_ de —Zb.qTW b . O &
dﬂfAdiUBdequ / € ( 7Q7 LA, :EB) + ( QQ )

W(b,Q;xa,75) = f{(xa,b%;Ca, 1) f{(x5,b% (o, 1) H (Q; 1)

This is a naive expression, since gluons can be polarized inside unpolarized protons
[Mulders, Rodrigues '01]
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Second term requires nonzero kr, but is kT even, chiral even and T even
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Gluon polarization inside unpolarized protons

Polarization densities:
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It means that gluons prefers to be polarized along kr,
with a cos 2¢ distribution of linear polarization around it, where ¢=/ (kt,€7)

an interference between
+1| helicity gluon states
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Gluon polarization inside unpolarized protons

Linearly polarized gluons are generated perturbatively
[Nadolsky, Balazs, Berger, Yuan,’07; Catani, Grazzini,’ 0]
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Figure 4: (..'-01111.)'(11'15011 of [Py/q @ fq/pl (T, pr) and [P;/g®fg/p](:r,pp) for thu gluon PDF fo . (x, pp)
in the proton (multiplied by z'® to better illustrate the small-z region) at several values of the
factorization scale pp.

A nonperturbative distribution (h|*8) can be present too [Mulders, Rodrigues '01]



hng npp— HX
It affects the transverse momentum distribution in pp—HX (Higgs production)

Linearly polarized gluons enter Higgs production (0(QT)) at NNLO pQCD
[Catani & Grazzini,’ 0]

The nonperturbative distribution can be present at tree level and would affect
Higgs production at low Q-

[DB, Den Dunnen, Pisano, Schlegel, Vogelsang, ’12]




Tree level expression
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The gluon TMDs enter in convolutions:
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The relative effect of linearly polarized gluons:
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Angular independent cross section is of the form:
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Characteristic modulation (double node)

Overall sign determined by the parity of the Higgs

[DB, Den Dunnen, Pisano, Schlegel, Vogelsang, ’12]
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Here a model function for h119 is used that is close to its bound for larger qr



On-shell Higgs production

Scalar Higgs Pseudoscalar Higgs
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Transverse momentum y direction
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Transverse momentum Xx direction

In reality the Higgs boson decays

There will be background processes to deal with, which may dilute the modulation

Linearly polarized gluons also enter in the process gg — yy without Higgs

[Nadolsky, Balazs, Berger, Yuan,’07;,Qiu, Schlegel,Vogelsang ’ | 0]



68 VY

F5
d 14+ —R
/ ¢d4qdﬂ _ T I (QT)_
scalar pseudoscalar

Q [GeV] Q [GeV]

Discernable only in a narrow region around the Higgs mass (here: mp=120 GeV)

[DB, Den Dunnen, Pisano, Schlegel, Vogelsang, '12]



68 VY
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Energy resolution becomes important 0.1
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What do we know about the polarization?

At small x the WW (or CGC) gluon field and the dipole distribution have been studied:

1 1
h v < f1 ww  for ki < Qs h = 2f1 ww  for ki > Qs

xhi%P(x, k)= Qxffpr(x, k1)

Metz, Zhou '11

At small x the kT factorization approach yields maximum polarization too:
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One can also consider the perturbative tail, which is calculable
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There is no theoretical reason why it should be small, especially at small x
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do
dx adxpdQd?q.

The integral is over all b, including nonperturbatively large b
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Modified Aybat-Rogers Snp
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Consider now only the perturbative tail:

~

FL(z, 0% uis ) = forp (@ pe) + Olas)

hi?(z, 0% pg, ) = %(”b)CA/ o (— — 1) forp(@; ) + O(ai)

27 T \x

This coincides with the CSS approach



TMD evolution effects
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PHYSICAL REVIEW D 86, 094026 (2012)
Improved resummation prediction on Higgs boson production at hadron colliders

Jian Wang,' Chong Sheng Li,">* Hai Tao Li,' Zhao Li,”" and C.-P. Yuan®"*
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FIG. 3. The ratios between the transverse momentum distribu-
tions with and without G functions at the Tevatron (1.96 TeV)

and the LHC (7, 8, and 14 TeV). The oscillations of the ratio
curves 1n the figure are due to numerical uncertainties.



PHYSICAL REVIEW D 86, 094026 (2012)
Improved resummation prediction on Higgs boson production at hadron colliders

- 1 1.2 gy, 1 . 3. 2,3,%
Jian Wang,  Chong Sheng Li, Hai Tao Li,” Zhao Li,™" and C.-P. Yuan
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They include third factor, but not second
No reason why not of same size, but not expected to be large effect on end result
Can reduce the suppression somewhat

Wang et al. use also different Snp



At low Q there is quite some uncertainty from the very small b region (b << 1/Q)
where the perturbative expressions for Sa are all incorrect (don’t satisfy S(0)=0)
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Standard regularization:

Q° /s = b°Q% /b5 — Q°/uy? = (bQ/bo + 1)

Parisi, Petronzio, 1985



Very small b region

For very small b region (b << 1/Q) the perturbative expressions for Sa are all incorrect

CA Q° d,u2 b<1/Q (g & d,uQ
Sa(b, @ / —as(p) ... —  ——
,u K 1 Q2 v

Sudakov suppression (e—#) becomes (fake) Sudakov enhancement (e*#)



Very small b region

For very small b region (b << 1/Q) the perturbative expressions for Sa are all incorrect
CA Q° d,u2 b<1/Q (g & d,u2
Sal / DI
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Sudakov suppression (e—#) becomes (fake) Sudakov enhancement (e*#)

d*b
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Altarelli, Ellis, Martinelli, 1985

Does satisfy S(0)=0

Not yet 100% clear what is the exact expression to take in CS/TMD factorization (2011)



Gaussian+tail model

In the TMD factorized expression there may be nonperturbative contributions from small pr
which mainly affect large b

The perturbative tail holds for small b which is dominated by large pr, but there is an
intermediate region

CSS only allows NP contribution via Sne and does not allow all possibilities of the TMD
approach

To illustrate this we consider a model which is approximately Gaussian at low pr and has
the correct tail at high prt or small b:
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Gaussian-+tail model

~

F (2, 0% 2, ) = 7 (25 1p) Ko(b/R)/ In(Rby /b + 1)
C b

hy? (2, 0% g, i) = fo(x;ub)R—hKl(b/Rh)/ln(tho/b
006
Q[GeV]
0.04 - o9
- 25
RO 000 T |
0.00 ...'"... ~~~~~~ \
002 ]




Comparison
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Gaussian+tail evolves much
more slowly than tail-only
(CSS) expression



