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Outline

@ o7 resummation at hadron colliders

© Transverse parton distribution functions at
next-to-next-to-leading order

© Status
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g7 resummation at hadron colliders

Hadron colliders

dC"process

= extract Oprocess: dv !
eg.forpp—~2Z+X
differential in g1

= results depend on many
mass scales
S, /\/Iz, ar, ---
can be of very different
size.
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g7 resummation at hadron colliders

Perturbation theory

@ perturbative expansion:

do = Z aldo("
n=0
fixed order: stop at e.g. n =2 (NNLO).

@ For each power in a; find large logarithms of scale ratios,
which

e spoil convergence,
o need to be resummed to all orders in «s.
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g7 resummation at hadron colliders

Large logarithms

Momenta of emitted particle soft, collinear
2
2 97

= up to log o for each power as.

[ 9%

Due to specific structure, factorize, can account for them to all
orders in as (resum).
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g7 resummation at hadron colliders

gt spectrum, pp — Z + R

¢ Tevatron, Run I 1 = resummed result
CDEF results
20 - f
2 .
8 15} 1 for large g7 — fixed order

/\NPZO. 6GeV

=~ .
Slg 0 for small g7 — resummation
5
0 : ‘ ‘ ‘ A henomenologically important,
0 5 10 15 22 2 P gically imp
e.g. analog W — mass
=
S
=
z

[Becher, Neubert, Wilhelm, 2011]

qr [GeV]
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g7 resummation at hadron colliders

Notation

Directions of incoming hadrons and outgoing vector boson:
qxr
L
a5 / S E—

Y

o With n2, 7”2 =0, n-h=2; —Qi:qu>0-

o Decompose v = (fiv)% + (nv) 5 + v/
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g7 resummation at hadron colliders

Notation

Directions of incoming hadrons and outgoing vector boson:
qxr
L

nf— Z, «—1

o With n>, 2 =0, n-n=2; —qf_:q%>0.
o Decompose v = (fiv)% + (nv) 5 + v/

e Distinguish fields with different scaling in A = 9%

hard-collinear: phe. = (Ap,np,p1) ~ M(1, 2% )\)
hard-anticollinear:  p__ ~ M(X21,))
soft: Ps ~ M(A A A)
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g7 resummation at hadron colliders

Factorized differential cross section

At N <€ g7 < M factorization formula [Becher, Neubert, 2010]:

d?on s 2 — i
dm;\/zd Vx| ‘CV(_MzaN)‘ d2XJ_ e 9L LZ gg
qray q

2
% | By (2158 1)Bayme (2253 1) + (g 2 @)| +0(75):

Cy is the hard function, B are TPDFs.
Compare to do = 61201¢.
g7 dependent; Fourier space.

z10 =7, 7= (M?+q2)/s.
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g7 resummation at hadron colliders

Factorized differential cross section, pictorial

BQ/NI(Z]-’X%—HM) CV(_M27IU’) B_E]/NZ(ZQ,X?,—,,LL)

"transverse PDF’ "hard function’ "transverse PDF’
nt — <— nt
h.c h.c
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TPDFs at NNLO

Operator definition of (T)PDF

Operator definition of TPDF (quark case) in SCET

Bayn(z, ) = 5 [t € = (N(K)] X(t7 -+ x1) D x(0) INGK)

Compare to usual collinear PDF

agn(z. ) = 5 [ dt & P (N(K) 7(27) D 1(0) IN(K))

Above ¥(x) = &(x)W(x), with the hard-collinear quark field £(x)
and the hard-collinear Wilson line W(x).

For hard-anticollinear case correspondingly with n < n.

Replace above hadron N by parton p = perturbatively calculable
Bip and ¢jp.
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TPDFs at NNLO

Matching kernel

Matching kernel Z;.; relates B and ¢

Ldz
Bin(pod) = 3 [ itz bumdoymlelz ) + O(W3)
j p

e Compare to #g/ﬂ = P ® ¢ (DGLAP).

o For x72 > /\éCD, Zjj can be determined from Bj, and ¢,
(perturbatively).

@ Here discuss g — g.
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TPDFs at NNLO
Example diagram at NLO

la(p)) W1(0)£(0) X(tn+ [1@]) <q(¢p)!
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TPDFs at NNLO

Example diagram at NLO

=

d
as (1) (1)) _ [ 4% 25l ik -x
- (qu, qq) - / (%)d(zw)(ﬁ(k )8(7k—(1—2)p1) (e r T,l)M

Contribution from purely virtual diagrams cancel for Z.
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TPDFs at NNLO

Example diagrams at NNLO

Virtual-Real contribution:
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TPDFs at NNLO

Example diagrams at NNLO

Virtual-Real contribution:

2

Real-Real contribution:
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TPDFs at NNLO

Analytic regularization

@ Integrals contain poles, not regularized in dimensional
regularization. Definition of B problematic.

= Introduce additional regularization.
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TPDFs at NNLO

Analytic regularization

@ Integrals contain poles, not regularized in dimensional
regularization. Definition of B problematic.

= Introduce additional regularization.

@ Various ways possible. All of them so far applied only at NLO,
not proven that applicable at NNLO. Introduce new
complications to calculation.
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TPDFs at NNLO

Analytic regularization

@ Integrals contain poles, not regularized in dimensional
regularization. Definition of B problematic.

= Introduce additional regularization.

@ Various ways possible. All of them so far applied only at NLO,
not proven that applicable at NNLO. Introduce new
complications to calculation.

@ Chose variant of Smirnov's "analytic regulators’ [Becher, Bell,
2011]:

= For each emitted particle (with momentum k) multiply
integrand by <L)a
n-k
o Advantage: No new denominators.
No soft contribution.
Can expand in « (for NNLO only need up to a?).
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TPDFs at NNLO

Double real emission

Denominators:
n-lin-(k—1),n-k,
n-l,n-(k—1),n-k,n-(p—1),
k2, (p— k)?

/p~n

(A%Sr)z RRa ¢(2) /(ddk 5 —(1- Z)P]) <eikT‘XT7 1)

X/(z)“5+(’2)5+((k )M,
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TPDFs at NNLO

Double real emission

Denominators:
n-lin-(k—1),n-k,
n-l,n-(k—1),n-k,n-(p—1),
k2, (p— k)?

«a d ikT-x
(2B o) /(" 5o(rtk-(1-2p) (€477,1)
X/(z)“5+(’2)5+((k )M,

Non-standard integral: Non-integer denominators; presence of n, n

in denominators and d-fct; frame dependent e’k7xT.
= Many standard methods not well applicable.
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TPDFs at NNLO

Example integral for double real emission

@ Use 3 o-functions.

@ Choose cms frame of k and a parameterization of vectors.

@ Perform kr integral (2 — 2¢ dim., by now simple) and —2e-dim.
angular integral.

@ Of remaining 3 integrals, identify 1 as 5 Fy:
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TPDFs at NNLO

Example integral for double real emission

@ Use 3 o-functions.
@ Choose cms frame of k and a parameterization of vectors.

@ Perform krt integral (2 — 2e dim., by now simple) and —2e-dim.
angular integral.

@ Of remaining 3 integrals, identify 1 as 5 Fy:
/dy/ dtyl ar—asz—as— 6(1 y)l—al—ag—a6—5[1_(1_2)(1_y)]—a7

1 t)l 23— 262/'_1(1 ar—e€,1—ar—2¢;1— et) |:t_a3_6{1—y(1—t)}b

+(1—t)"91’5{1—(1—y)(1—t)}b} , b=—2+ajtay+az+2e.

exponent ENEEE" 3
integer part ng n3 ny ng
regulatorpart | @« « —€e—ma €, m=20
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TPDFs at NNLO

Anomaly

B has poles in new regulator «.
Must consider BB.

Independent of regularization.
Poles in o cancel.

Remaining poles in € remove by MS renormalization.

However, resulting expression depends on hard scale M?
— anomaly.

Can be refactorized [Becher, Neubert, 2010].
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TPDFs at NNLO

Refactorization

Refactorize BB:

= X
[Bipl(Z].?X%?ILL)BTPQ(ZZ?X?F’/’[/)]MZ = ( -

X Bip1 (217 X%’? /’L)BTpQ(Z27X%—7 /'L) .

@ Defines TPDFs B, independent of hard scale M2, F
parameterizes M? dependence.
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TPDFs at NNLO

Refactorization

Refactorize BB:

4e—2e

(X751
X2 M2
[Blpl(ZhXT? )B/p2(227XT7lu)]M2 :< - >

X Bip1 (217 X%’? /’L)BTpQ(Z27X%—7 /'L) .

@ Defines TPDFs B, independent of hard scale M2, F
parameterizes M? dependence.

@ In analogy to Z define / by

Bi/n( vaT7 Z/ ,<_J (z XT7 w)ojn(p/z, M)+O(/\QCDXT)
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Status

Status

@ Definitions & relations presented allow extraction of the
functions | & F as well as B =1 ® ¢.

o We performed the NNLO calculation of Iy« q(z1,x%, 1) &
Fog(x%, 1) using 'analytic’ regularization.

@ All poles in o canceled = analytic regularization applicable at
NNLO v (first time explicitly found).
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Status

RG evolution & application

§ Once have factorized result, s.t. each function depends only
on its typical mass Miypical and g,

— can consistently determine each function in fixed order
perturbation theory at 1 ~ Miypical,

— subsequently use RG equation to evolve to common scale tp,.
= Resums logarithms.
— All ingredients at NNLO = NNLO+NNNLL precision.

LF Cy
| |
] ] ] [
1 I I T2 12
0o a2 pZ Mg ¥
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Status

Rephrased factorization formula

At A < g7 < M rephrased factorization formula [Becher,
Neubert, 2010]:

d3a _ a2 2 L dz 1l dzn (p e—iqLxL
dM2dqZdy — 3N.M?s E : Zq €q fgl f& Jd>.
i.Jj=49,9.8

X [Z‘qqeu(zlvz%xw 7ﬂ)¢I/Nl(61/21,u)¢J/N2(§2/zz,u) (qHFI) )

where

ch‘;<—ij(21722,x%7M2,#)

2 12 Y Foai2
= ()P () Tl i(arodn) e (o)
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Status

Relation to formula by Collins, Soper, Sterman

Cq27<—ij(21722,x-2r7M2,#)

2,2 F 2
= [Cum )P (B T lo i)l (o)
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Status

Relation to formula by Collins, Soper, Sterman

Cq27<—ij(21722,x-2r7M2,#)

22N Faae2,
= |- (B) Tl (o) laci (2
compare this to the one of [Collins, Soper, Sterman, 1985]:

2 =2
=exp{ — f,'f'b - [log ",f*f Aas(m) + Blasm)] }
x Cqi(z1, as(pp)) Cgj (22, aus(pip)) »

xT dependence via pp = box7 * (bo = 2e77).
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Status

Relation to formula by Collins, Soper, Sterman

Cq27<—ij(21722,x-2r7M2,#)

22N Faae2,
= \Cv(—Mzw)Vz( 4 ) T iz ) g (202 n) |
compare this to the one of [Collins, Soper, Sterman, 1985]:
2 =2
=exp{ — f,'f'b - [log ",f*f Aas(m) + Blasm)] }
x Cqi(z1, as(pp)) Cgj (22, aus(pip)) »
xT dependence via pp = box7 * (bo = 2e77).

Relations:

° qu(z7 as(ﬂb)) = ‘CV(_M%7Mb)| Iq/,'(Z,X-zl—,ILLb)7
@ A & B related to F and RG evolution of F & Cy,.
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Status

Dictionary CSS vs BN

Using by = 2e™ 7, up = box;1 and X1 = boﬂ_l:

qu(z As Nb) ‘CV H%,Hb)’ lq/i(ZaX'zl'nub)a

QQ quEI(’?%'v ﬂ)

A(O‘S(/_‘)) = rfusp(as) - dﬁ2

)

ﬁzdlogle(—ﬁQ,ﬁ)lz

B(as(m) = 2y9(as) + Fog(XF, ) — dr? :

where I'F and 49 appear in RG evolution of Cy, F& 1/, eg.:

cusp

d
dlogpu
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Status

V' Fg45 agrees with literature [Becher, Neubert 2010].

V' lgeq: correct RG evolution [Curci, Furmanski, Petronzio,
1980].

v Using known CD2Y compared our qu,qu, to related quantity
in [Catani, Cieri, de Florian, Ferrera, Grazzini 2012].
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Status

Outlook and conclusions

@ For phenomenology at small g7 need resummation and
TPDFs.

@ Definition & calculation suffer from additional singularities.

@ NNLO calculation completed for ¢ — g using analytic
regularization.

@ Remaining parton combinations will follow.

@ In combination with hard functions, will improve theory
accuracy of do at small g7 to NNLO+NNNLL for processes
with color neutral final state: single and multiple vector/Higgs
boson production, new color neutral particles...
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Status

THE END
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Status

RG evolution equations

d
_M2 — rF
d|0gNCV( 7:“’) [ cusp(as)

d
quc—,(x%,u) :2r£:usp(0‘5(“))7

4
dlog i

I(as)| Cu(=M2 ).

Iqeq(zvX%’“) = |:ré:usp(a5) |0g 4372% + 27 ( )i| Iq<_q(z,x.2’.,/4)
- Z / q%k E7XT7M)Pk<7q(Z/£ H’)

where Py 4 are DGLAP kernels from RG evolution of usual PDFs.
Taken together, differential cross section RG invariant.
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Status

gt spectrum, pp — Z + R

25 ‘ ‘ =
Tevatron, Run I = resummed result
CDF results

[pb/GeV]

do
q

Apart from PDFs no

non-perturbative effects
included.

[Becher, Neubert, Wilhelm,
2011]

qr [GeV]
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