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Introduction

g We'll describe the inclusive scattering reaction

hi(pl) + h2(p2) - F({qi}) + X

with a final colourless state F(Mz,qT,y): such as lepton pairs

(produced by DY mechanism (DY) ), yy, vector bosons, Higgs
boson(s), and so forth.
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Introduction

We'll describe the inclusive scattering reaction

hi(pl) + h2(p2) - F({qi}) + X

As is well known, in the small-q_ region (q, << M) the

convergence of the fixed order perturbative expansion in powers
of the QCD coupling a_is spoiled by the presence of large

logarithmic terms of the type Ln"[M?/q_?]. And it is known that

the predictivity of perturbative QCD can be recovered through the
summation of these logarithmically-enhanced contributions to all
order in a_.

If F(Mz,qT,y) is colourless the large contributions can be

sistematically resummed to all orders, and the structure of the
resummed calculation can be organized in a process-independent

form _
Kodaira, Trentadue (1982)

Dokshitzer, Diakonov, Troian. (1978) Collins, Soper, Sterman (1985)
Parisi, Petronzio (1979) Catani, D'Emilio, Trentradue (1988)
Curci, Greco, Srivastava (1979) de Florian, Grazzini (2000)

Collins, Soper (1981) Catani, de Florian, Grazzini (2001)

Catani, Grazzini (2011)



Introduction

@ Sketchy form of resummation formula

do O(FO)® H'® (“Log terms”)

dqr
\ all-order process
Born level independent factor
All-order hard
factor

Process dependent

Closely related formulations based on transverse-momentum
dependent distributions (roughly speaking, they enconde the “log

terms”)

_ Echevarria, Idilbi, Scimemi (2012)
Mantry, Petriello (2010) Collins, Rogers (2013)
Becher, Neubert (2011) Echevarria, Idilbi, Scimemi (2013)
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Motivation

The Hard factors H_™*:

@ Are a necessary ingredient of the transverse momentum q,

subtraction formalism to perform fully-exclusive perturbative

calculations at full next-to-next-to-leading-order (NNLO)
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Motivation

The Hard factors H_™*:

@ Are a necessary ingredient of the transverse momentum q_

subtraction formalism to perform fully-exclusive perturbative

calculations at full next-to-next-to-leading-order (NNLO)

The q_subtraction formalism has been applied to the NNLO

computation of Higgs boson and vector boson production,
associated production of the Higgs boson with a W boson,
diphoton production, ZZ, Wy, Zy production

Zy : Grazzini, Kallweit, Rathlev, Torre. (2013)

vy : Catani, LC, de Florian, Ferrera, Grazzini. (2012)
WH: Ferrera, Grazzini, Tramontano. (2011)

DY : Catani, LC, Ferrera, de Florian, Grazzini, (2009)
Higgs: Catani, Grazzini. (2007)

[See Grazzini's talk]
[See Ferrera's talk]
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Motivation

The Hard factors H_™*:

g Are a necessary ingredient of the transverse momentum q,

subtraction formalism to perform fully-exclusive perturbative

calculations at full next-to-next-to-leading-order (NNLO)

@ Control NNLO contributions in resummed calculations at full next-

to-next-to-leading logarithmic accuracy (NNLL)

This permits direct applications to NNLL+NNLO resummed
calculations for colourless final states. As already was done for the
cases of SM Higgs boson, Drell-Yan (DY) production, and Higgs

boson production via bottom quark annihilation

Bozzi, Catani, de Florian, Grazzini (2006)
de Florian, Ferrera, Grazzini, Tommasini (2011)

Wang, C. Li, Z. Li, Yuan, H. Li. (2012) Bozzi, Catani, Ferrera, de Florian, Grazzini (2011)

Guzzi, Nadolsky, Wang. (2013)
Harlander, Tripathi, Wiesemann (2014)

[See Tripathi's talk]



Motivation

The Hard factors H_™*:

.

Are a necessary ingredient of the transverse momentum q,

subtraction formalism to perform fully-exclusive perturbative

calculations at full next-to-next-to-leading-order (NNLO)

Control NNLO contributions in resummed calculations at full next-

to-next-to-leading logarithmic accuracy (NNLL)

Explicitly determine part of logarithmic terms at N°LL accuracy
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Motivation

The Hard factors H_™*:

g Are a necessary ingredient of the transverse momentum q,

subtraction formalism to perform fully-exclusive perturbative
calculations at full next-to-next-to-leading-order (NNLO)
@ Control NNLO contributions in resummed calculations at full next-

to-next-to-leading logarithmic accuracy (NNLL)

@ Explicitly determine part of logarithmic terms at N°LL accuracy

The knowledge of the NNLO hard-virtual term completes the
q, resummation formalism in explicit form up to full

NNLL+NNLO accuracy
and
it is a necessary ingredient for resummation at N°LL accuracy
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Small-qT resummation

@ If F(MZ,qT,y) is colourless, the LO cross section is controlled by the

partonic subprocess of quark-antiquark annihilation, and (or) gluon
fusion.

@ The all-order process-independent form of the resummed calculation
has a factorized structure, whose resummation factors are the (quark
and gluon) Sudakov form factor, process-independent collinear factors
and a process-dependent hard or, more precisely, hard-virtual factor.

dop = da(smg) + da(reg I

dggjing}(ﬁi’l p2;dr, M, y, §2) M? (0) d°b
’ ’ ’ b _ d Y :| @qu . M b
2qr dM? dy dQ) DS [ Oce,F / omE & M)

€=q,q,9

dz dz
X Z/ 1/ — HFClcg]ccaa falfhl(il’fl/zla o/bg) faz/hg(@/zmbg/bg)

ai ,ao

Collins, Soper, Sterman (1985) Catani, de Florian, Grazzini (2001)  Catani, Grazzini (2011)
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Small-qT resummation

Ao’ (1, poiar, M, y,2) M2 [ (0) / b
) ? ) ) 7 — d . :| - tD-gqT Sc M’ b
P dM? dy dQ ;2 | @m)? (M,

€=q,q,9

d d
<3 / “ / P2 BTG, a1/ 205 B0 Faggna (2] 22, B 12)

ai,ao

Collins, Soper, Sterman (1985)

Sc(M,b)|= exp {fbw d—qj [Ac(ﬂfs( %) 111%2 + Be(as(q 2))]}

K

q
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Small-qT resummation

o™ (py, posar, M,y, Q) M? 0) d*b |
prae M) M (TN P el
Pz dM? dy dS2 - 2 | o / ame ¢ UL

€=q,q,9

dz dz
X Z / — / — HFOIOZ cca as fal/hl(ml/zlﬂ 0/62) fa«2/h2(‘r2/z2:bg/b2)

ai,ao
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Small-qT resummation

Ao (py, pa; ar, My, Q) M? 0) b
y M2 ) v Y _ do® :| M ibaqr Sc: M,b
Loy dM? dy dS) D / @) ¢ (M, )

c=q,4,9

Ldz L dz
% Z /ml Z_ll /m2 Z_j I:HFOICQ]CE;alag fal/hl (331/2,’1, bg/bg) fa,2/h2(3:2/z2: bg/bg)

al,az

A(l)c ,B(l)c ,A(z)C : Kodaira, Trentadue (1982); Catani, D'Emilio, Trentradue (1988)
B(z)c = Dauvies, Stirling (1984); Davies, Webber, Stirling (1985); de Florian, Grazzini (2000)
A®) = Becher, Neubert (2011)

C
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Small-qT resummation

do>™ (p1, pai 4z, My, @) M? ©) &b
= Dl | o5 €T S(M,b
d2 qr dM2 dy dS2 S z [dUCC,F] / (2?1.)2 € S ( )

c=q,4,9

dz; [ dz
S [ [ i 1 I oo )

ai,az

Catani, de Florian, Grazzini (2001)

different scales

= HIQpi, vops; @ a5 (M2 Cya, (Cr; as(b3/6%) Cya, Go; as (b3 /6%)

Process HE (¢ Tom: O ave) = 1 + (%)HHF(R)SL‘ o Q)
dependent q( 1P1, T2p2; ) as) Z - q (21p1, 22p2; )

8

I
H

L=

8

as\" ..
Universal Cyalzias) = 040 0(1 —2) + Z (?S) cha)(z) .

TL=
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Small-qT resummation

Process initiated at the Born level by the gluon fusion channel

@ The physics of the small-gqT cross section has a richer structure which is the
consequence of collinear correlations that are produced by the evolution of the colliding
hadrons into gluon partonic states. Catani, Grazzini (2011)

Collinear radiation

from the colliding [H C1Co) 0100 = Haps sz (€191, 2021 s a5 (M)
gluons leads to x Chal (21 p1s P2, b as(bp/0%)) Ch2 (221 p1, pa, b as(b5/07))
spin and azimuthal
correlations HHvob22 (g py 2apo; Q; ag) =H;{ HVLE (31, Topa; ()
Depends on spins "‘Z ( ) HF Mmoo (g gono: Q)
of the colliding = ;

gluons

Cg#:(z;pl-.pﬁ!b; ag) = d"(p1,p2) Cga{?;?fls} + D*¥(p1, p2: b) Gga,(?;;fls)

The small-qT cross
section depends on @(qT)
plus a contribution in . PP DH(py. py: b) = A )2 b b
function of cos[2 @(qT)], () =—9"+= ;1 -;;; 1 i iy
sin[ 2¢(qT) ], cos[4p(qT) ]
and sin[4 @(qT) ]

b?
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Small-qT resummation

Catani, de Florian, Grazzini (2001)

Hf (ag) = Hf (as) [h(as)] ™,
dIn h.(ag)

B.(as) — Be(as) — B(as)

?

dIn ag
ch(&'ﬁ) — ch(ﬂfﬂ) [hc(ﬂfﬂ}]lfz y

These relations imply: the resummation factors an, S_,H" are not

separately defined (and, thus, computable) in an unambiguous way.

Equivalently, each of these separate factors can be precisely defined only by
specifying a resummation scheme.

& The hard scheme : the C™_ coefficients do not contain any 8(1-z)

term l

@ This implies that all the process-dependent virtual corrections to the
Born level subprocess are embodied in the resummation coefficient HFc

LL2014 17




Process-independent coefficients

(hard scheme) |
Céé)(z) = ECF(l —z),
B:x:gzz \?\}gltl)rt])%r(lgtm)ng (1985); C’éé}(z) — %CF <
de Florian, Grazz.lnl (2000); |
Voan (1962) Cy(2) = 32(1-2).

LL2014 18



Process-independent coefficients

(hard scheme)

Catani, LC, de Florian, Ferrera, Grazzini (2009); Catani, LC, de Florian, Ferrera, Grazzini (2012)

02

1

Z

99949

3
C(z) =HIP (z)+ Cf;iz L CpCy

Catani, Grazzini (2007); Catani, Grazzini (2012)

1+ 1 —
20;?(3) — ‘HH(Z) (z)lnﬂ 5(1—z) T Ci ( - Inz+ 2 2’)

e
99949 > >
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Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

‘5 We consider the partonic elastic-production process

c(p1) + c(p2) = F({a:})

The renormalized all-loop amplitude has the perturbative (loop) expansion:

2T

L o0 2\
+(% ) ME, (o (g} na)+ Y (M) M e (1, o {Qi}E#R]}

(12
Mezor(priPas {ai}) = (@'S(#%)PQRE)E !Mrgglp(ﬁlaﬁz; {ai}) + (&S(#R)) M:EEI:LF(ﬁlzﬁZ; {@i}; 1g)

2T 2T

n=a
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The structure of the hard=virtual term

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

All the remaining contributions to HcI= are:
g factorized
& universal (process independent)

Introduce auxiliary hard-virtual amplitude i\X and subtraction operator 7;:

i

Mz p(pr, p2: {qi}) = [1 - fc(f, ﬂf?)} M zp(pr,p2: {a})

2 2 2 fe'®)
(e, M2) = SWR) jo a2y (ﬂ*‘(’”’ﬁ)) 1P, M /i) + Y (

as(tn)\ +n

2

n=3

ﬂrgk(ﬂiﬂ) Hf(:r:lpl, Topa; 2 ag(M?)) = |Mq'§_}FE

T1p1, Top2; {ai})|?
11, Topo; { @i })|?

|jk4[u]

gq—+ '
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The structure of the hard=virtual term

The subtraction operartor (1- 7:)

¢ contains IR divergences (g-poles) + IR finite terms

@ originates from universal soft-collinear factorization formulae of

scattering amplitudes catani, Grazzini (2000): Bern, Del Duca, Kilgore, Shmidt (1999);

Catani, Grazzini (2000), Campbell, Glover (1998),
Kosower,Uwer (1999)

In the hard scheme

g Collinear terms : only e-poles from collinear counterterm of PDF
(virtual part of AP splitting functions)

‘5 Soft terms : both s-poles and IR finite part

simply proportional to C_ < F

[up to O(a’,)] \ C
¢ & p_oles kl_mwn from their a single UNIVERSAL

universality COEFFICIENT at
Catani (1998) each perturbative
Dixon, Magnea, Sterman (2008) order 3 _, 6(1)qT
Becher, Neubert (2009)

LL2014
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Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

The (IR divergent and finite) terms are removed from M__  originate from

real emission contributions to the cross section, with the IR subtraction
operators I™_

x4 (0) (0)
Mr_f—z-F - Mrf—}-ff‘
ol 1 1 9 0
MEL—Z’-I" ME.:)—}& j(f M /P? ) .EL}—}-F'J
(2 1 0)
MZ = M2 — I (e, M? /i) MU, 5 — 12 (e, M? ) i) MIY

At the first order in a_:
FO e, M2 ) = T e, M2 ) + T e, M2 i

51 = 0y




Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

The (IR divergent and finite) terms are removed from M__  originate from

real emission contributions to the cross section, with the IR subtraction
operators I™_

MO O

cr— F

ci—

ﬂg—z-f - ME?—}P - fm(f JME/HE ) M.Eg}—z-f ;
= MP IV (e, M?/p2) MY @ (e, M? /%) MY

ce—r ce—r

r;r;‘—} I

It has the perturbative (loop): expansion:

VRN NAFvIOITr as(fip)
Mz p(Pr, Do {ai}) = (ﬂs(!ﬁq) M?ﬁt) {ME}-F(PLPEQ la.}) + ( L )

o D o(pr.bos {ai}: pg)

+(%fﬁ)) o (B o i} +§_:( (1R)

LL2014 24
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Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

At the second orderin a :

i Lz 2 (2np
1326, M? /i) = = 5 [Iilj(f,ﬂfz/gi)} +{ Do

[fi”(ze,f»ﬁ/ui)

— I (e, Mz/ui)] + K IW=t (9 M?/u3) + HP)(e, M?/ui)}

S

H® (e, M?/p3,) = HP <" (e, M? /) + HP " (e, M?/ ;)

1 /M2\ > /1
L) (b o)
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Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

At the second order in a_:
" 1r1- 12 278 [ -
120 i) = 3 [0 02|+ { 222 10 Ay

— I (e, Mz/ui)] + Klr"i”mftﬁze, M2/ i) + HP (e, M?/ui)}

HP (e, M2 /1) = HO M e, M2 /i) + HO (e, M?/1i3)

1 /M2\ > /1
(—) (_ Tu[l] + Cu, d(lj + fCa (SE‘T;)

T e

28 1 202 11 67 w2 5
d[1]=(———Cg)Nf—|—(— + Cz—l—TC;;)CA K=(E—E)C —gwf

13 1

27 §

27 3

20 1214 67 164 5
5?5 = §C3TT.3D + (— + ISCE) Ca + (8_1 — 5(:2) Ny

81
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Hared virtual coefficients

In the hard scheme, this coefficient contains all the information on the
process-dependent virtual corrections

At the second order in a_:

- 1r1- 2
1A i) = - 5 [10e )]+

2’}1'.3[]

[f;”(ze,f»ﬁ/ai)

— I (e, M?/ui)] + K IW=t (9 M?/u3) + HP)(e, M?/ui)}

s

Hf] (E, JME/H;) _ ﬁii}mll (c—t, Mfz/”lzq) + ﬁiﬂ]ﬂoft(fj JME/”;)

1 /M2\ "1 ‘
(—) ( ~Ya(1) + Cadpny + € Cy (5?5

T e \ 2 4
dqy = (j_i - %Cﬂ) Ny + (_ 22072 + 161 G2 + TCH) Ca
5T = 2 ambo + (_ 1214, f;cg) Ca+ (% - g@) N,
Y = Yo = (~3+24C—48C;) Ch+ (—g - z4q3) CrCat (g " 13_6<) o

64 16
Yg(1) = (—F—Qﬁlc-;) i—l—?CANf—I—ﬁLCFNf



Soft UNIVERSAL coefficients

The explicit determination of 6(1)qT requires a detailed calculation

Such a calculation can be explicitly performed in a general process-independent
form. (which is based on NNLO soft/collinear factorization formulae)

extending the analysis in: [de Florian, Grazzini (2001)]

&ﬁ Alternatively, we can exploit our proof of the universality of 6‘1)qT and, therefore, we can
determine the value of 6(1)qTfrom the NNLO calculation of a single specific process. (We
have followed this approach)
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Soft UNIVERSAL coefficients

The explicit determination of 6(1)qT requires a detailed calculation

Such a calculation can be explicitly performed in a general process-independent
form. (which is based on NNLO soft/collinear factorization formulae)

extending the analysis in: [de Florian, Grazzini (2001)]
&ﬁ Alternatively, we can exploit our proof of the universality of 6‘1)qT and, therefore, we can

determine the value of 6(1)qTfrom the NNLO calculation of a single specific process. (We
have followed this approach)

I
In the case of the DY process The scattering

(}%‘F‘(;sz) (Ilpl LoD Q ﬂ"-“,( 'L{EJ) amp“tUde qu->Dy

T |qu?—>f‘($1p1* 2P {aHI* | for the DY process
was computed long

|qu—}-1‘* (Ilpl L2P2; {QL} )|

ago up to the

EXP"ﬁit \I<|aliluLeO from | two-loop level
112 A £ th linearly depends on &% [Gonsalves(1983);Kramer
computation or the d Lampe(1987);Matsuura,
DY cross section at van Neerven (1988);
small values of q.. Matsuura, van der Marck,
T van Neerven (1989)]
Catani, LC, de Florian, F 1 (1) 1) 2 (ﬂ)
et Grazzieni (g(r)lgg)] e Mp = Mrr—}f* I( (e, M /J”H) cE—F
M2, o= M2, — T (e, M/ 1i3) MG, p — 1P (e, M? /) MY,




Soft UNIVERSAL coefficients

The explicit determination of 6(1)qT requires a detailed calculation

@ Such a calculation can be explicitly performed in a general process-independent
form. (which is based on NNLO soft/collinear factorization formulae)

extending the analysis in: [de Florian, Grazzini (2001)]

‘5 Alternatively, we can exploit our proof of the universality of 6‘1)qT and, therefore, we can

determine the value of 6(1)qTfrom the NNLO calculation of a single specific process. (We
have followed this approach)

In the case of the Higgs boson production

@ The same procedure can be applied to extract the value of 6(1’qT from Higgs boson
production by gluon fusion. Because HH(Z)g Is known and also
the two-loops matrix elements

@ Using these results, we confirm the value of 6(1)qT that we have extracted from the
DY process.

P highly non-trivial check!

Since we are considering two processes that are controlled by the quark-antiquark
annihilation channel and the gluon fusion channel (6(1)qTis instead independent of the

specific channel).




Transverse momentumn
dependent (TMD) factorization

Gehrmann, Lubbert, Yang (2012),(2014)

Similar results were obtained in a completely different approach to gqT-
resummation, based on a different factorization into individual contributions

> The building blocks of the resummed cross section can not be compared
one-by-one between the two approaches they are scheme-dependent

Both approaches must agree on the scheme-independent (“physical”)
expression for the resummed cross section

1 1
In our case Hop (2, 05) =Adz1Ldzzé(z—zlz2) [H"C,Cy]

In TMD

H 2 H ek
Hgghjk (z’&*‘“ log :T;i:) — Hﬁwl.ﬂzm(mt ) mh:'mh) I:;;l(z: T, pe) @ Igﬁz (2,21, pz)
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Transverse momentumn
dependent (TMD) factorization

Gehrmann, Lubbert, Yang (2012),(2014)

@ Similar results were obtained in a completely different approach to qT-
resummation, based on a different factorization into individual contributions

> The building blocks of the resummed cross section can not be compared

one-by-one between the two approaches they are scheme-dependent

Both approaches must agree on the scheme-independent (“physical”)
expression for the resummed cross section

1 1
In our case Hop (2, 05) =/dz1/dzz 8(z — 2122) [HY C1Cy]
0 0

In TMD o = |Cy ( —2 V)T | aiilz Y Bz) ® Iz /k(2, Tss )

9
o qi_jk(z as, log _%) Hhib’l zvz(mtg’ mi’ﬂlh) I:;;l(z] IJ—HU’I-') ® I:ff(% mJ_s#;r) I

These results provide a remarkable and fully independent
check of our results in a completely different approach

LL2014 32




Results/examples

In the case of the DY process (production of a vector boson V=y',W*Z, and the
subsequent leptonic decay)

2 ) Catani, LC, Ferrera, de Florian, Grazzini, (2012)

HPYM = Cp (% —

59C3 1535 n 21572 7t
18 192 216 240

6 12 13

HPY®) = CpCy (

L
864

1 511 6772 177"
) + ?LCE‘ (—1.5‘(3 + 2 T U )

CpNy (192(;:; + 1143 — 152?1'2) .

In the case of the Higgs boson production (through the gluon fusion channel)
Catani, Grazzini, (2011)

5C4 —3Cp 11
2 .

Cilm >
Hf(lj' = CA'.?TE/Q —I—EH(TH-Q) ( Q)

3187 7 157 13 55 145 11 3
HIY® =% (| =— + =L 2y —at - = ) [ ——
g Cﬂ(zss telet ™ ™ TG Tealr (T g te T
9 » 5 1 287 5 , 4 41 1
204 — — ,— N = , — -
+4Cr — ggCa— 50r — CalVy (144+ 5" T gcfa) + O Nf( i QLQJrqH)

Lo = ln(Mz/mgQ)l LL2014 33



Results/examples

In the case of the diphoton production: Catani, LC, Ferrera, de Florian, Grazzini, (2013)

The H VY@ was known: Balazs, Berger, Mrenna, Yuan (1998)
q

1
(1 —v)2+0?

Hfmug—gi{@?—n+ [«L—mﬁ+gmﬁr—m+w@+2nm1—m

+{ﬁ+¢ﬂfv+a—mx&—mm4}.

Catani, LC, Ferrera, de Florian, Grazzini, (2013)

1
H;T[Z)(H) _ [}-_nxz 4 oFixl ] +3G CFHJTU](IJ)

— o '-td-. =y T 4 .-tJn- - T
4ALO(U) inile,qqyy:s inite,qqyy:s

4!!"
- fg C2 + CpCi (

607_F1181C —-lng __lggg
324 ' 144 % 144> 32>
41 97 17

mz_n@+ﬁg)’

-+ CFNf (—

v=-u/s=-u/M?

LL2014 34




Results/examples

In the case of the diphoton production: Catani, LC, Ferrera, de Florian, Grazzini, (2013)

The H VY@ was known: Balazs, Berger, Mrenna, Yuan (1998)
q

1
(1 —v)2+0?

Hfmug—gi{@?—n+ [«L—mﬁ+gmﬁr—m+w@+2nm1—m

+{ﬁ+¢ﬂfv+a—mx&—mm4}.

45 607 1141 187 105
- Pk + o gy + e e 59
41 97 17
+ CpNy (— 162 72(:2 + 7—2(;3
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Results/examples

In the case of bb — H : Harlander, Tripathi, Wiesemann (2014)
[See Tripathi's talk]

72 ' 144 ' 432 480

156 . 4 . w® . Odn? 1 5x°
+C§(——C3+—+ﬂ—+ T)+Cpr(%+——i)

' s s 1 o\ 2 192572 4
Fh=1+%cp(ﬁ———)+(%) [CACF(WCSJF 83  125m* )

8 8 24 1440 36 108

, 13¢; 121 11#° g(ﬂ_?_% (1 L
+E?T(CACF(8 16 288)+CF 3 = G 544—144 Cr Ny

And also, the same universal formula was used in the following cases:

ZZ, Wy, Zy production at
NNLO [See Massimiliano's talk]
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Summary

@ We have shown that H " is directly related in a universal way to the IR finite part

of the all order virtual amplitude M___

@ Therefore, the all-order scattering amplitude MCC_>F IS the sole process-

dependent information that is eventually required by the all-order resummation
formula

¢ The relation between H™ and M___follows from an universal all-order

factorization formula that originates from factorization properties of soft (and
collinear) parton radiation

@ The presented results complete the qT subtraction formalism in explicit form up
to full NNLL and NNLO accuracy.

@ The presented results constitute a necessary ingredient for resummation at N°LL
accuracy
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Universality and threshold resummation

The total cross section for the production of the system F has the form
Sterman (1987); Catani, Trentadue (1989)

#(p1, p2; M?) Z[ ale/ dzy 65, (5 = 21228, M*; as(M?)) far s (21, M) fap/no (22, M?)

(] .03

The Mellin transform of the partonic cross section is defined as:

]z

1
6r (M?;ag(Mz))zf dz 2"V 6E (5= M?/z; M*; as(M?))
' 0

L v (M7 as(M?)) = 615 (M7 as(M?)) 14 O(1/N)]

and has an universal all-order structure

Sterman (1987); Catani, Trentadue (1989); Catani, de Florian, Grazzini, Nason (2003);
Moch, Vermaseren, Vogt (2005)

GO (M2 as(M?) = 00 L (M% as(M?)) O, L (as(M?)) A, v (M?)

ce— I

1 SN-1 _ (1—2)2 M=
A&”(ME):“Xp{fn e [2 [ T (2))+Dc(a3<(1z)w))”

12 fif‘




Universality and threshold resummation

The total cross section for the production of the system F has the form:
Sterman (1987); Catani, Trentadue (1989)

#(p1, p2; M?) Zf d,zl/ dzy 65, (5 = 21228, M*; as(M?)) far s (21, M) fap/no (22, M?)

(] .03

Sterman (1987); Catani, Trentadue (1989); Catani, de Florian, Grazzini, Nason (2003);
Moch, Vermaseren, Vogt (2005)

G (MP as(M?) = 00 o(M% as(M?)) O, L (as(M?)) A, y(M?)

re— F'

. th =
Forn<3: Ac = Ac Catani, Trentadue (1989); Catani,Webber (1989);
Forn=3: Acth(s)#Ac(s) Moch, Vermaseren, Vogt (2004) and (2005)
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Universality and threshold resummation

The total cross section for the production of the system F has the form:
Sterman (1987); Catani, Trentadue (1989)

#(p1, p2; M?) Zf d,zl/ dzy 65, (5 = 21228, M*; as(M?)) far s (21, M) fap/no (22, M?)

(] .03

Sterman (1987); Catani, Trentadue (1989); Catani, de Florian, Grazzini, Nason (2003);
Moch, Vermaseren, Vogt (2005)

G (MP as(M?) = 00 o(M% as(M?)) O, L (as(M?)) A, y(M?)

re— F'

Dc(1)= 0 Vogt (2001); Catani, de Florian, Grazzini (2001);
Dc(l) ,Dc(z) — Moch, Vogt (2005); Laenen, Magnea (2006)
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Universality and threshold resummation

The total cross section for the production of the system F has the form
Sterman (1987); Catani, Trentadue (1989)

or(prps M?) = 3 f . / Az 6F (3 = 212283 M2 a8 (M) fur i (21, M2) Fonsis (22, M2)

(] .03

Sterman (1987); Catani, Trentadue (1989); Catani, de Florian, Grazzini, Nason (2003);
Moch, Vermaseren, Vogt (2005)

G (MP as(M?) = 00 o(M% as(M?)) O, L (as(M?)) A, y(M?)

re— F'
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Universality and threshold resummation

We can write in a factorized form:

th 2
B (M) O (as(M1%) = e

o

|MCE—}F |2

in the same way that we did in the case of the q_resummation formalism
fth(f, ELF) — &S(H?ﬁ’) ft.h[l] €, ﬂ_fz + QS(H%{) Ith 2) ﬂfz _|_i ﬂg(ﬁi‘) Ith[n) ﬂf?
‘ 2  © M 2m V) =\ S

with the following replacements:

5m=wr—@=—@|

5t1}3—5w‘|‘ C?TT30+4C2CA—C2K+20C?TTBD+CA ——— t5G |+ N

The close correspondence between HcF and C“‘m_>F can be expressed:

H; (as) L - I(e, M)
CR plas) | |1 — Lth(e, M2)J2 P

5

= exp {%Cc Ca + (%)EC.: [— C3mBo + Ca (—CA - _Nf)] ""O(ﬂg)}

3




Transverse momentumn
dependent (TMD) factorization

Gehrmann, Lubbert, Yang (2012),(2014)

1 1
In our case Hf, ,(z.a.) = / dz) f A2 6(z — 2129) [HFclcg]l
0 0

In TMD Ht?f}{r—jk(zuas} _— ‘CV(_qgv v q2)| quj 'ng":f""x) 'ng":f""r)

matching kernel

in full agreement with the results in Catani, LC, de Florian, Ferrera, Grazzini (2009);

gluon matching tensor

H may o H S v
H-‘?ﬁ‘{—jk (E,CES,]Dg E) - Hmw:#zﬂz(mt’mh?mhfgﬁ 2, T 1, fy) & VI, )

2 2 2

H 2 2 2
Hﬂlul?pgvg (mf'.l L mh) — Ct (mt ] mh) }OS(_mhﬂ m-’l)‘ gﬂlﬂzgvu’z

in full agreement with the results in  Catani, Grazzini (2012)
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Transverse momentumn
dependent (TMD) factorization

Gehrmann, Lubbert, Yang (2012),(2014)

1 1
In our case Hf, ,(z.a.) = / dz f 42 0(2 — 2129) [HF C1C)
0 0

2 . p
In TMD HIY w(z,00) = |Cv (=% V@) | I)i(2, 7%, pz) ® I (2, 35, )

in full agreement with the results in Catani, LC, de Florian, Ferrera, Grazzini (2009);

2 2

m? v v
HH (z:ﬂf&:u 1Dg m_f;) — HH (mtumh:'mh) I:;J l(zu IJ_:!'-"’I) ® I:sz(zu mJ_:}'-"’I)

gg—jk [V, pave

H O iy ... 5 2 2
leulﬁpgm(mtﬂmhﬁmh) — Ct (mt:Tnh)‘Cﬁ(_ﬂlh:th Guypa s

in full agreement with the results in  Catani, Grazzini (2012) |

These results constitute a fully independent validation of
them in a completely
different calculational approach
LL2014 45




@® The Normalization H

Expand to the fixed order in o4

o g\ 2
HF=1+—SHF(”+(—S) HE® ~ §(q%)
T T
LO NLO NNLO
Normalization of ggi)w‘[‘o computational effort comparable to ggi}NLo
2
2 2 T 2 dgF — _F F
pr < Q qud—QZJLOR (pr/Q)
0 qr

The coefficients appear in the constant term

RF(I} _ !ﬁ EF(I;Q} + 1” EF(I;I} 4 HF(” + O@%/Qg)
=1
= ll—2
: . . : Pt
RF(.«E} _ !3 EF(E,&} + !{;- EF(E,J} + !ﬁ EF(E,E}

o (BFED 1662 @) 4 1@ 43 @E3) L o(p /Q?)

Very hard to reach that accuracy... but...




/ dgr = = = o) © _/Dcdffl ol i
’ d ’ pZ qu

2
Inclusive (analytic) distribution

Integral can be carried

known for Drell-Yan and Higgs! OuE.in A-dimensions

Method used to obtain % (2) for Higgs and Drell-Yan
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