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g1 resummation

Factorization
Resummation

Observable

Consider:
Ni+ Ny — F(g) + X

o F=I*I",Z, W, H, Z,...

@ Test SM to high precision.
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g1 resummation Introduction
Factorization

Resummation

Observable

Consider:
Ni+ Ny — F(g) + X

e F=ITI",Z, W,H, Z,...
@ Test SM to high precision.

e do/dqr in region g3 < M?.
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g1 resummation

Factorization
Resummation

Observable

Consider:
Ni + N> — F(q)+X

o F=I*I",Z, W, H, Z,...

@ Test SM to high precision. 008 ‘ ‘ ‘ PpozeX @ TRV

P} [>20GeV, | |<2.4
= Atas14063660 Born

e do/dqr in region g5 < M2,

= Need to resum large
logarithms.

= Transverse PDFs (TPDFs) ‘ ‘ ‘ ‘ ‘
(Beam functions). ’ T e T

. . Becher, TL, Neubert, Wilhel
= F recoils against initial state [Becher eubert, Wilhelm]

radiation
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g1 resummation Introduction
Factorization
Resummation

Large logarithms

Momenta of emitted particle , collinear (g% < ¢?)

2
= up to log? Z—{ for each power as.

[ 9

Specific structure = factorize
= resum ~ reorder expansion (asL ~ 1)
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g1 resummation

Factorization
Resummation

Factorization, pictorially

Consider:
Ny + N> — F(q)+X

o F=I*I",Z, W, H,Z,...
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g1 resummation Introduction
Factorization
Resummation

Factorization, pictorially

Consider:
Ny + N> — F(q)+X

o F=I*I",Z, W, H,Z,...

@ Enhanced contributions from
collinear and regions.

@ Characteristic structure
= factorization
do=H®S® B® B.

@ Here > =¢2/¢° < 1.

@ Explicit operator definitions. ac
Determined process independent
® 1 ® I to NNLO
[Gehrmann, TL,Yang].
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g1 resummation Introduction
Fa ation
Resummation

Factorization, pictorially

Consider:
Ny + N> — F(q)+X

o F=I*I",Z, W, H,Z,...

@ Enhanced contributions from
collinear and regions.

@ Characteristic structure
= factorization
do=H®S® B® B.

@ Here > =¢2/¢° < 1.

@ Explicit operator definitions.
Determined process independent
® 1 ® I to NNLO
[Gehrmann, TL,Yang].
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dqr

g1 resummation Introduction
Factorization
Resummation

do

i counting a5 and L

A=qr/M, L=log\, a;=2 PC= power correction.

4 !
do

— C(a,) exp [L (asL) + 2 (asL) + as (asL)—|—a§g4(asL)+...]—0—(9()\).

dgrdy

When expand:
FO\ RES N°LL" N3LL ... PC
LO al[ ]
NLO ar[ oM ]
N2LO a2 1 oM ]
N*LO EX| L2 L 1 00 ]

In this talk will discuss CuTe's
@ N3LL, * resummation and
@ N’LO matching (= recover PC).

* p=partial: lacking values of rg and F,.(3’0)4
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g1 resummation Introduction
Factorization
Resummation

Factorization formula

@ [Collins, Soper, Sterman], ..., [Becher, Neubert] for /\?QCD L gr < M?:

dZO' igTx+ =
dqudCy = aﬁo); /dQXT €T Ceij(z1,223 M 1) @ Py, (21.1) ® Djyny (22.11)

@ in impact parameter (x7) space

@ with perturbative

Ccey(zl,zz,x%yMZ,u) = ‘ (— 7M)|27i<—k(217LL735)776‘,'(22J-L,as)egf(M’XLm7

2 2
@ where i(c) =q, g; Li =log 7~ as=as(p)/4r and
0

2
T

g,'(M,XT,/L) = 2hi(LJ-? as) - F"(LJ” 35) ’ |Og bg

In C suppressed sum over tensor components (i(c) = g) or quark charges (i(c) = q).
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g1 resummation Introduction
Factorization
Resummation

Factorization formula

@ [Collins, Soper, Sterman], ..., [Becher, Neubert] for /\?QCD L gr < M?:

d’o 0 2 iqTxT 7~
dqudCy = Ug )kz; /d X7 €977 Coi(21,2203 M2, 1) @ Pryny (z1.1) ® By, (2201)

@ in impact parameter (x7) space

@ with perturbative

Ccey(zl,zz,x%yMZ,u) = ‘ (— 7M)|27i<—k(217LL735)776‘,'(22J-L,as)egf(M’XLm7

2 2
@ where i(c) =q, g; Li =log 7~ as=as(p)/4r and
0

X2
&i(M,xr,p) = 2hi(L1, as) = Fi(L., a;) - log 7z

@ Each function depends on single physical scale = Safely determine pert..

@ Solving RGEs (1) = resummation of L = log(x2M?/b3).

In C suppressed sum over tensor components (i(c) = g) or quark charges (i(c) = q).
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g1 resummation Introduction
Factorization
Resummation

Resummation

@ RGEs = Dependence on 1 i=i(c),
log Cc(—M?, 1) = T(as) log # +27/(as),
Fi(Li,as) = 2T (35)

dloguh(Ll’as)f r(as)Ll_2'7 (35)

m Tiyi(z, Ly, p) = *QZﬁ/k(Z, Li,as)® Pyjj(z,as),
K

dlog,u

dlog,u

ﬁ@/j(zv p) =2 Z Pik(z, 1) ® pyj(z, 1) -
X

= Resum logarithms. E.g.:
|CC(_M27N’)|2 :‘CC(_ 27/’“7)‘2 exp {2R6[ECC(—M27M, Nh)]} )

Bdu
ECc(7M2HU'7N'h):/ (rl IOgM‘FZ )
u

Hh

@ Log indep. parts and anom. dims. from pert. calc..
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g1 resummation Introduction
Factorization
Resummation

Towards N3LL, required elements

Numbers refer to power n in expansion X = Z a;’X(”) .

n
expression needed to known to
r 4 3

for RGEs

NP W W

at appr. p

*:. |’ starts at al.
= n =1 sufficient if Cgg does not mix /" & /. (E.g. for Higgs.)

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



g1 resummation Introduction
Factorization
Resummation

xT integral and scale choice

oo
. -
Perform /d x7 €T Corjj = / axr x7Jo(x1q7) Ce (21,2052 .M 1) .
0

@ Essentially two kind of logs: Ly = log M?/u? and L, = log x12u?/b3.
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g1 resummation Introduction
Factorization
Resummation

xT integral and scale choice

oo
.
Perform /d x7 €T Corjj = / axr x7Jo(x1q7) Ce (21,2052 .M 1) .
0

Essentially two kind of logs: Ly = log M?/u? and L, = log x12u?/ b3.
Aim: small L .

tx = bo/x7: Run into Landau pole.

Moreover, prefer physical choice u(qr, M).

= e = q7 + q. exp(—q7/q.), . = M;/ exp (1/2M5as) = (L1) small.
Thanks to xre® —Gaussian peak: determines g, width ~ 1,/a;.

® 6 6 6 o o
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g1 resummation Introduction
Factorization
Resummation

xT integral and scale choice

® ©6 6 6 6 o o

oo
.
Perform /d x7 €T Corjj = / axr x7Jo(x1q7) Ce (21,2052 .M 1) .
0

Essentially two kind of logs: Ly = log M?/u? and L, = log x12u?/ b3.
Aim: small L .

tx = bo/x7: Run into Landau pole.

Moreover, prefer physical choice u(qr, M).

= e = q7 + q. exp(—q7/q.), . = M;/ exp (1/2M5as) = (L1) small.
Thanks to xre® —Gaussian peak: determines g, width ~ 1,/a;.

Power counting for fdxr: as ~ 62, Ly ~ 672, L, ~e !

Do up to €°.

CuTe [Becher,Neubert, TL,Wilhelm]: Combine everything and numerically

evaluate ®¢, xr, y integrals.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data

Conclusions

Phenomenology
Apply CuTe
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Phenomenology

CuTe: What is New

CuTe 1.1

@ Public C**-code for v*,W,Z
and H. Integration via linked
Cuba libary [Hahn].

@ LHAPDF 5

@ NZ2LL resummation

@ NLO matching

) 0(62) for very small gt

Thomas Liibbert

CuTe
Confront with data
Conclusions

CuTe 2.0
@ Soon
@ All results are preliminary
@ LHAPDF 6
@ Full N3LL implementation

@ 2-loop beam-functions

@ unknown Fg and Fi(3’0)
= N3LL, (partial)

@ N2LO matching

@ O(e): Terms up to o215 in 1.

@ Phase space cuts y,p’T,n’

Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data
Conclusions

Fixed order

® 1 =qr + q.exp(—q7/q.), g = Mi/ exp (1/2Mpas).
@ NNPDF 3.0

Thomas Liibbert Beyond N2LL’ q7 resummation with CuTe 13



CuTe
Phenomenology Confront with data
Conclusions

Fixed order

® 1 =qr + q.exp(—q7/q.), G- = Mi/ exp (1/2M5as).
@ NNPDF 3.0
@ Z-production: NNLO results from [Gonsalves,Pawlowski,Wai]

PP-Z+X @ 7TeV
|pr1>20GeV,|n|<2.4

At peak: o 5 10 15 20 25 30

qrl[GeV]
@ Large uncertainties (x variation), underestimated at NLO.
@ Divergent at very small gr.

@ Requires resummation.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data

Conclusions

Pure Resummed - different orders - Z

PP = Z+X @13 TeV PP = Z+X @13 TeV
100 [N 100 [N
m2-resummation: i} ~ —M3 m2-resummation: pf ~ —M3

N'LLS + € NOLL + ¢
N2LLE + ¢
2 2 g
2 NOLLG + € 2 ¢ NSLL
0
5 10 15 20 0 5 10 15 20

? \f' —
-5
0 5

10
0 10 15 20

® 4u(gr)=qr + que ar o g7 ~2GeV.
@ Vary by factors 2, 1/2. @ New channels (¢ — ¢, §)

beyond N2LL + €°.

Thomas Liibbert Beyond N2LL’ resummation with CuTe 14




CuTe

Phenomenology Confront with data
Conclusions

Pure Resummed - different orders - H

PP — H+X @13 TeV

PP — H+ X @13 TeV
-resummation: 42 ~ —M3 s m-resummation: i3 ~ — M3

NSLL + ¢

N'LL® + ¢
N’LL¢ + ¢

-

0 10 20 30 40 5

n n 20 an an Al

0

) 8

® u(gr)=gr+aq.e « ® g~ B8GeV.
@ Vary by factors 2, 1/2. @ Sizeable loop correction and new channels
(g — g) at N>LL + €°.

Beyond N2LL’ resummation with CuTe

Thomas Liibbert




CuTe
Phenomenology Confront with data
Conclusions

Matching schemes

Restoring power (qT /M) suppressed contributions.

do_matchcd _ dotes N dO_IWC
qu qu qu MS ’
dO’MC

dO’FO do_res
=Rums da  d
MS qr qr expanded to FO.

with H(=M?, jun, 1) = Un(ps, pn) - | Gi(=M?, jay)[* and

qu

Radd = Rms(,uh) :1,
Rms(p‘*) :H(_Mzwu/hv/j‘*) : Hil(_M27N’*7p‘*)a
Rus(qr) =H(=M?, 14, q7) - H(=M?, g7, q7).

H(—M?, 1, 1) corresponds to the FO expansion of resummed H(—M?, uy, ).
Rus = 14 O(a2) but can supply Sudakov suppression to do™©.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data
Conclusions

Matched vs data - Z ATLAS

1
. PP Z+XQTTeV PP Z+X @7TeV
2 i i
20 + ATLAS 0.1 + ATLAS
& NSLLS + N?LO & NLL; + N2LO
1077
Runslar)
107*
0 10 20 30 10 50 60 100 200 300 400 500 600 700 800
o I rewwerss == i
M _}_:-]-.—]—c—{— mo=|=——i— 1
g, Peee I
2-10 - N ; P ; P
0 10 20 30 40 50 60 100 200 300 400 500 600 700 800
@ Each MS with p errors. [Becher, TL,Neubert, Wilhelm]*

@ Very small matching scheme dependence.

@ Good agreement with data:
@ ATLAS hep-ex/1406.3660 Z/~* at 7TeV.
@ Cuts for dUﬁd\lcial/qu: 66 < M,,/GeV < 116,

@ pr, > 20GeV, || < 2.4, excluding 1.37 < || < 1.52

@ Lepton cuts included in theory prediction: Normalization and shift peak to the
right.

Thomas Liibbert Beyond N2LL' resummation with CuTe



CuTe
Phenomenology Confront with data
Conclusions

Matched vs data - Z DO

2 PP~ 7+X @18 TeV

ete

PP—Z+X @18 TeV

ete

‘ + DO, Tevatron Run II 0.1 + D, Tevatron Run II
s s

‘ & NLLg + N2LO S o2
& strict cuts t‘ &
SIS0 S

N Rons(qr) e & NSLLE + N2LO

b strict cuts
5 10

Runs(ar)

50 100 150 200 250 300
g _} T T TGV T
.

HTT

n A n 15 M0 AN 100 150 200 950 ann

@ Each MS with p errors. Very small matching scheme dependence.

@ Very good agreement with data: [Becher, TL,Neubert,Wilhelm] *
@ DO, hep-ex/9909020 Z at 1.8TeV.
@ Cuts for do'ﬁducial/qu: 60 < M,,/GeV < 120,
@ pr, > 25GeV, |n1]| < 1.1, |n2| < 2.4, excluding 1.11 < |5, »| < 1.5

@ Symmetrized lepton cuts included in theory prediction: Normalization and shift
peak to the right.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data
Conclusions

Matched vs data - H ATLAS

T
pp—oH+X @ 8TeV
10
+ Atlas150405833  result
08 4
1 do
- T~ 06 b
o dg;
*GeV o4t 1
02 T
00 T
h I I I I
0 50 100 150 200
qr / Gev

@ Each MS with p errors. Larger matching correction.
@ Small matching scheme dependence: mainly error bands effected.
@ Low statistics for data:

o ATLAS, hep-ex/1504.05833 H at 8TeV.
o Cuts unfolded.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe 19



CuTe
Phenomenology Confront with data
Conclusions

PDF uncertainties

PPSZX @7 TV PPSZ1X @7V
Ll 107* Ll
+ ATLAS + ATLAS o variation for each
€ NLLg + N?LO, Rys(ar) € N3LL;, + N?LO, Ryus(qr) set.
NNPDEF30 NNPDF30
\BM12 \BM1
HERA15 HERA15
0.01 106
0.00
0 10 20 30 40 50 60 100 200 300 400 500 600 700 800
5 —1
0 : 2
_5 4 N°LO pdf sets
n 10 20 an an 50 6 T 100 200 300 400 A0 600 70n Ron
003 1- df —
0.0 E e L—g_pdf —unc. .03 1-o pdf -unc. -
2 ou P — s Pdf-member variation
z O 2
€ -ga R SE— of N?LO NNPDF 3.0.
g3 mNPDE3O “8% [ NNPOF 30
0 10 20 30 40 50 60 100 150 200 250 300 350 400
qr/ Gev qr/ GeV

At large g7 > M might want to resum threshold logs.

e.g. [Del Duca, Gonsalves, Kidonakis, Sabio Vera],
[Becher,Lorentzen,Schwartz],. . .

resummation w 20




CuTe
Phenomenology Confront with data
Conclusions

Estimated impact of unknown I3, F(3

@ Vary unknown '3, F®9 between [—2,2] Pade approx./F(2’O)
éf PP H X @13 TeV
0.0

PP — Z+ X @13 TeV
Ly 1l

[
SS

deviation [% ]

e N“LL;,+I\'2L()

10 60 80 100 2 40 60 80
ar[GeV'] ar[GeV']

€ N*LL{+N?LO

S

@ Slightly larger impact of F(®9).
@ Uncertainty small compared to e.g. pdf-unc..
@ Largest impact at small gr.

Further effects not discussed here:

@ EW-corrections, mass/off-shell effects, non-pert. effects, ...

Thomas Liibbert
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CuTe
Phenomenology Confront with data
Conclusions

Alternatives and extensions

@ Monte Carlo generators.

@ CSS: DYRes, HRes [Catani,Cieri,de Florian, Ferrera, Grazzini], ResBos
[Balazs, Yuan] ...

@ Our method can be applied to all other processes with color neutral final
states: V, H, VW', HH, Z', ...

@ Currently available in CuTe: ~*, Z, W, H.
@ For others to include F.O. part.

o VV' at fixed order see e.g. Mainz/Ziirich/Karlsruhe-groups
[Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer, v.Manteuffel,
Pozzorini, Rathlev, Tancredi, Torre, Weihs]

[Caola, Henn, Melnikov, Smirnov, Smirnov].

@ NNLO-+N?LL":

e 7: [Cieri, Coradeschi, de Florian]
o ZZ, W W~ [Grazzini, Kallweit, Rathlev, Wiesemann]

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



CuTe
Phenomenology Confront with data
Conclusions

Conclusions

Resummation essential for small g7 /M.
@ Perform via TPDFs (determined to NNLO).

e Generic framework to obtain precise do/dqt(/dy) for large
class of processes at hadron colliders.

@ Determine these to N2LO+N3LLP precision for v*, Z, W, H
with CuTe.

@ Obtained very accurate description of g7 spectrum.

@ Code will become public.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe
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Non-perturbative effects

Appendix

Non-perturbative effects

@ TPDFs must vanish rapidly at x7 > rproton. Ansatz:

B,‘/N(Z,X%—,M) - fhadr(XTANP) Bp/Nt(Z)XgI'a,U') )

@ with gauss s 5
fronds (xTAnp) = exp [—/\NP XT] ,
1
dipol
fradr (XTANP) = iR
fﬁ;ﬁaﬂced(xr/\Np) = exp [—/\Np x-,— Iog(x%—l\/lz/bg)] .

@ Last see [Becher, Bell].

@ Anp = 0GeV: no correction.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



Non-perturbative effects
k1 factorization

T erse PD

Ra

Appendix

Non-perturbative effects

@ Results for Gauss and Dipole basically equivalent.
@ Gauss: Axp = 0GeV — 2 Gev: Shifts right & damps.

T
PP-Z+X @ 7TeV
No Cuts

qr(GeV]

@ Enhanced for 'enhanced’. Form different, though.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe 26



Non-perturbative effects
kT factorizati
Transverse PD

Rapidity divergences

Appendix

Relation to framework by Collins, Soper, Sterman

Eq<7<—ij(217227><27,q2,u)

2 2>Fq§(x'2r,ﬂ)

= ’(_‘V(,qz#)ﬁ <be§ gi(zx2u)lgj(z252.1)

compare this to [Collins, Soper, Sterman]:

> -
=exp{ — [T % [log & Aas(m) + Blas(®)] }
x Cgi(z1, as(un)) Ggj( 22, vs(us))

x1 dependence via pp = box7 L.

Relations:

o Coi(z,as(us)) = | Cv (=i, ib)| lgyi(z, X3, 1b)
@ A & B related to F and anomalous dimensions.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



Non-perturbative effects
kTt factorizatio
Transverse PDFs
Rapidity divergences

Appendix

Dictionary CSS vs BN

Using by = 2e7 7, up = box;1 and X1 = boﬂ_l:

qu(z7as(ﬂb)) = ‘CV(_,U/%wa)’ /q/i(z7)_('2['a l‘Lb)7

- _,dlog|Cy(—p?, i)]?
B(as(n) = 27g(0s) + Fag(%r, i) — i° £l \c/f,(ﬁzu 2)

= Apply results in preferred resummation framework.

DY H

Can reconstruct H~ -, —
qa«ij’ " ggij

. in [Catani, Cieri, de Florian,
Ferrera, Grazzini].

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



Non-perturbative effects
kT factorization

Appendix

H: Our vs HRes (from HXWG, G. Petrucciani)

R
Iy C
=)
E [4 HRes 2.3, dynamic scale
c 107 BLNW =
%) - .
| - I B
© ; 107° =
o > E 3
€ 3 - ]
oo . ]
(&) -~ = =
- 9 ; E
b ..
) I g::’ 174; HRes 2.3, dynamic scale =
O 4= = 1.3E BLNW E
o &I -
c g E
o =3 E 3
& 11 =
o 3. 3
2 0.9 —- - T
0.8 B
07 =
ooF- =
0-55 50 160 150 5060 550 360 550 400
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Non-perturbative effects
kTt factorizatio
Transverse PDFs
Rapidity divergences

Appendix

QCD simplified

Soft and collinear emissions: Important contributions to
high-energy processes; have characteristic structure.
In both limits interactions simplify:

@ Collinear limit, multiple particles move in similar direction

, \
Sy s e

My —— Sp —
ah 7 %

@ Soft limit, particles with small energy and momentum are
emitted = Eikonal interactions.

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe



Non-perturbative effects
kT factorization
Transverse PDFs
Rapidity divergences

Appendix

Soft-collinear effective theory

EFT of QCD.

@ Structure of soft and collinear
interactions implemented on
Lagrangian level.

= Soft and collinear fields with definite
interactions and power counting.

@ Efficient formalism to (re-)derive
factorization theorems for multi scale
problems.

+: Gauge invariant operator definitions for
the soft and collinear contributions. do ~ H(S ®H J; M2
@ Resummation via renormalization
group. [Bauer, Fleming, Pirjol, Stewart, .. .]

Thomas Liibbert Beyond NLL’ q7 resummation with CuTe 31



Appendix

Notation

@ LC vectors n, n
P, ?=0nn=2

o LC basis:

Non-perturbative effects
kT factorization

vi = (Av) T+ (nv) o vl = (v, v, v )H

Thomas Liibbert
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Non-perturbative effects
kTt factorizatio
Transverse PDFs
Rapidity divergences

Appendix

Notation

@ LC vectors n, n
P, ?=0nn=2
o LC basis:

vi = (Av) T+ (nv) o vl = (v, v, v )H
@ Distinguishing fields with different momentum scaling

hard (h): ph o ~/q*(1,1,1) Ph~ G
n—collinear (n):  p, ~ /q2(1,)\%,)) s o
ficollinear (7):  pr ~ /q2(\2,1,)) po T

soft (s): ps  ~ g2 (MM

2
o For \»=7F

Thomas Liibbert Beyond N2LL’ q7 resummation with CuTe



Non-perturbative effects
kTt factorizatio
Transverse PDFs
Rapidity divergences

Appendix

Notation

@ LC vectors n, n,
n”?,n°=0n-n=2
o LC basis:

vi = (Av) T+ (nv) o vl = (v, v, v )H
@ Distinguishing fields with different momentum scaling

( hard (h): pr ~/q(1,1,1)) Ph~q
n—collinear (n):  p,  ~/q2(1,A2,\) s o
A—collinear (A):  prn  ~/q2(A2,1,)) po T
soft (s): ps ~ VG
2
e For \2 = qT < I
fDAh

EQCD —— Lscer =Ln+ L7+ Ls + O()\z)

Thomas Liibbert Beyond N2LL’ q7 resummation with CuTe



Non—pentu rbaﬁv, effects

Appendix

Factorization

Consider e.g.:
/V1—|—N2 — V(q)+X

do ~ Y 5 (P (—8guw) (NoNo| J#1(0) [X) (X[ J(0) [Ny Ny)

Match to SCET. Current:

JH(x) = a(x)"q(x) — (&aWa) ()Y (Win)(x)
n-col. n-col

Wilson lines: W5(x) = Pexp [igffoo ds n-An(x + sn)] ,

correspondingly for W,,, Sz, Sh.

|X) = | Xn) @ | X5) @ |Xs) [Ny No) = [N1) @ [N2) ®10).

Multipole expand in x = (x_, x4, x1 ).

Thomas Liibbert Beyond N2LL’ g7 resummation with CuTe



Non-perturbative effects
kT factorization
Transverse PDFs
Rapidity divergences

Appendix

'Factorized’ differential cross section

From this obtain [Becher, Neubert]:

d’o a7 TQ%y 202 [ 42 a—ig 2
_ T\ - Zew _ XL
dq3dy O(q2) Ncs (=9 )’/dee Zeq

X [ (X%)Bq/Nl(ZbX%’)B /Nz(z27XT) + (q A CI)]
with
TPDF (quark, n collinear, gauge invariant)

X (N1(p)] (€aWa)a(tT + x1) [Xn) (Xal (W]€n)5(0) [N1(P)) -

@ n-collinear B_E’/NZ correspondingly withp~neon~p& g+ q.

@ Soft function S(x,) = Z Tr (0] (S5 S5)(xL) | Xs) (Xs| (51S,)(0)[0) .
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Transverse PDFs

TPDF (quark, n collinear, gauge invariant)

1 —izth- ﬂaﬁ
2y _ izth
BQ/NI(Z’XT)_zﬂ_/dte pXZ2

X (N1(p)| Xa(t + x1) [Xn) (Xa| x5(0) [N1(p)) -

Xn = (f_n Wh)
TPDF: Generalization of usual PDF ¢;/y(2) .

k = momentum of X,:
k_ and (after F.T.) k fixed:

[ dte==tP-x(th + x1 ) = (k- — 1-2)p_)X ,

° )2(!‘77 + XL) = e ikixy F._')I'. 5(2)(/(J_ + qJ_))Z .
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Gluons

@ Similar fact. theorems for other gqg and gg initiated processes.

o If gg initiated: C, B & B become Lorentz tensors.

gluon TPDF (n collinear) [Becher, Neubert, Wilhelm]

_Zﬁp

Bz xn) = oL [dee = S N4 (604 x0) IX) (X] 4322 0) IN)

X

. . . . adj
e with gauge invariant gluon field A" (x) = (W,, JA’,fl>(x).

@ Decompose tensor as

i gjf” 2 gﬁ” XijJV_ / 2
Bg/N(Zny): ﬁBg/N(Z,XT)-F d72+ X%— Bg/N(Z7XT).

@ Discussion below for B only. B’ analogous.
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Matching kernel

If X-F2 > /\éCD, refactorize these scales:

Matching kernel Z;

1
d
Bin(z,x7) = ) :/ ffi/k(P,XQT)m/N(Z/p) + O(N%x2)
k z

® T7;/ perturbative: Extract from perturbative 5;/; and ¢y ;.
@ Determine to NNLO: [Gehrmann,TL,Yang].
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Appendix Rapidity divergences

Factorization, pictorially

Ni+ Ny — F(q) + X
at Ajop < 97 < g%

9 _HRSRI®I®I® 0.
dqs
prd virtuality A
r --

p .
N\
\’ 24
S 4;
\
\\\\ y
2 —
QCD}
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Appendix

S
Rapidity divergences

Factorization, pictorially

Ny + Ny — F(q) + X Focus on S, Z, 7.
2 2 2.

at AGep < 97 < g% Same virtuality

E =HRS®RI’I®I® ¢ Differ in rapidity

k) = 1 log &=
virtuality A~ 7 (k) =2l i

e "
Q-
\ 24
S e »
- 2Q.f.
| G .
acn) NQ  AQ Q
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Divergences

@ Besides usual UV/IR divergences regulated in d = 4 — 2¢,
encounter 'rapidity’ divergences: Unregulated by ¢€; from extreme
rapidities y(k) = 1 log :—f

@ Arise in integrals along LC-direction: [ d9k = 1 [ dk.dk_d9 2k, .

@ 5(9-2(k; +q.) = kills [ d972k, without putting ¢ to ki and k_.
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Divergences

@ Besides usual UV/IR divergences regulated in d = 4 — 2¢,
encounter 'rapidity’ divergences: Unregulated by ¢€; from extreme
rapidities y(k) = 1 log :—f

@ Arise in integrals along LC-direction: [ d9k = 1 [ dk.dk_d9 2k, .

° (5(‘1_2)(/& +q1) = kills [ d9=2k, without putting ¢ to ky and k_.

= Need additional regulator. Various possibilities:

e Avoid divergent ki denominators: Use W away from n, n;
Introduce 'LC-mass’,
o Regulate ki integrals: Analytic regulator in phase space, .. ..

@ For each various ways.

@ Combination S;B,/J-BT/k must not dependent on this regularization.
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Analytic regulator

@ We use analytic regulator « [Becher, Bell]:
14 «@
x(n./v) for each external parton.

@ Same LC vector n for all functions. Breaks symmetry (n <> 7).
@ Simple soft function S = 1.
@ « poles cancel in product:

Refactorization

2 o\ —FROF)
= =0 [ X
[S(X%)Bf/j(zl’X%)Br/k(zzvxi)]qQ = < Zg ) Bi(z1, x7) Byji(z2, X7)
0

r\ bO —=De e
@ On refactorized RHS no a and v dependence left.

o Hard scale g2 generated.

@ 'Collinear anomaly’ [Becher, Neubert].
From RRG [Chiu, Jain, Neill, Rothstein]. F; = 71’,3".
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