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So here’s a NNLL 2D Sudakov spectrum in g and 7 = To.
(Perturbative uncertainties shown in heatmap.)
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Method

e Match three distinct factorizations
for the double-differential spectrum
[Procura, Waalewijn, Zeune "14]

» Matched prediction incorporates

. 011
SCET{y,11,+3 resummation &
respective perturbative uncertainties O(I’ ﬁ)
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Drell-Yan production near threshold, = Q*/E2?  — 1:

do
dQ

= [dzoi(2) [fz ® fj] (E)
&0

— H,;(Q) /dko S02) £ @ 1] (r + =

)x

1—|—O(1—‘r)]

cm

e For steep PDFs, the integral is dominated
by z ~ 1 evenif r ~ 10~* at the LHC

» Useful approximation at partonic level:
O;5 = Hij X S+ O[(l — Z)O]

e Expansion in 1 — z is key for N*LO Higgs
[Anastasiou et al. *'14-'19 — see talk by Bernhard]

e Recent progress in all-order understanding
of next-to-leading power O[(1 — 2)°]

[Del Duca et al. ’17]
[Beneke et al. 18 — see talks by Sebastian & Robert]
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What if we measure rapidity Y in addition?

do

_ L. + - e
a7 = Hy(@Q) [kt dkm st )

X I (a b ) 1+ ) x [140(1-7)]

[Ahmed, Banerjee, Das, Dhani, Ravindran, Smith, van Neerven '07-'18; Owens, Westmark ’17]
[see also Li, Neill, Zhu '16; Lustermans, Waalewijn, Zeune ’16]

+Y

e Measurement sets momentum fractions x,, = e

cm

o T =x,T, — lassumesxz, — landx, — 1

auestion:  What happens if we relax one of these assumptions?
What is the physical interpretation of that?
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What if we measure rapidity Y in addition?

do
dQdYy

= H;;(Q) /dk+dk— S(kt, k)
x fihr (a: + k;) f.““(:c,, + i) x [1 + 0(1 - T):|
N Eem/ T Eecm
[Ahmed, Banerjee, Das, Dhani, Ravindran, Smith, van Neerven '07-'18; Owens, Westmark ’17]

[see also Li, Neill, Zhu '16; Lustermans, Waalewijn, Zeune ’16]

+Y

e Measurement sets momentum fractions x,, = e

cm

o T =x,T, — lassumesxz, — landx, — 1

auestion:  What happens if we relax one of these assumptions?
What is the physical interpretation of that?

note: Contradicting claims in the literature that

dQdy = Hij X S(Z) ®ﬁ(T/Z7Y)

» This is incorrect — we’ll see an explicit example later.
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Factorization at collinear endpoint

_ . Eem
o x, > 1meansY — Yinax = In

Nn~-collinear

£~ q-
Let A2 ~ 1 — ~l—xz, K1
Payﬂ, . Eem Ta <
A

e Keep qT and x; generic

e Hadronic final state X becomes n-collinear near endpoint

P =(P7 —q ., P —qt,px,1) ~ Q(A\2,1,))
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Factorization at collinear endpoint

Ecm

o x, > 1meansY — Yinax = In
Nn-collinear

£~ q~
Let A2 ~ 1 — ~l—z, K1
Paym . Eem Ta <
A

e Keep ¢T and x; generic

e Hadronic final state X becomes n-collinear near endpoint
px = (Py —a , P —qt,px,1) ~ Q(A,1,X)

= Resulting factorization theorem at leading power in A:

do qt q- t
= H(qtq /dtB-(t,—, ) F'“( , )
ey ilata ™, n) i) 5 gt

o Key step: Power counting in label & residual momentum conservation

S[(wa—a7) + Ky Jo[(ws—a®) + B ]
~~ — ~~
O(A2) O(A2) o(1) O(A2)
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Connection to endpoint DIS

_ . Nn-collinear
Nn~collinear

0 e
P, i P, —
VA

e Modes, RG consistency & convolution structure are the same as for endpoint DIS

e x,~ q /E.n — 1takes the role of zgjorken — 1:

dopy + - qt ¢he (94 t
dopis r s
dzp ZHij(Q2’/J') /dSJj(Saﬂ) f:h ($B+ @7“)

e Second, unconstrained Bjorken fraction x; ~ qJF/ECm is beam function argument
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Measuring gr in addition

e Only n-collinear radiation contributes to auxiliary measurement of g > AQ:

7dq+j:_d@ — Hy / dt B, (t, %,@) fithr( % N q+tq—)
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Measuring gr in addition

e Only n-collinear radiation contributes to auxiliary measurement of g > AQ:

7dq+j:_d@ — Hy / dt B, (t, %,éﬁ fithr( % N q+tq—)

e Change variables from (g, ¢7) back to (Q,Y) < (x4, xs):

o Q 1y qi Y Q2 + ‘I% 4y
Tap = ——€ # = e
’ Ecm Ecm Ecm

e Power-counting parameter is now A2 ~ 1 — x,. Reexpand:

do
d:ﬂadwb dLTT

o o
= H;; /dtBj(t? xy, 4r) f; (wa + 2Q2 + &)

e What happened here? Look at 1 — PDF argument ~ \?:
t qz t

V@2 +qgie¥ _ 4
(1- Eem )_Q2+q%_(1_m“)_2Q2_§+o('\)

cf. different 77 definitions in DIS
[Kang, Lee, Stewart '13]
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Back to the inclusive spectrum

e Start from the triple-differential spectrum:

do
- =Hy
dx,dx, dgr

— r q2 t
/dt B;(t, @b, 1) fzth (w"' + 252 + @)

2
Integrate over gr, shiftt’ = ¢ + q?T = inclusive factorization theorem for (Q,Y):
do

t/
R p— s 4 I. 4 thl‘ —_—
ooy, = Hi / dt’ B!(t', @) f! (:ca + )

Q2

» Same form as do/dqTdq~, but with a new SCET; beam function:
- k2 .
B)(t',z) = /dsz B; (t' . ?T,kT,m)

> Identical RGE as B;(t, «), but different constant terms

* Calculated matching coefficient Z, (', z) through O(a?)
by simply™ projecting Zys (¢, =, ET) onto ¢’ [two-loop inputs: Gaunt, Stahlhofen '14]

“actually hard, ask Gillian
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Power counting in the partonic cross section

T T T T
e Parametrize partonic cross section as 3 (1= zg)™
dza Cle a Ty 2 X(l - zb)nb
o e L |
dmadmb Za Zp g1
0
e Soft threshold factorization only predicts terms 1’ " 7
1 1 | | | |
Hy ;5 ~ in the qq channel -1 0 1 2 3

1—2,1—2
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Power counting in the partonic cross section

T T T
e Parametrize partonic cross section as 3 (1= zg)™
dza Cle a Ty 2 X(l - zb)nb
()2, |
dmadmb Za Zb g 1 Ilij
0
e Soft threshold factorization only predicts terms L b 7
1 1 | | |
Hy ;5 ~ in the qq channel -1 0 1 2 3

1—2,1—2

F(zp)

— Za

04i(Zas 26) = Heq(Q?) ¥ T, [Q*(1 = 2a), 2] + O[(1 — 24)°]

e Collinear endpoint factorization predicts all terms ~

e Corollary: Soft function captures singular terms within the beam function
T (wkt, 2) = 85 S[w(l — 2), k1] + O[(1 — 2)°]

v Checked through O(a?)
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Analytic NLO check: qg

e NNLO Drell-Yan rapidity spectrum is known analytically
[Anastasiou, Dixon, Melnikov, Petriello *02-'03]

» Parametrized in terms of z = z,2, and y € [0, 1] s %

4 Analytically expand NLO results as z, — 1 ~
with z, generic — full agreement

e Instructive to look at some NLO terms explicitly:

Za

(1-2)

=op Tp{é(y) [2qu(z) In ’ +4z(1— z)]

+ 2 Py(2)Lo(y) +42(1 — 2) +2(1 — z)zy}

o Most nontrivial term:

Pyg(2) Lo(y) dzdy
22zp
142

/\[Missing in Z, but captured by Z” ... ]

= qu(zb){£0(1 —2q) +0(1 — 2zq) [ln —In(1 — zb)] } dzqdzp

+0[(1 ~ 24)°]
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Analytic NLO check: qq

y=1 q
= o5 Cr { [50) +5(1 )] [51 - 2) (462 — ®) .
2 \\Y;
+8(142)L1(1—2)—2 +z z+2—2z] & Y
y=0"
2045 Lol = DLo(y) + Lol — )] ~ 201 - )|

e Very much nontrivial: % 1

Lo(1—2)[Lo(y) + Lo(1 —y)]dzdy Fa

= |Z26(1 — 22)0(1 — 2) — L1(1 — 2a)3(1 — 2) + Lo(1 — za)Lo(1 — )

n 22z
1+2zp

—0(177(,)[:1(1771,)+5(1—za) dzudzb+0[(1—za)0]

e Several soft threshold factorizations for the rapidity spectrum neglect this term,
and incorrectly conclude o4 (2, y) = [6(y) + 6(1 —y)] o7 (=) + O(1)
[Bolzoni '06; Mukherjee, Vogelsang '06; Becher, Neubert, Xu '07; Bonvini, Forte, Ridolfi '10]

X This misses leading-power soft terms already at LL.
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Numerical NLO check

L e A et L S R R ater
= 1076t pp — v* (13TeV), @, = 1072 POwSe = [ pp—v* (13TeV), z, = 1072
() R S a 3 10
g 10~ _ - g el -
2 qq NLO © 3 2 10" Pie -3
= —— Vrap 0.9 PR i NLO \ Lo E
T 10™ --H¢B' . = T . oL 99+9g Vi . ]
% - diff. . 3 % 10 —— Vrap 0.9 u . E
g 10- . 4 g --HfB' ot ]
T . 3 ~ 107! - diff. . E
= H " fiw) = 0(1-2)] = ¢ @ =60-a)]
= 107t H fi(z) =0(1—z)g = .l i(z) =0(1—x)]
1 MJ Lol I AR - 1071 ] LLGt 1 Lbdi i ol o e

107° 107 1073 0.01 0.1 1 107° 1074 1073 0.01 0.1 1
1—z, 1—=z,

[Vrap 0.9: Anastasiou, Dixon, Melnikov, Petriello 03]
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Numerical NNLO check

T 1078 g
S 107 pp— ~* (13 TeV), z = 10” 2 = pp — v* (13TeV), z = 10’{»,*".’ ]
3 e 4§ w0k o
S 100 . .3 > ety S . ]
2 3 2 10~ \ '/ T ° 4
= . ] il b . E
5, 107%¢ ¢q NNLO . 3 = - gg+g9aNNLO e E
- —— Vrap 0.9 3 < 109 — Vrap 0.9 T -
g 100F - HIB ’ E g i o : ]
E - diff. . [ ; -S 10-10 4
3 o fw) =001 -2)] =0 H ‘ T T \ H fiw) = 0(1—2);
T R Hmw NN 10-11 iy ....l .......l AT I
1073 0.01 0.1 1 107° 1074 03 0.01 0.1 1
1—z, 1—=z,
LI A1 e 51 e 1 s 2 e A 1078 g
= 10— (13TeV), @y = 1072 =27 = F pp— " (13TeV), 7 = 1077 * 3
] E - I (] o
Q N 7 S Q ﬂNNLO . E
=) \ P v . 3 ) Vrap 0.9
[ \ /‘ N7 . E =% - -
= \ A . R - . E
= qq NNLO VoL = . ]
s ——Vrap 0.9 . ] $ .
< --HfB' . 3 3 . 3
5 i : L3
Sy | W1 sezeomal 2L e}
Lot U Pdida bl vl i o-13let tril vl vl Gl

1
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[Vrap 0.9: Anastasiou, Dixon, Melnikov, Petriello 03]
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Generalized Threshold Approximation

So we’re done factorizing. What next?
e Let’'s combine all our leading-power knowledge of the fixed-order cross section:

oy = a-;f‘]. + 0':.’]. — o'isj + O(1)

T T T
3 1 na pp—7" (13 TeV)
| ( - Za) | _ Q Mz i = pp =
- - Q  20p generalized qq E
3 s E “softqg 3
s 1] a \S : E
- B R ;
0 <lt> fullgg +gq 3
-1| S b g
- ! L { B
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Generalized Threshold Approximation

So we’re done factorizing. What next?
e Let’'s combine all our leading-power knowledge of the fixed-order cross section:

oy = a-;f‘j + 0':’]. — o'isj + O(1)

T T T 50 T T T T T T T
3 (1 — zg)" 40 IL’)p _:77 (;3Te‘;) 0 full @
B - F Q=mgz, pp=pr = ~
2 X (1 —zp)™ I e =
| _ 9 20[ generalized g
s 1la % 10;, ,,,,,,,,,,,,,,,,,,,,,,,, soft qq
L - 5 of
ofner 4o _fullgg +gq
1 20 T T L RN
—1| s el B E generalized qg + gq BN
1 | | _g0bn Laavinii [T Liianinn I ST
0 1 2 3 4

Na

e Leading-power generalized threshold contains full soft NLP at fixed order:

/dzadz;7 8(z — 2zazp) (1 — 24)™ (1 — 2)™ ~ (1 — z)"atmet?

“Beam RGE cannot be used to resum NLP logs.
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NLO beyond leading power

np

100?‘H_m‘“‘*"H‘H‘“‘HHm‘mumw‘mm%
= E q@d — " (13TeV) LPoor 3
- FQ=mz, yp=pp=0Q - 1
S 10¢
b E
>~ L
=Q [
7
b
|
S 01F
Z E
5 £
0'01\\H\H\\‘H\HHH‘HHH\H‘HH'HH\\ Ll
0 1 2 3 4
Y
T T T T
3
(1 —z4)" |
2| 3 X (1 — zp)™
n |
1] 2 N LPsoft

100 T Y
= F NLP ot E
K ; 3
g 1og 3
b E E
> - 4
2 & g
E i NN
5 : gon - VR
| [ ~ ) j
Q L N J
z 01% g9+ 99— ~" (13TeV) \‘F\ i
5 FQ=mz,pr=pr=Q ?\\/E

0.01||||||||||||||||||||||||||||||||||||||||||I||||

0 1 2 3 4

Y

e Generalized threshold
expansion converges
faster for all Y

(1 — z4)"
X (1 — Zb)n"

e For gqg channel,
LPgen already better
than N3LPgost

e

annes Michel (DESY Hamburg)

Generalized Threshold Factorization
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NNLO approximants

2 [T D AL A A A
20F PP — 7" (13 TeV) full g7 + qq / 3 10F PP — 7" (13TeV)
— EQ=mgz, pr=pr=Q E — gt Q=mzur=pr=Q
SERLIS = 8
] 105— generalized qq + qq 1 9 6 ;_ E
b E E| b 4F =
3 5F © A D 4
g E snlth 2 E T
Z 3 Z 0: _————
) ] & gp--------"TTTTTTTTS NN
4 E < 45_ generalized A
=10F" preunvimary f\llqu+qq+qq RN E —65— PRELIMINARY full 3
=R PRI N R FRVRTTIY N Ervvnnnn b s b b 3
0 1 2 3 4 0 1 2 3 4
[—> LPgen @gain closely tracks fuII]
25 [T T 19 T
200 PP — 7" (13TeV) full¢q + qq 10 PP~ 7" (13TeV) soft
— F Q=mgz, pr=pr=Q/2 — gE @=mz pr=pr=Q/2 3
=, 155 g X E :
E 3 6F
S 10 . _ = S E
Q E generalized qq + qq /3 Q 45
) El S 2F E
= 4 =} E 3
Z =| Z [1]5 ]
g Er=u= soft qq3 15 E  generalized E
4 -5 E generalized gg 4 gq \\ 3 4 :Z;_
=10F" preuvivany fullgg +9q+9g9 N\ 3 —65— PRELIMINARY
_ppbeen b e i A S SRR PR RRRTRRR FERRTRRRT FRRTNNRA AR
0 1 2 3 4 0 1 2 3 4
Y Y
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Summary
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Simultaneous Resummation of gr and 7o at NNLL+-NLO:

e Matched SCET y 11,43 to obtain the first explicit result
for a 2D Sudakov emission spectrum at NNLL

Generalized threshold factorization for LHC rapidity spectra:

e Extend soft factorization to full collinear dynamics at endpoint

» Weakest known limit to have virtuals factorize in inclusive spectra
» Offdiagonal partonic channels are captured at leading power

o Obtained & checked new beam functions through NNLO
e First application: Fixed-order approximants for Drell-Yan spectra

e Resummed phenomenology at large Y should benefit PDF fits
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Simultaneous Resummation of gr and 7o at NNLL+-NLO:

e Matched SCET y 11,43 to obtain the first explicit result
for a 2D Sudakov emission spectrum at NNLL

Generalized threshold factorization for LHC rapidity spectra:

e Extend soft factorization to full collinear dynamics at endpoint

» Weakest known limit to have virtuals factorize in inclusive spectra
» Offdiagonal partonic channels are captured at leading power

o Obtained & checked new beam functions through NNLO
e First application: Fixed-order approximants for Drell-Yan spectra

e Resummed phenomenology at large Y should benefit PDF fits

Thank you for your attention!
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Backup

el (DESY Hamburg) Generalized Threshold Factorization



NLO approximants (different scales, channels)

50 T T T T 50T T T T T
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K 0=+ = T 305 g
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J E e sOft @G - E
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NLO subleading power (different scales)

100 g T T T T 100 T T T I T T
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