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Drell-Yan production near threshold, = Q*/E2?  — 1:

do
dQ

= [dzoy(2) [fi @ fj] 6)

K
— H,(Q) /dko S(°) (£ @ £177] (7 4 2—) x

1+ 0(1 - 7')]
[Collins, Soper, Sterman ’85-'88; Sterman '86]

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

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

e Expansionin 1 — z is key for N3LO Higgs

[Anastasiou et al. *14-'19]

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

[Del Duca et al. '17]
[Beneke et al. '18]
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What if we measure rapidity Y in addition?
do
——— = Hj;
dQ dYy

X 18 (aat g ) 10 (0t ) x [140(1-7)]

(Q) /dk+dk— S(kt, k™)

[Catani, Trentadue '89]
[Ahmed, Banerjee, Das, Dhani, Ravindran, Smith, van Neerven '07-'18; Owens, Westmark ’17]

. Q
o Measurement sets momentum fractions z,, = — —e*¥

cm

o T =x,xpy, — lassumesx, —+ landx, — 1

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

_ . Eem
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 overall momentum conservation

3wy —a7) + Ky Jo[wf —a™) + 3L |
_~ —— <~
o(A2) o(A2) o(1) o(2)
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Connection to endpoint DIS

_ . Nn-collinear
Nn~collinear

0 e
P, i P, —
VA

e Modes, anom. dims. & 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 recoil for g+ 2 AQ:

_ doe :H.,/dtBA(t i (TT> fphr(L_'_ t )
dgtdg—dgr " ‘N Eem /7" \Eem = gqtg-

cm

» Same double-differential SCET; beam function as in (gr, 7o) resummation
[Jain, Procura, Waalewijn, Zeune '11-'14; Lustermans, JM, Waalewijn, Tackmann '19]
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Measuring gr in addition

e Only n-collinear radiation contributes recoil for g+ 2 AQ:
do qt q- t
99y faem (L) s (L )
dgtdg—dgr J/ i\b g dr) i Eem * qtq-

cm

» Same double-differential SCET; beam function as in (gr, 7o) resummation
[Jain, Procura, Waalewijn, Zeune '11-'14; Lustermans, JM, Waalewijn, Tackmann '19]

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

- Q 1y qi _\/Q2+Q% 1y
Tap = e # e

Ecm Ecm Eem

e Power-counting parameter is now A2 ~ 1 — x,. Reexpand:
do
————— =Hj
dx,dx, dgr

2
— hr dr ¢
/dt Bj(t, CEb,QT) fzt (ma + 2Q?2 + &)

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

(1_\/Q2+q;2reY)_ t e
Ecm Q? +q7 2Q* Q@2
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Back to the inclusive spectrum

e Start from the triple-differential spectrum:

do qz t
—————— = H;; [dtB;(t 7 thr . T t
dxz,dxz, dgr 3/ i (t Ty, 1) f; (m + 207 + Qz)
q2
Integrate over qr, shiftt’ =t + ?T = inclusive factorization theorem for (Q,Y):
do ' B! (+ thr g
m sz /dt B (t (Eb) f (a:a QZ)

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

» ldentical RGE as B, (t, x), but different constant terms

¢ Calculated matching coefficient Z, (t', z) through O(a?)
by projecting Z (¢, =, ET) onto ¢ [two-loop inputs: Gaunt, Stahlhofen '14]
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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}
L. . 1
e Most nontrivial term, with Lo (z) = [—] :
xl+
Pyy(2) Lo(y) dzdy

22z
Tt In(1 — zb)] } dzqdzp

+ O0[(1 — 24)°] \{Missing in Z, but captured by Z” ... ]

= qg(zb){£0(1 —2a) +0(1 — zq4) [ln
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Numerical NLO check

1= pp— ",z =1072 2 1F pp =", Ty =102
01T . Eoeeeaan,
E “\ . 3 \"\\
3 001g : 3 3
& 108 . 3 g
N 10 L. 2
= 10 . qq O(as) A - . q9 + 99 O(as)
s . { Vrap 0.9 J .’ { Vrap 0.9
10y —HfB 7 s — HfB = 3
o i diff. 3 IEEN i diff. 5
107°E ol il il ndd . J Connd vl il ond
107 1073 0.01 0.1 1 104 107  0.01 0.1 1
1—z, 11—z,

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

lo/ovol

lo/oLol

pp— 7, @, =107
Lt 3
. * 1 .
. M ° ! |
. _ 2 E
s . 99 O(a;) ]
10 E i t Vrap 0.9 7
10°¢ —HfB 4
E { diff. E
10 [l v il 0w
107 1073 0.01 0.1 1
1—z,

BB IR L
10F PP = 7" @y =10 4
0.1F .
0.01F E
E , E
- aq’ O(as)
10 E , . 1 { Vrap 0.9 3
-4[3 " —HfB |
el A e ]
1075 L vl vl il il @

10°° 107" 107®

0.01 0.1 1
1—x,

lo/ovol

lo/ovol

AL AL e e
1k PP =" Ty =10
PESSN

? \ -

\ 3

! E

I 99 +9q O(a?) ;

IERRE { Vrap 0.9 ]

]* | —HfB ]

| ¢ diff. E

PERTIT R RTTIT RTAN RTTIT BT TTT! BRI

10° 10* 107 0.01 0.1 1

1—z,

0.1 .......,16_.2.....” AL B
0.01;_171’_"77117— ]
1073k o
1074 Lt E
107 . E
10-65_ '......... _;

Rt 99 O(as) 1
10 75 { Vrap 0.973
10_3’ ol vl vl vl sl

10 10™* 107 0.01 0.1 1

1—z,

[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:

o =05+ UZ —o;;+0()

T T T e RAMMAARE ML aAIan) s aaaans sy iass
3 Epp—Z/y" (13TeV) 16 E
- (1= 2a)™ | — 40% Q pr = 1 E
2 X(1 — zp)™ K 80— - A
B - Q 20F generalized qq =
3 o F softqqg 3
s 1] a 3 .
g 3
i | € E
0 3 é
-1| S8 b é
! ! ! :
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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:

o'ijza;f‘j—l—a’i — o +(’)(1)

T T T 5O T T T T T
3 n E pp— Z/v" (13TeV) i e
_ a 40F full g =
- (1 —z)™ . F Q=mz, pr=pr = z E
2 X (1 — z)™ S = E
= _ S 20 F generalized qq et E
= Q =SSP = softqq 3
g 1a 3 10 E
- 1 : oo 3
of~Lp :] _10E fullgg +gq 3
T E-— [pplppnppnppnpEPy e 3
—1| 8 fNur! B —20¢ generahzedqg+gq R E
] | | _gpbi ST PR NPT s d

0 1 2 3 4

-1 0 1 2 3

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?
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NLO beyond leading power

L A A MM RS At A A Lt A L
= E q@d — Z/v* (13 TeV) LP.y 1 = o NLI:(_,E( _______ E
N oL @ mzmm=pr=Q 1 P ]
S 10f g F LPu T NPLPr
Q £ LPgen NLPgose 1 Q F LPe o "
=_S 1:- _________________ —: =_S 1:: : —:
¥ ¥ T NP, ~
| b 3 | i ~ ]
2 0FT LT 3 3 01F g9+ gq— Z/y" (13TeV) ENE
L r 3 i) F Q=mz, pr=pr=Q d

0'01H\\\\\\\‘\\\\\HH‘\HHHH‘\H"HHHHHH 0.01||||||||||||||||||||||||||||||||||||||||||||||

0 1 2 3 4 0 1 2 3 4
Y Y
T T T T .
3 e Generalized threshold
Mg — Na .
(1~ z) - (1~ za) ; expansion converges
2| 3 x(L—z)™ x(1—z)™ faster for all Y’
:-a 1l 2 NnLPsoft7 .

e For gg channel,
LPgen already better
than N3LPsos:

e
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NNLO approximants

T T 25 T T Y
pp — 7" (13 TeV) full g7 + qq’ E pp—~* (13TeV) full G + q¢’ ]
= Q=myz, pr=pr=Q Q=mgz, pr = pr = Q/2
é generalized qG + qq’ bg led o i
) ) generalized qq + qq’
5 9
- -
z z
z 1z
) generallzed qg9 + 9q b T
4 - e <4 -5F generalized qg + gq
-10¢ fullqy+gq+yy ‘\\\ 3 -lop fullgg +ga+99 '\ E|
[T RN ETETY U PN NI S [ CRNTUREEEY EEUTEUTETY SETERETETN SRR W
0 1 2 3 4 0 1 2 3 4
Y

Y

[—> LPen again closely tracks fun]
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Summary
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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
e Obtained & checked new beam functions through NNLO
e First application: Fixed-order approximants for Drell-Yan spectra

» Resummed phenomenology at large Y could benefit large-x PDF fits
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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

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

» Resummed phenomenology at large Y could benefit large-x PDF fits

Thank you for your attention!

...invitation for discussion on the next slide ...
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Invitation for discussion

Johannes Michel (DESY Hamburg) Generalized Threshold Factorization Les Houches, June 15, 2019 0/2



Analytic NLO check: qq

=1t |
—op CF{[é(y)+6(1—y)] [6(1—=)(a¢c2 - ®) -
1422 E
—|—8(1+Z2)£1(1 z)—2 — —|—2—22] ] >
+2(1 4 22) Lo(1 — 2)[Lo(y) + Lo(1 —y)] —2(1 — z)} y=0
o ) 1
* Most nontrivial term, with Lo (x) = [;]Jr % !

Lo(1—2)[Lo(y) + Lo(1 —y)]dzdy

= [%5(1 — 2a)0(1 — zp) — L1(1 — 24)d(1 — 25) + Lo(1 — za)Lo(1 — zp)
2z

—6(1— _ — lnlﬁ _ 0
Za)L1(1 — 2zp) +0(1 — z4) — ., dzqdzp 4+ O[(1 — 24)"]
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Analytic NLO check: qq

y=1 s
—op CF{[é(y)+6(1—y)] [6(1—=)(a¢c2 - ®) -
1422 E
+8(1+z2)E1(1 z)—2 — z—|—2—22] Iy 1
+2(1 4 22) Lo(1 — 2)[Lo(y) + Lo(1 —y)] —2(1 — z)} y=0
o ) 1
* Most nontrivial term, with Lo (x) = [;]Jr % !

Lo(1—2)[Lo(y) + Lo(1 —y)]dzdy

= [%25(1 — 2a)0(1 — 2p) — L1(1 — 24)0(1 — 2p) + Lo(1 — 2za) Lo (1 — 2p)
In 2z

—0(1 —24)L1(1 — zp) +6(1 — za) 1tz } dzqdz, + O[(1 — za)o]

— 2z

e Several soft threshold factorizations for the rapidity spectrum neglect this term,
and 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 Our results indicate that this misses leading-power soft terms already at LL.
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Backup
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NLO approximants (different scales, channels)

E pp— Z/~* (13TeV) full ¢G
Q=mz, pr = pr =

pp — Z/~* (13TeV) full ¢G
F Q=mz, pr=pr=Q =

S
e}
= -
B R soft qq soft qq
Q
= 33 EFTT T ———
g s
full RS
4 ullqg + gq S

fullgg +g9q N\

generalized qg+gzi \\\\
RN TN DN W _30

0 1 2 3 4 0 1
Y

2 3 4
Y
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NLO subleading power (different scales)

100 g T T T 100 Err T T
= [ 49— Z/7" (13TeV) E = F ad— Z/y" (13TeV) o ]
o lO:Q:mz,#R:HFZQ 5 Lo m;Q:mZ’”R:”F:Q/z,,, VVVVVV o]
3 E E 2 £ 3
2 NLP. ] 2 ]
= R - ]
P E Zz E
6 , 3 3 3
| e 3 | b
; 0.1 [T ; 3
& X E| € E
5 AN ] 5 -

0,01 b b b TN 0.01 Mo

0 1 2 3 4 0 1 2 3 4
Y Y

100 T T T 100 g T T
< NLP g E S ; NLPsof
S . - Q -
5 Trso . NPLPyr § b _LPen ~o< N*LP
< ~ 3 ~ Frr 7 7 el - ]
o . 1 o Fe———— BN 7l
== - == 1 o n T T ——— — S~
z RRYC I R S 0
I [T I r N
3 L N - 9 L -
5 015 g9+9q— Z/v* (13TeV) N 2 01 g9+g9q— Z/4* (13TeV) N3
€ F Q=mz, pr=pr=Q J 5 F Q=mgz, pr=pr=Q/2 i

0.01HHHH\‘HH\HH‘HHH\H‘\HHHH‘HHH 0.01||||||||||||||||||||||||||||||||||||||||||||||

0 1 2 3 4 0 1 2 3 4
Y Y
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