NLP soft functions for the Drell-Yan
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Outline

» Introduction, summary of the bare factorization formula at NLP

[Beneke, AB,Garny,Jaskiewicz, Szafron,Vernazza,Wang " 18] [Beneke,AB,Jaskiewicz,Vernazza " |9]

p Generalized soft functions at NLP accuracy

p Calculation: diagrams, reduction to Mls, evaluation of Mls using DE method

p Integrated results and checks at cross-section level

p Conclusions & Outlook

Work in progress with Sebastian Jaskiewicz and Leonardo Vernazza
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Motivation

p Provide insight on higher order perturbative functions in NLP factorization

theorems

» Complete the check of our bare NLP factorization formula to NNLO by

computing all the perturbative ingredients that are needed
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Threshold Kinematics

> Threshold resummation and fixed-order expansions have been applied to many different
processes at LP: Drell-Yan [Becher, Neubert, Xu "07], Higgs production [Ahrens, Becher,Neubert,Yang
'09], ttbar [Ahrens,Ferroglia,Neubert,Pecjak,Yang " 10, | 1], ttbar+V [AB,Ferroglia,Pecjak,Ossola, Yang,Signer

'15,716,"17]...DY at NLP: Expansion by regions and LBKD [Bonocore,Laenen,Magnea,Vernazza, White
"14,"16] [Bonocore, Laenen, Magnea, Melville,Vernazza,White " |5], [Bahjat-Abbas, Sinninghe Damsté, Vernazza,

White " 18]. LL resummation in SCET [Beneke, AB,Garny,Jaskiewicz, Szafron,Vernazza,Wang " 18],
Factorization theorem in SCET [Beneke,AB,Jaskiewicz,Vernazza " 19], Diagrammatic resummation of
threshold effects at NLP [Bahjat-Abbas, Bonocore, Sinninghe Damsté, Laenen,Magnea,Vernazza,White

191 ,Generalized threshold kinematics [Lustermans, Michel, Tackmann " 19].
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NLP Factorization formula & Soft functions

qq channel [Beneke,AB Jaskiewicz,Vernazza " 19] Kinematic contributions are related

1 & ki N to “phase space” corrections to LP
A(z) = o) ANLP = A[{TLP(Z) ; factorization formula
(1-¢) z (LP soft function needed with

(xy, X ) dependence)
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c-PDF c-threshold Collinear functions
(contain derivative contribution),
4P calculated up to O(a,) in
Generalized Soft Functions [Beneke,AB,Jaskiewicz,Vernazza " | 9]
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At NLP the power suppression is entirely coming from Lagrangian insertions in time ordered products operators

Alessandro Broggio 23/04/2021 5



Generalized Soft Functions

» List of the soft functions with a non-zero contribution to the NLP cross section

1 _ 1 10" generates all the LL
SAf%z>-A&TmMT[YMfBY<f)if(bﬁ«»¥4m}hlgﬁz<zi)m> contributions
Sy(a%2) = = T {OIT [V ()Y (a°)

1 _
St (2,2 ) = = T (OIT [Yi0)Y- ()]

: = . c

ba

From (1 M

x T <{YT(O)Y+(O)} B:[f(zl)BjLB(zz)> 0) insertions on the
af | same (collinear) leg

| — S

1 _
SS;bfgh,a)\(ajO;Zl—azQ—) = N (0|T [Yi(fﬁo)y—(»@o)}

ba

2

<r([Vomo] ot () (z20) ) 0

BY =Y![i D"Yy]

. . +o
of (in_0,,)(in_0,,)" """’ i
= Y] g,

I ——————

6

Alessandro Broggio 23/04/2021



Generalized Soft Functions

» Extract the soft operators matrix elements up to two emissions. At NLO only $,;
contributes.Virtual-real was already computed in [Beneke,AB,Jaskiewicz,Vernazza " 19].

» | will mainly focus on §; since it is the soft function with the most interesting structure

3 Sl matrix elements with one and two soft emissions
in momentum space

it B (z-)|0) = T Is g - Ky = -8 this corresponds to
in_0 "t (n k) |+ (n_k) ~ P
— o(w — n_k)

(9" (k1)g"™* (k2)|T |Y1(0)Y2,(0)

(9" (k)|

0]

2L |10 -

One emission from
| the soft building block
’ and one emission
from the Wilson line

Both soft gluons
generated from
soft building block

o(w —n_k; —n_k,)

o(w —n_k; —n_k,)

t...

Gluon with momentum
k, + k, generated by soft

building block that splits
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Generalized Soft Functions

» 5, and S5 contribute only to the structure 0(w; — n_k;) 6(w, — n_k,)

» S5 contributes only 8(w — n_k; — n_k,) terms

1
(tn_0)?

(9" (k1) g™ (k2) B (z0), |in-0B], (z-)]]10) -

X e i 7_(k;+ky)

» We need to interfere these matrix elements with the LP* amplitude
I
= oK
I I
I I I
I
S
I
| |

contribute only
to S, both to C3

and C,Cy with 6(w — n_k;)
or 8(w — n_k,) structures

contribute only
to S, (C4Cr) with 6(w — n_k,)
or O(w — n_k,) structures
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Generalized Soft Functions

contribute both
to S, and S5 with
o(w — n_k; — n_k,)

contribute only
to S| with
: o(w —n_k; —n_k,)

e %é W i

contribute to §, with contribute to S5 with
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Reduction to Master Integrals

» Soft functions at LP [Li, Mantry, Petriello " | I],[Becher, Bell, Marti " 12], [Ferroglia, Pecjak,Yang " 12]

» 9 auxiliary topologies needed to reduce the soft functions (we used Litered)

» In total 8 MIs are found, 5 of them with the constraint 6(@w — n_k;), 2 withd(w — n_k; — n_k,)
and one with 6(w; — n_k;) o(w, — n_k,)

» 3 Mls can be computed by direct integration

» 5 Mls computed with the differential equation method. They all belong to the same topology with
the (@ — n_k;) constraint

8(2—9€+9€2)/I\
Ew(Q—w)?

(2 —3€) (—4Q2 + € (w + 199) + 4€* (w — 7Q) — 16€*(w — Q)) »

SiZ)QrOv(ij)(S(w—n_kl) _ 0}2?

CrC I
et 1 —20w(Q —w)? 1
(1—4e*)r (32 —10eQ + 16€*(w + Q)) 4
— I + I3
RS 2(1 — 2¢) w2
Q - A A
L= 01
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Master Integrals

Let’s focus on this particular auxiliary topology

P1 = (k1—|—]€2)2, PQ :TL_|_]€2, P3 :n_(k1+k2)

P4 = k%, P5 = kg, P6 = (Q — ’fl_k'l — ’I’L_/CQ — n—l—kl — n+k2>, P7 = (w — Tl_kl) Cut prop.

1 1 1
iou, ikov §(k?) = — Implement the constraints
[Anastasiou, Melnikov "02] §(k7) 5 [k% e z'0+] )
) AN [ dk dly oy 1
](0517 g, (3, Oy, U5, Og, 057) — (47T) ( 47T ) / (27T)d_1 (27T)d_1 E Pz-ai

5 Mis found, it is convenient to make the variable change @ — r €2 and redefine the Mis

qu)—f%(g)%ﬁgam zym——é(g)%g@Lm

H H
/ Q 4e A / Q 4e A
I(r) = (—) I3(2, 1) I,(r) = Q(—) I,(Q2, 1)
M H
Q 4e A
[é(”'“) =’ (ﬁ) I5(€2,7) (2 dependence is trivial,
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Master Integrals

The system of DEs can be put in canonical form (exclude I;(r) part of a subsystem with [;(r))

—

e ") _ e A(r) - T(r)

-

/ 2(1 —7)? —r+= 0 0 0°

fi(r) = 2 —( Q¢ —|—)9€2 () o

I4(r) = = L(r) ;o 00
€2 | A(r) =

Iy(r) = _62(1 — ) L4(r) % % 1i7“ 0

/ 1+ 1

I5(r) = T2e2(1 — fr)r[‘l(r) 2 50) L ror T

> Integral /;(r) has to be computed by direct integration
> I;(r) is obtained in d-dimensions via DE

> 1,(r) is more complicated but it can still be computed in exact d-dimensions using an
integral representation for ,F

> [5(r) is too complicated (integral over ;[,) we need to expand itine = (4 —d)/2 = 0

> Fixing of the integration constants done by looking at specific limits in  or by comparing to
the integrated version of these integrals (easy to obtain even in d dimensions)
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Master Integrals

Preliminary

d[cgé?(f) _ 6(71“]1(T) + %13(7“) + %]4(7“) — 315(r)>

]5 (7“) — 7“_26 (05(6) —+ / dr’ fI5 (74’7 €)> structure of the

1 solution for I5(r)

Non-canonical I5(r)

B5r) == Lo, %(2[ 1 L + H +) TS (57r25(1 —r) —7%(r)

2€” e\ [1-r r 12¢
o6 [1n§1_—rr)] - Y FHTT] - 48 ln(Tl -r) 1121n:>
Stmn o -] 2] o] ]
+ 81“2“; N, 38 - :; In(1 =) In(r) + 5 (L”irl) - %TQ
+ Eﬁ — IQ (LiQ(r) _ %) + O(e)

We can directly compute the integrated version of this integrals (without 6(w — n_k;) constraint)

and compare to the integral of I;(7) over r in [0,1] and we find agreement
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Cross section at NNLO

By combining these result with the LO collinear functions and integrating over ws (equivalently r)
we get the contributions to the cross section.We set Q = Q(1 —z)and u = Q

SR~ H | I s 0) SP02. 0

Adyn (2)1rlv 287

NLP—soft,51,cnc 4 3€

L+

dyn (2)2r0v

ANyLP(—)soft,Sl,CFC N
16 2 2
~ 5. (—361n°(1 — 2) +331In(1 — z) + 67 — 16)
€
352 128 Cancellation of LL

? 1H2(1 — Z) + ?7'('2 hl(l — Z)

— T In%(1 — ) 4
L 3 (1=2) i between virtual-real
| and double real in the

1024 616¢(3 15472 1484 2
— " In(l—2)— ¢(3) _ oy + O(e) CrCy term.LL C;
3 9 27 only
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Cross section at NNLO

AP~ HOJ da ]V (x,(n,py); 0) SP(Q, w)

NLP—soft S;
2 2
dyn (2)2r0v o 32 128 200 1127
ANyLP(—)soft,Sl,C% (2) = (47r)? CF (e_3 T T2 In(1 —2) + T In” (1—2)— e

+— (=32In’(1 — 2) 4+ 147% In(1 — 2) — 62¢(3 ))+(9(e)>

There is also a contribution to S; with Cpn, structure

2 4\ ° (1 —¢) e*1ET[1 — ¢]?
Adyn (2)2r0v .y Qg 0
S; and S, cancel each NLPsoft 5o () (47)2 CrCa 4 (1 — 2¢)? (3 - 26) ['[1 — 4e]
other exactly at NNLO [T ——— ——— —
’ Adyn (2)27r0v ( ) }‘ 4 052 e, 0 (1 — 6) QEVEFU — 6
Z) = — — —
NLP=soft. S/ (a2 7074\t ) e (1 —20)%(3 —2¢) T[1— 4]

_— —_——

2

S5 contribution dyn (2)2r0u o' 5 8
Axi — — = - 32mI(l—2)+24+0
(soft-quarks) NLPsoft, 55 (Z) (47 )2 (C CFCA) (e 32In(1 — 2) + 24 + O(e)

In the end only S, and S5 contribute to the NNLO cross section
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Checks

» We calculated the contribution to the cross section directly starting from SCET Feynman
rules at subleading power (before decoupling transformation) and we obtained the same
result for the cross section

» Our results reproduce the expansion by region calculation

p ko
» We can convolute with the O(a,) collinear functions and \ K,
compare with the Cg term at N°LO from expansion by
regions [Bahjat-Abbas, Sinninghe Damste,Vernazza, White 18] K 0
with a collinear loop and two real soft emission.We find
agreement

S
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Conclusions & Outlook

We calculated the soft functions appearing in the NLP factorization formula for the
Drell-Yan process at threshold, they depend on €2 and on convolution variables @
or a)l, 602

After integration over the @’s we find agreement at NNLO with the expansion by
region method at the cross section level and with the calculation carried out
starting directly from the SCET Feynman rules at subleading power

After convolution with the O(a,) collinear functions we find agreement with the

Cg term at N3LO from expansion by regions [Bahjat-Abbas, Sinninghe Damsté,
Vernazza, White 18]

Provide useful information for the divergent convolution problem in our case

Still to do: compare at NNLO to the [Hamberg, van Neerven, Matsuura "90] result for
the cross section

Thank you!
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