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Threshold expansion of cross sections
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Threshold expansion of cross sections

Consider hadronic observable of colour-singlet production 6,,,_, 5. v

2

1
dZ T Mg
dgpp—>H+X — Uglz J\ _‘gl] (Z) AH,ZJ(Z) T = T — x1x2Z

Threshold expansion of partonic coefficient function up to leading power (LP):

00 n 2n—1
Q . In"(1 — z
Ay i(z) = z‘ (_) z‘ c,gg}LP< ( )) +c%5(1=2)+...
_|_

n=0 4 m=0 = <

* Universal process-independent form

* Localized at threshold

 Linked to the soft and collinear divergences
 Resummation for all logarithmic accuracies well understood

v\ UNIVERSITY OF

Melissa van Beekveld % = °§ OXFORD




Threshold expansion of cross sections

1
dz T My
dapp—>H+X = Gé{ 2 J —Z ij (‘) AH,ij(Z) T T = X1X»Z
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Threshold expansion of cross sections
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Resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at LP:

do=— | |d®p| 4|7+ ...
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Resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at LP:

_1
2

LP matrix element for DY and Higgs is governed by soft emissions only, ' 2 _ ¢ 2
which can be factorised from the hard scattering 4 |LP = Deik,LP X | M1 6|

do dD p| M7+ ...

| J
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Resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at LP:

_1
2

LP matrix element for DY and Higgs is governed by soft emissions only, ' 2 _ ¢ 2
which can be factorised from the hard scattering 4 |LP = Deik,LP X | M1 6|

do dD p| M7+ ...

|

% Eikonal diagrams exponentiate before phase space integration (Gatheral ‘83, Frenkel and Taylor '84)
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Resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at LP:

_1
2

LP matrix element for DY and Higgs is governed by soft emissions only, ' 2 _ ¢ 2
which can be factorised from the hard scattering 4 |LP = Deik,LP X | M1 6|

do d® p| M7+ ...

|

% Eikonal diagrams exponentiate before phase space integration (Gatheral ‘83, Frenkel and Taylor '84)
% Phase space for n soft-gluon radiations factorises (e.g. Forte and Ridolfi, 2002)
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Resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at LP:

_1
2

LP matrix element for DY and Higgs is governed by soft emissions only, ' 2 _ ¢ 2
which can be factorised from the hard scattering 4 |LP = Deik,LP X | M1 6|

do dD p| M7+ ...

|

% Eikonal diagrams exponentiate before phase space integration (Gatheral ‘83, Frenkel and Taylor '84)
% Phase space for n soft-gluon radiations factorises (e.g. Forte and Ridolfi, 2002)

® 0 X 01,:4(2,8) X 6°(z)  with oM ocexp | | S p(2)
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Resummation for colour-singlet processes

Considerp;+p, > Q+k + ... +k

n

%K x exp Sip(2)| with 6 « 61,,,4(z, 5) X <X (2)

To obtain a closed form for the phase-space integrals: go to Mellin space

.
dz f(z) V7!

Jo "\

Threshold limit z — 1‘selected’ for N — o0
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Resummation for colour-singlet processes

Considerp;+p, > Q+k + ... +k

O

res,LLP

= Ohard CXP

r 1

70

n

dZN_ ISLP(Z)
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Resummation for colour-singlet processes

= Ohard ©XP

70

Considerp; +p, > Q+k; + ... +

O

dzV-!

res,LLP

J .2
HE

|
= Ohard CXP

70

0% (1-2)* 3.2

dg

?P Yz, ag%) +
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Resummation for colour-singlet processes

= Ohard ©XP

70

Considerp; +p, > Q+k; + ... +

O

dzV-!
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Resummation for colour-singlet processes

= Ohard ©XP

70

Considerp; +p, > Q+k; + ... +

O

dzV-!

res,LLP

J .2
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= Ohard CXP
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Resummation for colour-singlet processes

= Ohard ©XP

= Ohard CXP

Considerp; +p, > Q+k; + ... + k,

res,LP __
o = Ohard ©XP
1 ~0%(1-2)* 3,2
2
J O J Iu}% q

2
;gé”w + gD+ ...

\)

r 1

70

dZN_ ISLP(Z)

~ 1
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NLP resummation for colour-singlet processes

do = —

Considerp;+p, > Q+k + ... +k
Partonic cross section at NLP:

A, p| M |7, +

n 2
dD, p| M |3, p+
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NLP resummation for colour-singlet processes

do = —

Considerp;+p, > Q+k + ... +k
Partonic cross section at NLP:

A, p| M |7, +

n 2
dD, p| M |3, p+

Melissa van Beekveld

n

NLL only!

dDy p| M |7+ ...

Gaa UNIVERSITY OF

%=’ OXFORD



NLP resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at NLP:

[ + -

LL

This contains only next-to-soft corrections at LL,
non-soft NLP enhancements are NLP NLL (and beyond)
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NLP resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at NLP:

1 - p r

LL

This contains only next-to-soft corrections at LL,
non-soft NLP enhancements are NLP NLL (and beyond)

Factorised (‘external’) next-to-soft-gluon emissions exponentiate
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NLP resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at NLP:

1 o n

LL

This contains only next-to-soft corrections at LL,
non-soft NLP enhancements are NLP NLL (and beyond)

Factorised (‘external’) next-to-soft-gluon emissions exponentiate

Non-factorisable (‘internal’) emissions are linked by a shift in kinematics: | |iP+NLP = 251 p X | %LO |2
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NLP resummation for colour-singlet processes

Considerp; +p, > Q+k; + ... + k,
Partonic cross section at NLP:

1 - p r

LL

This contains only next-to-soft corrections at LL,
non-soft NLP enhancements are NLP NLL (and beyond)

Factorised (‘external’) next-to-soft-gluon emissions exponentiate

Non-factorisable (‘internal’) emissions are linked by a shift in kinematics: | |iP+NLP = 251 p X | /%LO |2
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NLP resummation for colour-singlet processes

Gres,NLP

— Ohard CXP [

e 1

—- Pz, o) + | M : D(a,((1 = 2)°0?%)
q Jo 1l -z

= Ohard ©AP 2 dZN_l
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NLP resummation for colour-singlet processes

|
Gres,NLP = 0},,.q EXP J
0
-1 i
|
= Ohard XP 2 dZN_l _2P};ILP(Za Ols(qz)) + dZN_l D(C{S((l — Z)ZQZ))
| 0 Y uf 9 J0 I -z )

04 1
P}przz—SCl- < > — 1+ | +0(a?)
T 1l —z .

Key is that the LL LP and NLP contributions come from a pole in €
that needs to be absorbed in parton distribution functions

—the NLP expansion of the splitting function generates this information
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NLP resummation for colour-singlet processes

1 ~0%(1-2) dq2 ~1 1
Gres,NLP LL _ Oiird EXP 9) dZN—l _Pil;ILP(Z, as(q2)) 4+ dZN—l ZD(as((l _ Z)2Q2))

2 —_
J( d//ll% q JO 1
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NLP resummation for colour-singlet processes

S ~02(1—2)? dqz 1 | -
GreS,NLP LL _ Oiird EXP 9) dZN—l _P};ILP(Z, aS(QZ)) 4+ dZN—l ZD(as((l _ Z)2Q2))

2 _
70 Ju? 9 70 L

2
= 6, .4 €XP ;gc(ll)(/l) + ...+ 20D, N)

\)

1 o0
NLP can be obtained from the LP with a derivative: A1, N) = gDy

2a, ON
A subset of NLP contributions at arbitrary log order can be obtained this way
2 2
1 0 r 1 QO (1-2) dg?
FLP+NLP _ (1 | ) dzN-1 qz PLP(z, a(q?)
2 ON Jo . ﬂ% {
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NLP resummation for colour-singlet processes

2 2
~ 1 ~Q(1-2) dq2

res, NLP LL _ Oprg EXP ) dZN—l 1 P}?LP(Z, as( q2)) +

27

2
uO U//{% q

o

Note that this only works at NLP LL for ‘LP-induced’ colour-singlet processes:
% Beyond LL the phase space needs to be modified (leading to Q*(1 — 2)* = Q*(1 — 2)?/7)

Y What is the contribution from non-soft collinear emissions?

% The qg-induced channels are not considered here

1
- D(a,((1 - 2)°0?))

% The kinematic shift for channels with more than two coloured legs is not factorisable
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Consider single Higgs and DY

We take both processes at NNLL + NLP LL resummed and match to NNLO

Use PDF4LHC NNLO PDF set

Set g = Up

Verified our set-up with the results from existing codes

Melissa van Beekveld
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Consider single Higgs and DY

---- LO
NLO
--=- NNLO
LP NNLL’ + NNLO

- NLP LL + LP NNLL’ 4+ NNLO -

* S
"
— — —
J & .—.—._.—._.—.—I_.—.

\~~
—y
~~~
o
--—_-
___—_—_--—__---_— ------
L}

We vary O = m,,

It seems that the NLP contribution is indeed subleading...
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Consider single Higgs and DY

1.95
A5} ---- LO -
———~ NLO 1.20
40}t ---- NNLO !
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- NLP LL + LP NNLL’ + NNLO - g
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=
Z1.05
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Consider single Higgs and DY

1.25 -
4.51 —mm LO -
-—-- NLO 1.20
i ---- NNLO -
—— LP NNLL’ + NNLO 1.15
 NLP LL + LP NNLL’ + NNLO - .
@)
- LI0pe
=
.

0.95 ---- NNLO
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Consider single Higgs and DY

1.25
4.5¢ -==- LO :
---- NLO 1.20
40 ---- NNLO

—— LP NNLL’ + NNLO

35 D AT ) AT\ M
(NNLO) _ +9.7%
3 0 O.pp_)h+X(mh) - 39'80_90% pb7 .................
' LP NNLL A
U;(ap—>h+X \(mn) = 42761055 pb,
2.5 LP NNLL + NLP LL 7.5%
~~~~~~~ Uzgp—>h+X (my) = 45 324:2.8;0 pb
20
--=-- NNLO
1.5} ——— LP NNLL’ + NNLO
0.90 —-— NLP LL + LP NNLL’ + NNLO
J].Op====mm e e —————r L ey P N3LL + NNLO
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Q (GeV)
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Consider single

Higgs and DY

1.04

Here the NLP effect is less, but still
L.03 dominates over N3LL

0.99

---- NNLO

—— LP NNLL’ 4+ NNLO

—-— NLP LL + LP NNLL’ + NNLO
-------- LP N3LL 4 NNLO

0.98

500 1000 1500 2000 2500
Q (GeV)
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What about gqg channels?

We don’t know their resummation, but we can add the NLP LL @(af) term
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What about gqg channels?

We don’t know their resummation, but we can add the NLP LL @(af) term

1.15

Higgs

—— LP NNLL’ + NNLO
NLP LL + LP NNLL" + NNLO

0.95t ~---- NLP LL 4+ LP NNLL’ 4+ NNLO + qg -
"""" LP N3LL + NNLO
200 100 600 300 1000
Q (GeV)

1.015

1.010
— 1.005
.
S
o
2 L 000
K=
—— LP NNLL’ + NNLO
0.995 —— NLPLL + LP NNLL' + NNLO
~--=- NLP LL + LP NNLL" 4+ NNLO + qg
"""" LP N3LL + NNLO
0.990 500 1000 1500 2000 2500
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SCET vs dQCD at NLP

— Numerical differences can become sizable between two approaches at LP
— Shown that these differences originate from power-suppressed contributions

— Can we obtain analytical and numerical agreement at NLP LL?
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SCET vs dQCD at NLP

Resummation at LP:

| o uz on ) (1—=2)=21 T (2n)

Resummation at NLP: ASCETLPHNLP — ASCET.LP | A SCET.NLP
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SCET vs dQCD at NLP

Resummation at LP:

. QO
ASCETLP — £ i) U(O. . )5 [ 1n == + —.
(Q, WUQ, ug, i) w2 o Al NTPEY I'(2n)

Resummation at NLP: ASCETLPHNLP — ASCET.LP | A SCET.NLP

ASCELNE = — Blay(ud)

aas (//l Sz) ULL(Qa :us)

As in the dQCD case, NLP contributions can be obtained directly from the LP ones
with a derivative. In N-space, these forms are identical!
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SCET vs dQCD at NLP

Resummation at LP:

ASCELLY = HO, wi)U(Q, u,, )5 an—2 + 9 U ___ I
’ o u2 - on’ ) (1—2)1=21 T (2n)

Important to include for analytical agreement at NLP

Resummation at NLP: ASCETLPHNLP — ASCET.LP | A SCET.NLP

ASCET,NLP — ﬁ(as( iusz)) ULL(Q’ :us)

day(u?)
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SCET vs dQCD at NLP

Resummation at LP:

ASCELLY = HO, wi)U(Q, u,, )5 an—2 + 9 U ___ I
’ o u2 - on’ ) (1—2)1=21 T (2n)

Important to include for analytical agreement at NLP

Resummation at NLP: ASCETLPHNLP — ASCET.LP | A SCET.NLP

ASCETNLY — 10, 1Bl (u?))

005S(MS2) ULL(Qa :us)

Important for numerical agreement
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SCET vs dQCD at NLP

1. 1.1 —
DY Higgs
LLOOFreerreereere e L L T T e e s s e e L e e e e e e e i et bk L8 ’
® 3 0.9
20950 ____om==mTT S Ly
4:45 e 4: 0.8 i S
= - = -
2 0.90(-~ e T
s --- SCETLP 50.7] ——— SCET LP
SCET NLP with H SCET NLP with H
0.857 SCET NLP 0.6} SCET NLP
SCET NLP w/o 27" SCET NLP w/o 27"
080 i — 05 §T; e
Q (GeV) Q (GeV)

Remaining differences originate from:
e Truncations of higher-logarithmic terms
* Truncations of higher-power terms

« Running a, effects
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DO — =)

Ratio w.r.t. dQCD LP
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— —
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< e
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— — —
s &k

&
00

R e
> 00

| dQCD p € [Q/2,2Q)] —— dQCDLP &2-0" dQCD p € [Q/é,écfz]' = AQéD'L'p' -
--=- SCETLP = -==- SCET LP
dQCD NLP 8 , dQCD NLP |
SCET NLP | %’ O SCET NLP
1.0
---------------------------- ke I —
----------- I
ot
ey 0.0y { « dQCD uncertainty from
SCET u € [Q/2,2Q)] N 2.0 SCET p € [Q/2,2Q)] ‘ . .
& varying u is larger than
515 that of SCET
RN S  LP SCET does not contain
§ central dQCD result
"""""""""""""""""""" 1 e L0 e — Explicit soft scale
o variations in SCET induce
— s — 000 a large uncertainty at NLP
" SCET ps € [Q/(2N),2Q/N] o 20 SCET i, € [Q/(2N), 2Q/N]
—
2
O 1.5}
U) T —
...................................... A K
DY = Higgs
- . 0.5t o UNIVERSITY OF
102 10° 10° 10°
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Conclusions

 NLP LL contributions for colour-singlet processes are directly linked to the LP
LL ones, this allows their resummation

* Numerical contribution of LL NLP terms varies for different processes, but in
general it is not ‘negligible’

* Including NLP effects in both dQCD and SCET results in analytical and
numerical agreement between the two formalisms

Open questions:

* Relevant for NLP LL for colour-singlet: Can we resum soft quarks?

* Relevant for NLP LL in general: How to deal with ‘wide-angle’ NLP emissions?
* Relevant for NLP NLL: What are ‘next-to-collinear/non-soft’ contributions?
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Back-up
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Threshold expansion of cross sections

D
D, (=2
| k=—1
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Behaviour of threshold expansion: Higgs

2 n 2n—1
(g)_f)mx 2 ( ) J —Z; (T) Z (1 -2 Z D Inm™(1 = 7)

¢ | k=—1 m=0 _
201
3, 20~
T 15¢
&
B 107 — Unexpanded
5l : ===+ Unexpanded including §(1 — 2) term
5 Truncated
T
p
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Behaviour of threshold expansion: Higgs

n=1 ¢
— Unexpanded
-==+ Unexpanded including (1 — z) term
: Truncated
o 5 10 15
D

| k=—1

—1.00F
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Z)k Z C’g%,k lnm(l . Z)
m=0 _
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Behaviour of threshold expansion: DY

.00  4m@m@™@m@™@ ™ ™o /m-rmr—-—n-—pm—n—r——
<~ 0.00025——
% ———————————————————————————————————————
& 0.00020¢F
~
0
£ 0.00015¢
-%.f:g‘ 0.00010y —— Unexpanded
”.g-& 0.00005} ===+ Unexpanded including §(1 — z) term |
Truncated
0.00000 0510 — ‘1‘5‘
p
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0.0000¢t
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0.00030

— 0.00025

pb/GeV

= 0.00015¢

7%+ X

(99).p
pp

o

=1 0.00005¢

0.00000
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Behaviour of threshold expansion: DY

0.00020¢

=, 0.00010}

qq channel
— Unexpanded
===+ Unexpanded including §(1 — z) term _
Truncated
o 5 10 15
p

From this we conclude:

0.0000

—0.0001

i 2. (pb/GeVz)

¥
QZ

(g9).p

rp

do

—0.0004

—0.0002}

~ —0.0003}

qg channel’

—— Unexpanded |
Truncated

* The LP expansion is not enough to capture the entire result
* A better description would be given by including NLP
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The NLP cross section

“Q{NLP ‘2 Z ‘%cal ‘2 +2Re [(Q{spin T %rb)TJ‘Z{scal]

colors
2D1 -
K P1 - D2

ok k0P 8P P2t 5p2)|’
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The NLP cross section

_ doyy p
Integration over phase space: = K K\ p 0o (Q)

dQ
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The NLP cross section
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The NLP cross section
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The NLP cross section

donp
dQ =K KNLP GBorn(Q)
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KNLP=aS (’M ) _2<( : ) _1)+4(ln(1 Z)) —4ln(1—z)+i25(l—z)+...
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Process with more colored legs

Process: q(p1)q(p,) — ¥(p,)8(K)g(pr)
) Shifts in Born amplitude

Cr 2p1-p2 2
dav 2 = Sl ‘ 5 5
[ ANLP 4] Cx | 1K) (pa- k) M (p1+6pr2, p2+ 8p2i)
_l_lCA 2])1 PR % (p1—|—5p1R pR—5pR1) i
2 " (p1-k)(pr-k)
1 2p2 - PR 2
+-Ca /// P2+ OPpa.Rr, PR — OPR:2
24 1) (o ) 0 )
1 2p1-p2 2
——Cy M (p1+ Op1:2, P2+ Op2
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Explicit forms - dQCD

A
gD, N) = > abz 22 + (1 = 2)In(1 — 22)]
3 1 1
’ — gD, N) + hD(A,N) = —
1 AW In(1 = 22) Xy s
AV, N) = —
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Explicit forms - SCET

] 0

U Qs g s i) = exp | S, (s pid) — @, (i i) + 2a, (ui, p?) — ar (), p)In "
h

cusp,a

2400 a(u?)
In

—~exp S, 1.0(0% 1?) = S, 11 (ks> 1)

ASCET,NLP( z
nb 0 as(:us )

O, u, u)) = —

AD [ 1 1 a0 '
= — — n
bir | a(w? a@?  aw?)  au?)

ASCELNLP G 0 i, 1) = — play(u?))

o, (qu) aa O,y = O, 1, uy)

_Paw) AL a)
oA m o aud)

aa LL(Q Hp = Q H, /’ts)
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