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Recent advances in NNLO computations
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Short distance
hard scales ~ 10? GeV
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hard scales ~ 10° GeV
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Event display for a t#H candidate

C CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-24 05:30:27.213248 GMT

Run / Event / LS: 305518 / 207815469 / 107
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parton distribution functions (PDFs) hadronisation corrections, ...
non-perturbative, data-driven hard scattering non-perturbative effects

perturbation theory
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Measured Theory(SM)
S.
ddpp —f+X v dgpp —f4+X

Theoretically: improve modelling of both background and signal

Enables direct and indirect searches for Beyond-the-SM physics
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E.g. Associated production of a Higgs boson (VH)
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particle nature of dark matter
mass hierarchies of fermions
origin of neutrino masses

matter anti-matter asymmetry

improved understanding of strong interactions
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Overview of talk

NNLO corrections for the LHC

» |Introduction

2
a a
G =61 + <2—S> 6') + <2—S> 69+ ...
» State-of-the-art ” 7

S

Physics highlights
» 2 to 3, fragmentation

» Processes with flavoured jets ks

Outlook
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Perturbative corrections and ‘“‘NNLQO”

A6, fox = Y. [dxldxz £.00) £ A6y 5B ) (1 + O(Apcn /Q))

l,]

A — AALO ~NLO 2 3ANNLO
dgdb*ff. — dgab—>f+.. T & daab—>f+.. T O daab—>f+.. LEEE

precision =~ 20 % ~ 10 % ~ 5%
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Perturbative corrections and ‘“‘NNLQO”

A6, fox = Y. deldxz £.00) £ A6y 5B ) (1 + O(Apcn /Q))

l,]

A _ 4ALO ANLO 2 4ANNLO
do,,_r. = do +a,do, . +a;do + ...

ab—f+.. ab—f+..

e.g. f=2Z+jet

~L.O
At LO:gg — Zg daab—>f ~ d¢Zq ‘Maban‘




Ingredients of an NNLO computation

Double Real (RR)

Real-Virtual (RV) R

Double Virtual (VV)

A 2
d6,ppi ~ Jd¢n+i R pra——
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Ingredients of an NNLO computation

.
Double Real (RR) Solved
' Madgraph/loop
B [Hirschietal., I'l]
: S Openloops
ReaI-VIrtuaI (RV) E 1 [CaEcioIi et al,, FI]
\ fumww%nwm.——

Double Virtual (VV)

A 2
daab—>n+i ~ Jd¢n+i |Mab—>n+i|

15



Ingredients of an NNLO computation

Double Real (RR)

Real-Virtual (RV) e

~
Available:

Double Virtual (VV) 4-point (masses)
5-point (massless) y

~ 2
daab—>n+i ~ Jd¢n+i |Mab—>n+i|
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Ingredients of an NNLO computation

ONNLO — / dony NNLO
P42

T / doNNLO
¢n—|—1 gLl

T / doNNLO
an—l—O

Z — Finite

Single unresolved

Double unresolved

Single unresolved

1/€, 1/€

1/e,1/e%, 1/€3, 1 /€

Non-trivial cancellation of IR divergences
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Ingredients of an NNLO computation

— Finite — ()

Each line individually finite, can be integrated in 4-d
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NNLO methods

o d RR ‘mmmm
ONNLO — ONNLO
P73

Y

RV
+ / donnLo
P70

g0000053080050800
Y

0500050 03000000

VvV
+ / donnLo
Pzq

finite

® Apply measurement function & to each line:

jets, fiducial cross-section, differential observables

= These methods operate on each line to render
intermediate expression finite

(i.e. suitable for numerical integration)

Antenna
[Gehrmann-De Ridder, Gehrmann, Glover ‘05]
ColorFul
[Del Duca, Somogyi, Trocsanyi *05]
Geometric

[Herzog ‘18]
Local analytical sectors

[Magnea et al.’ 18]

Local unitarity
[Capatti et al.’20]

Nested soft-collinear
[Caola, Melnikov, Rontsch ‘17]
N-jettiness

[Gaunt, Stahlhofen, Tackmann,Walsh ’ 1 5]
[Boughezal, Focke, Liu, Petriello ‘15]

Projection-to-Born

[Cacciari et al.’ 1 5]

qI-subtraction
[Catani, Grazzini '07]

STRIPPER

[Cazkon ‘10]

subtraction & slicing




NNLO ti

meline

Explosion in progress since ~2015 (development of methods)

2 -1

Antenna
qT

N-jettiness

Colourful

P2B

nested soft-coll.

2 — 2 (with masses)

ee—>3jets

H

H+jet
Z+jet
Yets
ep—>2jets
5 W+jet
ZH ZZ WW WZ

Wy

VH

HH
W+J et
77

Y+X Z+jé::t Zy
' tq

Hijet — ep—jet

Hjj (VBF)
| . WH

ge'e—>3jets

2 — 3 (massless)

VH+jet
'VH

Z+b-jet vy

y#X WH +jet

YYY 2 0(a,)

tt bb

: Z@0(a)
 WH(m, #0)

HHjj (VBF)

— >

1991 2002 2005

&
- -> >

92007 2009 2011 2013

[based on slide by M. Grazzini; QCD@LHC 2019]
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NNLO ti

meline

Explosion in progress since ~2015 (development of methods)

2 -1 2 — 2 (with masses)

Antenna

qr ere—>3jets

N-jettiness
YY
Colourful Z/W WH ZY

o~

nested soft-coll.

H+jet

2)ets

2 — 3 (massless)

VH+jet

vy

Wijet  yiX WH +iet

ZH ZZ WW WZ

Yry

WY H%H tf bb
5 W+J et
77

H§+jet eﬁ—>jet WH (m,, # 0)

Hjj (VB F) HH}? (VBF)

WH

ge'e—>3jets

Zi00(a)

1991 2002 2005 2007 2009 2011 9013

[based on slide by M. Grazzini; QCD@LHC 2019]
21
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| will focus on these cases




Foreword

These calculations are complex:

They rely on independent methods or implementations
Require careful validation and benchmarking
(historically, has led to "bug fixes’ etc.)

CPU intensive:

Typically an NNLO distribution ~ O(100k) CPU hours

For special cases (e.g. Angular coefficients, RG et al, arXiv:1708.00008 O(1m) CPU hours)
Not suitable for PDF fits etc. (grid tables a must)

Many/most of the codes are private:

Running the computation and processing of data is involved
Ironically, available public codes currently based on slicing methods

22



2 — 3 results

1

ol do/dp,,, [fb/GeV] pp—ww@ LHC 8 TeV (ATLAS data) 19
L ! ! '
' — NNLO 1.1

- ' 1=1 3-jet, Scale: py = }AIT, LHC 13 TeV

e

100 ;;;’i;‘;;;‘;;‘;'*::*:;;::f:::‘;‘f::: “““““““ I """""""""" ““““““ e data """ E

7T U S R

produced with MATRIX

o]t =2 e [ e N[O = NNLO

35 : ! I ! !

3 ;_.We-‘ ‘‘‘‘‘ ““““““““““““““““““““ ““““““““““““““““““““““ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Kallweltetal ,,,,,,,,,,, _;

“ 5:["]]7ﬁfﬁ“ffﬁ?fff-'-fﬁﬁ?ﬁ  ﬁ?'ﬁ’x.“’?o_'oﬁo*‘ﬁés,'.'

15 e - — =
1 ?: }:.:_:_: u :_:;:.: ————————a :_:E:_:E:_:E:_:E:_: E:_:E:_:E:_:E:_:E, T e 7.;.;:;:; e e :;.’_;
05 :_ ............................. _E

27 35 50 65 85 ~ 300 0'64(')0 600 800 1000 1200 1400 1600 1800
Pry, [GeV] pr(Ji) |GeV]

pp = yyvy pp — Jjj

See also, Chawdry et al., arXiv:1911.00479 Czakon et al,, arXiv:2106.05331

23 *VV at leading colour
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tt with fragmentation in decay

do,, . pix = Z deldxz I.(x1) fp(x5) 2 sz d3ab—>q+f((§’ ) @D, p(z, ... )
L.J q
Inclusion of (resummed) perturbative fragmentation functions at NNLO QCD

Czakon et al., arXiv:2102.08267
e — )
q @
_J

\—
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tt with fragmentation in decay

do,, . pix = 2 deldxz I.(x1) fp(x5) Z sz d8ab—>q+f((§» ) @D, p(z, ... )
L] q
Inclusion of (resummed) perturbative fragmentation functions at NNLO QCD
Czakon et al.,, arXiv:2102.08267

s M
o
1 ~ogeg @
— )
(n) (n)
dapp—>ﬁ+i 3 drt(f)—>ij ® D i((j)—B

production fragmentation

decay

|. More direct access to experimental observables

2. Precision framework to extract the universal fragmentation functions
25



do

pp—~H+X = Z J

l

tt with fragmentation in decay

J

dx, dx, £,(r) fy(xp) Y sz d6,4 s 5(Ss-..) ® Dy y(z....)
q

Inclusion of (resummed) perturbative fragmentation functions at NNLO QCD
Czakon et al., arXiv:2102.08267

||™=== LO - FFKM NNLO LHC 13 TeV PDF: NNPDF31
: m— NLO - FFKM NNLO ‘ 1 —
| e NNLO - FFKM NNLO Scale: pr = pr = prr = me/2
—E —'_—|_
0 20 40 60 80 100 120 140 160
m(Bl) [GeV]

Relevant for extracting fragmentation functions (and also nPDFs)

180

LHC 13 T‘eV PDF: NNPDF31

Scale: ug

= pup = pp, = my/2

s 1,0 - FFKM NNLO |
mmmm N1O - FFKM NNLO
mm— NNLO - FFKM NNLO

25
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75

100
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Future applications: inclusive B/D hadron production
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tt with fragmentation in decay

do,, . pix = Z deldxz J.(xp) fp(x5) 2 sz d&ab_)qg((ﬁ, ) @D, pyz,...)
L q
Inclusion of (resummed) perturbative fragmentation functions at NNLO QCD

Czakon et al., arXiv:2102.08267
s — )
e
Y

-

T
I Background Atmospheric Muon Flux

T
4 2 :
Y 10 "IceCube [ Bkg. Atmospheric Neutrinos (7/K)
V4 . Background Uncertainties
Y 4 : = Atmospheric Neutrinos (90% CL Charm Limit)
E 4 —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E23)
C 4 : - - Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)

Events per 988 Days
=
o
o
‘l _l

1
| |
| |
)
' 10k \\ vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
. ;
4
. %
102 10° 10*
Earth ’S atmosphere (air) Deposited EM-Equivalent Energy in Detector (TeV)
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Validation and flavour

o /Z4jet:

o W+jet:

o y+jet:

NNLO QCD for 2 — 2 well established

28

Antenna:

N-jettiness:

N-jettiness:

Antenna:

N-jettiness:

Antenna:

[Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan ’ [ 5]

[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello ’15]

[Boughezal, Liu, Petriello ’15]

[Gehrmann-De Ridder, Gehrmann, Glover, Huss,Walker ’17]

[Campbell, Ellis, Williams ’16]

[Chen, Gehrmann, Glover, Hofer, Huss ’19]

... how to identify jet flavours



Validation and flavour

3 Antenna: [Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan ’ [ 5]

o /Z4jet:

4 N-] ettiness: [Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello ’15]

3 N_jettiness: [Boughezal, Liu, Petriello 1 5]

o W+jet:

3 Antenna: [Gehrmann-De Ridder, Gehrmann, Glover, Huss,Walker ’17]

. N—jettiness: [Campbell, Ellis, Williams ’ 1 6]
e y+jet:

b Antenna: [Chen, Gehrmann, Glover, Hofer, Huss ’19]

NNLO QCD for 2 — 2 well established... now to identify jet flavours

Core idea:

o Z+Db-jet |dentify (“tag") QCD radiation as that
[RG, Gehrmann-De Ridder, Glover, Huss, Majer "20] Originating from SPeCiﬁC quarl( flavours

o W+cijet Issue:

[Czakon, Mitov, Pellen, Poncelet *20]

S Experimental tag is IRC unsafe y
29




Relevance of jet flavour

Literature Authors Jobs Seminars Conferences More...

852results | [= citeall Most Cited
Date of paper

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties
LHC Higgs Cross Section Working Group « S Heinemeyer (Cantabria Inst. of Phys.)(ed.) et al. (Jul 4, 2013)
e-Print: 1307.1347 [hep-ph]

pdf & DOI [= cite <) 1,539 citations
1981 2021 . . . .
Observation of a New Boson with Mass Near 125 GeV in pp Collisions at /s = 7 and 8 TeV
CMS Collaboration « Serguei Chatrchyan (Yerevan Phys. Inst.) et al. (Mar 19, 2013)
Number of authors Published in: JHEP 06 (2013) 081 » e-Print: 1303.4571 [hep-ex]
Single author 195 odf & DOI [= cite %) 953 citations
10 authors or less 344
Combined search for the Standard Model Higgs boson using up to 4.9 b * of pp collision data at
8 = 7 TeV with the ATLAS detector at the LHC
Exclude RPP Vs
ATLAS Collaboration « Georges Aad (Freiburg U.) et al. (Feb, 2012)
Exclude Review of Particle Physics Published in: Phys.Lett.B 710 (2012) 49-66 « e-Print: 1202.1408 [hep-ex]
852

pdf @ links @ DOl [= cite 2) 744 citations

(i) Higgs physics (hadronic decays)

(i) Top-quark physics (| V,,| ~ 1)

(iii) New physics searches (f-jet +E;niss)

(iv) Gauge-boson + heavy-flavour

30



Jet flavour

Experimental approach:

(I) Construct flavour-blind anti-kr jets

(2) Assign flavour of jet based on event properties (B-hadron signature)

31



Jet flavour

Experimental approach:

(I) Construct flavour-blind anti-kr jets

(2) Assign flavour of jet based on event properties (B-hadron signature)

Theoretically, what happens if experimental jet-tagging definition applied?

)4 Pi
_ b
q _
b
q kz
kl

Collinear safety Soft safety

32



Jet flavour

Experimental approach:

(I) Construct flavour-blind anti-kr jets

(2) Assign flavour of jet based on event properties (B-hadron signature)

Theoretically, what happens if experimental jet-tagging definition applied?

Py Pr

_ b
q _

b

vIZ — 1l ks
q ky

ky

Collinear safety Soft safety
C « a,In[Q*/m]] S « af In*[Q*/m;]

Solution: apply a flavour-dependent jet algorithm ganfi et al., Fur. Phys J.c 47 (2006) 113-124
33



Jet flavour

Target: resummed heavy-flavour PDFs and avoid large “C, S” corrections

Theoretical Physics | Published: 19 May 2006

Infrared-safe definition of jet flavour

A. Banfi, G.P. Salam & G. Zanderighi

The European Physical Journal C - Particles and Fields 47, 113-124(2006) | Cite this article

109 Accesses | 71 Citations | Metrics

(1) Quantum flavour assignment:
b=+1,b=-1

(2) Flavour specific clustering

o A.%;Qj + A¢;?j max(k¢;, ki;)* min(ky;, k)2~ softer of 7,5 is flavoured,

1] 9
R min (kyi, ki) softer of 7, 5 is unflavoured

Solution: apply a flavour-dependent jet algorithm ganfi et al. Eur. Phys J.c 47 (2006) 113-124
34



NNLO with jet flavour

Currently, no way to directly compare data with precise (NNLO) theory

P EEN EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B BN BN B BN BN BN BN BN BN B BN BN B B B O o om g,

V+ (H - bb) Ferrera et al. (1705.10304), Caola et al. (1712.06974),
. Gauld et al. (1907.05836)

Z+ b —jet Gauld et al. (2005.03016)
+ - :
W=+ c —jet Czakon et al. (2011.01011)

flavoured-jet algorithm applied

----------------------------------------------------------------------------------

----------------------------------------------------------------------------------

tt with decay Behring et al. (1901.05407), Czakon et al. (2008.1 | | 33)

t, t (t-chan with decay) Berger et al. (1606.08463,1708.09405),
Campbell et al. (2012.01574)

V + (H — bb) [4fs] Behring et al. (2003.08321)

anti-kr algorithm applied (regulated by m, , a tech. cut, or ‘prescription’)

----------------------------------------------------------------------------------

Why not just compute with massive quarks everywhere!

35



Z + b-jet production

doM-VFNS _ 4 5fs ( Ao — 4G )

mb—>0

We construct a ‘massive’ variable flavour number scheme

x,Q)

12  PDFSet=NNPDF3.1 NLO Q=100 GeV —

T 5 - Reference = N°LL
T "
~~ 1 e T ) P —
/N L=
o B

\ p<

\ ~5

4

Logarithmic part dominates

(the b-quark PDF)

do?s = dg"=" +
100% =-32% +135% -3%



Z + b-jet production

A temporary solution: unfold the experimental data (anti-kt to flav-kT)

NNLOJET pp— Z+b-jet Vs =8 TeV

; | T I IIIIIIIIIIIIIIIIII I il
[0
O 107 == flavour-kp, R = 0.5, 00 =2 —4— Unfolded CMS data —
e} — —8— =
= - = —— FONLL o2 -
° — = ‘ =
_§ 107 == - —— FONLL o —=
5 = g =
= — = 2 —
-3

107 = T =
1074 ERG et al. arXiv:2005.03016 —/] z0rez0T E

....... I A0 {00050 2o tetiiote
S IIIIIIII I 1 1 1 1 1 1 LI 1 1 1 1 1 vlv!/vlv VVVV VIV\I' -
“ — —
S 15— JEIVIVIVIVIVES S0 250 250t e tete
2 — DSV 00 0.9 -
2 —— - %4070 04 —
R o =5 o e BB B E
e Tt ! ™1 _
I T T A A R N B L1 R T 0 SO Y ) T | i i
% EI I_IIIQNILI()I 51I:SI IIIIIIIIIIIIIIIIII I —:I-
o 1.1~ NLO 5fs -—
— — —
Z — — = -
Q I=————_ —
2 — =
E 09—+ 4+ + 4+ 1+ Loy o0y e |

100 200 300
[GeV]

Exact m,, effects

included \ m,

7~ M

1.9
NLO (5fs)

)(2/Ndat

Theory
precision:

<+— (2-3)% unc.

1

removal of FSR logs

resummed ISR logs

X

2

2

bins

2
(O-theory o Gdata)

2
50data



Z + b-jet production

A temporary solution: unfold the experimental data (anti-kt to flav-kT)

NNLOJET pp— Z+b-jet Vs =8 TeV
7 ETTTTTTT RRERERARES RREREARES RRRRRARES [Ty
Eg 2.52_ flavour-ky,R = 0.5, 0 =2 —4— Unfolded CMS data _z
Ef-==— -
1_55_4— : = S 3
- T p—— =
1= — —
0.55— == TheOI‘
ERG etal arxiv200503016 17 removal of FSR logs
g 1 opEEEE AAAAMAL T TS recision:
S B s b e E I resummed ISR logs
z 09E-| l ! ! =
, O b b b LS
g ué—‘ﬁ%“;’f“ _—;
A == <«— (2-3)% unc.
‘% 097, . .00, Lo vvinnny Lo vvinnny Lo vvinnny Lo _:
) 0.5 1 1.5 2
| nb
Exact m,, effects
included \ 3
m, O(a;)
2
.\ . ){2 . Z (O-theory o Gdata)
2 - 2
){ /Ndat 20 I 6 I O bins 50data
NLO (5fs) 38



The High Stats Frontier

) LHC/HL-LHC Plan ¢ HiLuM

LARGE HADAON COLLIDER

LHC HL-LHC

LS1 EYETS) LS2
13 TeV

13- 14 TeV 14 TeV
Diodes Conaolidation onergy
splice consolidation cryodmit LIU Installation o
7 TeV 8 TeV button collimators |ﬂy_ye'ac"0n HL-LHC Sto 7.5 x nominal Lumi
R2E project regions 11 T dipole coll, Installation

Civil Eng. P1-P5S

!
2014 2016 2017 2011 2020

—

ATLAS - CMS
d
experiment upgrade phase 1 damage. ATLAS - CMS
beam pipes nominal Luimi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lums Hi. Gpgrase
f un L — b

754

75% nominal Lumi /- upgrade

o

HL-LHC TECHNICAL EQUIPMENT:

_ Integrated gRIGIE{S S|

luminosity SRR (ultimate)

DESIGN STUDY : PROTOTYPES

INSTALLATION & comm.f” PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION / BUILDING§

will collect a factor of 20 more data
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The High Stats Frontier

L) LHC/HL-LHC Plan H|m

———

LHC HL-LHC

Ls1 v— Ls2
13 TeV

13- 14 TeV 14 TeV

Diodes Conaolidation anergy
splice consolidation cryoAmit LIU Installation -
7 TeV 8 TeV button collimatora I"'.VGIMI)O" HL-LHC 510 7.5 x nominal Lumi
R2E project regions 11 T dipole coll, Installation
QUL Civil Eng. P1-P5S
2016 2017 20 ] 2020 2021 202; 2027 2024 2025 Ill“
g 4
ATLAS - CMS ——
experiment upgrade phase 1 damage ATLAS - CMS
x 2 x nominal Lumi 2 x nominal Ly
sanal s i aminal Lury —_____’__‘ AL'CE - LHCb 1 e sas

75% nominal Lumli /— URgEase
— . =G 3000 fh-1
1 8 .
o' 50 s EXm ] e

DESIGN STUDY - g CONS TRUCTION INSTALLATION & COMM.IH; PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION / BUILDINGS

will collect a factor of 20 more data

Improved precision from stats. (factor of 5)

Improved systematics (e.g. working at different ‘tagging' point)

y
Theory modelling of signal and background will be a

40



Conclusions / Outlook

NNLO:
- in last ~5 - @
uge progress in last ~5 years ~QG QG

Attention turning to: flavour, fragmentation,and 2 — 3

Important steps toward automation [Talks by Paolo,Valentin, Tiziano]

41



Conclusions / Outlook

NNLO:
- in last ~5 - @
uge progress in last ~5 years ~QG QG

Attention turning to: flavour, fragmentation,and 2 — 3

Important steps toward automation [Talks by Paolo,Valentin, Tiziano]

Other relevant topics:
N3LO
N2LO+PS matching

A massive variable flavour number scheme for the Drell-Yan process

R. Gauld! *

‘ Nikhef, Science Park 105, NL-1098 XG Amsterdam, The Netherlands

Resummation sk b RG arXiv:2107.01226
Mixed QCD-EW ne

d GM—VFNS —d GZM 4 Z d Gipc
Heavy-quark mass effects i—cb...

differential extraction of massive power corrections
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Whiteboard
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Whiteboard
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General treatment of flavour in pp

\ /
/ \

Theoretical basis is a factorisation theorem

do,, = ), | dx,dx, fi(x) £(x) d6,_ ¢, ...) TX — X)
i,j °

How to treat the heavy-flavour quarks? Defines a flavour scheme

At the LHC, typically assumed that m, = m_. =0 (“5fs”)

(often theoretical benefits making this assumption)

45



General treatment of flavour in pp
a )

E.g. production of a Gauge boson (or Higgs)
\_ _/

How does the physical quark mass alter kinematic distributions!?

I”

“unknown” “negligibly smal “several %"

46



General treatment of flavour in pp
e )

do” = do™™=" 4+ de™™ 4+ doP*
Massive: \/ \/ \/

Massless: v X
K (resummed) j

How does the physical quark mass alter kinematic distributions!?

I”

“unknown” “negligibly smal “several %"

47



Issue largely solved, RG arXiv:2107.01226

A massive variable flavour number scheme for the Drell-Yan process
R. Gauld

The prediction of differential cross-sections in hadron-hadron scattering processes is typically performed in a scheme where the heavy-flavour quarks (c, b, t) are treated either as massless or
massive partons. In this work, a method to describe the production of colour-singlet processes which combines these two approaches is presented. The core idea is that the contribution from
power corrections involving the heavy-quark mass can be numerically isolated from the rest of the massive computation. These power corrections can then be combined with a massless
computation (where they are absent), enabling the construction of differential cross-section predictions in a massive variable flavour number scheme. As an example, the procedure is applied to
the low-mass Drell-Yan process within the LHCb fiducial region, where predictions for the rapidity and transverse-momentum distributions of the lepton pair are provided. To validate the
procedure, it is shown how the n; -dependent coefficient of a massless computation can be recovered from the massless limit of the massive one. This feature is also used to differentially extract
the massless N°LO coefficient of the Drell-Yan process in the gluon-fusion channel.

Comments: 8 pages, S figures

Subjects: High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Experiment (hep-ex)
Report number: NIKHEF 2021-14

Cite as: arXiv:2107.01226 [hep-ph]

(or arXiv:2107.01226v1 [hep-ph] for this version)

» A formalism to combine massive and massless approaches
» Differential and applicable to arbitrary™ collider observables
» Includes calculation of initial-state mass effects (NLP)

» In passing, also computed N3LO correction to DY (gg-channel)

*QCD inclusive and/or IRC safe
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Issue largely solved, RG arXiv:2107.01226

4 Some future implications: A

. Exact description of recoil effects

my, extraction (internal SM test)

Factorisation from formal p.o.v.
\ _ J

» A formalism to combine massive and massless approaches

» Differential and applicable to arbitrary™ collider observables
» Includes calculation of initial-state mass effects (NLP)

» In passing, also computed N3LO correction to DY (gg-channel)

*QCD inclusive and/or IRC safe
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Perturbative computations

Primarily challenge: dealing with flavour

, "R .S v T
doijNLo = / 1 &3 nro — 467 Nwo) +/ d6}5 nvo — 6y N10) 5 (2.1)
n—+

n

Generic structure of higher-order terms (see arXiv: 1907.05836)

. 1
A6} nLo = Nato APt ({p3, - - -, Pnts} s p1, p2) 5
x (MO (pnss} s Unss) S {pnia}, Ui d)] (2.2)
. o flavour
Jet function acts on flavour and momenta of reduced MEs. In general (i,j,k) = (I,K)
momentum
A 1
d6jinto = Nxto D d®ni1 ({ps,-- pata}iprpe) < -
L n
< X900k ) MOy ({(Brsads {Fava}) 0 ({Bad (7)) (2.3)

The ~ functions denoted mapped (in soft/collinear limits) momenta/flavour sets
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Framework - antenna subtraction

e Exploits factorisation properties in IR limits
e Formalism operates on colour-ordered amplitudes

‘ o ] unresolved

M) (i gk, ) > X32(i,7, k) |IMD (1L K, .)|?

Partial amplitude Antenna Reduced amplitude
function {pi,pjpe} — {pr, pxc}

The antenna function captures multiple IR limits, e.g.

limit X3(i,7, k) mapping
pj — 0 SZS;; Pi =PI Pk — PK
Pj | pr %ij(Z) pi — D1, (Dk +pj) — PK
pj |l pi =Py (2) (pi +pj) =PI, Pk — PK
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Framework - antenna subtraction

e Exploits factorisation properties in IR limits
e Formalism operates on colour-ordered amplitudes

/))7(\ Vi . . 1 N 19 iunreSOIVGd A . 2N 1 2 0 7 - x> AQ\

Example: tree-level quark, anti-quark antenna

* Lq 2
O/ - : %jg * Iq 2
X3 (igs Jgs kg) ~ ko \L\<
Kg
1
pj || ps —Pij(2) (pi +pj) = pI, Pk — DK
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