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LHC Timeline

e The LHC physics program 3000
is just at the beginning!
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Uncertainty on 1/c dc/de(II)[%]

Testing the Standard Model at Colliders

Ability to test the SM at (sub)-percent accuracy!
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Probing Electroweak Symmetry Breaking
High experimental accuracy for processes
Unveiling the Nature of Yukawa Interactions
sensitive to some of the most interestin
8 Testing the Boundaries of the Standard Model

aspects of contemporary particle physics: Measuring the Strength of the Strong Interaction
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Deepening our Understanding of the Proton Structure



Precision in Theoretical Predictions

To answer these fundamental questions we need comparable precision
from the theory side!

Example: Higgs
Production at the LHC
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Precision in Theoretical Predictions

To answer these fundamental questions we need comparable precision

from the theory side!
Example: Higgs 60

Production at the LHC
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Standard Model Phenomenology at percent level

One way to achieve more accurate predictions is by advancing

2 2 3
Ogb—X = 00 + Q01 + Q02 + Q03 + ..
—~—

LO NLO NNLO N3LO

QCD Perturbation Theory



And many more things...

Corrections beyond massless QCD: EWK and masses.

Determination of N3LO PDFs: possibly with a good estimate of MHOU and systematic
uncertainties from fitting procedure

Parton Showers: Consistent combination of PS with fixed order calculations at N3LO.
Resummation: Complementing N3LLO computations and resummation techniques for infrared
sensitive observables.

Uncertainties: Deriving/defining reliable uncertainty estimates for theoretical computations at
the percent level.

Factorisation Violation/Beyond Leading Power Factorisation: Exploring the limitations of
leading power perturbative descriptions of hadron collision cross sections.

Accessibility and User Friendliness: Creating frameworks that make N3LO (and NNLO)

predictions easily accessible for comparison to experimental data.



Do we really need N3LO cross sections?
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e Naively a, ~ 0.1 for typical LHC hard processes...



Do we really need N3LO cross sections?

A 2 3
OaghsX = 00 —+ Q01 + 0.0 + 003 + ...
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LO NLO NNLO N3LO

Naively a4 ~ 0.1 for typical LHC hard processes...

...50 N3LO corrections are ~ 0.1% and NNLO is sufficient for
percent accuracy...

10



Do we really need N3LO cross sections?
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percent accuracy...
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Do we really need N3LO cross sections?

e Let’s look at some explicit example...
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Do we really need N3LO cross sections?

e Let’s look at some explicit example...

Q [GeV] | 6oNNEO
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Inclusive bb — Higgs my 2.1%
usiv
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100 —2.3%
sections copyaryy| 0| 0%
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CCDY(W-) 30 —0.1%
150 —0.6%




Do we really need N3LO cross sections?

e Let’s look at some explicit example...

Q [GeV] | 60NNLO | 55N°LO
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150 | —0.6% | -2.1%




Do we really need N3LO cross sections?

e Let’s look at some explicit example...
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Do we really need N3LO cross sections?

e Let’s look at some explicit example...
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We really need N3LO cross sections for 1% accuracy

Numerous cases now show that N3LO corrections can easily exceed 1%.

This, at the very least, indicates that to claim percent level accuracy in
QCD sensitive observables N3LO corrections, or a very good quantitative
estimate of them, must be included.

Therefore, a key aspect of the precision program at the HL-LHC will be the
ability to systematically incorporate N3LO contributions.
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Cross Sections in Perturbative QCD

o= fiof /d(I)|]W|2

e C(ross sections for LHC processes are obtained via phase space

integrals over (squared) convoluted with

e IR divergences at intermediate steps of the calculation cancel only

after summing over all real and virtual contributions

e The complexity of cancellations grows dramatically with higher

orders, making systematization of cross section calculations at

NNLO very challenging and at N3LLO a monumental undertaking




Slicing methods

e One way to deal with IR singularities for cross sections are slicing methods

e The idea behind is quite simple. Take the production of color singlet ¢ at N3LO as example.

o Find an observable x that isolates the Born configuration in a the region where the observable
vanishes (think for example at the transverse momentum of ¢q)

o Reorganize the cross section separating out the region around the Born configurations

3 Lcut dO'NSLO Tmax dO'NNgtO
oy ") = O dx(‘;—x(ow dx‘é—*;(O)

Above the cut region:

Below the cut region. e Resolved extra radiation =>> no

Only region where genuine N3LO events in Born configuration
cancellation of IR divergences is e I'rom a IR point of view this is an
necessary NNLO problem, so no N3LO

subtraction needed to get this term 19



Slicing methods

Approximate the full distribution in x below the
cut with its Leading Power term (obtained via
resummation / factorization theorem in SCET)

e One way to deal with IR singularities

e The idea behind is quite simple. Take t

o Find an observable x that isolates the

Lcut N3LO Tcut N°LO
vanishes (think for example at the tr / Ao doy (0) = / dxm«f)) 4o
0 dx 0 dx

3
- ﬁ o NPLO emax dgNNLO
q
oNLO(0) = de—1 _(O)|+ dz—LHet_ (o)
0 dx Bt dx
Above the cut region:
Below the cut region. e Resolved extra radiation =>> no
Only region where genuine N3LO events in Born configuration
cancellation of IR divergences is e From a IR point of view this is an

necessary NNLO problem, so no N3LO
subtraction needed to get this term 20




Slicing methods

Zcut doSub - _ Teut dosuP
70 =|[ a0 |+| [T a5 o) |+ | [ ar | Tr0) - T (0)

dx dx dx dx
cut
— _sub above
=0 (xcuta O) + o (xcuta O) + A0-(xcuta O)
Below the cut region: Above the cut region: Slicing Residual/Error:
e Singular distribution e Resolved extra radiation Non singular terms from below the
e Contains most complicated e Calculate with lower order cut that are neglected
cancellation of IR divergences subtraction schemes for process (aka power corrections).
e Control it analytically via with jet (e.g. NNLOjet) Minimized by going to very small
factorization theorems values of cut parameter

e [Extremely successful program for many color singlet (and top) processes at NNLO

e With N-Jettiness (or k-ness) ability to tackle also processes with jets in the final state



Slicing methods
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Slicing methods
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Slicing methods
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Slicing, non-local subtractions, and local subtractions

In principle, slicing methods are different from standard subtraction methods since the residual
power corrections constitute an intrinsic error that is always present, which is not the case for a
subtraction method.

However, still in principle, with the exact same theoretical ingredients, one can very easily write
a (non-local) subtraction scheme with no residual power corrections

Tmax full sub 1 sub
o) — q do, o _ do, 3 q do, o
04(0) = i x (0) ©O) |+ o s (0)

_dw e dz

NS = 4

real contribution counterterm Integrated counterterm

In practice, every implementation of a subtraction scheme (local, non-local, slicing) has
technical cut-offs that lead to the neglect of subleading power terms

For standard NLO calculations, technical cutoffs of ~ 1078 in local subtractions are more than
enough. For complicated NNLO final states and at N3LO these aspects are not as clear cut.  2°



Extending Slicing to N3LO

e Singular region (i.e. below the cut) can be understood at all orders via Leading power
factorization theorems in Soft and Collinear Effective Theory (SCET). For example g

~

S(anUJv V)

Soft Funetion
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Hard Function

q, Beam Functions

N3LO ingredients Qs [Gehrmann, Glover, Huber, «“TMDPDFs at N3SLO” “Quark Transverse Parton [j znu “16]
T Ikizlerli, Studerus ‘10] M.Ebert, B.MistIberger, Distribution at NSLO”

GV [2006.05329] [Luo, Yang, Zhu, Zhu ‘19]

N3LO ingredients [Gehrmann, Glover, Huber, — “N-Jettiness Beam Functions at N3LO” “Zero-jettiness soft
0-jettiness: Ikizlerli, Studerus “10] M.Ebert, B.Mistlberger, function to third order in
GV [2006.03056] perturbative QCD”

[Baranowski, Delto, Melnikov,
Pikelner, Wang ‘24]



Precision Standard Model Phenomenology at N3L.O

e N3LO TMDPDF were last missing ingredient for q, slicing at N3LO

e Enabled N3LO predictions for differential and fiducial Drell-Yan and Higgs production

e Marked the advent of a new leve
precision program at the LHC
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Precision Standard Model Phenomenology at N3L.O

e N3LO TMDPDF were last missing ingredient for q, slicing at N3LO

e Enabled N3LO predictions for differential and fiducial Drell-Yan and Higgs production
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However...

e Numerical (slicing) error of these methods very
difficult to control at this order

e Extreme push of NNLO--j predictions well into
the IR needed (NNLOjet pushed to q, = 0.5 GeV)

e Calculations take O(10 million) CPU hours

e Almost any change will require to run
everything from scratch

e Other results use O(100k) CPU hours and stop
at 5 GeV... this requires very delicate
extrapolation to O to obtain finite results.

e Going forward, these facts pose issues for the

practical usability of these predictions 8



In short, starting to think about how to move from
making fully differential N3LO predictions possible,
to

making N3LO predictions (more) efficient, stable, and usable

(at least for some color singlet processes...which may also turn out to be a necessary stepping

stone to make other processes possible at N3LO)
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Improving non-local subtraction methods: Power corrections

Tcut do dgsub _ 10* T
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3 Tcut
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Improving non-local subtraction methods: Power corrections

Teut dO‘ do_sub ~ 101:1 T T T T T | |:
AT (Teut ) = dr | — = 3 - . ]
0 & T G -7 -
a,y ~ B -, - -’ |
rd W 2 z - :
o At (9 a’\%“‘ﬁ(ﬂw\?@mg 1 5 J, e
yery ® ing SY ~. 10° P E
po \ rov! g S —— [ drin*(r)]
° the \ead‘“ﬂ‘x = e :
S -=- 7 In® (1)
© fal Obm‘::\ic perm At ° e
INCrt c ‘nce N e 10’ () |
\Oga".‘tx‘a,“a\g‘;‘ca\\y i 10_]_ &4 1/| |/| 1 I N || L1 11 IA' d I1 I( I)
e Fach o ~a 10 fold 10-5 1o-4 10-3
reduct
Tcut

3 Tcut
AgLO (g o we (—) / dr (Cg{%P 1n57'—|—(:3N’£jP ln47'+c3N,§‘P 1n37'—0—...)
0



0-Jettiness Power Corrections at N3LO (6v 2401.03017]

47

e 'or O-jettiness, use consistency relations to relate full LL to RV'V correction in collinear limit.

3 Tcut
A O (p 1) e (%) / dr (c3 2 In® 7|4 C3N£jp In* 7 + cNLP In®7+4...)
0

e Focus on Drell-Yan and Higgs production. Single collinear emission fully differential in rapidity:
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0-Jettiness Power Corrections at N3LO: Results for DY
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A word on linear vs quadratic power corrections

‘ Q
0-jettiness : AO’NJLO(TCM) ~ (4—9
T

. «
qr - AO’N&LO((]Tcut) 64 (Z;

e Scaling in g, of the slicing

q, subtraction has quadratic power corrections, while jettiness
has l¢near power corrections.

e But it all comes down to how one decides to treat the angle dependence

Q

T

3 Tcut . .
dr ((:NI;P n® 7+ In*r + A Ind 7+ ... )
3,5 3,4 33
0

3 q%‘cut/Q2 = ; i
- ) / dr (d?%P In°r + dg{{;f’ Inr + dg{%r’ In3r+.. ) -1r
0 L

param. may lead to the impression that

%T soft emissions
q? : i s
Q—T2 collinear emissions

e In practice, key point is what is more challenging numerically for

the above the cut code:

o 0-jettiness: better suppression of collinear emissions

O : better suppression of wide angle soft emissions
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=

oF T T T T T
T > Tcut
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Note: fiducial p.c. generating linear terms

in (q, g0 as /7oy in the case of 0-jettiness 34



Ok, but what about fiducial power corrections?
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Fiducial Power Corrections

e These are purely kinematic effects, but have very large impact on non-local subtractions due to
non canonical scaling in the cut parameter.

e [n short: dor(cuts) (X) 1 qr do(euts) (x) 1 /76
2 a2’ 2 ~ A A
o Cuts on leptons induce linear terms d@*dYdgr  ¢7 Q d@dYdT7o To| @

For ¢, subtraction they can be captured analytically by a boost, but not for 0-jettiness.

o Photon Isolations induce p.c. with wild and complicated scaling do®™™(X) | R_Q(Q_T)”"< Q >1/ !
. . dQ*dYdg7 9\ Q Er°
No simple boost trick to account for them.

R? /To\1+1/(2n) / Q \1/n
do(smooth) (x) T (6) (ET§0>
dQ2dYdTo, | R? /To\lUn, Q \Un
7 (2) (&)

e So, although fiducial power corrections are more trivial conceptually, account for them comes
first numerically compared to dynamical power corrections.
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[Cacciari et al. “15]
[Ebert, Tackmann ‘19]

Projection to Born Improved Slicing oV 24

[Campbell, Neumann, GV ‘24]

Cut-induced power corrections can be numerically accounted for by using

Oh, N3LO(O)

/ Note: \

Because of local cancellation
using exact matrix elements,
P2B is very efficient
numerically.

Sometimes referred as the
k“peaﬂfect” subtraction scheme/

“Projection-to-Born Improved Slicing”

= O-h,N3LO((§) + Oh+j, NNLO(O o O)

Tout daiszl,l%?’LO = full -
= dr (0) |+ dop’y; nnLo(O)
O dT T>Tcut

~

P2B correction factor

Above the cut term

full sub
o q doy'\sLo 49 Rero A
-+ T o ( ) Residual Error
0 dr dr

_|_

/

do

full 2 P2B correcti — N\
io(©-0) | " (% =37)
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[Cacciari et al. “15]
[Ebert, Tackmann ‘19]

Projection to Born Improved Slicing oV 24

[Campbell, Neumann, GV ‘24]

Equivalently, perform standard slicing and correct with P2B only below the cut

Flaiik dO.Sllbn
mio(©0) =| [ =0 (0
0 T

full
)+/ doy,’s Nn-11,0(O)
T>Tcut

Above the cut term

full

dz

dz

Tcut sub
_|_ / ‘ diU dO_h) N2LO L d0h7 N2LO (@) Residual Error
0

TN gl
u
+ /o dop, 5 ne-110

~

(O —0).

P2B correction
factor below the cut
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[Cacciari et al. “15]

Projection to Born Improved Slicing Eber Tackmann 1]

[GV ‘24]

This enable us to

Focus on analytic ealeulation of dynamical power

corrections

Numerically treat fiducial power corrections efficiently

with P2B method

/

k«

Note: full sub
. ) o dop'\sLo 493 RsLo |, A
Because of local cancellation + dr _ ((f)) Residual Error
using exact matrix elements, 0 dr dr
P2B is very efficient
numerically.
Sometimes referred as the i d O.full_ O — @ P2B correction / (\5 _ \2/)
perfect” subtraction scheme/ / hitj, NNLO( ) factor
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O'NLO (Tcut) [pb]

Projection-to-Born-improved Subtractions at NNLO

We studied this at NNLO in MCFM in 2408.05265
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Projection-to-Born-improved Subtractions at NNLO
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Projection-to-Born-improved Subtractions at NNLO

Ratio to dipole
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Di-photon

e Di-photon is notoriously challenging

e [solation prescription required to avoid
QED singularity when quarks are in
the final state

1 —cos(r) 1"
E < EISO <

Z r= [1 — COS(R):| ’ s H
d(i,y)<r

e Mix of isolation and kinematical cuts
and large QCD corrections

e Large impact of the isolation
parameters on the power corrections
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[ 7T, subtraction ] gqr subtraction
104E =
103 y 8
- X 1
~ 10%F 5 o Tl
g 3 A
q 1%
4 r’ 14
/
10! =
] ’ pp — vy NLO ]
’
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¢ N = ’ 2
A qq channel only ’ 1//
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) rtiso,n=1

(11 ( ut + ql cut R2

7—1 ( ut + 7?) cut R2

i + % log(R) + T"(iz‘“ , 0-jettiness subtraction

+ ———q'lé“‘ log(R) + e gr-subtraction 44
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Di-photon at NNLO: quark - anti quark channels

e For this channel, the P2B and recoil capture the fiducial and isolation power corrections

B T T T T T 1T T T T T Easl 1 2l B T T T TTTT I T T | FER P J 75 I T T T { T TT
12.5 PP — 7Y },,xl' - 12.5— pp — vy NNLO ¢q + q¢’ %/}’} "4
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) - i E - Default qr =
X 12.0F i { d = 12.0F % = %’ i
; E ——{_,——’{ E ; E gr with recoil /%/ T{ 1 E
i 11.5?___—{’ [n| < 2.37 ‘I/;: i 11.5— ¢ P2Bar /%/% I { i —
S o S ST B PO gt it :
E 110k e — S 11.0 alad T —
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Z2x - 1 27 e g deg -l § L :
ZQ)@ 10.5 - Frixione Isolation ] iz 10.5 C s & T ]
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- tiard soft ) — - i y n=1 R=04 Epr=10 GeV —
- I P2B 7y Pt > 40GeV  ppT > 30GeV - In,| < 2.37 -
10.0— —] 10.0— ]
C | | | | 111 l | | | | 1111 L | | N I | I | 1 R ) [ | l | | { I O I | lﬁ

107 1073 1072 1073 1072 10-
Tcut dTcut / My
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Di-photon at NNLO: fragmentation channel

e For fragmentation channel, the fiducial corrections due to the cuts on the of the photons are

small, but the isolation corrections are very large » 1= cos(r) 1"
E’L < EISO R <
Z r="T ll—cos(R)} ’ Vrs ki

d(i,y)<r

e To account for isolation p.c. we modified the P2B improved slicing by switching off the P2B
counterterm. I'll refer to this prescription as PZBY

e The point is that for realistic values of the isolation parameters the quark inside the cone of
radius R must be soft so one can directly calculate this contribution numerically without a
counterterm.
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Di-photon at NNLO: fragmentation channel

e For fragmentation channel, the P2B and recoil corrections are small

e Numerically, it seems that P2By is capturing an important amount of the effect both for
0-jettiness as well as for q, subtraction.
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Di-photon at NNLO: all channels
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CNNLO (e ut) /oNLO [%0)]
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Di-photon at NNLO: all channels
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Conclusion

n

for O-jettiness for Drell-Yan and Higgs production
op n3Lo(0) = Uh,Nf‘LO(@) +m P2B correction factor

Used P2B improved slicing to

account for fiducial power corrections
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Presented prescription for isolation corrections in

Diphoton production due to soft quark emissions

Illustrated impact of the LL power corrections at N3LO < "

Discussed challenges of N3LO calculations and slicing methods ”[‘ “H{ N
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Conclusion
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Slicing methods

Zcut doSub - _ Teut dosuP
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e Danger is fake plateau ol B
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Slicing methods
74(0) = /0 dde‘zj (0)}[/ g Wt (0)} + {/0 da H";(O) = dg ((9)”

— sub above
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Beam Functions at N3LO

THE CROSS SECTION CALCULATION MACHINE

Slide by B. Mistiberger

1 million 3-loop Feynman Diagrams

Collinear expansion of the partonic eross section for
Drell Yan and Higgs at N3LO differential in (Q,, 7, z

- project to ~ v
Ba(ta, xll‘_?’ ,LL) - project to T qT > B; (513115’, br, 1, w_)

a

“N-Jettiness Beam Functions at N3LO” “Transverse Momentum Dependent PDFs at N3LO”
M.Ebert, B.Mistlberger, GV [2006.03056] M.Ebert, B.Mistlberger, GV [2006.05329]

O Quark 7 Beam Functions .e. Quark N-Jettiness BF) o Quar‘k TMDPDF (Quark q; Beam Function)

O Gluon T Beam Functions (i.e. Gluon N-Jettiness BF) o UI’IPOIaPiZGd Gluon TMDPDF (Gluon g, Beam Function) 55
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Log behaviour at NLP NLO
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Log behaviour at NLP NNLO
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Differential color singlet production at N3LO

e T'wo methods for differential N3LO predictions for color singlet:

[ Projection to Born } [ q or 0-jettiness subtraction }

k N(k D10 NE-D10 k
da% Lo _[(d F+jet d F+Jet >]+ dag HO
dO a dO 2! *qT cut smg
40 de o(X) :[/ dgr - }1{ dgr s ]+ Ao (X, qTcut)
JO

dgr dgr
Locally subtracted real emissions Integrated :
counterterm Below the cut region Above the cut region Residual

e PRO: Local counterterm is the full
Matrix Element => Great numerical efficiency | © PRO: Analytic control of IR divergences from

e Cons: Integrated counterterm is very hard to EFT factorization thm. at Leading Power

obtain (analytic differential distribution at N3LO in e Cons: numerically challenging

full kinematics) 59



(Ebert, Mistlberger, GV)

Beam FHHCtiOHS calculation at N3LO [2006.05329], [2006.03056]

e Calculation of the collinear expansion of the partonic cross section for DY and Higgs
@N3LO differential in (Q,, 7, 2)

o ~ 100k Feynman diagrams o RRV: 170 Collinear
Master Integrals

o RRR: 320 Collinear
o Collinear Expansion at the XS level

“Collinear expansion for color singlet cross sections” [Ebert, Mistlberger, GV] MaSter Integrals

o Reverse unitarity for phase space integrals

o Derived system of Differential
Equations for the Master Integrals

o Reduction to basis of Master Integrals via o System has 2 non trivial scales with

Integration By Parts (IBPs) using Water algebraic dependence on the variables
(not something solvable algorithmically)

o Algebraic sectors: constructed dlog
integrand basis via calculation of
leading singularities of candidate
integrals on maximal cut surface

Expanded diagrams
admit (simplified)
IBPs identities

_ Ktz 1-2
. p; f(p.;k')'z

o Boundaries from soft integrals [+ b

Dulat, Mistlberger

and constraints on singular behavior

o RVV: known in full kinematics

[Duhr, Gehrmann] [Duhr, Gehrmann, Jaquier] [Dulat, Mistlberger]
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