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Testing the Standard Model at Colliders

e Experimental measurements of key benchmark processes have reached astonishing
level of precision.
Example:
7 Boson Transverse Momentum Distribution at per-mille accuracy
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Testing the Standard Model at Colliders

e Experimental measurements of key benchmark processes have reached astonishing

level of precision.

Example:

7 Boson Transverse Momentum Distribution at per-mille accuracy
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Testing the Standard Model at Colliders

e Experimental measurements of key benchmark processes have reached astonishing

level of precision.

Example:

7 Boson Transverse Momentum Distribution at per-mille accuracy

K This implies that\

our ability of
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Standard Model
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Testing the Standard Model at Colliders

Higgs physics is no different! ...statistical uncertainties will improve by a
At the moment are limited by statistics, but... factor of 4-5 with High Luminosity LHC
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Testing the Standard Model at Colliders

At the moment are limited by statistics, but...

Higgs physics is no different!
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Testing the Standard Model at Colliders

Similarly, experimental measurements for TMD physics
(3D tomography of the proton) will dramatically improve
in the future thanks to the Electron-Ion Collider
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Improving Theoretical Predictions

To answer the fundamental questions we can probe at this
level of accuracy, we should aim at comparable precision from
the theory side!

Non Perturbative Perturbative

Opp—X ™ /fa(fl)fb(@) ® Tab— X

ﬁ 2 3

OabsX = 00 + oas01 + o092 + ooz + ...
LO NLO NNLO N3LO

QCD perturbation theory



Status of N3LO Calculations

At the moment N3LO calculations obtained for very special case of color
singlet production

P __——
" ~

o JAAYAY: B

]
Q% — M2 +iMT \\

N

P

/

Yv"WZH bH H*G WH ZH H, HH

e Mainly idealized observables such as inclusive cross section
e [irst results for differential/fiducial cross sections are coming out now
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What have we learned so far

A 2 3
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What have we learned so far

e Differential/normalized distributions follow similar pattern

e Takeaway:
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N3LO gives few percent corrections

N3LO gets perturbative uncertainties to comparable size w.r.t. other
uncertainties (PDF's, coupling constant, etc.)

N3LO is required for percent level precision at the LHC
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How to go forward: Ingredients

The Path forward to N°LO

o =fiofao [ d®|M]
Fabrizio Caola', Wen Chen?, Claude Duhr®, Xiaohui Liu*,
Bernhard Mistlberger®, Frank Petriello’,Gherardo Vita, Stefan Weinzierl

e Cross sections are obtained via phase space integrals over

(squared) convoluted with

e DBottlenecks are present for each ingredient. In particular:

Functions Beyond Multiple Polylogarithms
for Precision Collider Physics

Jacob L. Bourjai annes Broedel,® Ekta Chaubey,* Claude Duhr,

o Kfficiently calculate and evaluate
multiloop scattering amplitudes

and Chi Zhang?

Snowmass 2021 White Paper: Resummation for

o Handling of kinematics limits and | e cotider
p h a, S e S p a,C e S i n gUIaritie S Melissa van Beekveld,” Sebastian Jaskiewicz,” Tao Liu,¢ Xiaohui Liu,"/ Duff Neill,’

Alexander Penin,”" Felix Ringer,’/ Robert Szafron,” Leonardo Vernazza,"™ Gherardo
Vita," Jian Wang®

Proton structure at the precision frontier

.
O EXtraCtlng N 3 L O P D F S S. Alekhin, R. Ball, V. Bertone, C. Bissolotti, J. Bliimlein, R. Boughezal, A. Buckley, F. G. Celiberto,

A. Cooper-Sarkar, T. Cridge, C. Duhr, S. Forte, F. Giuli, A. Glazov, M. Guzzi, C. Gwenlan, L. Harland-Lang,

T. J. Hobbs, S. Hoeche, J. Huston, H.-W. Lin, B. Mistlberger, S.-O. Moch, P. Nadolsky, E. Nocera, F. Olness,

F. Petriello K. Rabbertz, C. Royon, J. Rojo, G. Schnell, K. Simsgek, M. Sutton, R. Thorne, M. Ubiali, G.Vita
J. H. Weber, K. Xie, C.-P. Yuan, B. Zhou,
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And many more things...

o= f10fy0 dCI)|M‘2 a0 O(AQ/QQ)

1. Accessibility and User Friendliness: Creating frameworks that make N*LO (and
NNLO) predictions easily accessible for comparison to experimental data.

2. Corrections beyond QCD: EWK and masses.
3. Factorisation Violation at N°LO: tops, PDFs.

4. Parton Showers: Consistent combination of parton showers with fixed order pertur-
bative computations at N°LO.

5. Resummation: Complementing N°LO computations and resummation techniques for
infrared sensitive observables.

6. Uncertainties: Deriving / defining reliable uncertainty estimates for theoretical com-
putations at the percent level.

7. Beyond Leading Power Factorisation: Exploring the limitations of leading power
perturbative descriptions of hadron collision cross sections. 14



Successes of the Theory Precision Program

But keep in mind, this program has already produced several spectacular results at N3LO:
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Conclusion

LHC 13TeV — LO NLO
PDF4LHC15_nnlo_mc

— NNLO — N3LO

> The LHC will deliver a window into

electroweak scale physics at the percent level.  **a w w0 s 1w oo w10

Q [GeV]

> To fully exploit it we will need N3LO

phenomenological predictions.

dotre-/d|y"| [fb]

> Hirst steps very successful, but many

advancements and community effort required

over the next decade. S
> Some major / immediate bottlenecks: g
| | T St
m  Multiloop scattering amplitudes e R |

Caola, Chakraborty, Gambuti, Mateuffel, Tancredi] [Bayu, Badger, Brannum-Hansen, Peraro]

m Phase space singularities

o[ frreedeinso)) (1 do(X)
s N3LO PDFs o0 { [ aar T O [ a0 OO o
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Conclusion

LHC 13TeV — LO NLO
PDF4LHC15_nnlo_mc

— NNLO — N3LO

> The LHC will deliver a window into —_—
electroweak scale physics at the percent level. a0 w w w0 0 s a0

> To fully exploit it we will need N3LO

phenomenological predictions.

daire-/d]yH] [fb]

> Hirst steps very successful, but many

advancements and community effort required

over the next decade. TH AN K YOU' R

> Some major / immediate bottlenecks: ' A
m  Multiloop scattering amplitudes o ¢

O [Abreu, Febres Cordero, Ita, Page, Slotnikov]
Caola, Chakraborty, Gambuti, Mateuffel, Tancredi] [Bayu, Badger, Brannum-Hansen, Peraro]

m Phase space singularities

4T cut l sing X > 1 X'
m N3LO PDFs () =[/0 dor T )}{/ dor 2 )]+ Ao(X, qren)
> 4T cut
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How to go forward: Amplitudes

e State of the art (amplitudes):

2
o= fiofao | dO|M] 9 -> 9 at N3LO

A8 .
e For we need

o fast, stable numerical evaluation

gy

O compact expressions L
Caola, Chakraborty, Gambuti, Mateuffel, Tancredi]

o Beyond Multiple PolyLogarithms

- a new field of mathematical 2 ->3 at NNLO
research!
T(M o %sz7) =
(27r7:)111+-~-+n,<—r 1’7 (wrll(lrixicckcr.z (C17 T) e ’wfl\’:‘ixieckcr.z (Cr-, T) : Z)

[Abreu, Febres Cordero, Ita, Page, Slotnikov]

[Bayu, Badger, Brannum-Hansen, Peraro]
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How to go forward: Phase Space

State of the artis 2 -=> 1 at N3LO

o f1 O f2 O d(I)|M’2 Slicing

SCET+NNLOJET  pp~-1+I=—(y") VE=13Tev

110.0
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107.5
105.0
s H\A_‘q—\_,_\%

) o
S N

For phase space integrals:
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PDF4LHC15 nnlo
7-point scale variation

o[

Below

Complexity of infrared singularities grows TR e
i M I
. 90.0 -‘
Wlth ]‘OOp Order 1.02 — gf*=0.75GeV = — qf“ = 1.0 GeV gt = 1.5 GeV
20 i
Numerically very expensive to handle: =
0.0 0.5 1.0 b B 3.0 and
O(1 million) CPU hours for a computation il many
Subtraction more
TWO ApproaCheS: NNLOJET + RapidiX pp—Hx BRH_,W Js= 13 TeV oo
Slicing Subtractions g
(m(lafl':T(X)}{/q'm dwd:f{f)} Aol o = / [V d®y + Sd®p41] + / [R—S8] d®p . 03
10 |
Lo NLO E== NNLO E=== N3L0
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How to go forward: Phase Space

o= fi10fy0

Slicing
"4T cut (l(f“”g d(f
o0 - [ der / @ Ac(X, qreu)
Jo dqr dgr
Below the cut region Above the cut region Residual

e Simpler than subtractions
e Numerically more challenging

e Below-the-cut-contribution via
universal factorization theorem:

do dng so 7
- E H, 2 — 74 igr-br
dQ2de2Cj’T g0 ab b(Q ) :U’) / (27’(’)2 €

X B, (x?,bT,,u, I/) B, (mf,bT,u, y) Sq(br, p,v)

e All universal ingredients known
for N3LO color singlet

d®| M |?

Subtractions

Acti o = /[v d®y + Sd® ] +/[R—S] d®y .

e (reat success at NNLO

e Numerically efficient

e (Complex to extend to N3LO

NNLOJET + Rapidix pp — H X BRysyy V5= 13 Tev
T T T

doire-/d|y"| [fb]

Lo NLO E=== NNLO === N3L0
1 1 1 1
6 21




How to go forward: PDFs

1.05F Probability to pick 2 gluons |- ppraLHCIS
o = f]_ o f2 o d@ ‘ ’ 2 S 1.025 out of the colliding protons NNPDF4
R
< —
=

0975/ // B ——
0.95} l , , , : l , ,

50 100 150 200 250 300 350 400 450

e C(urrently only NNLO PDFs available Gl Centerot ussiinergy [ooV]
Note: Parton (gluon) Luminosity already improving
e For significantly thanks to LHC data

o Evolution of PDFs at N3LO: 4-loop splitting functions

First results:

o N3LO predictions for Global Dataset required.
o Numerical capabilities to perform PDF fits.

o KWK corrections / resummation / etc. in PDF's.

Proton structure at the precision frontier

S. Alekhin, R. Ball, V. Bertone, C. Bissolotti, J. Bliimlein, R. Boughezal, A. Buckley, F. G. Celiberto,

A. Cooper-Sarkar, T. Cridge, C. Duhr, S. Forte, F. Giuli, A. Glazov, M. Guzzi, C. Gwenlan, L. Harland-Lang,

T. J. Hobbs, S. Hoeche, J. Huston, H.-W. Lin, B. Mistlberger, S.-O. Moch, P. Nadolsky, E. Nocera, F. Olness,

F. Petriello K. Rabbertz, C. Royon, J. Rojo, G. Schnell, K. Simsek, M. Sutton, R. Thorne, M. Ubiali, G. Vita,
J. H. Weber, K. Xie, C.-P. Yuan, B. Zhou,



Differential Distributions via Slicing

Cross sections have IR divergences due to soft and collinear radiation at intermediate

steps of the calculation.
This complicates automatizing higher order calculations
One way of dealing with this problem semi-numerically is to use slicing methods

(., Subtraction N-Jettiness subtraction

Find an observable that isolates the Born configuration of a given process to the region

where the observable vanishes.

() — / 1 470 /Ochut 10X | / 10 370

dgr dgr dgr

do(X) do®m8(X) do®(X)
_ } :
qar

d d d
qar qar =0
~1/qr integrable as qp-—0
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Differential Distributions via Slicing

e (ross sections have IR divergences due to soft/collinear modes at intermediate steps

e One way of dealing with this problem semi-numerically is to use slicing methods

q,, subtraction

N-Jettiness subtraction

e [ind observable that isolates Born configuration to region where observable vanishes

e Organize cross section as:

(example using g, subtraction)

chut dO-Sing X
o(X) = / dgr 3T\
0

dgr

) do()
ML

Below the cut region:

e Singular distribution

e Contains most
complicated cancellation
of IR divergences

e Control it analytically via
factorization theorems

Above the cut region:

e Resolved extra radiation

e No events in Born
configuration

e Lower number of loops

e Calculate numerically and/or
with lower order subtraction

schemes

[AU(X» QTcut)J

Residual error:

Non singular terms from
below the cut.

Can be systematically
reduced by analytically
computing subleading
power corrections
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Differential Distributions via Slicing

e [Extremely successful program for many color singlet LHC processes at NNLO

pp = Z, pp = W, pp = H, pp — vy, pp — £v, pp = W~r, pp = ZZ,
pp — WW, pp — WZ

[Matrix collaboration]

e With N-Jettiness ability to tackle also processes with jets in the final state

e HKrror due to higher order terms in ¢, expansion

i

4T cut
(X areu) Z/ T dQT

1 >0

e In principle reduced by pushing cut to small values, in practice: tradeoff between
numerical stability of above the cut result and size of power corrections
e Interesting prospects of improving them by analytically including power corrections .



Singular Region for g Slicing

e Singular region (i.e. below the cut) can be understood at all orders as

[Leading power factorization for Transverse-Momentum Distributions in pp

do oL
— Hz 2 d2b qu~bT
dQ2de2q_.T O-Ozzj: J(Q hu) / g

\ Beam Functions /

e At each order:
o Log-enhanced terms (predicted by RGE/anomalous dims. and lower order results)

o Boundary values (non-log enhanced terms, need explicit calculation)

e Boundary value for Hard and Soft are constants.
o Known at N3LO for Hard since 2010 and for Soft since 2016.

e Beam function boundary values are full functions (of the collinear splitting variable)
o More complicated objects.

Last missing ingredients for T

o Different for quark vs gluons subtraction at N3LO
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Slicing at N3LO

* (, beam functions at N3LO were last missing ingredient for:
O qy subtraction for differential and fiducial Drell-Yan and Higgs production at N3LO
o (g resummation at N3LL"

e Many new exciting phenomenological results at N3LO employing them!
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And many more:
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