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Pictorial infrared
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A diagram contributing a double-virtual NNLO correction to t-tbar-jet production
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production



Pictorial infrared
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A diagram contributing a real-virtual NNLO correction to t-tbar-jet production



Pictorial infrared

A diagram contributing a double-real NNLO correction to t-tbar-jet production
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A diagram contributing a double-real NNLO correction to t-tbar-jet production
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€ The infrared structure of virtual corrections to gauge amplitudes is very well understood.
& The factorisation properties of real soft and collinear radiation are known.

- Existing subtraction algorithms beyond NLO are computationally very intensive.

& We are interested in subtraction for complicated process at very high orders.

& The factorisation of virtual corrections contains all-order information, not fully exploited.
® Exponentiation ties together high orders to low orders.
e Classes of possible virtual poles are absent, with implications for real radiation.

e Virtual corrections suggest soft and collinear limits should ‘commute’.

€c

& Can one use the structure of virtual singularities as an organising principle for subtraction?

& Can the simplifying features of virtual corrections be exported to real radiation?



A multi-year effort

The subtraction problem at NLO is completely solved, with efficient algorithms applicable
to any process for which matrix elements are known.

At NNLO after fifteen years of efforts several groups have working algorithms, successfully
applied to simple’ process with up to four legs. Heavy computational costs.

& Antenna Subtraction.

€c

& Stripper

€c

€ Nested Soft-Collinear Subtractions.

& ColourfulNNLO.

€c

N-Jettiness Slicing.

“€C

' Qr Slicing.

“€C

Projection to Born.

€c

Unsubtraction.

& Geometric Slicing ..
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NLO Subtraction

The computation of a generic IRC-safe observable at NLO requires the combination

do NLO

The necessary numerical integrations require finite ingredients in d=4. Define counterterms

Add and subtract the same quantity to the observable: each contribution is now finite.

do NLO

dX

— /d‘bn (Vn -+ I,,gl)) 6n(X) + /d(I)n—I—l (Rn—l—l 6n—l—1(X) o Kvg—ll—)l 571(X)) ’

Search for the simplest fully local integrand K+ with the correct singular limits.



NNLO Subtraction

The pattern of cancellations is more intricate at higher orders

dX d—4

dUNNLO — lim {/ d(I)n VVn 571 (X) + /d(I)'rH—l RVn+1 5n+1(X)

+ / d®pi2 RRpt20n42(X )} ’

More counterterm functions need to be defined

KEY, =LWRR,,, K% =L®RR,, K2 =LOL®RR,,, K =1LORY,,,.

n

@ = / dort? kY, 1% — / o2 (12 () _ / o2 K2, [®V) / a1 K (B

n

A finite expression for the observable in d=4 must combine several ingredients

donnLo _ /d(I)n [VVn = 1752) ¢ I,n(,RV)] on(X)

dX

+ qu)n+1 (Rvn—l—l I,Ei)l) 5n—l—1(X) o (KTE—II:—LY) R Ifrg—zl)) 6n(X)]

/ 0

~(2) g -(12)

RRn-I—Q 671—!—2 (X) o n+2 n+2

KD, b ()~ ( ) 6n(1)]




N3LO Subtraction

A systematic generalisation to higher orders is possible. At three loops one finds

dUNmm)

dX

/ d®,, [VVVn T P RNV ERRY, 2>] Sn(X)

+ / AP 41 [ (BVVasr + L+ I8V ) G (X)

RVV 23 RRV, 12
- (K7(7,+1 R el ve )) 5n(X)]

+ / A1 { (BRVoiz + 1155 nra(X) = (KT + 115 601 (X)
RRV, 2 13 RRV,12 123
- [ (K7(z+2 )+ I’l(z-l-Q)) - (K'r(z+2 )+ I'r(z—|—2 )) ] 5n(X)}
+ / d®, . 3 [RRRn+3 Snas(X) — KB 6pa(X) — (Kﬁg _ Kéﬁ}) 51 (X)

3 13 23 123
- (2~ K3 - K+ K2R 5.0) |

A general formula for NkLO subtraction is available, involving p = 2k+*l) - 2 - k counterterms.



NNLO status

€c

&€ So far we have applied the formalism to massless final state radiation.

& For this case, at NLO we have a full-fledged subtraction formalism, and simple integrals.

“€c

simple proof-of-concept case (double-quark-pair production) has been completed.

A
A complete set of NNLO sector functions with the desired sum rules is available.

“€c

& Flexible phase space mappings for single and double unresolved limits exist.

“€c

Phase space mappings have been checked not to misalign nested limits.
& All integrals for final state radiation are done analytically, with no need for IBP techniques.
& The development of a differential code for NNLO subtraction is under way.
& Generalisation to initial state radiation requires work but no new concepts.

& More ‘interesting’ integrals may arise with massive partons.
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Virtual factorisation: pictorial

A pictorial representation of soft-collinear factorisation for fixed-angle scattering amplitudes



Operator Definitions

The precise functional form of this graphical factorisation is

N (p> 5 Ti((ps-mi)?/ (nn?))

M. )2
Su (Bi- B;) Ha (pzuff, (p;%Z’;) )

i=1 | jE,i((ﬁz"ni)2/"z2> _

Here we introduced dimensionless four-velocities i = pi/Q, and factorisation vectors ni¥,
niZ # 0 to define the jets in a gauge-invariant way. For outgoing quarks

Becher, Bell 2010



Wilson line correlators

The soft function S is a color operator, mixing the available
color tensors. It is defined by a correlator of Wilson lines.

The soft jet function J£ contains soft-collinear poles: it is defined by replacing the field in
the ordinary jet J with aWilson line in the appropriate color representation.

Wilson-line matrix elements exponentiate non-trivially and have tightly constrained
functional dependence on their arguments. They are known to three loops.
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Soft cross sections: pictorial
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* |nclusive eikonal cross sections are finite.

* They are building blocks for threshold and Qr
resummations.

* They are defined by gauge-invariant operator
matrix elements.

* Fixing the quantum numbers of particles crossing
the cut one obtains local IR counterterms.
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Collinear cross sections: pictorial

Consider next collinear final state divergences. They are associated with individual partons.

At amplitude
level poles
factorise and
exponentiate.

Soft-collinear
poles can be
subtracted

* Inclusive jet cross sections’ are finite.

* They are building blocks for threshold
and QT resummations.

* They are defined by gauge-invariant
operator matrix elements.

* Fixing the quantum numbers of particles
crossing the cut one obtains local
collinear counterterms.

* Eikonal jet cross sections subtract the
soft-collinear double counting.




Soft counterterms: all orders

Introduce eikonal form factors for the emission of m soft partons from n hard ones.

1=1

;91>(k1) y e;gw(km) TV (g e Bi)

Z S(p) k177km752)

These matrix elements define soft gluon multiple emission currents. They are gauge invariant
and they contain loop corrections to all orders.

Existing finite order calculations and all-order arguments are consistent with the factorisation

with corrections that are finite in dimensional regularisation, and integrable in the soft gluon
phase space. It is a working assumption: a formal all-order proof is still lacking.



Soft counterterms: all orders

The factorisation is reflected at cross-section level, for fixed final state quantum numbers.

Z|An,m(k17---akm;pi)|2 = Hiz(pz) Sn,m(kla---akm;ﬁi) Hn(pz)

The cross-section level “radiative soft functions” are Wilson-line squared matrix elements

Sn,m(kla maﬁz ZS(p) k17°"7km;ﬁi)

= > 0|H<1>ﬂ (0,00) [k, Ats - - -5 ks Am) (B1, As -5 Koy Aml| | [ @5,(00,0)10) -
i 1=1 1=1

These functions provide a complete list of local soft subtraction counterterms, to all orders.
Indeed, summing over particle numbers and integrating over the soft phase space one finds

This is a finite fully inclusive soft cross section, order by order in perturbation theory.



Soft current at tree level

At NLO, only the tree-level single-emission current is required, simply defined by

eV (k) - IOk, B) = S (k: B) = (k. Al T] @5.(c0,0) [0)

1=1 tree

One obviously recovers all the well-known results for the leading-order soft gluon current

2
O k)| = HO(py) S (k3 81) HO (py)

2.

A

o ~ B Bi Ot 4O
= 47'('&5 Z BZ kﬁj An (pz) Tz T] An (pZ)

* The single-radiative soft function acts as a color operator on the color-correlated Born.

* Beyond NLO, tree-level multiple gluon emission currents also follow from this definition.



Soft currents at NLO

At one loop, for single radiation, our definition of the soft currents gives

An, 1 (k;pi) ~ Sn,1(k; Bi) Hn(pi)

1
= 8 (k: ) HO () + S (k: ;) 1O ()

but it is easily matched using the factorisation of the non-radiative amplitude

An (i) = Sn (Bi) Halp)) — HP®i) = AY (p) — S (8:) AV (p:)

Recombining, we get an explicit eikonal expression for the CG one-loop soft current

The two calculations are easily matched: same diagrammatic content, cancellations and result.



Collinear counterterms: all orders

For collinear poles, introduce jet matrix elements for the emission of m partons. For quarks

Ty(p) Tavm (k- i i) = (y 53 K1, At - Ky Al $(0) @4(0, 50) [0)

At cross-section level, “radiative jet functions” can be defined as Fourier transforms of squared
matrix elements, to account for the non-trivial momentum flow. We propose

Jq,m(kla-- m,l,p, Zj(p) kl)" m7l7p7 )

= / dz "™ N (0] @00, ) (@) p, sikj, Aj) (D, 51k, Aj|(0) @5 (0, 00) [0)
{A;}

These functions provide a complete list of local collinear counterterms, to all orders.
Summing over particle numbers and integrating over the collinear phase space one finds

> / APy, 41 Jg.m (K1, .. km;1,p,n) = Disc [ / d?z e (0] @y, (00, 2)1h(x)1(0)@, (0, 00) |0)
m=0

A “two-point function”, finite order by order in perturbation theory. Note however

* The collinear limit must still be taken (as [2—0), unlike the case of radiative soft functions.

* Working with n?2 # 0 eliminates spurious collinear poles, but is cumbersome in practice.



Collinear counterterms: NLO

At NLO, only tree-level single-emission contributes, resulting (for quarks) in three diagrams

Summing over helicities, and taking the n2 = 0 limit, one finds a spin-dependent kernel

471'0430}?

5 Ju ki) = TG r (= p = k) [t 4 o (B + D)

With a Sudakov decomposition

and taking |1, =0, one recovers the full unpolarised DGLAP LO splitting kernel.

1+ 22
1—2z

SrasC
> Jar(kslpn) = == (2m)? 6% (1 —p — k)

—e(l—2)+ O(y)

* The three diagrams map precisely to the axial gauge calculation by Catani, Grazzini.
* All LO DGLAP kernels are easily reproduced, triple collinear limits are under way.



NLO subtraction

The outlines of a subtraction procedure emerge. Begin by expanding the virtual matrix element

From the master formula, get the virtual poles of the cross section in terms of virtual kernels

2

Vo = 2Re[ A AD] ~ HO ()50 ()M () + Z( ) = I o(8)) AL (i)

Go through the list of proposed soft and collinear counterterms to collect the relevant ones

JE(pyn) + / d®y J\°) (k;1,p,n) = finite

Construct the appropriate local functions.

2

K, = ZJi(,Ol)(kz‘;l,pi,m) AD (p1, .. pic1, L pist, - - Pn)

1=1

KNS = 1O () SO (k, 8) HO (p:)

Y

with a similar expression for the anti-subtraction of the soft-collinear region in terms of Jr .



NNLO subtraction

Let us follow the same procedure at NNLO. Collect the poles of the virtual amplitude

A2 (p;) = SP(BHIHO (p;) + SV BIYHP (i) + S (B)HY (9s)

+i (7o) - JSB(@)) (J(l)( ) - jé?(ﬁj)) AQ ()

3 (7w - 70 6)) [SPEIHD @) + SOGIHD )]

Cross-section level soft and jet functions have non-trivial structure starting at NNLO

52 = §0Ts2) 4 s2)150) 4 S(1)Tg(L)

n n

5 = [dtedte Y [Jq<,w<x>wq<}31<o> £ 791 (@)p T2(0) + J;,%x)w;?zﬂoﬂ
{2}

All poles of the squared virtual amplitude can nonetheless be expressed in terms of squared
jets and eikonal correlators, which leads to the identification of local NNLO countertermes.



NNLO subtraction: double collinear

Cross-section level double-virtual poles originate from a number of different configurations

(VV), = (V) + (v £ 329 1 ST )29 S el ST (vt
i=1 i<j=1 i=1 i=1

)

2,

o

J2 4 / dd, JY) + / d®, J%) = finite [J]g}g,o + / dcblj?;l] [ JO — g+ / ! ( JO - J,f:,oﬁ,l)] — finite

2

(2, he 0 0 0 0 0

R [0 0, - 0, (40 - 50.) A
(1, he 0 0 0) |2

K0 _ (50~ 50 ) 40|

S

2
1 1 0 1 0 1 0

E 1, 0“E, 2,1 E, 2,07, 1 E,7,0YE,,1

a




NNLO subtraction: soft

Cross-section level double-virtual poles originate from a number of different configurations

n

(VV), = (VV)®) 1 (vl 4 Z (V)20 1 ST (vn)@ 4 Z V)L o N (v

n , 17
i=1 i<j=1 i=1

n,1t

Focus on double soft and single soft radiation. One finds

(VV)?(%QS) — H':(zO)TSf:(z?)O H%O) (VV)SS) _ Hf,(lO)TS,,(;)OHg) n HSLI)TS?(,:%)H,SLO)

It is easy to identify finite combinations of virtual, real-virtual and double real soft radiation

S2(Bi) + / d®, S\ (k, Bi) + / APy S} (k1 ka, B) = finite.

Real radiation naturally organises into single and double unresolved, and real-virtual terms

,(2,s 0
J¢ NNLO, (2,5) 7_[7(20”57(% )27{7(10)

n—+2
,(1,s 0 0 0
S A R T

, (RV,s 0 0 .
KO B9 9001 gO0) 941 (D150 9400 1 31 g 9,0
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Outlook

€c

® A number of successful NNLO subtraction algorithms are available.

~ They are computationally expensive, either analytically, or numerically, or both.

“€c

Extensions to multi-leg processes or higher orders is expected to be useful but hard.

“€c

Work on refining existing tools to find the minimal toolbox’ is necessary and under way.

& The factorisation of soft and collinear virtual amplitudes contains important information.

“€c

A general all-order definition of soft and/or collinear counterterms has been proposed.
- Existing results at NLO and beyond are reproduced and systematised.

- Tracing the real emission counterterms starting from virtual poles is a useful strategy.
& A parallel effort to construct a detailed analytic subtraction algorithm is under way.

& What we have is promising preliminary evidence: a lot of work remains to be done.
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