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High precision theory predictions needed

Need scattering amplitude at higher
orders in perturbation theory
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Amplitudes and Wtt Production

SCATTERING AMPLITUDES WTT PRODUCTION
N _
. N Experiment “ W !
LHC
do oc |Al? 2
= Insight into = Full Run-3 data
underlying theory
®= Connection to and HL phase at 3 t
mathematics ‘ LHC d
e N\ = Signature for BSM physics

High precision theory predictions needed ~
= Background e.g. Htt production

Need scattering amplitude at higher = Many scales, methodologically interesting
orders in perturbation theory

- J
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Representation of the Amplitude

FORM FACTORS IN THV [Peraro, Tancredi’20]

(Vle) (73U4) 8;“




Representation of the Amplitude

FORM FACTORS IN THV [Peraro, Tancredi’20]

(Vle) (V3U4) 8;“

#Basis tensors = #Helicity amplitudes

m=) One Basis for all loop orders
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Representation of the Amplitude

FORM FACTORS IN THV [Peraro, Tancredi’20]

(Vle) (V3U4) 8;“

3 2

#Basis tensors = #Helicity amplitudes

m=) One Basis for all loop orders 2X2X2X3 = 24 ’
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Representation of the Amplitude

FORM FACTORS IN THV [Peraro, Tancredi’20]

(Vle) (V3U4) 8;“

3 2

#Basis tensors = #Helicity amplitudes

m=) One Basis for all loop orders 2X2X2X3 = 24 ’

[ T; = (71{37}3»17’4}(]2) (73{]173”17%717513”2}(]4) (€5 - {Plapzap?)})]
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Choice of Basis Tensors

WHAT IS A GOOD TENSOR BASIS?

= No spurious poles (e.g. gram
determinant at tree-level)
= Simple forms factors
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Choice of Basis Tensors

WHAT IS A GOOD TENSOR BASIS? GRAM DETERMINANTS IN FORM FACTORS

= No spurious poles (e.g. gram

determinant at tree-level) {:Ek} Z PA {pk}

= Simple forms factors
pol,s

N
P; = ;Tf M;; = Z Tz’TTJ

pol,s
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Choice of Basis Tensors

WHAT IS A GOOD TENSOR BASIS? GRAM DETERMINANTS IN FORM FACTORS

= No spurious poles (e.g. gram

determinant at tree-level) {.Clj‘k} Z PA {pk}

= Simple forms factors
pol,s

N
P = |MT] M;; = TJT
G(p17p27p37p4) — Det(zp@ p]) J ; v J Z J

pol,s
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Choice of Basis Tensors

WHAT IS A GOOD TENSOR BASIS? METHODS TO FIND NEW BASIS

= No spurious poles (e.g. gram = Fixing helicities / massive chiralities
determinant at tree-level) = Symmetrization

= Simple forms factors = Change polarization basis

= |Impose cancelation of gram

G(p17p27p37p4) = Det(zpz pj)
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Choice of Basis Tensors

WHAT IS A GOOD TENSOR BASIS? METHODS TO FIND NEW BASIS

= No spurious poles (e.g. gram = Fixing helicities / massive chiralities
determinant at tree-level) = Symmetrization

= Simple forms factors = Change polarization basis

= |Impose cancelation of gram

Not found for Wtt production
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One-Loop Amplitude
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One-Loop Form Factors

Fi({zy}) = Z P,A({pr}) P; = ZMTlTj

(¥}
pol,s 1=1

M;; = Z T'T,

pol,s




One-Loop Form Factors

Fi({zr}) = > PA{pe}) = Y rel{si DI

pol,s k




One-Loop Form Factors

Fi({zi}) = Y PiA({pi}) = Y rel{siy DI

pol,s k




Reduction of Scalar Integrals

Integral families form a vector space
with finite basis of integrals:

Master Integrals J [Smirnov, Petukhov 1]
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Reduction of Scalar Integrals

IBP REDUCTION (+ SYMMETRY RELATIONS)

O:/de 0 vt

ins Okt (¢f —mi)™...(q7 —m3)*n

. [Chetyrkin, Tkachov ‘81]
Integral families form a vector space

with finite basis of integrals:

Master Integrals J [Smirnov, Petukhov 1]
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Reduction of Scalar Integrals

IBP REDUCTION (+ SYMMETRY RELATIONS)

O:/de 0 vt

ins Okt (g —m3)n...(¢2 —m2)an

Integral families form a vector space
with finite basis of integrals:

Master Integrals | [Smirnov, Petukhov “11] I = Zci({sijv d})J;

F=> r({sij}Ir=> r({si el {si;},d) Jm

l [Chetyrkin, Tkachov ‘81]

ANALYTICAL CALCULATIONS FOR WTT PRODUCTION AT NLO | SARA DITSCH



Computation of Master Integrals

METHOD OF DIFFERENTIAL EQUATIONS

0

5 = Zk: bil) = Zn: anJn

0
85177;

J = Au({a:}, D)T

[Kotikov ‘91] [Remiddi ‘97]




Computation of Master Integrals

METHOD OF DIFFERENTIAL EQUATIONS CANONICAL DIFFERENTIAL EQUATIONS
0 8 =cA,, ({z; })
5 = Zk: b1y = Zn: anJn 8:::@
dJ = Apdl J
ai J= A, ({z:}.D)J 82}; rdlog(au)

[Kotikov ‘91] [Remiddi ‘97] [Henn “13]
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Computation of Master Integrals

METHOD OF DIFFERENTIAL EQUATIONS CANONICAL DIFFERENTIAL EQUATIONS
0 8 =cA,, ({z; })
5 = Zk: b1y = Zn: anJn 8:::@
dJ = Apdl J
ai J= A, ({z:}.D)J 82}; rdlog(au)

[Kotikov ‘91] [Remiddi ‘97] [Henn “13]

+ BOUNDARY CONDITIONS
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Computation of Master Integrals

CANONICAL DIFFERENTIAL EQUATIONS

0
(9:137, —5A ({xz})

dJ =) Apdlog(on)J

[Henn ‘13]

+ BOUNDARY CONDITIONS




Computation of Master Integrals

INTEGRATION TO DLOG FORM CANONICAL DIFFERENTIAL EQUATIONS

= Successive Integration in all 8
Mandelstam variables 5513@ =eA, ({x,,,})
— Not feasible

dJ = ¢ Z Ardlog(ou)J

[Henn “13]

+ BOUNDARY CONDITIONS
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Computation of Master Integrals

INTEGRATION TO DLOG FORM CANONICAL DIFFERENTIAL EQUATIONS

= Successive Integration in all 8
Mandelstam variables 5513@ =eA, ({xz})
— Not feasible

dJ = ¢ Z Ardlog(ou)J

Alternative:
" Find possible letters @i from Baikov
representation [Chen, Ma, Yang 22]

= Make ansatz and fix A from
derivatives + BOUNDARY CONDITIONS

[Henn “13]
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Large Rational Coefficients

b= Z[?“k({sz‘j})cgf)({sij}ad)]Jm
k,m




Large Rational Coefficients

b= Z[?“k({sz‘j})cgf)({sij}ad)]Jm
k,m

EXPANSION AND RELATIONS OF MASTERS

J = %J(_Q) T [ D (ORI B
9 9

ANALYTICAL CALCULATIONS FOR WTT PRODUCTION AT NLO | SARA DITSCH



Large Rational Coefficients

b= Z[?“k({sz‘j})cgf)({sij}ad)]Jm
k,m

EXPANSION AND RELATIONS OF MASTERS
1 —2 1 —1 0 1
J==J0 4 gt 4 g0 4 gy

9 9

—1 _1
Relations at T Jl( ) 4 7’2J2( ) — 0
fixed weight r1J1(_2)J2(_2) 4 r2J2(_1) —0
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Large Rational Coefficients

b= Z[?“k({sz'j})cgf)({sij}ad)]Jm
k,m

EXPANSION AND RELATIONS OF MASTERS
1 —2 1 —1 0 1
J==J0 4 gt 4 g0 4 gy

9 9

—1 _1
Relations at T Jl( ) 4 7’2J2( ) — 0
fixed weight r1J1(_2)J2(_2) 4 r2J2(_1) —0

_ . Independent
FO = Z RlJl( b < m contributions at each
! order
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Large Rational Coefficients

b= Z[?“k({sz'j})cgf)({sij}ad)]Jm
k,m

EXPANSION AND RELATIONS OF MASTERS SIMPLIFICATION OF COEFFICIENTS

I 5 | - 0 1 = Together: Size blows up
J = 5_2']( ) T g']( ) + ']( ) + 5']( ) + .. = Partial Fraction: Can not find common

Grobner basis for all denominators

—1 —1
Relations at 7“1J1( ) 4 7’2J2( ) — 0
fixed weight r1J1(_2)J2(_2) 4 r2J2(_1) —0
Independent

FO = Z RlJl(i) [ <m contributions at each
l order
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Large Rational Coefficients

b= Z[?“k({sz'j})cgf)({sij}ad)]Jm
k,m

EXPANSION AND RELATIONS OF MASTERS SIMPLIFICATION OF COEFFICIENTS
1, 1 0 . = Together: Size blows up
J = 8_2']( ) T g']( ) + J© + eJ T = Partial Fraction: Can not find common
Grobner basis for all denominators
—1 —1
Rglation§ at TlJl( 2) * r;Jé = 01 Solution:
fixed weight r OIS s =0 = Combine terms with same denominators
= Find relations
' Independent = Partial fraction separately but with fixed
FU) = Z RlJl(Z) I <m  contributions at each relative order
l order

‘ Simplification of factor 10
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Summary

= Separate tensor structure and kinematics:

L. o V24 H ? ?
Form factor decomposition Is there a “better” basis? Why not:

= Group scalar integral into families and find
canonical master integrals for families

= Reduce integrals to master integrals:
IBP-reduction

= Compute master integrals: Method of

Compute DEQ matrix from Ansatz
(canonical) differential equations . -

= Simplify rational coefficients Find relations of expanded masters + partial fraction
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