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Wiy Vet producion
Why V+jet production?

e Precision era of LHC: exquisite
predictions for benchmark processes

Petr Jakubtik (UZH) Amplitudes for V+jet production September 6, 2023 3/17



Why V+jet production?

e Precision era of LHC: exquisite
predictions for benchmark processes

e |arge production rate + clean signature
from charged lepton pair

Petr Jakubtik (UZH) Amplitudes for V+jet production September 6, 2023

3/17



Why V+jet production?

e Precision era of LHC: exquisite
predictions for benchmark processes

e |arge production rate + clean signature
from charged lepton pair

e Transverse momenta of V and leading
jet already measured to O(1%)
[ATLAS, CMS 2022]
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Why V+jet production?

e Precision era of LHC: exquisite

- % ol T o e Lo T
predictions for benchmark processes 8 e, R
e Large production rate + clean signature . T ’
from charged lepton pair # ar ¢rgg§v139,b,,¢f:,:

e Transverse momenta of V and leading

jet already measured to O(1%)

[ATLAS, CMS 2022]

Pred. / data

® precise probe of QCD (constraints on
PDFs and determination of as)

1+
4+NNLOJET

¢ calibration benchmark if reliable
predictions available
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Why V+jet production?

e Precision era of LHC: exquisite
predictions for benchmark processes

e |arge production rate + clean signature
from charged lepton pair

e Transverse momenta of V and leading
jet already measured to O(1%)
[ATLAS, CMS 2022]
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e Background for Higgs properties studies and new physics searches

(Via missing ET) [Lindert, Pozzorini et al. 2017]

® extrapolation of background to signal region (especially at high pr)
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Wiy Vet producion?
Theory state of the art

(Z, W*)+jet completed using antenna
subtraction [Gehrmann-de Ridder et al. 2016) and
N-jettiness slicing soughezal etal. 20161 at

(+leading NNLOgw + N®YLOgcpgrw)
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Wiy Vit producton?
Theory state of the art

(Z, W*)+jet completed using antenna

subtraction (Genrmann-de Riader et al. 20161 and N B -
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siteofheart
Amplitudes state of the art

Required matrix elements for N3LO
® Tree-level: 2—5

e 1 loop: 24

e 2 |OOpS: 2—3 (aII integrals [Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia, 2023],
and |eading colour amplitude [Abreu, Cordero, Ita, Klinkert, Page, 2021])

e 3loops: 22!
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siteofheart
Amplitudes state of the art

Required matrix elements for N3LO
® Tree-level: 2—5
e 1 loop: 24

e 2 |OOpS: 2—3 (aII integrals [Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia, 2023],
and |eading colour amplitude [Abreu, Cordero, Ita, Klinkert, Page, 2021])

® 3loops: 22!

Very timely: golden era of NNLO predictions, dawn of N3LO amplitudes
(firSt all massless 2 — 2 integrals [Henn, Mistlberger, Smirnov, Wasser 2020] and QCD
amplitude [Caola, von Manteuffel, Tancredi 2021, + Bargiela, Chakraborty, Gambuti 21»22])
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Introduction State of the art

2 — 2 amplitudes with an external mass

® 1 loop amplitude (Giele, Glover 1992]

o ? |00p amplitude [Garland, Gehrmann, Glover, Koukoutsakis, Remiddi, 2002].
first demonstration of method of differential equations, introduction
of 2d HPLS [ehrmann, remiddi, 20011, Symmetric alphabet which closes under

crossings
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2 — 2 amplitudes with an external mass

® 1 loop amplitude (Giele, Glover 1992]

o ? |00p amplitude [Garland, Gehrmann, Glover, Koukoutsakis, Remiddi, 2002].
first demonstration of method of differential equations, introduction
of 2d HPLS [ehrmann, remiddi, 20011, Symmetric alphabet which closes under

crossings

- tensor decomposition in d = 4
- canonical basis
- IBP reduction automation, finite field methods etc.
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Introduction State of the art

2 — 2 amplitudes with an external mass

® 1 loop amplitude (Giele, Glover 1992]

o ? |00p amplitude [Garland, Gehrmann, Glover, Koukoutsakis, Remiddi, 2002].
first demonstration of method of differential equations, introduction
of 2d HPLS [ehrmann, remiddi, 20011, Symmetric alphabet which closes under

crossings
- tensor decomposition in d = 4
- canonical basis
- IBP reduction automation, finite field methods etc.
New results!

@ 2 loop amplitude with axial vector coupling of Z (— completion at 2L)

® confirm non-singlet agreement between V and A-V
® singlet will contribute to diff. observables (eg. angular correlations)

@ 3 loop amplitude at leading colour — , ... > ;o 2

— = = — Ty
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Setup

Goal: finite remainders of independent helicity amplitudes
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Setup

Goal: finite remainders of independent helicity amplitudes

e Dimensional regularization, 't Hooft-Veltman scheme, decay
kinematics with two independent variables y = —2”:7—;’3 and

z=— 2”;5”3:
P1 D P1
q q P q
—> —> —>
-- ps  -- -- ps
P2 Ps P2
gg channel non-singlet | |qa channel singlet | |g|uonic channel
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Setup

Goal: finite remainders of independent helicity amplitudes

e Dimensional regularization, 't Hooft-Veltman scheme, decay
kinematics with two independent variables y = —2”:7%”3 and

zZ= 2‘3}’3
P1 D P1
q q P q
—> —> —>
-- ps  -- -- ps
P2 Ps P2
gg channel non-singlet | | gq channel singlet | | gluonic channel |

® SM coupling for Z has a vector (y*) and axial-vector (y*~°) part

® gg non-singlet has to agree between V and AV (check)

® 2L singlet cancels in the sum over degenerate quark pairs (new result for

massless b and massive t in the loop)
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Setup

Goal: finite remainders of independent helicity amplitudes

e Dimensional regularization, 't Hooft-Veltman scheme, decay
kinematics with two independent variables y = —2’2—5”3 and

z=— 2‘35”3:
P1 D P1
q q P q
—> —> —>
-- ps  -- -- ps
P2 Ps P2
gg channel non-singlet | | gq channel singlet | | gluonic channel |

® SM coupling for Z has a vector (y*) and axial-vector (y*~°) part

® gg non-singlet has to agree between V and AV (check)

® 2L singlet cancels in the sum over degenerate quark pairs (new result for

massless b and massive t in the loop)

* 3loops: As N ~ Ny, dominant colour factors are N3, N2N;, NN? and N2

(only planar diagrams)
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Computation Tensor basis

Tensor basis
Traditional approach in CDR

{ List all combinations of p/* and g~ }

l |apply symmetries, fix gauge | \

Use this a priori?

Compute scalar form factors wrt this basis:
A= 3R

l | express tensor basis in spin. hel. formalism |

Construct helicity amplitudes as combinations of
form factors x spinor structures (fix d = 4)
|

N\

4

/7
— | Realization:

N |- combinations of FFs do not contribute (Nees > Nheiamps)
- evanescent terms from d-dimensional Dirac algebra
do not appear in hel. amps

(lll@
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Tensor basis

in t' Hooft-Veltman scheme [Peraro, Tancredi 2019]

@ Consider basis q; = {p1, p2, p3, va} With v} = e"*?7 py,p2,03,
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Tensor basis

in t' Hooft-Veltman scheme [Peraro, Tancredi 2019]

@ Consider basis q; = {p1, p2, p3, va} With v} = e"*?7 py,p2,03,
® Apply gauge: ¢; - piy1 = 0for gluonsand es - ps = 0 for V
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Computation Tensor basis

Tensor basis

in t' Hooft-Veltman scheme [Peraro, Tancredi 2019]

@ Consider basis q; = {p1, p2, p3, va} With v} = e"*?7 py,p2,03,
® Apply gauge: ¢; - piy1 = 0for gluonsand es - ps = 0 for V

Levi-Civita symbol

® v and s in Larin scheme: 4#4° — 1e"*7 57,7,
contain the Levi-Civita symbol 7
e products of more than two e ambiguous

* Trade g =37, bjpipy + by, vy
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Tensor basis

in t' Hooft-Veltman scheme [Peraro, Tancredi 2019]
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® Apply gauge: ¢; - piy1 = 0for gluonsand es - ps = 0 for V

Levi-Civita symbol

® v and s in Larin scheme: 4#4° — 1e"*7 57,7,
contain the Levi-Civita symbol 7
e products of more than two e ambiguous
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© Make substitutions for two, three or four v, in terms of g
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Computation Tensor basis

Tensor basis

in t' Hooft-Veltman scheme [Peraro, Tancredi 2019]

@ Consider basis q; = {p1, p2, p3, va} With v} = e"*?7 py,p2,03,
® Apply gauge: ¢; - piy1 = 0for gluonsand es - ps = 0 for V

Levi-Civita symbol

® v and s in Larin scheme: 4#4° — 1e"*7 57,7,
contain the Levi-Civita symbol 7
e products of more than two e ambiguous

* Trade g =37, bjpipy + by, vy

© Make substitutions for two, three or four v, in terms of g

Result

Minimal basis with at most one ¢, no mixing between odd and even structures
® 6+ 6 even+odd structures for Vgqq: 24 x 245 x 3v
* 12+ 12 even+odd structures for Vggg: 25 x 3y

) = =

Ty
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Computation Tensor basis

Example tensor basis
Vagg

Al ran = +F1 05" PP Py + Fo 5 P p5° P + Fa ' Pl gt
+ Fapy'po’g"®" + Fsp5' Py g"*!* + Fe py’ pp 9"
+ F7 pqzngsgmu + F8 p¢2p¢gu1us + F9 p4‘2pggu1u3
+ Flopy° oy gt + Fiipytpy g'he + Frg TEHEH
AT o = G P P2 DAV + Ga Py iV P + G b P2 v )
4 G4 pg1 V//:ngqui T G5 p/éh V,’:ngapg + GG péh Tébzusu
+ G7 V;‘Mpfltngspél + GS Vz1p¢2p53pg + Gg p¢2T0N1H3u
+ G1Op537'o/»¢1ll«zlt + Gy p4L7—611u2#3 + G12PST5W2M3

with

H1p2p3 — H3 L1 3 | 42 H1
TO = gmﬂsz +g/1A3VA +g“2“3vA
7'EI11H2N3N = glM M?gNSM + gN1N39N2M + gN2N39M1N
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Example tensor basis

Vggg
Aiean = TF1 Py PP 05° P + Fo 3 DY P5° Py + Fs Py Py 9ot
+ Fapy'po’g"®" + Fsp5' Py g"*!* + Fe py’ pp 9"
+ F7 P ps 9" + Fe p*py 9" + Fo py*pp g
+ Flopp®pi 9" + Fii py°pp g2 + Frp TEHOH
A v = G 05" D052 Vs + Ga 05 P2 V® DY + Ga 05 P} Vi o)
+ Ga Py V42052 Py + Gs P Vi pheph + Ge Pyt T4
+ Gy vy py*Ps Py + G Va' PP’ Ps + Ga py* T "
+ Gro Py°TH"" + Gy P TEM + Gra phy 41
with

H1p2p3 — H3 L1 3 | 42 H1
TO = gmﬂsz +g/1A3VA +g“2“3vA
7'EI11H2N3N = glM M?gNSM + gN1N39N2M + gN2N39M1N

cf. [Gehrmann, Tancredi, weihs 2013] Where 14 even structures were used
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Computation IBP reduction & Mls

IBP reduction

e Obtain integrand with QGRAF ogueira 19931 and FORM [vermaseren 2000]
e Contribution of each diagram to each helicity amp. is a sum of scalar

integrals
[ [[ Toops [ props (+ISPs) [ IR top sectors | coupling | integrals | rank [ masters |

vector 11.7k 4

gg || 2 7(+2) 1PL + 2NPL o T - »
vector 7.7k 4
. 7(+2) TPL + 2NPL AV T03K 5

3(LO) 3PL 97k 5 291

3(fam | 10>) g - e O e B S I

computational | & | analytic

complexity complexity
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IBP reduction

e Obtain integrand with QGRAF ogueira 19931 and FORM [vermaseren 2000]
e Contribution of each diagram to each helicity amp. is a sum of scalar

integrals
[ [[ Toops [ props (+ISPs) [ IR top sectors | coupling | integrals | rank [ masters |

vector 11.7k 4

gg || 2 7(+2) 1PL + 2NPL o T - »
vector 7.7k 4
. 7(+2) 1PL + 2NPL AV T03K 5

3(LC) 3PL 97k 5 291

3@am | 10+ 3pLezeNpl | VT | Tam 6 72

computational | & | analytic

complexity

complexity

e Diagram matching/shifts with Reduze 2 (von manteuffel,studerus 20121 and
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reduction with KIRA 2 [Klappert, Lange, Maierhéfer, Usovitsch 2021]
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:

- 1 1 1
ayl(yaZ:E)—ﬁ(oner_1A1+y+z

1 o
A; + v _Z)A1_z> I(y,z;¢)
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:

—

1 1 1 1 -
ayl(y,z,e)_e(oner_1A1 +y+zAz+y—(1 _Z)A1_z> Iy, z;€)

— solution possible to all orders in terms of GHPLs with alphabet
{y7271 —}’;1 _Za1 —y—ZaY+Z}
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—
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:

—

1 1 1 1 -
ayl(y,z,e)_e(oner_1A1 +y+zAz+y—(1 _Z)A1_z> Iy, z;€)

— solution possible to all orders in terms of GHPLs with alphabet
{y7271 —}’;1 _Za1 —y—ZaY+Z}

Boundary conditions
@ input 5 single-scale two- and three- point functions
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:

—

1 1 1 1 -
ayl(y,z,e)_e(oner_1A1 +y+zAz+y—(1 _Z)A1_z> Iy, z;€)

— solution possible to all orders in terms of GHPLs with alphabet
{y7271 —}’;1 _Za1 —y—ZaY+Z}
Boundary conditions

@ input 5 single-scale two- and three- point functions
® require non-appearance of singularities at pseudo-thresholds in DEs
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Master integrals

extension of 2L integrals from €° (Genrmann, Remiddi 20011 tO €2:

® new canonical basis Henn 20131 Using candidates from DLogBasis
[Henn, Mistlberger, Smirnov, Wasser 2020] and heuristic Study of Ieading Singulal’itieS:

—

1 1 1 1 -
ayl(y,z,e)_e(oner_1A1 +y+zAz+y—(1 _Z)A1_z> Iy, z;€)

— solution possible to all orders in terms of GHPLs with alphabet
{y7271 —}’;1 _Za1 —y—ZaY+Z}

Boundary conditions
@ input 5 single-scale two- and three- point functions

® require non-appearance of singularities at pseudo-thresholds in DEs
© basis is UV finite — even at thresholds allow only IR-type singularity

Petr Jakubtik (UZH) Amplitudes for V+jet production September 6, 2023 12/17



Master integrals

ongoing work at 3L:

e |adder-box (pivita Mastrolia, Schubert, Yundin 2014] m

e completion of planar topologies (canko, syrrakos 2021]

L

l

e first non-planar results (Henn, Lim, Torres Bobadilla 2023]

_ X 11 [
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Master integrals

ongoing work at 3L:

e |adder-box (pivita Mastrolia, Schubert, Yundin 2014] m

e completion of planar topologies (canko, syrrakos 2021]

L

l

e first non-planar results (Henn, Lim, Torres Bobadilla 2023]

_ X 11 [

Main findings
@ 2 newletters {1 -2y +y? —z,y — y?> — 7}

® adjacency conjecture of letters 1 — y, 1 — zand y + z violated
[Dixon, McLeod, Wilhelm 2020]
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UV renormalization

e "Pure singlet” only well-defined for Ny odd if AV current is properly
renormalized

e Specifically in Larin: "Non-singlet” terms are also contaminated with
extra renormalization [Larin, Vermaseren 1991]
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UV renormalization

e "Pure singlet” only well-defined for Ny odd if AV current is properly
renormalized

e Specifically in Larin: "Non-singlet” terms are also contaminated with
extra renormalization [Larin, Vermaseren 1991]

e O(1) correction in m; — oo limit at 2L in gg channel
[Gehrmann, Peraro, Tancredi 2022] (ONe order higher in gluonic channel)
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UV renormalization

e "Pure singlet” only well-defined for Ny odd if AV current is properly
renormalized

e Specifically in Larin: "Non-singlet” terms are also contaminated with
extra renormalization [Larin, Vermaseren 1991]

e O(1) correction in m; — oo limit at 2L in gg channel
[Gehrmann, Peraro, Tancredi 2022] (ONe order higher in gluonic channel)

e Ultimate renormalization check: Verify Ward identities
Example for gg channel pure-singlet:

fix to recover

n/p mixing in Larin
correct anomaly
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Ward identities

Finite Z; determined by requiring that the renormalized AV current
satisfies the axial anomaly relation

| one order lower |
8M<J€(X)O(X1 PR 7X")> = 81 <Gf”,éf“/(X)O(X1 PR 7Xn)>

— BN

Qg
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Ward identities

Finite Z; determined by requiring that the renormalized AV current
satisfies the axial anomaly relation

| one order lower |

O (JE(X)O(X1, ..., Xn)) - <Gﬁl,éfjl,(x)(9(x1 yeeesXn))

— BN

In momentum space: q“Qﬁf)
Vanishing for amplitudes with vector
coupling

Qg
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Ward identities

Finite Z; determined by requiring that the renormalized AV current
satisfies the axial anomaly relation

| one order lower |

Qg -
8M<J5(X)O(X1 PR 7X")> = §<Gfu/6zy(x)o(x1 PRI 7Xn)>
/ \
In momentum space: unEf) Amplitude with the pseudoscalar
Vanishing for amplitudes with vector ~ field A coupling to the same partons
coupling

1 vpo
L= 594 " G Goo A
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Ward identities

Finite Z; determined by requiring that the renormalized AV current
satisfies the axial anomaly relation

| one order lower |
8M<J€(X)O(X1 PR 7X")> = 81 <Gf”,éf“/(X)O(X1 PR 7Xn)>

— BN

Qg

In momentum space: g#Q? Amplitude with the pseudoscalar
Vanishing for amplitudes with vector ~ field A coupling to the same partons
coupling

1 vpo
L= 594 " G Goo A

Example: (iff 22 = 2CF)

2 4(y - Z) - v
wopa,ext,(1L) _
q AM - +q4yz(1 — y — Z) U(pZ)pSU(p1)VA
4(y —+ Z) _ 5 tree
- WU(M)VAU(M i = Apseudo
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Results and checks

Results at xjetamps.hepforge.org

* Ready to use:
- finite remainders IR subtracted in SCET
- analytically continued to all production channels: q@ — Vg, qg — Vq,
g9 — Vg, and gg — Vg
- expressed in terms of GHPLs (fast in GiNaC (voliinga, weinzierl 20051)
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Results and checks

Results at xjetamps.hepforge.org

* Ready to use:
- finite remainders IR subtracted in SCET
- analytically continued to all production channels: q@ — Vg, qg — Vq,
qg — Vg, and gg — Vg
- expressed in terms of GHPLs (fast in GiNaC (voliinga, weinzierl 20051)
¢ Flexible:
- Canonical basis & extended 2L solutions available
- UV renormalized amplitudes provided
- explicit conversion to Catani scheme given

All results checked at 1L against OpenLoops
[Buccioni, Lang, Lindert, Maierhéfer, Pozzorini, Zhang, Zoller 2019] and 2L amplitudes up to 60 with

the literature )
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Outlook

e Complete computation of 3L non-planar master integrals
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Outlook

e Complete computation of 3L non-planar master integrals
® Appearance of new letters — question about "natural” representation
e Compute subleading colour layers in V+jet production

* Presented amplitude related by crossing to N3LO virtual correction to
ete~ — 3jets (clean QCD playground)

e The same master integrals allow for H+jet computation (IBP reduction
challenge)

¢ |Investigate behaviour in soft/collinear limits

N3LO: an exciting new era for QCD amplitudes
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