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Novel Strategies for N°LO and N3LO and precision
observables in the SM and beyond

MOTIVATIONS

Standard Model Production Cross Section Measurements Status: July 2018
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Some SM open questions

Dark Matter

Quantum Gravity and Dark Energy

CP violation and Baryonic asymmetry

Neutrino oscillations and masses

Why 3 families? Flavor Puzzle Problem

Why low value of m, despite large quantum corrections?

Why 26 free parameters (18 of which related to Higgs physics)?
Strong CP problem, etc.

1. Increasing Energy/Luminosity
(LHC expected to run at 27 TeV)

Two ways to explore BSM phyS|CS 2. Rely on very high precision
(tiny discrepancies between theory and
\ [ experiment)
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Example: NLO calculation in QED
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QCD: Kinoshita-Lee-Nauenberg (KNL) theorem

Any QFT with massless field is free of IR divergences after sum over
virtual and degenerate initial- and final-state real contributions




UV — integrations in loop momenta — ren. scale MR

e External massive particle p radiates another particle with 4-momentum
p, — 0 (softsingularities)

e External massless particle p radiates another particle with 4-momentum
p, — 0 (soft singularities) or p // p, (collinear singularities) — fact. scale IJF

e Intermediate IR infinities in Feynman amplitudes, regulated e.g. with a
fictitious mass which is set to zero in the end of calculation

Gluon Fusion Higgs Production at N3 LO

Anastasiou, Duhr, Dulat, Herzog, Mistlberger (2018) JHEP 1905 (2019) 080

Observe stabilizetion of expansion
Small correction (2%at Mw/2)
Scale variation a N3LO ~2%

Daniel de Florian
QCD @ LHC
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. Mathematical consistency
. Causality and unitarity

N2LO and N3LO automated » REGULARIZATION = .  Symmetries

calculations in SM and extensions

Eur. Phys. J. C (2017) 77:471 THE EUROPEAN
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Regular Article - Theoretical Physics
Application example: ete™ — y* — gg at NLO
To d, or not to d: recent developments and comparisons
of regularization schemes
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. Quantum action principle
. Computational eficiency
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CA16201 - Unraveling new physics at the LHC

through the precision frontier

Tradicional Schemes: CDR (conventional Dimensional Regularization), t'Hooft Veltman Scheme (HV),
Four dimensional Helicity Scheme (FDH), Dimensional Reduction (DRED)
Reformulations of dimensional schemes: Four dimensional formulation of FDH (FDF), Six dimensional

Formalism (SDF)

Non-dimensional schemes: Implicit Regularization (IREG) , Four-dimensional Regularization/Renormalization
(FDR), Four-Dimensional Un-subtraction (FDU), Differential Renormalization (DREN).

Mixed schemes: High-Covariant-Derivatives (HCD), etc.

» Algorithm for decomposing amplitudes into master integrals
« Subtract UV and IR divergences at the integrand level
» Facilitate resummation of Sudakov logs stemming from IR divergences




Why to explore non-dimensional methods ?

 Dimensional Specific QFT : SuSy, Chiral, Topological ... £SPURIOUS ANOMALIES
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E.g. SuSy: EWPO >ww§ VKVZV g o O) &
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resolve %-level loop effects o, mf, mg g—2

= CDR : breaks SuSy Loop momenta - D dim Photon — D dim, Photino 4d  breaks SuSy

B DRED is mathematically inconsistent and there is no full proof that
SUSY is preserved  Loop momenta - D dim, photon and photino — 4d

One can then calculate eP? e, g6 €uvpo P19 in two different ways
However, in DRED the following relation is required: g{*),,g(?) ) = ¢(D) ,p map L 0= D(D - 1)2(D - 2)2(D — 3)2(D — 4)

D-dimensional space is a subspace of 4-dimensional space , _ ,
different calculational steps lead to different results,

mathematical inconsistency!!! [Siegel’80]
Consistent formulation = prove quantum action principle! - D. Stockinger and collaborators
Nucl.Phys. B935 (2018) 1-16
Nucl.Phys.Proc.Suppl. 160 (2006) 250-254
Quantum action principle: idsysy(T¢1...on) = (Th1...onA\) JHEP 0503 (2005) 076
SUSY Ward/ST identities: 4dsysy(T®1 .. dn) Z 0 l
o A =dsysyL in D dimensions

e if A =0, all SUSY Ward and Slavnov-Taylor identities are satisfied  SUSY: DREG breaks SUSY a|ready in Simp|es’[ cases, DRED
preserves SUSY in many cases up to 2-Loop, but not at all orders
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. Facts of life with 7Y

Jegerlehner - Eur.Phys.J. C18 (2001) 673

{75,7,} =0 does not hold in divergent amplitudes

75 Clifford algebra clashes with dim. cont. in space-time dimension — Breitenlohner-Maison extension of CDR
to regularise/renormalise Chiral Gauge Theories — introduce gauge variants local counterms to restore WI

In principle, we don’t have to bother whether a
regularization preserves symmetries

Some recipes for maintaining
gauge symmetry in Renormalised
Chiral Gauge Theories

Similar problems in the physical dimension !!

75 algebra ambiguities in Feynman amplitudes: Momentum routing

invariance and anomalies in D=4 and D=2 |:> 2 2 2 ==
BSymmetric Integration is not valid in

Viglioni, Cherchiglia, Hiller, Vieira, Sampaio
Phys. Rev. D94(2016)065023

Consistent Dimensional regularization vs methods in fixed
procedure dimension with and without ~5

Bruque, Cherchiglia, Perez,
JHEP (2018) 2018: 109

In practice, life is easier with a symmetry-preserving
regularization!

. 5 . - . .
displace ¥ to rightmost position in the amplitude
Tsai et. Al. Phys. Rev. D83 (2011) 065011
Symmetrise Tr [7“7"7“’%3 777575]

Viglioni, Cherchiglia, Hiller, Vieira, Sampaio — Phys. Rev. D94(2016)065023

/ Lk Kk, f(K?) = 22 / L 2 F(k?)

general@nhe integer dimension for

divergentintegrals.
Perez-VictorialHJHEPED104(2001)E032)

ABSTRACT: We study the Lorentz and Dirac algebra, including the antisymmetric € ten-
sor and the 5 matrix, in implicit gauge-invariant regularization/renormalization methods

defined in fixed integer dimensions. They include constrained differential, implicit and
four-dimensional renormalization. We find that these fixed-dimension methods face the
same difficulties as the different versions of dimensional regularization. We propose a con-
sistent procedure in these methods, similar to the consistent version of regularization by
dimensional reduction.



Methodology: IREG

Momentum space, nondimensional

No modification at Lagrangian level

Locality, Unitarity, Lorentz symmetry to N-loop

Bogoliubov recursion formulae (BPHZ) — renorm. of subdivergencies
UV and IR divergencies as BDI (internal momentum only)
Parametrisation of reg. dep. terms as surface terms

Instructional Examples >  Vacuum polarization tensor massless QED in 3+1 d
K+ k; BDI I]Og(mz)szm Tyag(m?) = ﬁﬁ I, (m?) = fk(kzkfik;zy
P P yi = fd 0 K" d etc.
ST k9% (= m): Reg. Dep.
= d[ £ glon?) 1)
K+ k; Scale 2

A
Relations ©¢ ) =1u0)+6m(7)  Reg. Indep.

kKi—k,=p

eg. ky=ap . k= (a—1)p A # 0 plays the role of renormalization group scale

« arbitrary routing



LQW My = - /ktr{va(k+ ki)yvS(k+ k2)}  S(q) = (q,_iu) 1 infrared reg.

ki—k,=p
Eliminate external 1 _ i (- 1) (k?+ 2 k) (DN + 2k k)T
momenta from BDI [(k+k)2-m?] 5 (k2- m2)** (k2= mN*[(k + k)2 - m2]
- 1 1
My = M+ 4(Y§V - é(k§+ k3)YS, + é(kfk‘f + KSKE + KSKE)Y S, g

T=0 MRI
1
— (K + k)% (kg + ko), YO, - é(kgkg3 + kgkg)gva88> where

r 4 3 —(k1—k2)?
My = é((kl_ k2)?Guv = (K1 = Ka2)u(ky = kz)v) (Ilog(HQ) - W<§+ln i) ))

w2
: IR diverg. eliminated
Scale relation
/\2
__ 2 i —(k1—Fks)2
Ilog(mz) - Ilog(A ) F bln <$) (IZOg()\Q) — <§ +1n (k)\Qk ) >>

(\l”rj“'/‘—’ I'(d/2)" ARG scale




IREG

Generalisable to n loop order in compliance with BPHZ forest formula

2
() 2\ — 1 _1_(k—m) N :
Lyy(m?) = fk(k2 " In" ( z » Typical UV BDI n-loop order
n+1
17D (2) = 1D (\2) — §+ —"!1n"(—m2> ——  Scale relation
log log i! 22
i=1 "
dL(A%)  (n—1) 5
_ (n—1) a\@
T = o e )54,

Wary 2 Derivatives of BDI are BDI — evaluate RG functions
dlip""(A%)  (n

1) (n=Dpv, 2 b (n)
g e (’\)+2/\ZB

L &2V (=D opr " < (n — 1! JU=itD ()2 -
5;() n_})!Y B = R (N2) + Z() =) Ly’ (A") — ST parametrises reg. dep. terms

MRI “ ST=0 “ Gau ge Invariance (proof for abelian case)

Clear separation UV and IR divergences

(IR can be expressed in dual (position) space as BDI)

When radiative corrections are finite but undetermined

R. Jackiw Int.J.Mod.Phys. B14 (2000) 2011 10



Some Applications of IREG .

Y. R. Batista, Brigitte Hiller, Adriano Cherchiglia, and Marcos Sam-
paio. Supercurrent anomaly and gauge invariance in the N = 1 su-
persymmetric Yang-Mills theory, Phys. Rev. D98 (2018) 025018.

A. L. Cherchiglia, Marcos Sampaio, Brigitte Hiller, and A.
P. B. Scarpelli. Subtleties in the beta-function calculation of

N = 1 supersymmetric gauge theories, Eur. Phys. J. C76
(2016) 47.
A. R. Vieira, A. L. Cherchiglia, and Marcos Sampaio. Momentum

routing invariance in extended QED: Assuring gauge invariance beyond
tree level, Phys. Rev. D93 (2016) 025029.

A. C. D. Viglioni, A. L. Cherchiglia, A. R. Vieira, Brigitte Hiller, and
Marcos Sampaio. v° algebra ambiguities in Feynman amplitudes: Mo-
mentum routing invariance and anomalies in D = 4 and D = 2, Phys.

Rev. D94 (2016) 065023.

A. L. Cherchiglia, L. A. Cabral, M. C. Nemes, and Mar-
cos Sampaio. (Un)determined finite regularization-dependent
quantum corrections: The Higgs boson decay into two pho-
tons and the two-photon scattering examples, Phys. Rev. D87
(2013) 065011.

L. C. Ferreira, A. L. Cherchiglia, Brigitte Hiller, Marcos Sam-
paio, and M. C. Nemes. Momentum routing invariance in

Feynman diagrams and quantum symmelry breakings, Phys.
Rev. D 86 (2012) 025016.

H. G. Fargnoli, Brigitte Hiller, A. P. B. Scarpelli, Marcos
Sampaio, and M.C. Nemes. Regularization independent analy-
sts of the origin of two loop contributions to N = 1 Super
Yang—Mills beta function, Eur. Phys. J. C71 (2011) 1633.

anomalies

SuSy

Lorentz violation

Chiral Theories

Radiative undetermined parameters
NLO calculation

MRI in Feynman diagrams
and gauge symmetry

Holomorphy and
exact beta functions
In N=1 SYM

11



NNLO (and Beyond) Implementation of IReg

@ At multiloop level, the IReg prescription does not give a
natural order to perform integrations

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

@ At multiloop level, the IReg prescription does not give a
natural order to perform integrations

@ We rewrite it in a way to extract the divergent behavior of a
given amplitude when the internal momenta goes to infinity in
all possible ways
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NNLO (and Beyond) Implementation of IReg

@ At multiloop level, the IReg prescription does not give a
natural order to perform integrations

@ We rewrite it in a way to extract the divergent behavior of a
given amplitude when the internal momenta goes to infinity in
all possible ways

@ Allows an automatic identification of the terms to be
subtracted by Bogoliubov's recursion formula
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NNLO (and Beyond) Implementation of IReg

@ At multiloop level, the IReg prescription does not give a
natural order to perform integrations

@ We rewrite it in a way to extract the divergent behavior of a
given amplitude when the internal momenta goes to infinity in
all possible ways

@ Allows an automatic identification of the terms to be
subtracted by Bogoliubov's recursion formula

A. Cherchiglia, M. Sampaio, M. Nemes, Int. J. Mod. Phys. A26 (2011) 2591

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

pp

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

pp

% / A(ki)A(k = p)A(k — ke)A(k2)A(ke — p),  Alki) =
k1 ko

1
k? — p?

1

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

pp

.4 1
B[ Ak)At -~ 0 - k)AG)AGK —p). AK) =
ks ko !
1 2(nki) —1)

1 flip) f Flkp) o p i) oo g =) e g o
(ki —p)? — p? ; : : '

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

pp

.4 1
B[ Ak)At -~ 0 - k)AG)AGK —p). AK) =
ks ko !

1 2(nlk) —1)
B LTI O LI
i—P) — M —o

Finiteness of the terms that contain £ (> P) when k; — oo in all possible
ways = nlk) = plk) =3

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Divergences when k; — 0o and k; is fixed

A = /A(k £F U PIA (K — k) A(k2)

4

— [ M)A - k)AG)AGk - p)
ki ko

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Divergences when ko — 0o and ky is fixed

Ak — ko) A(ke) " P

4
Ay = /A(kl) |:Zfl(k17p)+f_'(k1,l’)

ke ko 1=0

— [ At)AGa - p)AG - k)A% )
ki ko

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Divergences when k; — 0o and ky — oo simultaneously

A = / A(k)ES P Ak — ko)A(k)f, b P
k1 ko

= [ A kAl ~ kA (k)20 ko)
k1 ko

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Term double counted

Ay = / A(k)R* P Ak — ke)A (k)2 P
ki ko

_ /A2(1<1)A(/<1 — k) A% (k2)

kiky

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Apply IReg rules according to their classification
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NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Apply IReg rules according to their classification

@ A;: Perform the integral in k; and consider k, as external
momenta
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NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Apply IReg rules according to their classification

@ A;: Perform the integral in k; and consider k, as external
momenta

@ A,: Perform the integral in k» and consider k; as external
momenta

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Apply IReg rules according to their classification

@ A;: Perform the integral in k; and consider k, as external
momenta

@ A,: Perform the integral in k» and consider k; as external
momenta

© Aj;: Perform the integrals in k; and k;
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NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Apply IReg rules according to their classification

@ A;: Perform the integral in k; and consider k, as external
momenta

@ A,: Perform the integral in k» and consider k; as external
momenta

© Aj;: Perform the integrals in k; and k;

@ A, Perform the integrals in ky and ky (intersection of the
cases k1 — 0o and k; fixed, k; — oo and ki fixed)

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Results

A1:A1+C¥1

A = / Alk) Ak — ) [log (V)]
ko

o /A(kg)A(kz —p) [2b6 — beln (_k%;zuzﬂ

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Results
Al - Al + (631
AL = /A(kz)A(kz =) [liog (X))
ko

0y = bg — ~liog(A\?) + 871 — 473

Ay = bep> () 8
P73 79

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Results

A2:A2+C¥2

A = / Alk) Ak — ) [log(A)]
k1

e /A(kl)A(kl —p) [2b6 — beln (_k%;zuzﬂ

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Results
A2 - AQ + (6%)
Ay = /A(kl)A(kl =) [liog (X))
ki

ap = bg — ~liog(A\?) + 871 — 473

Ay = bgp> () 8
P73 79

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Results
liog (A2
A3 = C_k3 = b6p2 |:log§)) + 2T1:|
A4 = O

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Total divergence

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Total divergence

- 4
[} - -
%(5[14—@24—0_[34—/414—/42)

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Total divergence

- 4
[} - -
%(5[14—@24—0_[34—/414—/42)

@ Terms which contain /j5z(A?) multiplying an integral

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ Total divergence
;4

%(5[14—@24—0_[34—/514—/52)

@ Terms which contain /j5z(A?) multiplying an integral —»
Subtracted by Bogoliubov's recursion formula

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ = (—1)x Divergence of A

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

Example: ¢° in 6D

@ = (—1)x Divergence of A

8 [ at)ate ) [e?)] = £ (-4,
ko

i 4 i 4 _
£ / Ak)AK = p) [log (02)] = &= (~22)
k1

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

@ Obtained the divergence of the order and the terms to be
subtracted by Bogoliubov's recursion formula are
automatically identified

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

@ Obtained the divergence of the order and the terms to be
subtracted by Bogoliubov's recursion formula are
automatically identified

@ Same procedure applied to:
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NNLO (and Beyond) Implementation of IReg

@ Obtained the divergence of the order and the terms to be
subtracted by Bogoliubov's recursion formula are
automatically identified

@ Same procedure applied to:

O A A A

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



NNLO (and Beyond) Implementation of IReg

@ 2-loop results:
402 [ 5h 295 77b ,
@ = @6"{ 36 12 (\2) — . 2 10g(A2) — 20T, — 47T [/,og(%) - Tﬁ +3T1} +fm.te}

5 {Lbﬁ/(?)()?) - (173[)6 + 6T1) log (\?) + ﬁ”ite]

A2
A(): 2/og

Implicit Regularization: NNLO developments
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NNLO (and Beyond) Implementation of IReg

@ 2-loop results:
402 [ 5h 295 77b ,
@ = @6"{ 36 12 (\2) — . 2 10g(A2) — 20T, — 47T [/,og(%) - Tﬁ +3T1} +fm.te}

5 {Lbﬁ/(?)()?) - (173[)6 + 6T1) log (\?) + ﬁ”ite]

A2
A(): 2/og

@ Surface terms multiply divergence

Implicit Regularization: NNLO developments

Cherchiglia, Hiller, Sampaio




NNLO (and Beyond) Implementation of IReg

@ 2-loop results:
ig*p? [ 5b 29b, 77b, -
@ = @6"{ 36 12 (\2) — . 2 10g(A2) — 20T, — 47T [/,og(%) - Tﬁ +3T1} +f|n|te}

5 {Lbﬁ/(?)()?) - (173[)6 + 6T1) log (\?) + ﬁ”ite]

A2
A(): 2/og

@ Surface terms multiply divergence — Affect the

renormalization group functions

Implicit Regularization: NNLO developments

Cherchiglia, Hiller, Sampaio




IReg in spinor QED

@ Described method of implementing BPHZ in IReg used to
obtain NNLO corrections and beyond in QED

Dias et al., Eur. Phys. J. C 55, 667 (2008)

Cherchiglia, Hiller, Sampaio Implicit Regularization: NNLO developments



Example: polarization tensor at NNLO
(@)
b}
8 3 31
T = 16"blpup — gn ) 3 0%) 361207 + 5 bls ()~

3 P’ 3 2
— Ebln (—?) + §b+6b §(3)}.
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Example: polarization tensor at NNLO

Dt e
ol et

Gauge invariant
—_——

8 31
T = gleAb(PuPu - gwpz) { /Iog(>‘2) - 3b//og( ) ?bl/og()‘z)_

2
_ gbm ( )\2) + 3b+6b2§(3)}

All surface terms were set to zero on gauge invariance grounds )
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A - Anomaly Puzzle

U(1)g current is in the same multiplet as T%, =

— 3
chiral and trace anomaly subjected to the AB theorem B(Q). oy, = 3C2A QC :
16T 1 - ﬁ%

(no corrections beyond one-loop)

I ' 5
As [ x Tu — no corrections beyond one-loop NSVZ Exact beta function

A nice solution

Arkani-Hamed and Murayama
JHEP 0006 (2000) 030

Different definitions of gauge couplings depending on renormalization schemes —> different 5 functions

holomorphic gauge coupling whose beta function is one loop exact
N=1 SYM
canonical gauge coupling whose beta function is given by NSVZ ﬂ function.



Additional controversies: IR modes contributions to the beta-function

Instanton analysis (NSVZ “83, “85) - it is clear that corrections to the one-loop result have an
IR origin in an imbalance in the number of fermionic and bosonic zero modes

A. Hamed and Murayama - canonical Wilsonian coupling constant obeys a NSVZ flow - depends on
UV properties of the theory, and thus questioned the IR origin of the corrections.

Idea: Feynman diagram calculation to 2 loop order

Framework that clearly separate UV divergences from the off-shell IR divergences that afflict these calculations
Use IReg (physical dimension) since in dimensional methods UV and IR divergences are mixed.
Use SuSy - BFM



H
o
@)
©
=2
/

S
oS
=2
5

5
' }
oS

N

o

(@]
©

wn

@

ZO
®=
® =

3
= 2Cai / d*p d*0 W (p)Weo (—p)I (p), /’ M°’“e”t“”; pace
& - 3 ) 1(p):110g(12)—b1n<—%) +2b
= ZCA/d pd"0 W*(p)Wa(=p)p~U(p) 4
where b = (4’7)2, A 1s a nonvanishing arbitrary parameter
which plays the role of renormalization group scale
1 1 Configuration space
U(p)Efi, I(p)Efi 1 (- 2
i k3 (k= p)? i K2(p — k)? U= ?(Ilog( 2)+bln(—p—) +2b>
A
) ) where A is an infrared scale independent of the ultraviolet
IR div UV div

iz(4/e23’)i Y — Euler-Mascheroni constant



2 b2 2
+2p? ln(—%) — 8b% +3b%¢(3) + —”]

1

4

__+2 —3b1In —p—2 —|—6b+§ 2U( )
_2g2 i 2 )4 p

3g%C3%

[—%pzv(p) +bp*UP (p)

6

B(g) =bi1g> + brg’ +

3C? 9
4 |:bp2k U@ (p)—20> +b U(p)]

Infrared modes contributes to beta function

Separately off-shell IR divergent

1 (= - 5 P2
U:p Log(A™%) +bIn - ) +2b).

A
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@ IReg applied in SYM;
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SQED and conventional BFM

@ IReg applied in SYM;
e Uses BFM based on covariant derivatives;
e UV divergences = [, =0
e Finite part depends on the renormalization scale introduced at

l-loop = pB2#0

Shed light on this paradox in an easier context (SQED) verifying if
regularization ambiguities play a role.

@ SQED is an abelian theory and allows the use of conventional
BFM

A. Cherchiglia et al, Eur. Phys. J. C76 (2016) no.2, 47
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SQED in the conventional BFM

Results: 1 - loop

NANN

S
After after omitting surface terms on gauge invariant grounds

2 2
AY =(—i)& [ B(—p,0)D?D*DsB(p,0) | lg(X2) — bIn (=) +2b
2/, s 22
P,
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SQED in the conventional BFM
Results: 2 loops
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SQED in the conventional BFM
Results: 2 loops

2
A _ _2%/ B(—p,0)D" D*DsB(p, 0)b {I,og(f) = bin <_%>]
p,0

b
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SQED in the conventional BFM
Results: 2 loops

4 2

A — 28 [ B(_p,0)DPD?DsB(p,0)b| leg(N?) —biIn [ — 2
B8 4 2
2 p,0 v A

divergence
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SQED in the conventional BFM
Results: 2 loops

A _ / 0)D” 5 D3 B(p, 9)"["%“ )~ bln (—’;)]

| S ———

finite
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SQED in the conventional BFM

Conclusions

e Gauge symmetry requires ambiguous terms (surface terms) to
be zero;

@ [ function has non-vanishing corrections at 2 - loop order;

@ (3 can be calculated via renormalization constants or via the
finite term, yielding the same result.

— 1 3
P

1
8(47T2)2g5 +0(g")
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SQED in covariant BFM

@ Motivation: method used in the calculation of 3 function in
SYM
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SQED in covariant BFM

@ Motivation: method used in the calculation of 3 function in
SYM

o The renormalization constant does not get corrections at 2 -
loop order = [, =0
o Finite part depends on the renormalization scale = (£, #0
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SQED in covariant BFM
Results: 1 loop

2

AD = (4)%/})6 B(—p,0)D° D*DsB(p, ) {/,og(ﬁ) —blin (*%z) +2b}

s
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SQED in covariant BFM
Results: 1 loop

2 2
AW = (4)%/ B(—p,0)D?D*DsB(p, ) {/,Og(ﬁ)f bin (f%) +2b}
p,0

s

@ No ambiguous term occurs, the result is automatically invariant;

@ This invariant result is identical to the one obtained with the
conventional BFM.
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SQED in the covariant BFM
Results: 2 loops

,”i\\
e \
N g ‘
(a) (b) (©
4D _ & B(—p,0)D" D*DsB(p,0)b” |21 s +”—2+6<(3)—8
=5/, p, s5(P, "7 6
P,
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SQED and BFM

Comparison of results

@ At 1 -loop results are identical in both methods.
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SQED and BFM
Comparison of results

@ At 1 -loop results are identical in both methods.

e The only difference resides in the ambiguous term = set
to zero on gauge invariance grounds

@ At 2 - loops, the results differ
e Conventional BFM

. 2
_ p
N = 2E / B(=p,0)D"D*DaB(p,0)b [,,og(v) —bin <T)}
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SQED and BFM
Comparison of results

@ At 1 -loop results are identical in both methods.

e The only difference resides in the ambiguous term = set
to zero on gauge invariance grounds

@ At 2 - loops, the results differ
e Conventional BFM

. 2
_ p
N = 2E / B(=p,0)D"D*DaB(p,0)b [,,og(v) —bin <T)}

o Method with covariant derivatives
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SQED and BFM
Comparison of results

@ At 1 -loop results are identical in both methods.

e The only difference resides in the ambiguous term = set
to zero on gauge invariance grounds

@ At 2 - loops, the results differ
e Conventional BFM

. 2
_ p
N = 2E / B(=p,0)D"D*DaB(p,0)b [,,og(v) —bin <T)}

o Method with covariant derivatives

2

a0 _ & B(—p,0)DPD*DsB 2 BT -
- p.0)D?DD5B(p, 0)8 |2 (23 ) + T 4 6¢(3) 8
2 /0 x 6
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SQED and BFM

Conclusions and Perspectives
@ SQED displays the behavior found in SYM in a calculation

with covariant BFM.
e Renormalization constant does not get corrections at 2 - loop

order = [, =0
o Finite part depends on renormalization scale = [, #0

@ Regarding divergencies, there exists a controversy related with
the use of BFM

e This controversy cannot be attributed to ambiguities stemming

from regularization
@ Difference in the results may be related to the scaling anomaly
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@ After the study of theories such as SQED, SYM and QED at
NNLO, we would like to tackle QCD;

@ More involved technicality, good playground to study the
interplay with gauge symmetry;

@ As in the other examples presented so far, we resorted to the
Background Field Method;

@ Our aim is to compute the NNLO correction to the 5 function.
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The diagrams

»

-t
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2
@ Know how to reproduce the €2 and non-local ¢! log [2”}
DReg

terms from IReg result;
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Preliminary results

@ Results in CDR implemented as well, for comparison between
schemes;

2
@ Know how to reproduce the €2 and non-local ¢! log [2”}
DReg

terms from IReg result;

(4 )2 [ — e + log(4m) + log (Migeg>:| )

i 1 1 1 HDReg -
= = log(47) + = | finit
(4 )? [262 € <VE+ og(4m) + 5 °g< 22 +ihinite)

//og()\ ) —

(V) —

Iog
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Preliminary results

@ Results in CDR implemented as well, for comparison between
schemes;

2
@ Know how to reproduce the €2 and non-local ¢! log [2”}
DReg

terms from IReg result;

/IOg()‘ ) - (4 )2 |: — Y+ |Og(471') + |Og (Miieg>:| ,

i 1 1 1 /LL%)Reg . .
— == + log(4m) + = | + finit
(4 7 [262 - (’YE og(4m) 5 og< 2 inite| ,

@ Local terms under investigation.

(V) —

Iog
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Research Proposals

1.|[|Regularization Scheme Dependence of QCD Amplitudes in IREG

(massless and massive cases — Gnendiger, Signer, Visconti JHEP - 2016)

« cancellation of IR and UV singularities — compare with CDR, HV, FDH, DRED at NNLO
 study factorisation properties in IREG: calculation of anomalous dimensions Veusp 7q Vg
» advantages of IREG: no € - scalars
- processes: v —qq H—g9 qq— gy
* heavy quark and heavy-to-light form factors (massive case)
« study compatibility of IREG with algorithms that isolate IR and UV divergencies:

FKS subtraction nee 467 (1096) 309, Sector Decomposition nps sss (2000) 741.

2. qq— gg

« Issues with FDH: incorrect finite terms which violate unitarity — inconsistencies with IR

structure— solution: correct UV renormalization of subdivergencies
W. B. Kilgore, The Four Dimensional Helicity Scheme Beyond One Loop, Phys.Rev. D86 (2012) 014019, and
Bern et al. , JHEP 0306 (2003) 028

3 99— H

* NLO and NNLO in SM
« simple process (2—1)
« pedagogical avail: easy to see where divergencies come from and cancel each other

4.  H — bb

« useful to test factorisation of overlapping singularities in phase space and loop integrations
JHEP03(2012)035



