Higgs boson decay into gluons: IR cancellation in

the decay rate at NLO using Implicit
Regularization

Ana lIsabel Pereira

ana.pereira98@icloud.com

Excited QCD 2022

UNIVERSIDADE B

COIMBRA

Ana Pereira, Adriano Cherchiglia, Marcos Sampaio, Brigitte Hiller, arXiv:2207.05187

Higgs boson decay into gluons: IR cancellation in the decay rate at NLO using Implicit Regularization


mailto:ana.pereira98@icloud.com

@ Dimensional and non-dimensional regularization schemes
@ The rules of Implicit regularization (IReg)

© An effective field theory for the H — gg

@ Virtual decay rate for H — gg

@ Real decay rate for H — gg(9), 9qq

@ Total decay rate and KLN theorem

@ Comparison with dimensional schemes

Higgs boson decay into gluons: IR cancellation in the decay rate at NLO using Implicit Regularization



Divergences in perturbative QCD

Interactions in QCD

series expansion around a small coupling constant (PQCD)

Feynmanidiagrams
diagrams with foops — [ -
divergences in the intﬁgrals — [0
Regularization (UV div -i UV fin(IR div+ IR fin))
Renorm—glization
1

Observables
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Regularization frameworks

¢ Tradicional dimensional schemes (DS): Conventional
Dimensional Regularization (CDR), t'Hooft Veltman (HV),
Four dimensional Helicity (FDH), Dimensional Reduction
(DRED).

¢ Non-dimensional schemes: Implicit Regularization (IREG),
Four-dimensional Regularization (FDR), Four-Dimensional
Unsubtraction (FDU), Differential Renormalization (DREN).
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Regularization frameworks

[Gnendiger et al., 2017]

® The basic idea of all DS is to regularize divergent integrals by
formally changing the dimensionality of space-time d or
ds = 4 — 2e.

1
® UV and IR divergent integrals lead to poles of the form —
€

CDR HV FDH DRED

singular VF gffi']' gftd']' gf;l;] gffi':]

v

regular VF gffi] gff;]' gff;]’ gf:i':]
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Regularization frameworks

d'kyy sea [k
/ (2m)? H“DS/ (27
-

- Regularized covariant derivative in QCD:
Dl i = O +i(gs Ay’ + ge AN T (2)

- Changes at the Lagrangian level lead to changes in Feynman
rules, which may lead to complex computation at higher orders
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Why to explore non-dimensional methods?

IReg - framework that allows for a simpler computation of
precision observables

Using DS in Quantum field theoretical models which are
well-defined only in their physical dimension
® ~° Dirac algebra clashes with dimensional continuation in
space-time dimensions

® Supersymmetric theories — breaking of the supersymmetric
relations
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KLN (Kinoshita-Lee-Nauenberg) theorem

KLN theorem in a nutshell
IR divergences may occur in the expansion of the action when
doing perturbative expansions, the IR divergences coming from loop
integrals are cancelled by divergences coming from phase space
integrals and the total result must be IR finite.
[Kinoshita, 1962, Lee and Nauenberg, 1964]
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Motivation and Goals

e Match between virtual and real contributions to NLO to find a
finite and regularization independent result (compliance of
IReg with KLN theorem)

e Understand how IReg is applied in renormalization of
effective theories

® Verify that in IReg no modifications to the Lagrangian are
needed (comparison with dimensional regularization schemes)

® More friendly calculations since we do not change the
Feynman rules
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Motivation and Goals

IReg to NLO + Renormalization
¢

H — gg
'y + I = IR finite?

I'y — IReg + Ren
I', — Spinor-helicity
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[Cherchiglia et al., 2011, Gnendiger et al., 2017,
Torres Bobadilla et al., 2021]
® QOperates on the momentum space and implemented to
n-loop order
® Respects unitarity, locality and Lorentz invariance
* Non-dimensional (operates on the specific physical dimension
of the theory) — no changes in the Lagrangian
® Recursively algebraic identity with IR regulator 1 to
completely separate the UV divergent from the UV finite
content
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1 1
/ka—pQH/k(kQ—pQ)—/ﬂ G)

1 - 1 2k.p — p?
/k (k2 —p?) —p? /k k2 — 2 +/k (k2 = u?)((k —p)? - MQ()4)

I

e UV divergences in terms of BDI's - not depend on physical
parameters (mass, external momenta)

e Every time we apply integrals become more IR divergent

A theory may be initially IR safe and because of the use of
this identity IR divergences may appear
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UV divergent and UV finite integrals

UV divergent integrals — BDI's classified in all orders of perturbation

® Do not need to be evaluated to compute physical observables (do not contain
any physics)

® Subtracted via renormalization
1
Iquad = / 1o oy
k (k2 — p?)
. (5)
fiog = /k (k% — p2)?
UV finite integrals — (IR divergent or IR finite)

® [nformation about physics

® Evaluated with Package-X of software Mathematica
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Renormalization scale

Scale relation

i A2
Tiog(4?) = Tpg(N? In = 6
log(ﬂ ) log( )+ (4m)2 T 2 (6)
ooin UV and IR ocoin UV N=——~——
ooin IR
e ;12 parameterizes IR divergences
e \2 £ 0 plays the role of renormalization scale
® I1,5(A\?) is subtracted via renormalization
~ 2
e " _InZ will cancel with terms coming from the UV finite
(4m)*  p?
integrals
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Higgs decays

LHC HIGGS XS WG 2011

Higgs BR + Total Uncert

100 120 140 160 180 200
M, [GeV]

Figure 1: Higgs branching ratios and total uncert at low mass range.
Source: [Denner et al., 2011]
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An effective non-abelian field
theory for the Higgs decay
into gluons
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NLO corrections to H — gg in the top mass limit

Higgs does not couple with gluons at one-loop order

I

Effective non-abelian field theory — top quark (large mass) is
integrated out

1 a a,uv
Leff = _ZAHG/M/G o (7)
A= 36;:1} (1 + %%), — effective coupling (8)
G, =0, A% — 0, A% + gf**c AL AT (9)

[Djouadi et al., 1991, Kauffman et al., 1997]
G*¥, field strength of the SU(3) gluon field

e fabe anti-symmetric SU(3) structure constants
g2
® o, = 4— strong coupling constant
T

® H, Higgs boson field
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Virtual decay rate
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Renormalization

(Legs)ren = _%Z%ZAAHGWGW (10)

A) = ZaA,, al = Za,as (11)

Z4 and Z,, are given in first order in as by, [Sampaio et al., 2006]

Za=1+0daas — gluon-field renormalization constant (12)

Za, =14 6a,as — color charge renormalization constant (13)
Counterterm

Vsount = as((sas + 5A)V0 (14)

5

Qs
Vcount = E |:CA(12

Beg ) = Y3 TesN%)) = 3T N (Tieg 0%) = T 4)) | o
(15)
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"’/O and "’/’Coun,t

Vo
P, psa
) iAS H" (p1,pa)
P2, v, b
‘/count
P, psa
H ______
p2, v, b

where the tensor is H* (p1,p2) = —p¥ph + 9"V p1 - Da.
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Virtual Feynman diagrams

P1, @ P1, @ P2, v, b
H----- H---- P1
\\
\
H \
\ pa,1,b H
\\
\
X D2, v, b
D1, 1y @ P2, V,b

Figure 2: Virtual diagrams V; to Vi contributing to the decay H — gg
obtained from the package FeynArts of order one loop
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How to apply IReg? Example for diagram V3

P2»V7b

pi,H,a

1 2
——(2k"gu — 2k. v — 3p1. v
k2 (k — pa)? ( 9u P29u P1-P2gu (16)

+ 2]739;“/ + 10ky,ku - 5kup2,u - 5kup2u + 31011/1)2“ + P2up2v

V3 :lAQZCAéab /
2 k

First term

/ 2k? _/ 2
g K2k —p2)?2  Jy (k—p2)? — p?
2

B 4k.po 2(2k.p2)? 2(2k.p2)3
_/k o /k w—pwy " /k i /k (k2 = p?)3((k — p2)* — p?)
2(2k.p2)?

(k? = p?)?((k — p2)* — u?)

:2Iquad(,u2) + 2pg[log(ﬂ2) +
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UV divergent and UV finite integrals

Vl+%+V3+V4+% :Vdiv+Vrest (18)
Joining the divergent content of all diagrams
Qg Ilog(ﬂ2)
Viiw = —Ca———V 19
d —Ca—5,— Vo (19)

Evaluating all the UV finite integrals in package-X

In(po)® imln(pe) & =
——a 5 + 1 W (20)

Viest = Vi + Vo = %OA
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Renormalized amplitude

11 1
Ca— >

Vien = ViivtVeount = 2 {(Iloyo‘z) - Il"g(’u2)) (E 3

3 )|

(21)

/\2
Using the scale relation, eq. 6, Iio4(1*) = I1og(A%) 4 bIn — we obtain
W

2

Vien = O‘? {(ECA - %TfNF) In (22)} Vo, (22)

rendering an UV finite result.
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Virtual decay rate

The amplitude is

V= VO + Vtren + Vrest (23)
and the virtual decay rate is given by
V]2
© 32rmpy
=1y 1+ 2 ( (0~ 2 VF ) In(o) + S~ In(po)?
6 3

® At the level of the virtual decay rate, IR divergences are still present
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Real decay rate
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Real Feynman diagrams

Real diagrams contribution at the same order as the virtual ones (a?)

H(q) — g(p1) + g(p2) + g(p3s), massless gluons
H(q) — g(p1) + q(p2) + d@(ps), light quarks

Figure 3: Real diagrams Ry, Ry and Rj3 contributing to the decay
H — gg(9).
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Spinor-helicity formalism

Massless particles —> conservation of helicity — helicity basis
Pt =p)p (25)

Pac = PP (26)

The polarization vector for a massless gauge boson is given by

e () = vaPlr (27)

[pr]

e ()] = ﬂ&[f; (28)

where we defined a reference momentum r that is arbitrarily chosen.

(i) 5] = 2pip; = (pi + ;) = 45 (29)
[Dixon, 2013]
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Real amplitude

p3

Summing for all helicities
(M2 =M M (M 0y

(30)
———2 —++)2 +—+2 -2
HIMg T+ M+ [M T 4 [ M

and the unpolarized amplitude is

— 1 1
|Mg|? = 1 Z |Mgy|? = A%192mas ———— (s1o + 515 + s35 + my) (31)

colpolr 8125813523

sij = (pi +p;)°
¢* =mi
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Diagram with light quarks

. v —s s’ 1
My = iAastye, (ps) H ((=p1 — p2), p3)u’® (p1)7pv (pQ)m-

(32)
using the completeness relation for the sum over spin, one must retain
the massive contribution,

L 2 2 42 2
M,)% = A2a5167r((813 * 1) | 07 (513 F 510) ) 39
523 823 2
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Real decay rate

Phase space

d3 d3 d3
p= / s P2 5 onyist(q—py—ps—ps)  (34)

2m)32w1 (2m)32we (27)32ws

® consider massive phase space, p? = u? to parameterize the IR divergences

® define dimensionless variables, [Gnendiger et al., 2017]

(p1 —q)? p?

S —Ho, B0 =5 (35)
¢ 7

In terms of these variables the decay rate is given by

Xi =

I'r(H — g9(9),997) =

Qg 4 5x1 X% 1
r —/ 3(2+3x2 — + - +
o/ [3( 2T 2 +r0) | (e +r0)  (xetmo) | (xa+Ho)(xa + uo)) (36)

2p0 1 2x1 2x7

+ - — 24 3x2)|dx1dx2
(x2 +10)?2  (x2+ro) (x2+ro) (x2+ ko) >]

+NF(
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Real decay rate

The tree-level decay rate in terms of real diagrams using spinor helicity is

_ |MH99‘2 _ A2m§{

To (37)

T 32rmpy 8T

and integrating over a massive phase-space

'r(H — g9(9),997) =

Fo% [3(% + %1 In(po) + 71112(2“0) - %2) +NF(7_ lng(’m) - g)} -G8

® IR divergences are still present
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Total decay rate

Tr((H — 99(9).997)) =To [1 + = <4 - 6NF)] . (39)

® Result is a correction to the tree-level decay;

all IR divergences cancelled, as well as the 72;

the dependence on the regulator ;. vanished;

® Np =5 — light quarks
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Comparison with dimensional schemes

| F0{1+O;: _CA (612 - é}ﬂ;) +]?\;F”+O(e)

FzDHFo{lJrO: :OA <;;+§+é)+]¥}}+(9(e)

FBRED_Fo{l-F(j: :CA <—;—2+§>+J¥+J\g]}+0(e)
[iRes _ {1 + 2 <—(1610A _ %NF) (o) + % (~ 1nuo)? + 71'2))}

1 .
® — refer to IR divergences
€

® We can compare these results to IReg with the correspondence
et = Inpg, €2 = In? /2
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Comparison with dimensional schemes

Once the unpolarized amplitude is known in all schemes, one can obtain
the part proportional to Ng of the real contribution to the decay rate

« 1 7
corsron _ s | 2 LAy 4
FQJ‘ Oﬂ_ |: 3e 6:| F+O(€) (O)
Qg 1 4
poreo _p Y51 2y 41
onee =12 |- - — 3] e 00 ()
e~ — log o
« 33 —2 A2 7
PRe =)= | =—"In( 5| -=|N 42
et (B () —g) +2)

® At higher order the complexity of calculations in dimensional
schemes blows up

® |Reg framework allows for computations without changing the
Feynman rules and shows to be a promising scheme to make simpler
computations at higher orders
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Conclusions

® We compute the decay rate I'((H — gg(9),949q)) to o2 in large
top quark mass limit using an effective Lagrangian

® We achieve a full separation of BDI's from the UV finite integrals

® \We single out the IR content, and the final decay rate is compliant
with KLN theorem

® |Reg does not require the use of evanescent fields at one loop level

e Additional degrees of freedom associated to € scalars in some
dimensional schemes have a counterpart in IReg
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DS
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2.1 ion in d dimensions and dimensional schemes

Dimensional regularization (1, 2] and

ariants are the most common re

gularization schemes
for practical calculations in gauge theories of elementary particle physics. In the following we
summarize the basic definitions common to all dime
and 3 and the

sional schemes (0s) discussed in Secs. 2
provide specific definitions for four variants of b which differ by the rules for
the numerator algebra in analytical expressions

The basic idea of all DS is to regulari
dimensionality of space-time and of 1

divergent integrals by formally c

the
pace. In the present report we always denote
the modified space-time dimension by d, and we set

d=d-2 (1)

Correspondingly, a four-dimensional loop integration is replaced by a d-dimensional one

ey kg
R -t (22)

including the scale of dimensional regularization, jios. After this replacement, UV and IR
divergent integrals lead to poles of the form 1/¢". In Refs. (3, 4], it is show

that such an

operation can indeed be defined in a mathematical consistent way

d that this operation
has the expected properties such as linearity and invariance under shifts of the integration
‘momentum.

y @

o define a complete regularization scheme for realistic quantum field theories, it must be
specified how to deal with 5 matrices, metric tensors,
expressions. Likewise, it should be specified how to d

nd other objects appearing in analytical
1 with vector fields in the regularized
Lagrangian. On a basic level, two decisions need to be made,

o regularize only those parts of diagrams which can lead to divergences, or regularize

everything;

o regularize algebraic objects like metric tensors, - matrices, and momenta
or in a different dimensior

d dimensions,

It turns out that there is an elegant way to unify essentially all common variants of DS in a
single framework, where all definitions can be easily formulated and where the differences and
relations between the schemes become transparent. This framework is based on distinguishing
strictly four-dimensional objects, formally d-dimensional objects, and formally d,-dimensional
objects?. These objects can be mathematically realized [3-5] by introducing a strictly four-

dimensional Minkowski space Sjg) and infinite-dimensional vector spaces QS;y,J, QS(, QSjs,
which sati

the relations

QS0 = QS @

Qs Siq C QS (23)

coR

iV FDH  DRED
singular VE ol oy ol o)

regular VF gt o o o)

Table 1. Treatment of vector filds in the four different regularization schemes, i.¢. prescription
which metric tensor has to be used in propagator num
s usually taken to be 4. This table is taken from Ref. (6

rs and polarization sums. The quantity d,

The space QSy is the natural domain of DR and of momentum integration in all considered
schemes. Using
d

din =4-2+n, (24)
it is enlarged to QS via a direct (orthogonal) sum with QS

‘The structure of the vector spaces in Eq. (2.3) gives rise to the following decomposition
of metric tensors and ~ matrices

d= A @9
Sinco the quantite i g (25) do not have  fitedimensonal reprsentation, i mast of
the practicalcaleultions only thelralgsbrai propertios e releva,

(@aim)*y = dim @9V = 0 (260)
Dl Vi } = 2 by} =0 (26b)

with dim € {4, ., d. n.
Furthermo

, a complete definition of the various dimensional schemes requires to distin-
guish two classes of vector felds (VF)':

o Vector fields associated with particles in 1PI diagrams or with soft and collinear particles
in the initial/final state are in the following called singular VF.

o All other vector fields are called regular VF

Since UV and IR divergences are onl

related to singular VF there is some freedom in the
treatment of the regular ones. In this report, we distinguish the following four Ds:

o CDR and 1V are two flavours of what is commonly called *dimensional regularization’.
They regularize algebraic objects

n d dimensions, n,-dimensional objects are not used.
In CR, all VF are regularized, in BV only singular ones.

« FDH and DRED are two flavours of what is commonly called d

nsional reduction’
They regularize algebraic objects in d, dimensions. Sometimes d, is identified as d, = 4
from the beginning, but it is possible to keep it as a free parameter, which is set

only at the end of a calculation. In DRED, all VF are regularized, in FDH only singular
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Figure 4: Effective Gauge Theory and the Effect of Heavy Quarks in
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Comment
Effective Hyy and Heg couplings

After finishing the calculations presented in this
leter, we recived a preprint * on the same subject
[16).In this paper, an effective lagrangia

for infinitely heavy quarks (4.17) is adopted to sum-
marize the virtualcorrections (0 the 0p quark loop.
However, the (fnit) renormalization ofthe Higgs-

quark verex has not been taken into account prop-
ey in the effctive lagrangian which has been used
for the rreducibl part ofthe Higgs boson couplng.

“This can most easly be demonstrated firt for the
el cae o the Hry covling.Wrng h b
ark lagrangian #(Had) = - (/2 Gr) " X

e vt oy s
mustbe writien

2 =12
With #=2(a/x)(1+a,/x) and the Higgs-quark
vertexcorrection [10] 6=2a/ the Hy coupling can
be readily derived:

Ve (14 SHEL,

G170}
PNV 1

Jars.

This effective lagrangian is in agreement with the
diagrammatic analyses in ref. (6,19] for infinitly
heavy quarks. Note tha th sign of the QCD

tion were opposite without the (fnie) renormaliza-

e
15 10 o ko e ey ot

follows from = | (au/)(1+a,/x) and
20,/ hat

[2Gy)'a, '
Sohag) - 25 (..“’ )ur._ a9)

This form i inarecment with our sandardanalysis
of the relad diagrams (1) *.

 Weare el 10, Davion o e cooperaion i rsing

References

(1140, Georg, S1. Glabow, MLE. Machacek and DY
Nasopouin nlnn«-ommm
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Figure 5: Production of Higgs bosons in proton colliders. QCD

correction, Djouadi
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Spinor-helicity

2 Scalar plus gluon amplitudes

Here wo consider amplitudes with a singlo spin-0, gauge singlet, i, and two or three gluons.
We neglect quarks throughont.this discussion. Tree-level amplitudes with a single Higgs
and any mmmber of ghions were derived in [0, 10], assuming the SM dimension-5 top-loop.
operator A

THCG [eRs)
Same of our analysis reproduces these known results. Our aim however, is to generalize
“hese resulta beyond the operator Eq. (21), fo any possible higher-dimension operator,
suppressed by the appropriate power of a single scale A, The contribution of dimension-7
operators was Infersed from Lorente symmetry considerations n 15, 19]

2.1 The scalar plus two gluon amplitude M(h: gg)

We start with the single scala, 2-gluon amplitude, M(3; 9" (p1)g* (). The mos:
seral ausateloe this aupliude i,

M(bsa o) = 5% (12 1) ()
swhere 8% is a color factar, fy, hz are the ghion helicities, n is an ,ww e i an analytic
function of mans dimension ¢, and 1z = (py +p2)! = e h i n v, the anly
little group weights are caried by the gluon spinor mnd\\rﬁ \‘«e then with [ =1
2y m 2, 23 At treelovel, the function  can be written as a power seies u 1u?. No nogative power
of m? can appear, since the awplitude wust vauish for m — 0. The awplitude is therefore
which iminediately sets siven by,
g ) — ,m[“ AN 27
M(hig (2.4) M (1™ pr)a? pa) = 5 z(“ T =S, @7

The oy relovant amplitude to consider is then M (1) (with A (h ) determined

where v rescaled the infinite series nto the coeficient <199, This s indeecd the st
by  paity transformation). Then n = 2, and since the amplitude has mass dimension 1, =
£=1and

three-point amplitude for one massive scalar and two massless vectors [20,
Wocan o malscontact it e EFT clnlation. T owst arder opm«m medi-

M(heg® ()" () = 8% (127 [y (m?, A%) = 4% £ [12] . 2.5) V

49t this order. Operators of mgm dimension which contribte fo the amplitude still
a purely gluamt theory with no qumks, the EOM is D*Gyy, = 0. Using this .md

Bt =141 (26) the derivatives actmg on h and giving powers of m?. In this case, this series merely gives

whete f is dimensionless. Note that Eq. (23], combinod with the mass disension of the
aanpliue, gives a slection sule relating the su of the ghion helicites o the dismension
of the coupling which generates the amplitude (see abso [14]). Specifically, here

Figure 6: Effective Field Theory Amplitudes the On-Shell Way: Scalar
and Vector Couplings to Gluons, Shadmi, Weiss
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UV divergent and UV finite integrals

UV divergent integrals — BDI's classified in all orders of perturbation

® Do not need to be evaluated to compute physical observables (do not contain
any physics)

® Subtracted via renormalization

k1. k2T 1
v vor 2y —
Tl 0= G e = G "
[V1~~V2r o kulmk2r I B 1 ( )
log (k%)= o (k2 — p2)r+2 feg = (k2 — p2)2

Using surface terms, [Batista et al., 2018]:

Iy = /8 (k2 PBE 4( 1 Y Tog(u?) — Tjgo (1t 2)) = 0 — Gauge theories

(44)
UV finite integrals — (IR divergent or IR finite)

® [nformation about physics

® Evaluated with Package-X of software Mathematica
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