Scale-invariant total decay width T'(H — bb) using the
novel method of characteristic operator

Department of Physics, Chongging University
Jiang Yan (=)

ENEETHtLHNAYS -7 M
In collaboration with Xing-Gang Wu, Jian-Ming Shen, Xu-Dong Huang, Zhi-Fei Wu

November 19, 2024



Outline

—

@) Background
@ Technology

3 ) Application

—

——

—

4 > Summary

1
November 19, 2024



Background

guark confinement 035 ;

QCD properties Aqcp ~0.2 GeV 0.3

1 decay (N3LO) —
low Q cont. (N3LO) =
Heavy Quarkonia (NNLO) -

HERA jets (NNLO) F+ |

e*e” jets/shapes (NNLO+NLLA) F+ ]
) e

) e

) re

) ——

asymptotic freedom 0.25 T N e*e 20 pole fit (N3LO

& pp/pp jets (NLO
O(S(Q > AQCD) <1 < o2} pp top (NNLO
° _ pp TEEC (NNLO
perturbative calculation o5l g '
p(Q) =ral + npal!*t + ryal*? + ... ; | | oL
= 0g(mz9) =0.1180£0.0009 |
T [ s L S
1 10 100 1000
LO NLO N2LO - AUt 2029 Q[GeV]

S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)
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Renormalization scale-setting problem

UV Divergence
In perturbative calculations of observables — regularization & renormalization

— cancel the divergences

_ Certain renormalization scheme and
1, Qa1 (uy) renormalization scale u, have to be
i=1 Introduced !

=

Pp =

" A valid prediction for a physical observable must be independent to any choices of |
renormalization scheme and renormalization scale.
---Renormalization group invariance (RGI)

> 0 d
2 0, 20
ou, OR
' i,
How o achlc_eve such _scale P _ 077 >< Breaking standard RGI !!
Invariance for a fixed-order series ? ou,
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Conventional scale-setting approach

A fixed-order pQCD prediction p,,

p Scale- and scheme-dependence due to
= r(u, 0)ar+i-1 mismatching of a; with its coefficients
Pr Z (. Q)as™ " (k) for an arbitrary choice of scale!
U, = pg (Initial scale) central value of the prediction

“Choosing” i, to be the typical momentum flow Q of process or to eliminate
large/dangerous logarithms or to get more convergent series or to agree with data.

Uy € [Uo/t, tlp] theoretical uncertainties of the prediction

Disadvantages:  u,-dependent, t-dependent

no decent theoretical basis
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Principle of Maximum Conformality

S. J. Brodsky and X. G. Wu, Phys. Rev. D 85, 034038 (2012)
S. J. Brodsky and X. G. Wu, Phys. Rev. Lett. 109, 042002 (2012)
M. Mojaza, S. J. Brodsky, and X. G. Wu, Phys. Rev. Lett. 110, 192001 (2013)

« The first kind of residual scale dependence

the unknown terms in the determined PMC scales, such as Q; . ,—1, due to their
perturbative nature

« The second kind of residual scale dependence

the last perturbative terms of the pQCD approximant are not fixed since its PMC
scale cannot be fixed

Although these two residual scale dependence are suppressed at high orders in ag
and/or from exponential suppression, if the convergence of the perturbative series of
either the PMC scale or the pQCD approximant is weak, such residual scale
dependence could be significant.

J. M. Shen, X. G. Wu, B. L. Du, and S. J. Brodsky, Phys. Rev. D 95, 094006 (2017)
J.Yan, Z. F. Wu, J. M. Shen and X. G. Wu, J. Phys. G 50 (2023) 045001
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Characteristic Operator (CO)
A fixed-order pQCD prediction p Kernel function

p(pr s (), Mg (1y); Q) = " () (YR (ptr, 5 (), g ()3 Q

R(.urr as(.ur) mq(ﬂr) Q) zrl(.ur/Q mq)a 1(/11")

=1

dp _ ,B(s
NSRRI < e Y=z )

operates on ag operates on coefficients
_ fo) ‘ ‘
Dny,n/g = Ny¥Ym + N “ + B(a
Characteristic Operator (CO) process-independent process-dependent
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Characteristic Operator (CO)

_ B(as)
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L = g (1) (@s) d“ [, Wa" W] o g
U dinge - Ma 0 (ODLMEY
5 i 0 : o i e This relationship allows us to differentiate
roperties D mplll = z Ci Dn,o[11Dgn, 1] = 40 contributions from various running
i=0 quantities within the pQCD series.
D,’f g [af] = (- 1)k z d["y npik.f] {’+k+l
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Principle of Maximum Conformality
R=mnr+ [Cz 0ot Ca 1nf]as(.ur) + [Cs ot C31Mf +C3 an]as (uy) + [C40 T Cy 11 + Cy an + Cy 3nf]as (uy) + -

@ transform RGE-involved ng-series into {B;, y;}-series
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conformal terms non-conformal terms
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H - bb

massless
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H - bb

massive b-quark
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H — bb
The decay width of the Higgs boson into a bb pair is given by

GFMH _ _ 1

scalar two-point correlator

[(y; Q) satisfies the following RGE when IT(x; Q) is massless

dil(u; Q)
dlnpz  \\§

The Adler function D(u, Q), defined in the Euclidean region, has been introduce to associate
the observable defined in the Minkowskian space as

a T ~
a )H(“; Q) = 2ym(a(u; Q) + Q%y™(as)

ensure D (u, Q) is scale-invariant

~ d \II 1 I Q%R
DG Q) —@ 22 23 (@ 4 pa 5 O - @)= [ S e
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H - bb

1 0 \lI(w; Q) 1 ©Q*R(u; s)
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Numerical results
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Numerical results
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The re-factor is defined for N*LO series to
characterize the convergence of the series wb ]
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k(Conv.) = {1,0.2031,0.0374,0.0019,0.0014}, p, = My
k(PMC) = [[1,0.0677,0.0067,0.0004, 0.0001}

The convergence of PMC series Is much better than
that of conventional series!

pwr/ Mg

Convergence Is strongly
dependent on the choice of
the renormalization scale!
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Theoretical uncertainties

» The unknown higher-order (UHO) terms Bayesian analysis (BA)

Conventional method

Typically, errors due to variations in unphysical scales are widely considered UHO errors.

However, this approach is incomplete since the errors from variations in unphysical scales can only
be regarded as the UHO errors for the non-conformal terms associated with scale running, while
the UHO errors for the scale-independent conformal terms are not captured, thus tends to
underestimate the contributions from UHO-terms.

PMC method

Errors associated with variations in the renormalization scale have been eliminated, just the UHO
errors for the scale-independent conformal terms need be estimated.

M. Cacciari and N. Houdeau, JHEP 09, 039 (2011)

E. Bagnaschi, M. Cacciar, etal, JHEP 02, 133 (2015)  C. Duhr, A. Huss, A. Mazeliauskas and R. Szafron, JHEP 09, 122 (2021)
M. Bonvini, Eur. Phys. J. C 80, 989 (2020) J. M. Shen, X. G. Wu, S. J. Brodsky et al, Eur. Phys. J. C 83, 326 (2023) 15
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Theoretical uncertainties

» The unknown higher-order (UHO) terms Bayesian analysis (BA)
2.6 :
UHO 0.0004}H0 | :
ATy b5 = (E0.00241-0.0081) MeV 25l
Conv. [
24 vl -
1 1 = 5 t1o % e S
.ur/MH €|5,2 //‘r/MH €|—-,4| = [ + ] l
2 4 — 23l L :
UHO i ; i  Conv. (central value)
Ay _ph ‘ = 10.0001 MeV = ool E o PMC (central value)
PMC i ! ]
I ! +*  Conv. (,U.R'E [.ﬁl’j’H;“44ﬂ’fHD
' 2.1} E o Conv. (ug € [My/2,2My]) -
conve_nt_lonal ¢=) scale-dependent : onv (1w € [Mir/2,2My]) 3
coefficients | | s e -
20 NLO N?LO N*LO N'LO N°LO

Introducing extra uncertainties for BA! — : :
Providing a more reliable foundation

PMC : £ .. T di
VI( ¢=) scale-independent ===> |for constraining predictions regarding
coefficients the UHO contributions!
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Theoretical uncertainties

» Errors caused by input parameters

Aas(Mz) Amy(mp) AMpy
ATy pb | Thobb | ATy pp
730.0208
Conv. < £3:0310 > (%3:9093) $0.0021
PMC (200310 *0.0004 +0.0017

Table 1. Additional uncertaintigg (in unit: MeV) arising from Aa,(M,) = +0.0009,
Amy(m,) = £0.007 GeV, AMy #|+0.11 GeV under conventional and PMC scale-setting
approached, respectively.

Errors from Aa (M) are so dominant that other sorts of errors are heavily diluted!

= 2.3842+00230 Moy Duopp | = 2.3819%38230 Mev

F _
H=bb PMC

Conv.

Background Technology Summary

November 19, 2024



Summary

» Defining the characteristic operator to rederive the scale-displacement relation, QCD
degeneracy relations, and PMC formulas involving the running of MS mass m,,

» Obtaining scale-invariant and more convergent pQCD series of I[';_,,5 using PMC
« Estimating the magnitude of the unknown higher-order terms using the Bayesian analysis

* The scale-independent convergent behavior of the PMC series can be regarded as the
Inherent perturbative nature of pQCD prediction
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Thanks for your attention!
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