
mb at mH: The Running Bottom Quark Mass and the Higgs Boson

Javier Aparisi, Juan Fuster , Adrián Irles , Germán Rodrigo , Marcel Vos ,* and Hitoshi Yamamoto †

Instituto de Física Corpuscular, CSIC-University of Valencia, Calle del Catedrático José Beltrán 2, 46980 Paterna Valencia, Spain

André Hoang and Christopher Lepenik
Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

Michael Spira
PSI Villigen, Forschungsstrasse 111, 5232 Villigen PSI, Switzerland

Seidai Tairafune and Ryo Yonamine
Department of Physics, Tohoku University, 6-3, Aoba, Aramaki, Aoba-ku, Sendai 980-8578, Japan

(Received 1 November 2021; accepted 10 February 2022; published 21 March 2022)

We present a new measurement of the bottom quark mass in the MS scheme at the renormalization
scale of the Higgs boson mass from measurements of Higgs boson decay rates at the LHC:
mbðmHÞ ¼ 2.60þ0.36

−0.31 GeV. The measurement has a negligible theory uncertainty and excellent prospects
to improve at the HL-LHC and a future Higgs factory. Confronting this result andmbðmbÞ from low-energy
measurements and mbðmZÞ from Z-pole data, with the prediction of the scale evolution of the
renormalization group equations, we find strong evidence for the “running” of the bottom quark mass.
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Introduction.—Quark masses are renormalized and
scheme-dependent parameters of the standard model
(SM) Lagrangian. Their values must be determined exper-
imentally through the comparison of measurements of
physical observables sensitive to the mass to SM predic-
tions in quantum chromodynamics (QCD) beyond leading-
order accuracy. In the most popular renormalization
scheme, the modified minimal subtraction scheme or MS
scheme, the strong coupling αsðμÞ and the quark masses
mqðμÞ are “running constants” that depend on the dimen-
sionful renormalization scale μ.
QCD yields a precise prescription for the scale evolution:

Given a value for a quark mass at a reference scale, its value
can be determined at any other scale using the renormal-
ization group equation (RGE). Determinations of the RGE
for the running quark masses have by now reached the five-
loop [Oðα5sÞ] level [1–3] and software packages such as
RUNDEC [4] and REVOLVER [5] provide access to state-of-
the-art renormalization evolution and scheme conversions.
Performing several measurements at different energy

scales, the renormalization scale dependence of the strong
coupling and the quark masses in the MS scheme can be

tested experimentally. For each measurement, one can
identify a typical scale of the physical process, where
high-order logarithmic corrections related to renormaliza-
tion group invariance are resummed, and predictions yield
nicely behaved perturbative series. A large number of
determinations over a broad range of energies characterizes
the evolution of the strong coupling αsðμÞ [6]. Experiments
have also found evidence for the “running” of MS quark
masses for the charm quark at HERA [7] and have studied
the scale evolution of the top quark at the LHC [8].
The most precise measurements of the mass of the

bottom quark are performed at relatively low energy.
The “world average” is given by the Particle Data Group
as follows:

mbðmbÞ ¼ 4.18þ0.03
−0.02 GeV; ð1Þ

where the reference value of the bottom mass is quoted in
the MS scheme at a scale given by the mass itself [9].
Measurements at the scale of the Z-boson mass have been
performed by the LEP experiments and using SLD data
[10–17]. We use the following average [18] of the most
precise measurements for mbðmZÞ:

mbðmZÞ ¼ 2.82� 0.28 GeV: ð2Þ

Bottom quark mass from Higgs decay.—The discovery
of the Higgs boson [48,49] and the observation of Higgs
boson decay to bottom quark pairs [50,51] at the LHC
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[52,53] enables an entirely new measurement of the bottom
quark mass. The ATLAS [54] and CMS [55] experiments
have characterized the product of Higgs boson production
and decay rates in many combinations of production
processes and Higgs decay channels. The measurements
of the H → bb̄ branching ratio combining the VH, tt̄H
associated production modes and the vector-boson-fusion
mode have achieved a precision of approximately 40% in
Run 1 [56] and 20% in Run 2 [57–60].
We focus on the ratio BRðH → bb̄Þ=BRðH → ZZÞ of

the branching ratios to bottom quarks and to Z bosons. The
LHC experiments present this result in terms of the signal
strength μ ¼ BRexpt=BRSM using the SM prediction of
BRðH → bb̄Þ=BRðH → ZZÞ ¼ 22.0� 0.5. The bottom
quark mass measurement presented in this Letter is based
on a preliminary result by ATLAS [60] using 139 fb−1 atffiffiffi
s

p ¼ 13 TeV,

μbb=μZZ ¼ 0.87þ0.22
−0.17ðstatÞþ0.18

−0.12ðsystÞ ¼ 0.87þ0.28
−0.21 ; ð3Þ

and a result by CMS [57] based on 35 fb−1:

μbb=μZZ ¼ 0.84þ0.27
−0.21ðstatÞþ0.26

−0.17ðstatÞ ¼ 0.84þ0.37
−0.27 : ð4Þ

Dependence of Higgs boson decay rates on mb: In the
limit mb ≪ mH, the partial decay width can be written in
the form

Γ½H → bb̄� ¼ 3GFmH

4
ffiffiffi
2

p
π

mbðμÞ2ð1þ δEWÞ

× ½1þ δQCD þ δt þ δmix�; ð5Þ
where GF denotes the Fermi constant, δQCD the QCD
corrections related to the scalar correlator, δt the QCD
corrections due to the interference with H → gg diagrams
that start to contribute at next-to-next-to-leading order
(NNLO), δEW the electroweak (EW) corrections, and
finally δmix the mixed QCD EW corrections. The decay
width has a quadratic dependence on the bottom quark
mass and can be precisely predicted. In particular, the QCD
corrections δQCD are known up to N4LO [61–74], the
interference term δt at NNLO [75–77], the EW corrections
δEW at NLO [78–81], and finally the mixed corrections δmix
at two-loop order [82–87].
The Higgs boson mass is the characteristic dynamical

scale for the decay rate into bottom quarks. A measurement
of the H → bb̄ partial width therefore naturally provides a
measurement of the bottom quark mass at the renormal-
ization scale of the Higgs boson mass [61,62]. This point
can be illustrated by considering the convergence of the
perturbative series. When the renormalization scale μ ¼
mH is adopted for the strong coupling and the bottom quark
mass [we use mbðmbÞ ¼ 4.18 GeV and αsðmZÞ ¼ 0.1179
as input and obtain mbðmHÞ ¼ 2.790 GeV, αsðmHÞ ¼
0.1125, and αs(mbðmbÞ) ¼ 0.2245 using five-loop

RGEs for five active flavors], the leading QCD series
for the H → bb̄ partial width (in the expansion in m2

b=m
2
H)

takes the following form:

1þ δQCD ¼ 1þ 0.2030þ 0.0374þ 0.0019 − 0.0014: ð6Þ

The successive loop corrections listed as separate terms
show excellent convergence. In contrast, using μ ¼ mb, the
leading perturbation series adopts the form

1þ δQCD ¼ 1 − 0.5665þ 0.0586þ 0.1475 − 0.1274; ð7Þ

which shows very poor convergence behavior and has large
perturbative uncertainties due to powers of the large
logarithm lnðmH=mbÞ. These large logarithmic terms are
resummed to all orders in Eq. (6), which explains its
much better behavior. This property supports the idea that
the H → bb̄ partial width provides a measurement of the
bottom quark mass at the renormalization scalemH. A more
detailed discussion is found in the Supplemental Material
[18] provided with this Letter.
Numerical predictions: The dependence of the H → bb̄

partial width on the bottom quark mass is obtained with
HDECAY [88,89]. The calculation of the H → bb̄ decay
accounts for N4LO corrections in QCD and includes NLO
EW corrections. The full bottom quark mass effects are
taken into account up to NLO and logarithmic ones up
to NNLO [90]. Version 6.61 of the code is used, where
the bottom quark MS mass can be supplied at the scale
μ ¼ mH of the decay process. We use mH ¼ 125.1 GeV
and αsðmZÞ ¼ 0.1179 [Particle Data Group (PDG)
world average] throughout this Letter. For a bottom
quark mass mbðmHÞ ¼ 2.79 GeV [corresponding to
mbðmbÞ ¼ 4.18 GeV], HDECAY predicts a partial width
of 2.363 MeV.
A precise prediction for the H → ZZ partial width is

obtained with PROPHECY4F [92,93] (version 3.0 [94]). This
package includes the full QCD and EW NLO corrections
to the Higgs boson decay width to four fermions, the
interference contributions between different WW and ZZ
channels, and all off-shell effects of intermediate W and Z
bosons. The partial width ΓðH → ZZÞ for our choice of
parameters is 0.109 MeV.
The ratio of the bb̄ and ZZ partial widths obtained for

mbðmbÞ ¼ 4.18 GeV is 21.76, in agreement within the
uncertainty with the reference value of 22.0� 0.5 from
Ref. [95] used by ATLAS and CMS. The two results are
fully compatible once the different input values for the
Higgs boson mass are accounted for.
For our numerical analysis, the dependence of the ratio

Γbb̄=ΓZZ on the bottom quark mass mbðmHÞ is parame-
trized with a polynomial. The uncertainty in the fitted mass
value due to the parametrization is below the per mille level
over the mass range of interest. Variations of the functional
form and fit range lead to negligible uncertainties.
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Impact of theory uncertainties: The theory uncertainty on
the bottom quark mass extraction from the Higgs coupling
measurement due to missing higher orders is estimated
following Ref. [95] (and earlier work in Refs. [96,97]). The
uncertainties on the predicted ratio μbb=μZZ due to missing
higher orders are estimated by varying the renormalization
scale by factors between 2 and 0.5. Independent variations
[98] of the scales for αs and mb yield a variation of ∼0.3%.
EW corrections beyond NLO are estimated to be ∼0.5% on
both partial widths [95].
The parametric uncertainty from αs is estimated by

propagating the 0.001 uncertainty on the PDG world
average for αsðmZÞ explicitly in HDECAY [99], which shifts
the ratio of branching fractions by 0.2%.
The parametric uncertainty from the Higgs boson mass is

estimated by varying the Higgs boson mass by �240 MeV
around the nominal value mH ¼ 125.1 GeV and recalcu-
lating the partial Higgs boson decay width to Z-boson pairs
with PROPHECY4F. Both the central value of the Higgs
boson mass and the variations are based on the ATLASþ
CMS Run 1 combination of Higgs boson mass measurements
in the γγ and ZZ decay channels [100]. This leads to a
variation of ΓZZ by 3% and is the dominant uncertainty on
the ratio.
The linear sum of the several contributions yields a total

theory uncertainty of 4.4% on the Γbb=ΓZZ, which yields an
uncertainty of 60 MeV on mbðmHÞ. At the current exper-
imental precision, the uncertainty on the theoretical pre-
diction of the ratio is negligible.
Extraction of mbðmHÞ from Higgs rates: We extract the

bottom quark mass from the measurements of Eqs. (3) and
(4). The two results [101] are combined using the CONVINO

package [102], taking into account correlations among the
asymmetric systematic uncertainties. The resulting value of
the bottom quark mass is

mbðmHÞ ¼ 2.60þ0.36
−0.31 GeV: ð8Þ

This is the main result of this Letter.
The running bottom quark mass.—The new measure-

ments of mbðmHÞ based on ATLAS and CMS measure-
ments of Higgs decay rates (indicated with open red
markers) and the average of both measurements (red star)
are presented together with the existing results for the
bottom quark mass in Fig. 1. The PDG world average of
mbðmbÞ is indicated with a green star and the measurements
of the bottom quark MS mass at mZ by the LEP experi-
ments and SLD with blue, open markers.
The measurements at different scales are connected by

the predicted RG evolution of mbðQÞ in QCD. The
evolution of the PDG world average for mbðmbÞ to higher
scales is given by the black curve, using the REVOLVER

code [5] at five-loop precision. The dark gray error band
indicates the uncertainty onmbðQÞ within the SM, with the
dominant uncertainties stemming from the parametric

mbðmbÞ and αs uncertainties [6]. The impact of higher-
order uncertainties estimated as half the difference between
the three-loop and four-loop prediction is negligible in
comparison.
The measurements at high scales are in good agreement

with the evolution predicted by the SM.
The anomalous mass dimension: The QCD scale evo-

lution of the MS quark masses mqðμÞ can be written in
terms of the anomalous dimension γm and the scale-
dependent strong coupling αsðμÞ:

∂mqðμÞ
∂ logðμ2Þ ¼ γm½αsðμÞ�mqðμÞ: ð9Þ

Focusing on the first term in the expansion
γm½αs� ¼ γ0ðαs=πÞ þOðα2sÞ, we obtain, in leading-log
(LL) approximation:

γ0 ¼ −β0 log
�
mqðμ2Þ
mqðμ20Þ

�
= log

�
αsðμ2Þ
αsðμ20Þ

�
: ð10Þ

In the SM, γ0 ¼ −1 and β0 is given as a function of the
(effective) number of flavors nf. Adopting the five-flavor
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FIG. 1. The scale evolution of the bottom quark MS mass. The
measurements include the PDG world average for mbðmbÞ
determined at a typical scale of the bottomonium mass, the
measurements of mbðmZÞ from jet rates at the Z pole at the LEP
and SLC, and the measurement of mbðmHÞ from Higgs boson
branching fractions. The prediction of the evolution of the mass is
calculated from the world average for mbðmbÞ at five-loop
precision with REVOLVER [5]. The inner dark gray error band
includes the effect of missing higher orders and the parametric
uncertainties from mbðmbÞ and αs from the PDG averages. The
outer band with a lighter shading includes additionally the effect
of a �0.004 variation of αsðmZÞ.

PHYSICAL REVIEW LETTERS 128, 122001 (2022)

122001-3



scheme, β0 ¼ ð33 − 2nfÞ=12 ¼ 23=12. The LL approxi-
mation is expected to be accurate to approximately 12%,
where the uncertainty is given by the size of the next-to-
leading-log correction within the five-flavor scheme.
Combining the values of mbðmbÞ, mbðmZÞ, and mbðmHÞ

of Eqs. (1), (2), and (8), one can determine γ0 experimen-
tally. We perform a χ2 minimization to obtain the following
best-fit value for the ratio

γ0=β0 ¼ −0.64� 0.12ðexptÞ � 0.08ðtheorÞ � 0.03ðαsÞ:
ð11Þ

The uncertainty due to αs is evaluated by propagating
the experimental uncertainties on αsðmbÞ, αsðmZÞ, and
αsðmHÞ. To reduce the SM bias, a conservative uncertainty
of 0.004 is assigned to the αs values at mZ and mH. This
covers the envelope of experimental measurements of αs
at high scale from deep-inelastic scattering and parton
distribution function fits as well as EW precision fits based
on the preaveraging quoted in Ref. [6].
With β0 ¼ 23=12, we find the following value for the

anomalous mass dimension:

γ0 ¼ −1.23� 0.22ðexptÞ � 0.14ðtheorÞ � 0.06ðαsÞ; ð12Þ

in good agreement with the SM result.
The leading-log approximation is found to be suffi-

ciently accurate for the current measurement precision. A
combined analysis of the evolution of the strong coupling
and the bottom quark mass can disentangle the running of
αs and mb, and may be an interesting diagnostic tool for
new physics effects that impact their scale evolution in
different ways.
Testing the running hypothesis: With the independent

determinations of the bottom quark mass at different scales,
we can test the hypothesis of the running of the bottom
quark mass. To avoid a SM bias, we again relax the
assumption that the evolution of the strong coupling is
given by the RGE prediction, increasing the uncertainty on
αs at high scales to 0.004. The impact of this additional
uncertainty is shown as a second, light gray band in Fig. 1.
Even with this additional uncertainty, the total uncertainty
on the prediction for mbðmHÞ is 90 MeV, still more than 3
times smaller than the experimental uncertainty.
We test the running hypothesis with the following

parametrization adapted from Ref. [8]:

m(μ; x;mbðmbÞ) ¼ x½mRGE
b (μ; mbðmbÞ) −mbðmbÞ�

þmbðmbÞ; ð13Þ

where mRGE
b (μ; mbðmbÞ) describes the RGE evolution

expected in the SM for a reference mass mbðmbÞ, and x
is a multiplicative factor that adjusts the scale dependence,
interpolating smoothly between the no-running scenario
(x ¼ 0) and the SM (x ¼ 1).

We fit the predicted scale evolution of the bottom quark
MS mass m with a χ2 minimization [103] using Eq. (13)
and the averages ofmbðmbÞ,mbðmZÞ, andmbðmHÞ given in
Eqs. (1), (2), and (8). The resulting χ2 values are shown in
Fig. 2 as a function of the two fit parameters. The best-fit
value for the reference mass is mbðmbÞ ¼ 4.18þ0.03

−0.02 GeV,
compatible with the PDG world average. The fit yields
x ¼ 1.08� 0.15ðexptÞ � 0.05ðαsÞ, where the first uncer-
tainty corresponds to a propagation of the uncertainty on
the mass measurements and the second to an uncertainty
of �0.004 on the value of αsðmZÞ used in the RG
evolution. The best-fit value of x is compatible with the
SM prediction (x ¼ 1), within 1σ and differs by nearly 7
standard deviations from the no-running scenario (x ¼ 0).
A fit of mbðmbÞ and mbðmZÞ, without the Higgs data,
yields a value of x of 1.03� 0.21, just below 5 standard
deviations.
Discussion and outlook.—Caveat: When the Higgs

decay rates are used for a determination of the bottom
quark mass, we must assume that physics beyond the SM
has a negligible impact. The procedure followed by the
ATLAS and CMS experiments is quite robust against
certain new physics effects. The contribution of unknown
“invisible decays” to the Higgs width cancels in the ratio
and other assumptions, e.g., on the Higgs boson production
cross sections, can be tested to good precision. A shift of
the bottom quark Yukawa coupling (and none of the other
Higgs couplings) would, however, lead to a bias in the mass
measurement. The results in this Letter are strictly valid
only for a SM bottom quark Yukawa coupling.
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FIG. 2. The χ2 of the fit of Eq. (13) to the measurements of
mbðmbÞ, mbðmZÞ, and mbðmHÞ, as a function of the reference
bottom quark mass mbðmbÞ and the factor x that multiplies the
RGE evolution to higher scale. The factor x interpolates smoothly
between the no-running scenario (x ¼ 0) and the RGE evolution
predicted by QCD (x ¼ 1).
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Prospects: Future improvements of the Higgs branching
fraction measurements are expected to rapidly reduce the
uncertainties of this method. Projections for the HL-LHC
[104] envisage a measurement of BRðH → bb̄Þ with a
precision of 4.4%, reducing the experimental uncertainty
on mbðmHÞ to �60 MeV.
The recoil mass analysis at a future electron-positron

“Higgs factory” can reach subpercent precision for Higgs
boson couplings [105–107], with minimal assumptions on
the total width or the production rates. The ratio μbb=μWW

of the Higgs branching fractions (which is preferred over
the μbb=μZZ ratio because of the larger branching fraction)
is expected to be measured with 0.86% precision for the
250 GeV stage of the International Linear Collider (ILC)
and 0.47% for the complete 250þ 500 GeV program
[108,109] corresponding to an uncertainty on mbðmHÞ of
�12 and �6 MeV, respectively. Future eþe− colliders
furthermore offer opportunities to improve the precision of
mbðmZÞ, either with a dedicated high-luminosity run at the
Z pole or with radiative-return events, and to extend the
analysis to mbð250 GeVÞ [110].
Summary: In this Letter, we have presented a new

method to determine the bottom quark mass from the
Higgs boson decay rate to bottom quarks and have used it
to perform the first measurement of the bottom quark MS
mass at the renormalization scale of the Higgs boson mass.
Combining ATLAS and CMS Run 2 results, we obtain
mbðmHÞ ¼ 2.60þ0.36

−0.31 GeV, in good agreement with the
value 2.79þ0.03

−0.02 GeV expected from evolving the world
average formbðmbÞ to the Higgs mass scale. The extraction
of the mass from Higgs decay rates has several advantages
over previous analyses. The scale at which the bottom
quark mass is measured is unambiguously identified with
the Higgs boson mass. Theory uncertainties due to higher-
order effects and the impact of the running strong coupling
are negligible at the current precision, and the HL-LHC and
a future Higgs factory offer excellent prospects to reduce
the experimental uncertainties.
Combining our result with the world average for

mbðmbÞ and the determination of mbðmZÞ by the LEP
and SLC experiments, we can test the running of the
bottom quark mass. The observed scale evolution is
compatible within errors with the RGE evolution predicted
in QCD, and the data strongly disfavor the no-running
scenario.
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