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Updated running quark and lepton parameters at various scales
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In light of the recent Particle Data Group (PDG) release, we revisit the running quark and lepton Yukawa
couplings, together with the quark mixing parameters, across a range of energy scales. The 2024 PDG
determinations of low-energy fermion masses feature significantly smaller uncertainties, resulting from a
reduced estimate of systematic errors compared to the more conservative treatment in the 2022 analysis. To
assess the impact of these changes, we present running parameters obtained using both the 2022 and 2024
datasets, within the frameworks of the Standard Model (SM) and its minimal supersymmetric extension
(MSSM). The evolved values, along with their associated 1o uncertainties, are given within the SM
framework at benchmark scales of M, and 103, 3 x 103, 10*,10°, 107, 10, 10'?, and 10'® GeV. Within the
MSSM, we additionally provide Grand-Unified-Theory-scale results for different choices of tanp,
assuming supersymmetry breaking scales of 3 and 10 TeV, including an approximate way for taking
supersymmetric loop threshold corrections into account. We furthermore discuss implications of the
updated results for constructing and testing theories beyond the SM.
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I. INTRODUCTION

The origin of quark and lepton masses and their strongly
hierarchical structure remains one of the most profound
unresolved puzzles in particle physics. Although numerous
theoretical frameworks have been proposed to account for
the observed patterns of masses and mixings, a definitive
explanation has yet to be established. In this context, the
precise determination of the running quark and lepton
masses, together with the mixing parameters, are of central
importance, as they provide stringent constraints on models
of fermion masses and flavor dynamics. In fact, our
knowledge of fermion masses and mixing parameters has
improved substantially in recent years, leading to increas-
ingly precise determinations of these quantities. In particu-
lar, the most recent Particle Data Group (PDG) release in
2024 reports a significant reduction in the uncertainties of
quark masses compared to earlier analyses, such as the 2022
PDG values. Motivated by these developments, it is timely
to revisit the running quark and lepton Yukawa couplings,
along with the quark mixing parameters, which serve as
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essential input for model building efforts in the flavor sector.
Over the last 30 years, numerous systematic calculations of
the running parameters across various energy scales have
been considered, e.g., Refs. [1-8], which have proven very
useful for model-building studies.

For model-building purposes, it is helpful to have access to
the running fermion masses and mixing parameters at the
high-energy scale where the theory is defined. Alternatively,
having these quantities at a reference low-energy scale—such
as the Z boson mass, M ,—allows for a direct comparison
between model predictions and experimental data after
performing the renormalization group (RG) evolution from
the high-energy-scale down to the M ,-scale. Therefore, in
this work, in light of the recent PDG releases, we revisit the
running quark and lepton Yukawa couplings, together with
the quark mixing parameters, over a wide range of energy
scales. We present running parameters derived from both the
2022 and 2024 PDG datasets, within the frameworks of the
Standard Model (SM) and its minimal supersymmetric
extension (MSSM). The evolved values, along with their
associated lo uncertainties, are provided within the SM
framework at benchmark scales of M, 10°, 3 x 10°, 10%,
10°, 107, 10°, 10'2, and 10'® GeV. For the MSSM, we
furthermore report the values at the unification scale of
Grand Unified Theories (GUTS), i.e., the GUT scale (taken
to be Mgyr = 2 x 10'° GeV), for several representative
values of tan 5, namely, tan f = 5, 10, 30, and 50, assuming
supersymmetry-breaking scales of Mqysy = 3 and 10 TeV.
It is important to emphasize that, in the supersymmetry
(SUSY) case, our results are presented for the case of zero

Published by the American Physical Society


https://orcid.org/0000-0001-6120-9279
https://orcid.org/0000-0003-3784-3776
https://ror.org/02s6k3f65
https://ror.org/05060sz93
https://crossmark.crossref.org/dialog/?doi=10.1103/fdcc-ycph&domain=pdf&date_stamp=2026-05-06
https://doi.org/10.1103/fdcc-ycph
https://doi.org/10.1103/fdcc-ycph
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

STEFAN ANTUSCH, KEVIN HINZE, and SHAIKH SAAD

PHYS. REV. D 113, 095011 (2026)

TABLE 1. Running SM parameters and 16 HPD intervals in the MS renormalization scheme using the 2022 PDG data as input.
SM quantity u=1TeV u=3TeV u =10 TeV u =100 TeV
y,/107° 6.21 j01:7386 5.90 j&%’ 5.60 j&?g 5.13 jé_-éj
y4/1073 1.36 jg:é% 1.29 jg:olg 1.23 jg;é 61 1.12 j(%g
y,/107* 2.72 jg:lzg 2.58 jg:lzzl 2.46 jg;lzg 2.25 jg'-llf
y./1073 3.10 jg:gg 2.95 jg:gg 2.80 jg_'ggg 2.56 jg:g;
yp/1072 1.402 jg:gllg 1.323 jg:gllg 1.248 jg_-gllg 1.131 jg:glllz
Vi 0.8625 fg:ggjg’ 0.8250 jg_ggi;‘ 0.7890 jg‘-ggﬁ 0.7320 jg‘-ggjg
012 0.22704 +0.00083 0.22705 +000083 0.22705 +000083 0.22705 +0.00083
0,3/1072 4.275 jg:gg 4.307 1_‘8:8213 4.339 jg:gg 4.394 jg:gg
0,3/1073 3.77 008 3.80 o8 3.83 o8 3.88 o8
0 1.139 jg:gzzg 1.139 jg:gg 1.139 jg:gg 1.139 f85822§
J/1073 3.09 fg:gg 3.28 fg:oogs 3.33 jg;gg 341 f8‘83
y,/107° 2.8229 jg:gggg 2.8405 jgggl‘i 2.8495 f8:881' 55 2.8641 jg(‘)’gzzj
yu/1 0~ 5.9467 jg:ggllg 5.9839 jg;gggg 6.0028 jg:gggg 6.0337 jg‘-ggg‘?
/107 LOOL Lol L0s e lods g
93 1.0581 jg:ggg’? 1.0046 jggg%? 0.9545 jg;gg% 0.8765 jg;ggllg
9 0.63811 jg:ggggg‘ 0.63246 jg;gggg;‘ 0.62644 jg:ggggg 0.61539 jg:gggg;
2 DAL N 04092 OGN 04TIS0 T odsoles g
SM quantity u =107 GeV u=10° GeV u =102 GeV u=10'0 GeV
y,/107° 4.44 j8:5958 3.95 fg:;‘g 341 jgﬁ 2.89 j83673
v4/1073 0.97 jg:gg 0.87 jg:gf 0.76 f8;837 0.65 jg:gg
y,/107% 1.96 jg:llg 1.75 fg:&g 1.52 j(%g 1.31 j(%g’
y./1073 2.22 fg_-gg 1.97 jg:gg 1.70 jg_»gg 1.44 t8;82
yp/1072 0.963 jg:gllg 0.845 ‘_‘8:8018 0.720 jg:gg? 0.607 jgggg
Vi 0.6469 jg:ggjg 0.5844 jg'ggj“g 0.5144 jgggj; 0.4462 jg:ggjg
012 0.22706 +0.00083 0.22706 +000083 0.22707 1000082 0,22708 +0.00082
0,3/1072 4.486 oo 4.561 jg:gj;‘ 4.651 jg:gjg 4.745 jg_-gjg
0,5/1073 3.96 jg:gg 4.03 fg_gg 4.11 j(‘)’_'g;’ 4.19 jg:gg
o 1.139 jg;gg; 1.139 jg:g,g 1.139 jg;gg 1.139 ng-82233
J/1073 3.56 jg:gg 3.68 jg;llg 3.82 jg;llg 3.97 jg_-llg
y,/107° 2.8691 jg:ggg*gl 2.8520 jg_gggzﬁ 2.7996 jg‘-ggg 2.6952 jg‘-gggg
Y/ 10~ 6.0442 jg:gggg 6.0082 jg_gll(;g 5.8977 j81-8115532 5.6779 jg:g}gg
y,/1072 1.0267 jg:ggll g‘ 1.0206 jggglzg 1.0017 jg;gggg 0.9644 jggg;‘%
% 07648 I 068TI s 06052 dgme 05310 g
9 0.59493 jg:ggggg’ 0.57639 jg:gggg; 0.55157 jg:gggg; 0.52296 jg:gggglz
a1 0.493975 fg:gggg;; 0.509050 jg:ggggg’é 0.534497 jg:gggggg 0.575238 jg:ggggg‘;

SUSY-scale loop threshold corrections, which can be tan
enhanced and thus play an important role in the down-type
quark and charged lepton Yukawa sector. To take them into
account, we provide an approximate method for implement-
ing them at the GUT-scale, applicable to cases where tan 3 is
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not too large and/or the threshold correction parameters are
not too big.

The manuscript is organized in the following way. In
Sec. II, we first discuss the procedure for obtaining the
Mz-scale values of the fermion masses and mixing
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TABLE II.  Running SM parameters and 16 HPD intervals in the MS renormalization scheme using the 2024 PDG data as input.
SM quantity u=1TeV u=3TeV u =10 TeV u =100 TeV
y,/107° 6.15 +0.14 5.84 +0.13 5.54 +0.13 5.07 +0.12
v4/1073 1.35 +0.02 1.28 +0.02 1.22 +0.02 1.12 +0.02
y,/107% 2.68 +0.03 2.54 +0.03 242 +0.03 222 +0.03
y./1073 3.11 +0.05 2.95 +0.05 2.80 +0.05 2.57 +0.05
y,/1072 1.401 +0.009 1.321 +0.009 1.246 +0.009 1.130 +0.008
Vi 0.8616 +0.0043 0.8242 +0.0043 0.7880 +0.0044 0.7309 +0.0046
01, 0.22704 £0.00082 0.22705 £0.00082 0.22705 +0.00082 0.22705 £0.00082
0,3/1072 4.275 +0.042 4.307 +0.042 4.339 +0.042 4.394 +0.043
015/1073 3.77 +0.08 3.80 +0.08 3.83 +0.08 3.88 +0.08

0 1.139 +0.023 1.139 +0.023 1.139 +0.023 1.139 +0.023
J/1073 3.23 +0.08 3.28 +0.08 3.33 +0.09 341 +0.09
y./1076 2.8227 +0.0006 2.8402 +0.0014 2.8492 +0.0015 2.8637 +0.0024
yﬂ/lo‘4 5.9465 +0.0013 5.9833 +0.0030 6.0022 +0.0032 6.0327 +0.0050
y./1072 1.0101 £0.0002 1.0163 £0.0005 1.0196 +0.0005 1.0248 £0.0008
9% 1.0583 +0.0030 1.0049 +0.0026 0.9547 +0.0022 0.8767 +0.0017
9 0.63811 £0.00003 0.63246 +0.00003 0.62644 40.00003 0.61539 +0.00003
g1 0.467453 +0.000027 0.470394 40.000027 0.473681 40.000028 0.480166 +0.000029
SM quantity u=10" GeV u=10° GeV u =102 Gev u = 10'° Gev
y,/107° 4.39 +0.10 3.90 +0.09 3.37 +0.08 2.87 +0.07
v4/1073 0.97 +0.01 0.87 +0.01 0.75 +0.01 0.65 +0.01
y,/1074 1.93 +0.03 1.72 £0.02 1.50 +0.02 1.29 +0.02
y./1073 222 +0.04 1.98 +0.04 1.71 +0.03 1.45 +0.03
y,/1072 0.961 +0.008 0.844 +0.007 0.719 +0.006 0.606 +0.006
Vi 0.6462 +0.0047 0.5838 £0.0048 0.5138 +0.0048 0.4454 +0.0048
01, 0.22706 £0.00082 0.22706 £0.00082 0.22707 +0.00082 0.22708 £0.00082
0,3/1072 4.486 +0.044 4.560 +0.045 4.650 +0.046 4.743 +0.047
015/1073 3.96 +0.09 4.03 +0.09 4.11 +0.09 4.19 +0.09

0 1.139 +0.023 1.139 +0.023 1.139 +0.023 1.139 +0.023
J/107° 3.56 +0.09 3.68 +0.10 3.83 +0.10 3.98 +0.10
y./107° 2.8681 +0.0039 2.8508 +0.0054 2.7978 +0.0072 2.6935 +0.0091
y,,/lO*4 6.0421 +0.0083 6.0056 +0.0113 5.8939 +0.0152 5.6745 +0.0192
y,/1072 1.0264 +0.0014 1.0201 +0.0019 1.0012 +0.0026 0.9639 +0.0033
9% 0.7649 +0.0011 0.6872 +0.0008 0.6052 +0.0006 0.5310 +0.0004
9 0.59493 +0.00003 0.57639 +0.00002 0.55157 40.00002 0.52296 +0.00002
g1 0.493977 £0.000032 0.509051 £0.000035 0.534498 +0.000040 0.575240 £0.000050

parameters from low-energy experimental inputs. These
quantities, together with their corresponding uncertainties,
are then evolved in the MS renormalization scheme to
various energy scales within the SM framework. The
corresponding results are summarized in Tables 1 and 2.
Section III focuses on obtaining the GUT-scale values of
these parameters in the context of the MSSM. For this

purpose, the converted values in the DR renormalization
scheme are tabulated in Tables 3 and 4. Finally, the
resulting running values at the GUT scale are presented
in Tables 5-8 for Mqygy = 3 TeV and Mgygy = 10 TeV,
respectively. Furthermore, in Sec. IV, we discuss implica-
tions of the updated results for constructing and testing
theories beyond the SM. Finally, we conclude in Sec. V.
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TABLE III. Running SM parameters and 16 HPD intervals in the DR renormalization scheme using the 2022 PDG data as input.

SM quantity u=1TeV u=3TeV u =10 TeV u =100 TeV
y,/107° 6.09 jOI:;é 5.84 j&%‘ 5.51 jé"ﬁzg 5.06 jéé%
14/ 1079 133 12 128 012 1.20 9l 1.10 ol
y,/107* 2.66 j8:1232 2.56 jg:lzzl 242 jg:llg 222 jg'-llf
y./1073 3.04 jg:gg 2.92 jg:gg 2.75 jg_'ggg 2.53 - 8‘-877
yp/1072 1.373 jg:gllg 1.310 jg:gllg 1.227 jggllg 1.115 jg:glllz
. 082 BN 08I g oS e om0
01> 0.22704 s 0.22705 TS 0.22705 TS 0.22705 s
0,3/1072 4.275 jg:gg 4.307 ‘_‘8_‘8213 4.339 jg:gg 4.394 jg:gg
0,3/1073 3.77 008 3.80 o8 3.83 o8 3.88 o8
0 1.139 jg:gzzg 1.139 jg:gg 1.139 jg:gg; 1.139 B 8‘-822;
J/1073 3.09 fg:gg 3.28 fg:ggg 3.33 jg_'gg 341 jg‘-gg
y,/107° 2.8280 fgggg; 2.8397 jgggllll 2.8531 j(‘)’_-ggl'g 2.8667 jg:g&zg‘
Y/ 1074 5.9576 jg:ggll : 5.9822 jg_gg%;’ 6.0105 jg-gg;g 6.0391 jg‘-ggg
y,/1072 1.0119 o0 1.0161 Too00d 1.0208 o001 1.0257 000
73 1.0486 BRYHET 1.0044 o0 0.9475 oo 0.8711 B
9 0.63746 jg:ggggg‘ 0.63273 jg:gggg;‘ 0.62582 jg:gggg; 0.61480 jg‘-ggggg’
9 0468063 o 047055 IR o437 S 04som  jamog

TABLE IV. Running SM parameters and 16 HPD intervals in the DR renormalization scheme using the 2024 PDG data as input.

SM quantity u=1TeV u=3TeV u =10 TeV u =100 TeV
y,/107° 6.03 +0.13 5.78 +0.13 5.45 +0.12 5.01 +0.11
vq4/1073 1.32 +0.02 1.27 +0.02 1.20 +0.02 1.10 +0.02
y,/1074 2.63 +0.03 2.52 +0.03 2.38 +0.03 2.19 +0.03
y./1073 3.05 +0.05 2.92 +0.05 2.76 +0.05 2.53 +0.05
y,/1072 1.372 +0.009 1.308 +0.009 1.225 +0.008 1.113 +0.008
Vi 0.8464 +0.0042 0.8163 +0.0043 0.7765 +0.0044 0.7220 +0.0045
0, 0.22704 £0.00082 0.22705 £0.00082 0.22705 +0.00082 0.22705 £0.00082
0,,/1072 4.275 +0.042 4.307 +0.042 4.339 +0.042 4.394 +0.043
015/1073 3.77 +0.08 3.80 +0.08 3.83 +0.08 3.88 +0.08

0 1.139 +0.023 1.139 +0.023 1.139 +0.023 1.139 +0.023
J/1073 3.23 +0.08 3.28 +0.08 3.33 +0.09 341 +0.09
y./1076 2.8279 +0.0007 2.8395 +0.0011 2.8528 +0.0016 2.8662 +0.0024
yﬂ/lo‘4 5.9573 +0.0015 5.9817 +0.0022 6.0099 +0.0034 6.0381 +0.0051
y,/1072 1.0119 £0.0003 1.0161 £0.0004 1.0209 +0.0006 1.0257 £0.0009
93 1.0489 £0.0030 1.0047 +0.0026 0.9477 +0.0022 0.8713 +0.0017
9 0.63746 £0.00003 0.63273 £0.00003 0.62582 +0.00003 0.61480 £0.00003
a1 0.468064 £0.000027 0.470536 £0.000027 0.474318 +0.000028 0.480829 £0.000029
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TABLE V. GUT-scale values (Mgur = 2 x 10'° GeV) with Mqysy = 3TeV using 2022 PDG data as input. Here, “SM quantities”

yr =y refer to yi, = yiieMsin g, yiN, = v cos B, el = yiRM cos g, M = 0)SM, and &M = §MSSM; see text for details

[especially Egs. (3.5)—(3.8) for the implementation of SUSY threshold corrections].

SM quantity tanff =35 tanf = 10 tan f = 30 tan f = 50
y,/107° 2.82 jg_gé 2.79 jg.-gg 2.79 J_rggg 2.83 j(‘)’gﬁl
y4/107° 0.49 009 0.49 o0 0.52 oo 0.60 Tooe
y,/107% 0.99 oo 0.99 s 1.04 oo 1.20 o
y./1073 1.40 oo 1.39 oo 1.39 oo 1.41 oos
y,/1072 0.549 oo 0.551 oo 0.601 ooy 0.768 jg;gllg
g 05076 g odees  BER oWl RET oS0 gy
01, 0.22702 s 0.22702 AR 0.22702 o 0.22702 o008
0,3/1072 3.858 08 3.869 Toore 3.821 Toods 3.679 0
0,5/1073 3.40 oo 3.41 oo 3.37 o 3.24 o
1) 1.139 o028 1.139 02 1.139 o 1.139 .02
J/1073 2.64 i 2.65 o 2.58 o 2.39 Tooe
y,/1076 2.0011 By 2.0098 e 2.1128 Toooas 2.4263 Toolas
Y/ 10~ 4.2157 Toooie 4.2340 oo 44516 Toone0 5.1137 Tooaen
y./1072 0.7170 jg:ggg; 0.7224 jg:ggg; 0.7891 fé’jg&‘ 8 1.0096 jgfgggg

TABLE VI. GUT-scale values (Mgyr = 2 x 10'® GeV) with Mgygy = 3TeV using 2024 PDG data as input. For the definition of
“SM quantities,” see Table 5.

SM quantity tanff =35 tanf = 10 tan f = 30 tan f# = 50
y,/1076 2.79 +0.07 2.76 +0.07 2.76 +0.07 2.79 +0.07
yq4/1073 0.49 +0.01 0.49 +0.01 0.52 +0.01 0.59 +0.01
y,/107% 0.97 +0.01 0.98 +0.01 1.03 +0.02 1.18 +0.02
y./1073 1.41 +0.03 1.39 +0.03 1.39 +0.03 1.41 +0.03
yp/1072 0.548 +0.006 0.550 £0.006 0.600 +0.007 0.766 +0.013
Vi 0.5058 £0.0084 0.4947 +0.0079 0.5020 +0.0081 0.5312 +0.0095
0, 0.22702 £0.00082 0.22702 £0.00082 0.22702 +0.00082 0.22702 +0.00082
0,3/1072 3.862 +0.038 3.874 +0.038 3.823 +0.038 3.679 +0.037
0,5/107 3.40 £0.07 3.41 £0.07 3.37 £0.07 3.4 +£0.07
0 1.139 +0.023 1.139 +0.023 1.139 +0.023 1.139 +0.023
J/1073 2.64 +0.07 2.65 £0.07 2.58 +0.07 2.39 +0.06
y,/107° 2.0010 +0.0007 2.0095 +0.0008 2.1128 +0.0020 2.4248 +0.0087
Y/ 10~ 4.2154 +0.0016 4.2334 +0.0017 4.4515 +0.0042 5.1104 +0.0183
y,/1072 0.7170 +0.0003 0.7223 +0.0003 0.7889 +0.0008 1.0089 +0.0042
II. SM RUNNING PARAMETERS mgy(2 GeV), my(2 GeV), and m, (2 GeV); the Fermi con-

. 5 5) .
Let us first discuss the 15 low-scale input parameters.  Stant Gp;the ﬁve—quark QCD cogphng a )(M z) (O‘g Vis the
These are the top quark pole mass M,; the Higgs boson pole ~ Strong coupling constant a with 5 flavours of quarks,

mass M,,; three charged lepton pole masses M, M,,, and M,; 'ty = 5), the fine structure constant a, and the hadronic
and the Z-boson Breit-Wigner mass M5". Additionally,  correction parameter AO‘SZ[(M 7)- Values of these parameters
there are five light quark running masses m,,(m;,), m.(m.),  according to the 2022 PDG data [9] are

095011-5
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TABLE VII. GUT-scale values (Mgyr = 2 x 10'¢ GeV) with Mgsy = 10TeV using 2022 PDG data as input. For the definition of
“SM quantities,” see Table 5.

SM quantity tanff =5 tanf = 10 tan # = 30 tan f = 50
y,/107° 2.83 jg_-%l 2.80 jg:gg 2.80 jg_gg 2.83 jg'-%l
yq4/1073 0.50 jg:gg 0.51 jg:g; 0.53 jg:gg 0.60 jggg
y,/107* 1.02 f8;8§ 1.02 jg:gg 1.07 jg:gg 1.21 jg‘-g?
ye/107 L41 004 139 004 139 004 141 008
yp/1072 0.555 jg:ggg 0.557 jg:ggg 0.603 jg:g(gg) 0.747 jg'-gllj
Vi 0.4996 jg:ggg ! 0.4902 j8:887773 0.4966 jg:ggg; 0.5205 jg‘-gggg
0, 0.22702 jg:ggggf 0.22702 jgggggf 0.22702 jgggggf 0.22702 jgggggf
0,3/1072 3.891 jg_-ggg 3.900 BhYicH 3.856 BhYicH 3.737 st
0,5/1073 3.43 fg:g;‘ 3.44 f8j8§ 3.40 jg:g; 3.29 jg:g;‘
5 1,139 +0023 1.139 +0023 1139 +0023 1139 +0023
J/1073 2.70 jgg; 2.72 fg_-g; 2.65 fgg; 2.49 j(‘)’g;
y,/107° 2.0495 jgggllll 2.0576 ‘_‘8881‘12 2.1547 jgggzzg 2.4357 jg(%gf
Y/ 10~ 4.3175 jg:ggzzf 4.3347 jg:gg%ﬁ 4.5398 jg:ggg‘g 5.1334 j84-81292§‘
y./1072 0.7342 i8;888§‘ 0.7396 jg:gggj 0.8038 jg:gg?? 1.0067 fgﬁgﬁ

TABLE VIII.  GUT-scale values (Mgyr = 2 x 10'® GeV) with Mgysy = 10TeV using 2024 PDG data as input. For the definition of
“SM quantities,” see Table 5.

SM quantity tanff =35 tanf = 10 tan f = 30 tan f = 50
v,/1076 2.79 +0.07 2.77 +0.07 2.77 +0.07 2.79 +0.07
yq4/107° 0.50 +0.01 0.50 £0.01 0.53 £0.01 0.60 +0.01
y,/107% 1.00 +0.01 1.00 +0.01 1.05 +0.02 1.19 +0.02
y./1073 1.41 +0.03 1.40 +0.03 1.40 +0.03 1.41 +0.03
yp/1072 0.554 +0.006 0.556 +0.006 0.602 £0.007 0.745 +0.012
Vi 0.4979 £0.0078 0.4885 £0.0074 0.4945 +0.0076 0.5179 +0.0086
0, 0.22702 £0.00082 0.22702 £0.00082 0.22702 £0.00082 0.22702 +0.00082
0,3/1072 3.896 +0.039 3.905 £0.039 3.860 +0.038 3.735 £0.038
0,5/1073 343 +0.07 3.44 +0.07 3.40 +0.07 3.29 +0.07
0 1.139 +0.023 1.139 +0.023 1.139 +0.023 1.139 +0.023
J/1073 2.70 +0.07 2.72 +0.07 2.65 +0.07 2.49 +0.07
y,/107° 2.0493 £0.0011 2.0573 £0.0011 2.1541 +0.0022 2.4341 +0.0078
yﬂ/10-4 4.3171 +0.0023 4.3341 +0.0024 4.5386 +0.0046 5.1300 +0.0164
y,/1072 0.7343 +0.0004 0.7395 +0.0004 0.8036 +0.0009 1.0059 +0.0038

M, =1725+£0.7 GeV, M, =12525+0.17 GeV,  MEY =91.1876 & 0.0021 GeV,
my(my) = 4.181003 GeV, m.(m,) = 1.27 4 0.02 GeV, my(2 GeV) = 93.473% MeV,
my(2 GeV) = 4.67°018 MeV,  m,(2 GeV) =2.1670% MeV, M, =1776.86 +0.12 MeV,
M, = 105.6583755 £ 0.0000023 MeV, M, = 0.51099895000 == 0.00000000015 MeV,
Gr = (1.1663788 + 0.0000006) x 1075 GeV?, o' = 137.035999180 + 0.000000010,

o) (M;) =0.1179 £0.0009,  Aal)\ (M) = 0.02768 + 0.00007. (2.1)
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The values of these parameters according to the 2024 PDG data [10] are'

M, =172.440.7 GeV,

my(my) = 4.183 & 0.004 GeV,
my(2 GeV) = 4.70 £ 0.04 MeV,

M, = 105.6583755 + 0.0000023 MeV,

Gr = (1.1663788 + 0.0000006) x 10~5 GeV?2,

o> (M) = 0.1180 £ 0.0009,

In this work, we update the analysis of Ref. [6] to obtain
the running parameters using both the 2022 and 2024 PDG
releases. Looking at these inputs, Eqs. (2.1) and (2.2), one
can immediately notice that the quark masses, according to
the 2024 PDG analysis, are provided with unprecedented
accuracy, far surpassing the precision previously stated. For
example, a comparison of the 2022 and 2024 PDG quoted
values shows that, for the bottom quark, the uncertainty has
decreased from 0.7% to 0.09%, and similarly for the other
quark masses. On the other hand, the central values of the
quark and lepton masses do not change significantly
between the 2022 and 2024 PDG releases. A quick
comparison between Egs. (2.1) and (2.2) immediately
reveals that the largest shift occurs in the down-quark mass;
however, this amounts to only a 0.6% change. Thus, the
primary difference instead lies in the quoted uncertainties:
the 2022 edition adopted a more conservative assessment of
certain systematic effects, whereas the 2024 release reflects
increased confidence in controlling these uncertainties and
therefore reports smaller errors. In this context, presenting
results obtained with both PDG releases serves as a
sensitivity analysis with respect to variations in the

g1 = 0.46122705000%
Yu = (7.0923¢) x 107,
ve = (3.55759) x 10,
ye = (277705 90095) x 1076,

A= 0559370008, v =248.4080938 GeV.

g2 = 0.65096 050004 -

M, = 12520 +0.11 GeV,
m,(m.) = 1.2730 % 0.0028 GeV,

m,(2 GeV) = 2.16 + 0.04 MeV,

M, = 0.51099895000 = 0.00000000015 MeV.,

Aal) (M) = 0.02783 + 0.00006.

ya = (1.5550¢7) x 107,
vy = (1.637067) x 1072,
v = (5.850267 500075 ) x 1074,

MBY = 91.1880 4 0.0020 GeV,
m(2 GeV) = 93.5 + 0.5 MeV,
M, = 1776.93 £ 0.09 MeV,

a5! = 137035999178 = 0.000000008,
(2.2)

fundamental input parameters (which remain largely stable
between 2022 and 2024) and their associated uncertainties
(which are reduced significantly in 2024). Displaying both
sets of results enables model builders to assess how sensitive
their model parameters are to the different treatments of
uncertainties in the fundamental input quantities.

To compute the RG running of these input parameters up
to the M, scale and to convert them into the parameters of
the SM (yu’ Yd> Yss Yer Ybs Yis Ve y;u Yz 915 925 935 )“’ and U)
in the MS renormalization scheme,” we use SMDR [11], a
software library written in C. In addition to the QCD
contributions to the RG running and matching, which are
implemented in the Mathematica code RunDec [12,13] (and C
code CRunDec [13,14]) and were used in Ref. [6], SMDR also
handles the two-loop pure electroweak (EW) and mixed
QCD/EW contributions to the running and matching.

Now, using the low-scale PDG inputs and sampling over
100,000 points with assumed Gaussian errors, we obtain
the following SM parameters along with their 1o uncer-
tainties, namely, the highest posterior density (HPD)
intervals, at the Mj,-scale in the MS renormalization
scheme. For 2022 PDG input, we find

gy = 1211810508,
vy = (3.10192%) x 1074,
v = 0.968%0004,
¥ = (0.993701005013) x 1072,
(2.3)

Note that for the Higgs vacuum expectation value at y = M, we get v = 246.603 GeV.

'For all quark masses except that of the top quark pole mass, which are reported at 90% confidence level, the corresponding errors are

rescaled to their 1o values.

*Note that, compared to Ref. [11], we use a different normalization for the Higgs quartic coupling 4. Namely, we define the Higgs
potential as V(¢) = m?|$|* +12|$|*. Moreover, we use the GUT normalization for the gauge coupling g, i.e., g = 5/3¢".
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For 2024 PDG input, the results are

g1 = 0.461228 + 0.000026,
yu = (7.04 4 0.15) x 107°,
ye = (3.56 £0.06) x 1073,
y. = (2.77713 £ 0.00036) x 107°,
y, = (0.99378 4 0.00014) x 1072,

9> = 0.65096 =+ 0.00004,
ya = (1.5440.02) x 1075,

v, = (1.630 = 0.009) x 102,
Y, = (5.85042 £ 0.00075) x 1074,
A = 0.55853 & 0.00157,

g3 = 1.2123 £ 0.0046,
v, = (3.06 = 0.04) x 107*,
y, = 0.967 £ 0.004,

v = 248.401 £ 0.032 GeV. (2.4)

The Higgs vacuum expectation value at u = M, is now given by v = 246.604 GeV.

For the Cabibbo-Kobayashi-Maskawa (CKM) mixing
parameters we use the updated UTfit 2023 results [15] as
input:

sin@), = 0.2251 £ 0.0008,
sin 63 = 0.04193 & 0.00041,
sin@,3 = 0.00370 % 0.00008,

6 =1.139 £ 0.023. (2.5)
They correspond to the following values of the CKM
mixing angles:

61, = 0.2270 + 0.0008,
023 = (4.194 £ 0.041) x 1072,

0,5 = (3.70 +0.08) x 1073, (2.6)

Moreover, the Jarlskog invariant [16] is reported to be [15]

J = (3.09+0.07) x 107, (2.7)
We use these input values of the quark mixing parameters
at the M, scale. It is worth pointing out that the previous
UTHit results used in the study of Ref. [6], when compared
with the updated values [15], show that the uncertainties in
the quantities 01,, 6,3, and § have been reduced by factors
of 1.5, 1.6, and 2.2, respectively.

The M ,-scale values obtained above will now be used
as inputs to compute the running values of the Yukawa
couplings and quark mixing parameters at various scales.
For this purpose, we consider the following parametrization
of the SM Yukawa coupling matrices:

Yu = diag(yuv ymyt)’
Y, = VEKM(elza 013, 023, 6)diag(yy. 5. )

Y, = diag(y,. y,. y.)- (2.8)

To incorporate the two-loop renormalization group equation
(RGE) running from M, up to higher scales, we use the
Mathematica package REAP [17]. As before, by sampling
over 100,000 points and assuming Gaussian errors, the

results for the SM running parameters in the MS renorm-
alization scheme are presented in Tables 1 and 2, corre-
sponding to the 2022 and 2024 PDG data, respectively. For
the convenience of model builders, we provide the running
parameters at several benchmark scales: 103, 3 x 103, 10%,
10°, 107, 10%, 10'2, and 10'® GeV.

III. MSSM RUNNING PARAMETERS

This section is devoted to determining the Yukawa
couplings and quark mixing parameters at the GUT scale
(which we fix at Mgyt = 2 x 10'® GeV) within the MSSM
framework. To this end, one requires input values of these
parameters at the SUSY-scale in the DR renormalization
scheme. Therefore, the running values are converted from
the MS to the DR scheme [18] for selected energy scales of
1, 3, 10, and 100 TeV and listed in Tables 3 and 4 for the
2022 and 2024 PDG datasets, respectively.

To compute the parameters at high energies within a
SUSY framework, the SM must be matched to its super-
symmetric extension. A widely used approximation—also
adopted in this work—is to perform the matching at a single
threshold scale, Mqygy, typically defined as the geometric
mean of two stop masses. At this scale, all superpartners are
integrated out simultaneously. For moderate or large values
of tanf, the radiative threshold corrections can become
significant, as certain loop diagrams receive tan -enhanced
contributions [19-25]. The precise value of these threshold
corrections depends on the details of the mass spectrum of
the superpartners. In this work, we give the running
parameters at high scale with zero SUSY loop-threshold
corrections and present an approximate way to take them
into account a posteriori. The suggested procedure for this
is discussed toward the end of this section.

For parametrizing the SUSY threshold corrections, to
be applied at the matching scale Mgygy, we use a similar
notation as in Ref. [6],

YSM — yMSSM iy 3 (3.1)
YSM = (1 + diag(ng. ny. 1)) YYSMcos g, (3.2)
YEM = (]] =+ diag(’?f, N, 771>)Y1;/ISSM cos f3, (3-3)
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where we use Y3M =Y to distinguish the SM Yukawa

matrices from the MSSM ones. Here, we only consider tan f
enhanced threshold corrections and assume that the thresh-
old corrections to the first two generations are identical,
which holds to a very good approximation in many SUSY
models. The threshold corrections for the third family are
generically different, since they also include diagrams with
33 elements of the trilinear scalar interactions.’

To provide some guidance regarding typical values for the
threshold corrections parameters, their origin from SUSY-
loop diagrams and example ranges for their typical sizes can
be found, e.g., in Ref. [23], where the #’s are written as
n; = ¢ tanf. The ¢ stem from loop diagrams and are
typically below the percent level. However, due to the
enhancement by the factor tan 8, which arises from coupling
the down quarks to the Higgs doublet H,, instead of H,, the
n; can become as large as £((0.5) for the example of
tanf} = 50.* For smaller tan S, their typical sizes are reduced
accordingly. The leading contributions typically stem from
the gluino-loop diagram that affects ¢, and ¢, and also to
some extent from the diagram proportional to the trilinear
soft SUSY breaking term A,, which affects only ¢,. The
threshold corrections in the lepton sector are typically
smaller than in the quark sector due to the absence of these
two contributions.

Regarding the RG evolution above the SUSY scale, we
note that, since 77, and 77, only imply corrections to Yukawa
couplings of the first two families, which are comparatively
small, their effects can be neglected in the beta functions
when calculating the RG evolution. This means that to a
good approximation the RG evolution above Mgygy only
depends on 7, 1., and tan f.

For vanishing threshold corrections, the matching con-
ditions between the SM and MSSM Yukawa couplings take
the following simple form:

YSM = yMSSM gin g,

ySM — yMssm

YSM = yMSSMcog g,

(3.4)

cos f3.

Using REAP [17], which implements the two-loop RGEs,
we run the MSSM Yukawa couplings from the low scales
Mgysy = 3 and 10 TeV to the high scale Mgy for various
choices of tanf. In particular, considering tan =5, 10,

*We note that the parameter 7, can be absorbed into tan f via
cos f = cos (1 + n,) as discussed in Ref. [6], with the remaining
n’s redefined accordingly. This parametrization reduces the number
of independent parameters in the system of Egs. (3.1)—(3.3) by 1.
In this work, however, we do not employ this possible reparamet-
rization.

Even larger values for the threshold corrections can be possible
for specific choices of MSSM parameters. Also, note that the size
of the threshold corrections remains unchanged if all mass-
dimensionful MSSM parameters are scaled to larger values by
a common factor. This implies that the example ranges provided in
Ref. [23] also apply to heavier (rescaled) SUSY spectra.

30, 50 and assuming Gaussian errors for the input param-
eters, we obtain the results by sampling over 100,000
points. At the high scale, we list the “SM quantities,” i.e.
the quantities y5v, = y¥osMsin g, ytsg\f, » = y¥SiMcos g,
WM, = WMSSM o5 5, M = MSSMand  §M = gMSSM,
The results are presented in Tables 5 and 6 for Mgygy =
3 TeV using the 2022 and 2024 PDG datasets, respectively.
Similarly, Tables 7 and 8 show the corresponding results
for Mgygy = 10 TeV.

Finally, we provide a prescription for approximately
incorporating threshold corrections into our results at the
GUT scale. Obviously, threshold corrections should, in
general, be applied at the scale Mgygy, prior to running the
parameters to the GUT scale. However, for small values of
tan f or sufficiently small threshold correction parameters,
it can be a reasonably good approximation to first run the
uncorrected parameters to the GUT scale and then apply the
threshold corrections there. We therefore propose (under
the above-specified conditions) to directly incorporate the
threshold corrections to our results listed in Tables 5, 6, 7,
and 8 as follows:

i o =y, (3.5)
1 1
SM, th-corr __ SM SM, th-corr SM
d.s 141, Vs> Vb 147, Yb o
(3.6)
1 1
SM,th-corr __ SM SM, th-corr — SM
Yeu 1+l/lfye,/47 T 1_'_’11)71 ’
(3.7)
9?12\/[,th—corr — 9?%/[, elsa}\ﬂ,th—corr — 1 iZb gz'SSM’
q
5SM.Lh—corr — 5SM' (38)

From our numerical analysis, we find that for tanf =5
performing the threshold corrections at the GUT scale as
suggested above introduces only subpercent-level errors for
the GUT-scale Yukawa couplings. The same holds for
tanf = 10 with —0.3 <,. For tanf = 30, the errors
remain below 5% for —0.2 < 5, < 0.4. For larger tanf,
the procedure can only be recommended if 7, is small (e.g.,
errors below 5% for tan f# = 50 require —0.04 < 7, < 0.06),
and in general a careful treatment that properly includes the
threshold corrections already at Mgygy is strongly advised.
Note that for larger tan # and large negative 7, the Yukawa
couplings can even become nonperturbative before the GUT
scale (cf. Ref. [6])—an effect that is clearly missed in the
approximate treatment, indicating that it fails dramatically
when approaching this regime.
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IV. IMPLICATIONS

In this section, we discuss examples for implications of
the updated running fermion masses and mixing parameters
for model building. In particular, the improved precision
and reduced uncertainties of the 2024 PDG and the 2023
UTfit values lead to significantly sharper constraints on
theoretical frameworks that aim to explain the flavor
structure of the Standard Model and its extensions.

A. GUT-scale Yukawa ratios and threshold corrections

Interesting relations between Yukawa couplings can arise
in quark-lepton unifying theories such as Pati-Salam [26,27]
|

or GUTs [28-31] at the unification scale. Typical examples
in SU(5) models include the Georgi-Glashow relation
ve/yp =1 [28], the Georgi-Jarlskog relation y,/y, =3
[32], or relations arising from higher-dimensional operators
such as y./y, =3/2, y,/y, =9/2, or y,/y, = 6 [33,34].
Given the updated running Yukawa couplings, it is interest-
ing to examine which threshold corrections are required to
render such GUT-scale relations viable.

The GUT-scale values of the ratios y,/y, and y,/y,
are, to a very good approximation, independent of tan f3
and 7,. We obtain the following results at the GUT-
scale Mgyr = 2 x 10'° GeV:

0.39710920  Mgysy =3 TeV, 2022PDG,
(L+me)ye _ 0.39510 ¢, Mgysy = 10 TeV, 2022 PDG, (4.1)
(L+n4)ya 0.410 4 0.007, Mgygy =3 TeV, 2024 PDG,
0.408 + 0007, MSUSY =10 TCV, 2024 PDG,
425700 Mgysy =3 TeV, 2022PDG,
(L4n7)y, ) 4247039, Mgysy = 10 TeV, 2022 PDG, (42)
(1 +n9)ys 4334006, Mgygy =3 TeV, 2024PDG, '
431 + 006, MSUSY =10 TCV, 2024 PDG.

Motivated, e.g., by the findings of Ref. [35], which shows that Mgygy ~ O(5-10) TeV is required to correctly reproduce
the observed Standard Model Higgs mass with Constrained Minimal Supersymmetric Standard Model (CMSSM) boundary
conditions, we have chosen SUSY scales of 3 and 10 TeV for the quantities quoted above.

For the third family, the GUT-scale ratio y,/y, depends on tanf, and it is only independent (to a reasonably good
approximation) of #,, if tan f# is not too large and/or if 7, is small enough, as discussed at the end of Sec. III (see also, e.g.,
Fig. 6(b) in Ref. [6]). For the respective values tan 8 = {5, 10,30,50}, we obtain at Mgyr = 2 x 10'® GeV (for 2022

PDG input)

(1 ndye (13067880, 1300 13100005, 1314580 Maysy =3 TV, s
(1+15)yp 132270014 132770008 133170015 13461008 Mgugy = 10 TeV,
and (for 2024 PDG input
(1+n)y, { 1309 £0.013, 1.313£0.013, 1.313+0.014, 13180017,  Mgygy =3 TeV, .4
(I+m)y, | 1.325+£0.013, 1.3304£0.013, 1334+£0.014, 1.3504£0.016,  Mgysy = 10 TeV. '

From Egs. (4.1)-(4.4), one can deduce the approximate
threshold corrections required to achieve a given GUT-
scale Yukawa ratio. Note that, as discussed in Sec. III,
the quark threshold corrections typically dominate over the
ones in the charged lepton sector, and the typical size of the
threshold corrections is limited.

We also like to remark that the constraints which a
supersymmetric GUT flavor model can impose on the
threshold corrections translates into restrictions on the
SUSY parameters (e.g., on the superpartner particle masses).
Combining them with the measurement of the mass of the

SM-like Higgs particle can result in predicted ranges for the
SUSY particle spectrum (see, e.g., Refs. [25,35-37]).

B. Threshold corrections and the GUT-scale
CKM mixing angles

As discussed above, for a given GUT model that is
predictive regarding the GUT-scale Yukawa relations,
Egs. (4.1)~(4.4) impose constraints on the threshold correc-
tions required to reproduce the observed down-type quark
and charged-lepton masses. Assuming 7, > 17, and
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1y > 1, such relations can even allow us to determine 7,
and 5, and consequently, via Eq. (3.8), also the values of the
quark mixing angles 03 and 6, to be fitted at the GUT
scale. This can lead to interesting correlations between
fermion Yukawa couplings and mixing parameters and more
generally implies that threshold corrections cannot be
arbitrarily chosen to fit only the Yukawa couplings.
Interestingly, because both mixing angles share the same
dependence on the threshold corrections, the ratio 63/653
is effectively independent of them. Furthermore, it is stable
under RG evolution to a very good approximation. Hence,
using the most recent precise measurements, we obtain
O3

—= = (8.824 +£0.209) x 1072,
923

(UTfit 2023). (4.5)
This constraint can provide a powerful discriminator
between flavor models. It can directly be applied at the
high-energy scale, where the models are defined.

C. First family Yukawa double ratio—Another
powerful model discriminator

Another great model discriminator is the first family
double Yukawa ratio [6]. It is highly stable under RG
running and threshold corrections, and we obtain

S Ya _

=10397042,  (PDG 2022),  (4.6)
Vs Ve
Yudd _ 10584011,  (PDG 2024). (4.7)
Vs Ve

With the reduced uncertainties of the PDG 2024 dataset,
this constraint can be particularly challenging to satisfy.
To illustrate this, let us consider the Yukawa submatrices
of the first two families in a SU(5) GUT flavor model where
the down-quark and charged lepton Yukawa matrices are
diagonal and dominated by single higher-dimensional GUT
operators (i.e., “single operator dominance”). The entries of
the Yukawa submatrices are then related by group theo-
retical Clebsch-Gordan factors ¢, and ¢, and we can write
(4.8)

Y, = diag(y4. y,). Y, = diag(c,ys c,ys)-

Under this assumption, the combination of Clebsches that
is most favorable regarding the double ratio constraint is
(Cercy) = (4/9,9/2), as discussed in Ref. [34], which
yields

YuYd _ 10,125,
Vs Ve

While this value remains compatible with the PDG 2022
range, the PDG 2024 result—with its significantly reduced
uncertainty—places it in tension at more than 4¢. Given
the high accuracy of the PDG 2024 result, however, it
will be important to carefully check also corrections to
GUT-scale predictions that are induced, e.g., by effective

(4.9)

operators at higher order, since they may now dominate
over the reduced experimental uncertainties.

D. Gatto-Sartori-Tonin relation at
a new level of accuracy

Regarding mixing angle predictions, if the Yukawa matrix
Y, is hierarchical and has a symmetric 1-2 block with a
vanishing 1-1 element, one can derive the approximate

Gatto-Sartori-Tonin (GST) relation +/y,;/y,~ 6, [38],
when further assuming that the Cabibbo angle is dominated
by the down-quark sector. By an analytical diagonalization,

we find the exact relation arctan(+/y,/y;) = ;5. For this
quantity, which is again highly stable under RG running and
SUSY threshold corrections, we obtain

arctan( ﬁ) =0.2190:0012  (PDG 2022), (4.10)
Vs '

Vs

arctan( &> —0.2205+0.0012,  (PDG 2024).

(4.11)

The experimental central value for the Cabibbo angle 6,
given in Eq. (2.6) lies well within the 1o range of the PDG
2022 result. However, with the 2024 data, the uncertainty
intervals only overlap at the 3¢ level. We also note that with
the reduced uncertainties of the PDG 2024 dataset the
approximate GST relation is not accurate enough.
Furthermore, we would like to remark that when confronting
the PDG 2024 results with models it is important to carefully
account for uncertainties arising from the model construction
and analysis.

E. Quark mixing and phase sum rules

Motivated by the smallness of 8,3 in CKM matrix, one
may postulate that the 1-3 mixing could indeed be zero in
both the up-quark and the down-quark sectors (cf. Ref. [40]).
The small 1-3 mixing in the CKM matrix is then induced by
the noncommutativity of the 1-2 and 2-3 rotations for
diagonalizing the up-quark and down-quark Yukawa matri-
ces. An approximate realization of this scenario can be
achieved by texture zeros in the 1-3 positions the of Yukawa
matrices.

With this hypothesis, one can get, for instance, a guideline
for how large the 1-2 mixings in the up- and down-quark
sectors typically are and potentially some insight about the
possible origin of CP violation in the quark Yukawa sector.
Starting with the 1-2 mixings, the following exact “quark
mixing sum rules’” hold in the up- and down-quark left-mixing

SPredictions for the Yukawa ratio +/ va/y, also emerge under
other assumptions, e.g., in the SU(5) GUT scenario discussed in
Ref. [39].
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matrices in the flavour basis [40,41] (see also Refs. [42-44]):

i
tiplys — S13€

I3 [ —
Iy + tp513€°

u J—
I =—, 2=

. (412
. (4.12)

where we follow the notation in Ref. [40]. The 1-2 up-left-
mixing angle Y, that appears in the first relation in Eq. (4.12)
is approximately invariant under RG running as well as under
threshold corrections. By utilizing the UTfit 2023 data, we
obtain

tt, = 0.08801 £ 0.00209,

0}, = 5.043° £ 0.124°. (4.13)

The 1-2 down-left-mixing angle 9‘1’2, which appears in the
second relation in Eq. (4.12), depends on RG running but is
independent of tan . We find

14, = 0.2063 + 0.0022,

04, = 11.66° £ 0.12° at My, (4.14)
t4, = 0.2082 £ 0.0022,
04, = 11.76° £0.12° at Mgyr, (4.15)

where the GUT-scale value holds for RG running in the SM as
well as in the MSSM (independent of tan f3).

Moreover, if additionally all up-quark left-mixing angles
are small, the following “quark phase sum rule” can be
derived [40,41]:

S13 — tatyze ™™

— . 4.16
Iz + f12513€’5> ( )

It allows us to relate the observable CKM Dirac CP phase o
to the phase difference of the up- and down-quark 1-2 left-
rotations. The phase difference 6¢, — 8%, required to match
the observed result for § depends somewhat on RG running,
and we obtain

&, = 0, = arg <

59, — 54, = 91.06°+ 1.48 at M,,  (4.17)

5% — 8% =91.29°+ 1.48° at Mgyr.  (4.18)
Again, the GUT-scale result holds for RG running in both
the SM as well as the MSSM (independent of tan j3).
Interestingly, with the updated more precise UTfit results,
a phase difference of 90° lies well within the 1o region.®
Such a phase difference of 90° might originate from a single

®We remark that there is an approximate relation between this
phase difference and the UT angle « (cf. Ref. [41]), which is also
close to 90°. However, this relation is not accurate enough with
respect to the updated UTHfit results. While the UTfit 2023 results
[15] correspond to a = 92.4° + 1.4°, where 90° is outside the lo
range, the exact “phase sum rule” with 90° leads to the correct
amount of CP violation at this confidence level.

imaginary Yukawa matrix element (cf. Refs. [40,41]), that
could emerge, e.g., in models with spontaneous CP violation
(see, e.g., Ref. [45]).

F. Remark on the role of theoretical uncertainties

In summary, the above discussion examined the impli-
cations of the updated running parameters for Yukawa
relations, as well as for predictive frameworks of quark
mixing angles and CP violation. In particular, we have
shown that, when using the PDG 2024 dataset, these
relations can act as powerful discriminators among flavor
models. We provided updated results that allow several of
these relations to be applied directly at the GUT scale. It is
important to emphasize that, beyond the purely parametric
uncertainties—arising directly from uncertainties in input
values such as the PDG parameters—additional theoretical
uncertainties exist that are are inherently model dependent.
Examples are corrections at higher loop orders, effects from
unconsidered higher-dimensional operators, or effects from
a more refined treatment of threshold corrections. Since the
size of such uncertainties depends on the details of the
underlying model, and the analysis of specific flavor models
lies outside the scope of this study, we cannot provide
estimates for them here. In general, however, the theoretical
uncertainties are, at least in some cases, expected to be
comparable to, or even larger than, the experimental ones—
especially with respect to the PDG 2024 dataset. When this
is the case, it will be particularly important for model
builders to identify which part of the uncertainties can be
reduced by an improvement of the model analysis and
which parts are an irreducible consequence of the model
construction, finally limiting the possibility to distinguish
the prediction of a given model from others.

V. CONCLUSIONS

In this work, we have revisited the running quark and
lepton Yukawa couplings as well as the quark mixing
parameters, in light of the most recent Particle Data Group
releases, namely, the 2022 and 2024 datasets. The 2024
PDG determinations of low-energy fermion masses exhibit
significantly smaller uncertainties, due to reduced estimates
of systematic errors compared to the more conservative
2022 analysis. To evaluate the impact of these changes,
we have presented running parameters derived from both
the 2022 and 2024 datasets within the frameworks of the
Standard Model and its minimal supersymmetric extension.

Within the framework of the SM, we have presented
the running parameters at multiple scales, ranging from
M, up to the GUT scale. In the MSSM, we have
provided the corresponding parameters at the GUT scale
for various values of tan S, considering 3 and 10 TeV as
supersymmetry-breaking scales. These updated running
parameters, with their refined error estimates, constitute a
useful input for model-building efforts, offering more
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precise constraints for constructing and testing theories
beyond the SM.

We have also discussed implications of the updated
running parameters for Yukawa relations as well as for
predictive schemes for quark mixing angles and C'P violation.
In particular, we have shown that using the PDG 2024 dataset
these relations can serve as powerful discriminators between
flavor models, and we have provided updated results that
allow some of them to be applied directly at the GUT scale.
Our examples demonstrate that some of the simplest flavor
relations appear in tension with the PDG 2024 data. However,
we emphasize the importance of carefully accounting for
theoretical uncertainties from next-to-leading-order effects in

the model construction and analysis, as they may now
introduce uncertainties larger than the experimental ones.
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