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Reliable values of the running fermion masses,
mixing parameters, gauge couplings, and Higgs
guartic coupling are crucial for model building
and phenomenological analysis. With these
running variables at hand, it is convenient to
compare the model predictions with the
experimental data at a common energy scale
(from M, to MgyT)-

** How to evaluate these variables and uncertainties at an arbitrary scale?



Conventions:

GRAND
Yukawa couplings yr UNIFIED
SU(3) x SU(2) x U(1) gauge couplings g3, g, 91 raeory
Higgs self-interaction A
CKM parameters 6., 0., 0., 64
Neutrino mixing parameters and masses

AN
EW scale u=M,~91.2 GeV
A\

Charged fermion running masses and pole masses
Strong coupling a;
Electromagnetic coupling a
Fermi constant G




Light quark (u, d, s) masses are estimated using:

* Lattice Gauge Theory (MS)
m, = 2.15 + 0.15 MeV
mg = 4.70 £ 0.20 MeV
mg = 93.5 £ 2.5 MeV

 Chiral Perturbation Theory q; Mqgr + qpMq; = QCD chiral symmetry-

2 2 2 2
My, _2m7r0 - m7’l'+ _l_mK"' - mKO — 0 56

2 2 2
mq Mo — My T M4

e Sum Rules
dR, _dr/d,g (q-— — hadrons 4 v, ('}/))

ds L1 — e Terr (7))

PDG2013 summarizes the MS masses at the scale u = 2 GeV
m, = 2.3701 MeV my = 4.8%03 MeV mg = 95 + 5 MeV



Heavy quark (c, b) masses:

* heavy quark effective theory
* non-relativistic QCD

m.(m,) = 1.275 + 0.025 GeV
m, (m,) = 4.18 + 0.03 GeV

Top quark pole mass:
* position of the pole in the I

quark propagator > D) = P — mg — 2(p)

Measurements from Tevatron and LHC

my (GeV/c?) Source J £dt Ref. Channel

17514+ 0.8 +1.3 DO Run I+II <54

1725+ 14+15 CDFRunlIl 5.8 65] All jets
1723424410 CDFRunIl 57  [66] Missing Ep-Hjets PDG 2013
172.3+34+21 CDFRunll 20  [64] &

172.7£0.6 £ 0.9 CDF Run I+II <5.8

[72]
[65]
[66]
[64]
172.7+£9.3+3.7 CDFRunIl 22  [73] T+jets Mt(pole) = 17324+ 0.6 + 0.8 GeV
[74] _ -
[75]
[53]

173.4+£19+2.7 CMS 0.036  [75] (+jets + ¢4
1759+ 0.9+ 2.7 ATLAS 0.70 53] (+jets
173.5+ 0.6 = 0.8* CDF,D@® CMS publ. results, PDG best

173.2 £ 0.6 + 0.8 **CDF,DQ (I+11)<5.8  [76] publ. or prelim. results




Charged lepton masses (PDG):
M, = 0.510998928 + 0.000000011 MeV

M, = 105.6583715 £ 0.0000035 MeV
M, =1776.82 1+ 0.16 MeV

Gauge and Higgs bosons:

M, = 91.1876 + 0.0021 GeV
My, = 80.385 + 0.015 GeV

Vs =
Vs

7 TeV J.Ldt =

=8 TeV J.Ldt =207 "

Data 2011+20
SM Higgs boson mH=126‘8 GeV (fit)

Bkg (4th order polynomial)

H-oyy

12

IIIIIIlIlIlIII|III|

My = 125.9 + 0.4 GeV

-
[=]
O

NS aNnws
(o] 00 O0OCQC
OO0OO0OO0OO0O OO0
m]‘"t[pmﬂTT[ﬂﬂTﬂﬂTmT]ﬂTf[l|||]||||llllllll
+
+
_...
- — @

The CKM quark mixing matrix

1—)2/2 A AX3(p — in)
VokMm = —A 1— )\2/2 AN?
AN —p—ing) —AN 1
A =0.22535+0.00065 p=0.131+2:92¢
A =0.811+9022 7 = 0.345X3013

CKMfitter Group

|




Neutrino parameters

NUFIT 1.2 (2013) ||

Free Fluxes + RSBL Huber Fluxes, no RSBL |
bfp +1o 3o range bfp 1o 3o range I
sin? 612 0:3067 3013 0.271 — 0.346 D313+ 0.277 — 0.355
612/° 33.5710. 1 31.37 — 36.01 34021970 31.78 — 36.55
sin” B3 0.44673:00° @ 0.5937005%  0.366 — 0.663 | 0.44473:057 4 0.592%792  0.361 — 0.665
B23/° 41.9793 50.3+32 37.2 — 545 41.813% ®50.3132 36.9 — 54.6
sin® 613 0.023112:0912 0.0173 — 0.0288 0.0244123-9013 0.0187 — 0.0303
013/° 873 0 7.56 — 9.77 9.0013:32 7.85 — 10.02
Scp/° 26625 0 — 360 2701 % 0 — 360
Amgl +0.19 +0.18
BEAE 745212 6.98 — 8.05 7504038 7.03 — 8.08
A
— T‘“ (N) +2.417+0-014 42,247 = +2.623 +2.429+9:055 42,249 — +2.639
mA;"'” (I) = AITHE002 —2.602 — —2.226 —9:499t0.088 —2.614 — —2.235

e ———————————————

Gonzalez-Garcia, Maltoni, Salvado, Schwetz, 13



How to evaluate these variables and uncertainties at an
arbitrary energy scale?

We adopt the running—matching—running scheme

/ PDG \input /
|

Runatou =mg

£

Input
LTS

|

/—

Matching of a at
H=mg

|

Run a and msto

H=Mgq

Output:
my(p) at
H=Mgq




Running for the strong coupling

_1f 2
Zda Po=g\1 3™
P = 16(102_?"1‘)

4-loop beta function in QCD Ly = -
Ritbergen, Vermaseren & Larin, PLB400(1997)379 Ba

Running of the electromagnetic coupling a

== (Aot @A Y ()

Arason et al., 1992

QCD corrections

~ ~ 1
Bo=—7 Q]%ch B = —ZZ Q;‘ch
f

Current PDG global-fit data:
as(M;) = 0.1185 + 0.0006

a(M;)"1 =127.944 4+ 0.014



Matching at each quark threshold

(ny) flavor effective theory (ns+1) flavor full theory

v

E=0 mg(mg) E=u
as(nf)’ 7nq(nf) as(nf+1)’ 7nq(nf+1)

* The beta function coefficients are given in the effective theory in which
ng of the light quark flavors (m, < ) are considered, and the

remaining heavier quark flavors (m, > u) decouple from the theory.
ng ng+l

* ag " and a are related through the matching condition

4-loop QCD decoupling
a, (n) = () Chetyrkin, Kuhn & Sturm, NPB744(2006)121

nf+1 2
(2 o1-% (u)(ln Iy 2>+
r 6 [mf+1(mf+1)]




RGEs for quark masses in the MS scheme

qu e Zzloz 20
u? Vr m
d 2 47‘[ q — _
u? V2 3 9 ne
V3 =

Chetyrkin, 97; Vermaseren, Larin & Ritbergen 97

mq ('u) = R(as(u))fﬁq mq = mq (:UO)/R(QS(MO))
5 2
R(as)—(n)°[1+—(]1 2n2 +C,) + - ]
MS mass < Pole mass
ny "f
M, = my(m,) {1 +1.333 [as 7(qu)] + (13.44 — 1.041n)) [ (m ")] }

Chetyrkin and Steinhauser, PRL83(1999)20



Matching at each quark threshold Chetyrkin, Kniehl & Steinhauser, 98

&\ (89 5 : 12951
(=) _ o lng) | G = 14 (S00) (B8 i) (0
mg, = (mMmy, 7r 432 36 m; ms m 2916
407 1 311 PRIy
m G+ G- =Bt [—— -G lh =+ —In
3642 T 1 C‘* 36 ( 2592 C3> "I m

2913,u . 1327 2 531u2 113;4
‘\11664 277 432 m2 108 mi)|’

o6

* For lighter quarks (n; < N), the behavior of n-th quark between the N
and N 4+ 1 quark thresholds should be evaluated by using a( ),

R(cPw) | R(Pw)

me (mc) mp (mb)

me(u)

* For heavier quarks (ngy < N), the running between the N and N + 1

guark thresholds should be evaluated by using a( H),

Re¥w) | r(@Pw) | r(a”w)

me (mc) my (mb)

mp (1)



Strategy of running and decoupling (below M)

A"

running—matching—running scheme

T high scales
input ag(My) B ‘ output: my(Myz) \
M, o)
‘e
Z (5
a;” (my (my)) 4q,)
my(myp) a§4) (my(my)) input my,
3 .
m a§4) (2 GeV)
—
) . RGE
2 GeV n input m
N u,d,s (as’mc,
4 mu,d,s)
ol (me(my)) \
m.(m,) input m, RGE (s, m,)
S’ Cc
O u=



Top quark Yukawa coupling < top quark pole mass M;
Hemping & Kniehl, 95

2
ye(u) = th(l +6°0G0) + 8. () + 87 ()

5P (W) = Cp ﬁ‘) (31 u_ ~ 4>

Higgs mass < self-coupling 4

A(u) = % (14 65(n)) Sirlin & Zucchini, 86
1 1 T
Su(M) = — — Re[Tl yy(mz)] — —5 (AbOS (0)

+ A (0) + ARy (0) — Elgnie

* |n our calculation, we choose u = M;



Strategy of running and decoupling (top mass and A)

A"

My = A
M, = 173 GeV 1
®)
n P
L
G)
oc
My = 126 GeV §
&
tryadyg(My) -
M, = 91 GeV input (ag @ my CKM)

® =0

using (as a mg CKM) at u = M,

try a different 1;(M)

high scales
A

Yes, Me = Vi
output (ag @ my CKM)



Running above the electroweak scale uy > M,

* Gauge couplings

4
95 =4ma; g5 =— 9% =/5/3 gatan by
w
dgi g 9; 9% g;
— —bz i — b?, : - : zarI‘rH
dt 1672 Xk: g (1672)2  (1672)2 Zc
. . dA 1 1
* Higgs self-coupling —— D~ 5@
i 1o T (16m2)2" A
9 9 /3 2
A =122 — (ggf 3+ 99%) Aty (2591 + =919 +92)
+ 4\ Tr(3H, +3H;+ H,) — 4Tx(3H? + 3H? + H?)
* Yukawa couplings
Pl B IC I o J——
du 167t2 (16m2)"27F T (16m2)3"f /




Running above the electroweak scale u > M,

 Matching between SM and SUSY

v SM— MS scheme
v' SUSY— DR scheme

— —_— DR = — DR
a a
aé\/ls——aER(l——:n) m][?R——m}YIS(l— ; )

v" We adopt the common scale approach with all the SUSY
particles being roughly at a common scale u = Mgygy

v" SUSY threshold correction

SM * f=dsbeurt
m?USY _ myg * €7 could be as large as 1%

1+eptanfs * tanp enhancement




Charged-lepton running mass < Pole mass  Chetyrkin & Steinhauser, 99
Melnikov & Ritbergen, 99
Baikov , Chetyrkin, Kiihn & Sturm, 12

m; (1) a 3. u? a\2[ 7 3 ]
—l1+2]-1=-Z1p— ~) |—_Z
M, { +n[ 4“Mf]+(n) PR

Neutrino mass at one-loop
2 dmy

16
T Ta

= (C.Y/Y. + QYY) ' my +m, (C.YY. + C YY) +am,

9 9 _
g = _ng - §g§ +2Tr (YJY, + VY, +3Y)Y, + 3Y]Y,)

Below Mp

d
1672 d—lz = C(V}Y) Tk +Cr (YY) +axk

asm = —3g; +2(y; +yp +y2) +6 (v +yp +ye +ys i +un) + A



Strategy of running and decoupling (scale of new physics)

A"

)
28 v(w), g; (W), A(1r), CKM

Matching: m(SM) — 4, (MSSM)

A
Mpyanck
M
GUT output me(u) =
Mgysy 7
7 A
c 32
S S
M; = 91 GeV CKM g; yr datu = My,

mMS) _, . (DR)



Uncertainty estimation

e Gaussian likelihoods assumed for the input quantities

* Monte Carlo sampling data: N points

* RGE running up to a scale u

* Highest Posterior Density intervals: count how many points are
located in certain interval:
68% points in the output — 1o CL.
95% points in the output — 20 CL.

Input parameter summary £

Myul2GeV ) = [ 23 |+[ os1 M, = | os1098 |+| 1.1e-08 ‘e
mgl2GeV ) = 43 |+ 041 M, = | 1056583715 | +| 3.5¢-06 A Y/ I e L
ms(2GeV) = | e |+ s M, = | 17682 |+| 016 \ = | 022535 |+/ 0.00085
Melim, ) = 1275 |+| 25 Mwy = | sz +| 15 A =| o811 [%] 0018
mylnmy ) = 4180 |+ 30 Mz = | 91876 2] 24 P =[ 0131 |%[ 002

My = 173070 |+| 890 Mg = 125000 |+| 400 =1 o345 |+ 0014

€3 G <] D :
Os'.,-uz,'— 0.1184 |+| 0.0007 (\.',.UZ | — | 127944 |+| 0014 | S1N GW’.—U ! = | 023116 |+| 0.00012



| RUM

RUnning Masses

RUM is a standalone program for evaluation of fermion masses, gauge couplings, CKM matrix elements and
the quartic Higgs coupling at energy scales between 1 GeV and the Planck scale 10'° GeV.

Temporary webpage: http://www.mpi-hd.mpg.de/personalhomes/hzhang/RUM/

* Run ag to each quark threshold and apply the matching condition

* Evaluate light quark masses ms and match onto the full theory at
H = Mmg

* Conversion of charged-lepton pole masses to their MS masses

 Top quark pole mass — MS masses

* Higgs pole mass — quartic coupling Ay (at u = My)

* Relation between MS masses and Yukawa couplings

* 2-loop RGEs from M, to higher scales

* In SUSY, matching between SM and SUSY (tan f enhanced SUSY
threshold effects)

 In SUSY, MS — DR conversion

* Uncertainties estimation: Highest Posterior Density


http://www.mpi-hd.mpg.de/personalhomes/hzhang/RUM/

Temporary webpage: http://www.mpi-hd.mpg.de/personalhomes/hzhang/RUM/

RUM

i RUnning Masses

The running masses of quarks and leptons at a common energy scale are very useful for precise
RUM user manual
and other new physics scenarios bevond the Standard Model. We provide a standalone program RUM for
evaluating the running masses of quarks and leptons with uncertainties at anv energy scales between the
scale of dvnamical chiral symmetry breaking .\ ~1 GeV and the Planck scale A=10" GeV in the Standard
Model and the Minimal Supersvmmetric Standard Model. In the meanwhile, the quark flavor mixing
parameters, the gauge coupling constants. and the quartic Higgs self-coupling constant are also evaluated.
Contact us A user-friendly interface has been developed allowing the users to define and evaluate their own variables.
The program can be used as a simple calculator with all the input parameters can be found from Particle

g Data Group.

Email Installation guide: We provide two optional methods for users to use RUM, A) installation together with
MCR and B) installation without MCR.

[ user manual |

A) Installation together with MCR. To run RUM, the MATLAB Complier Runtime (MCR) should be
initialized in order to employ the MATLAB libraries, and it can be downloaded from the links below

For Linux OS: MCR(64-bit)
For MS Windows: MCR(32-bit)

Link to the MathiWorks MCR installation page

After installation of MCR, download the RUM package ( for Linux OS; for MS Windows ) to vour folder.

For Linux users: extract the package by typing: =zar zxvz R zar.gz"

then start the program by entering
./zun_RUM.=h /[MCREoldex) for example: . /run_Rmz b /packages/maziab/R2013E

For MS Windows users: double click "RUM.exe"

B) Installation without MCR. For Linux users who do not vfish to install MCR, we provide also a portable
version with all the necessarv lib files packed. You can dowpload this RUM package fagn RUM full

version for Linux OS. and extract it to vour folder. Similagfv, vou can start RUMEAM the Linux terminal by
using the command

./run_RUM.=sh ./MCR

Download from here

calculations in the Standard Model, model building of fermion mass hierarchies and flavor mixing patterns.

Read reliable input data
directly from PDG

Build-in functions for
threshold matching, pole
mass — MS mass
conversion, Higgs quartic
coupling, RGE evolution,
uncertainty estimation ...

User defined variables

Friendly Graphic User
Interface — can be easily
used as a calculator

Portable version provided
— no need for installation



http://www.mpi-hd.mpg.de/personalhomes/hzhang/RUM/

Fermion masses at u = M, Snapshot from RUM

Scale [MeV][ 32w |  Sample Size[ 5000 ] C.L. [%][ 6827 ]
mu(p) = [ e me(p) =[em ]2 me(p) = [osssrs | 220
ma(p) = 27 == my(p) = (28603 { my () = Cuzren [
mo(p) = [ 2 mulp) = [menlem2]  m. () = [T o

as(u) = [onm o op)™ = zeu Jraed

Fermion masses and gauge couplingsat © = 1 GeV

Scale [MeV][ 1000 |  Sample Size[ 5000 | C.L.[%][ 6527 |
my(p) = 30 :'3'88: me(p) Zfzg me(p) = ;1;:£

ma(p) = Con o my(p) = [Gares 12 ey (f) = [roaseoss o2
mo(p) = [ e k) = [es 22ty mo () = [z o
as(; = [omm Jpe—  o(n) ™ = [Cowee o




Applications: SM fermion masses
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Applications: MSSM fermion masses: tan § = 10, Mgygy= 1TeV

700
600 [\,
500
400
300
200

100

3000 . T . 110

105

2500 100

85

2000
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1500
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70

500 1 1 1 65 1 1 1
10 10" 10° 10 10 10

E [GeV] E [GeV]




Output: Mgyt = 2 X 1018 GeV for MSSM, tan 8 = 10, Mgygy= TeV

6} Minimal Supersymmetric Standard Model =
1 SUSY Paramters
Solve RGEs gi"z';‘p'e 500 Int. Steps| 200 Scale [GeV]| 2e16 CL.[%]| 6827 tanbeta=| 10 | SUSY Scale [GeV]| 1000
- Fermion Masses [MeV] ——Gauge Couplings—
Py M=1-1 42 Py My=<245 Rae ML=y Pios 947Y 4 1e-05
. ut +17 . - +21 . - +1.1e+03 . - +0.00015
] P, mc-540.6_18 ] P mb-2200_21 ] P mt-150182_9‘3+02 P4 92-0.(:33935_000016
. — +0.00026 . - +0.053 . - +0.95 . - +0.0023
] P, me-0.504514_0_00022 [i] Py mu-106.50589_0_048 ] Py mt-1810.55_0'82 Py g3-1.06_0_0025
. _ +000076 ! _ +000099 ot selecte parameters
L Pygt 045502273 4 gggss 1 Prg* 953700421 500099 435 —— :

; — +0.00017 i +0.049
O p,g: 6,,=0.003597 000017 p_: 5=1.208%0

Higgs Quartic Coupling

5y - +0.0024
0 Pzt y(Egugy)™0-1996 1 4507

User defined variable: PO

sin(p13)

s +0.00074
O p,=0.2254 e

E [GeV]



Output: Mgyt = 2 X 101 GeV for SM

6} Standard Model =

g;"e‘i"e 500 Int. Steps| 200 Scale [GeV]| 216 C.L. [%]| 6827

— Fermion Masses [MeV] ——Gauge Couplings—
0 p,: M=057> B i W= O py m=21.47] Py’ 9,70.580857 0"
O p,: m=238.1%7" O p,: m =986.6""" O pg: M=73610.77¢0 P, 9,=0.52287*0%01
O p,: m =0.468997° W17 [ p.: mu=99.oo7915_+0‘?-3‘t5 O py: M =1683.1472 P, 9,=0.523%) 0002

CKM Parameters

0 pyy ©,,7022747 gy’ U Py 0,5=0.0467 55" . :

S R +0.00022 S +0.057
0 pye: 6,,=0.00399 7 onie ] Pyt 8=1.209

Higgs Quartic Coupling

o B = +0.012
O py;t 4,=-0.03095 .-

User defined variable: PO

sin(p13)

_ +0.00068
O py=0.2255 107

E [GeV]



Applications

0.3

SM

0.25

0.2

015

0.1F

0.05

.....

-0.05

1.3

E [GeV]

* Higgs vacuum stability

A(u) = 0 around u ~ 101°GeV
A<0at MGUT ~ 1016GeV

* Running gauge couplings
NO gauge unification in the SM

1.3

2N MSSM, tanpf = 10, Mgygy= 1TeV ]

1.1F

E [GeV]



Applications: Koide’s mass relation

m, + mﬂ + m; 2 KOide, 82
Q= ~3

(Ve + |+ )

May be realized in U(3) x SU(2) family gauge symmetry

Sumino, 08

0.685¢

0.68}

0.675¢

0.67}

0.665¢

0.66




Applications: Is the Unitarity Triangle Right?

_ ViaViy,
a = arg _Vd -
ua ¥ b

Harrison, Roythorne, Scott, 09; Xing, 09;
Antusch, King, Malinsky, Spinrath, 09

5
(812823 — C12C23513€"° )Ca3C13
= arg [ —

C12€13513 etd
95
T R —— g
R S d
80 - - '
10 10" 10"

E [GeV]

(p.n)
Vi A%
‘/cd ‘/(.Z ‘/cd ‘/CZ

(0,0) (1,0)

* a = 90° is rather stable
against radiative corrections



Current status of RUM:

* Manual writing

* Beta testing

Future plans:

Include 3-loop beta functions (available now in the literature).
Add neutrino masses.

Rewrite the source codes using C++ or Java.

Add more popular modes, e.g. extra dimension models.
Develop web-based application: Webserver configuration and

Java programming

Welcome to join us



Summary

Reliable values of fermion masses, mixing parameters and
gauge parameters are very useful for model constructions.

Knowledge on fermion masses and mixing parameters has
been improved in recent years.

Starting with the latest values given by PDG, we have
evaluated the running fermion masses, gauge couplings, and

flavor mixing parameters at various energy scales.

An easy-to-use package RUM is provided for the evolutions of
physical parameters below and above the EW scale.

Thank you for your attention



