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Motivation for precise determination of m; and m,

* Input parameters for precision flavor physics

LHC,, Belle Il eg. [}, « mg, b, c-hadron spectroscopy

« Constraints on GUT, BSM for flavor origins
e.g. my/m,ratio in SU(5) GUT

My personal motivation is more basic...



"

Why and How do we measure quark masses?

Y, (i 1 a ~uva
Lacp (@smq) = z Pq (iv#Dy = mq )iy = 7 GuvG*

q=u,d,s,
c,b,t

“But | didn’t know
that one could

find them inside
particles."

M. Gell-Mann
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Why and How do we measure quark masses?

W, (i 1 a ~uva
Lqep (a5,mq) = z g (YD, —mg)g — ZGMVG”

q=u,d,s,
c,b,t

A question: Quark mass increases or decreases by strong interaction?

“But | didn’t know
that one could

find them inside
particles."

M. Gell-Mann



Particle Data Group 2016
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c-QUARK MASS

The c-quark mass corresponds to the “running” mass m. (u = m.) in
the MS scheme. We have converted masses in other schemes to the

b-QUARK MASS

The first value is the "running mass” my(n = ) in the TS scheme,
and the second value is the 15 mass, which is half the mass of the T(15)
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Particle Data Group 2016
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Representative guark mass definitions in perturbative QCD

Marquard, Smirnov, Smirnov, Steinhauser

0 < )\g < o0
Pole mass my,1e = energy of a quark at rest

M (= pole position of quark propagator)
@ 1

2
pole

Mpare p2 —m

0 < Ag <1/mys MS mass mys(mygg) = quark mass (a param.)

éﬁ"% in Locp renomalized in MS scheme
¢ (only UV div. is subtracted)

Mpare

1
2p.k + k2 k2

Zq(mz) ~j dPk .
p=(m,0)

m . .
~ — + finite
£
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Sum rules Shifman, Vainshtein, Zakharov

Moments of R-ratio

©  Re(s) 12n2< 0 )n
2

M, = ds =
n 5o Sn+1 nz

M, = M (NNNLO)

_ pexp
Sensitive energy regions Ro(s) = Ripe (5) = Rbkg (s)

[}.3 T T T T T T T T T T T T T T T T T T T T
T(48)

1 1<n<4 Relativistic sum rule
= oal |ras T(25) ] relativistic pert. quarks
= |

D3

n > 1 Non-relativistic sum rule

02 non-rel. bound-state theory

D1
(]_T....J\....

+ BaBar (2009) |

o |1, (0)]?
115 Ro(s) Imz\/_ M, + il /2
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Im

Dispersion integral relating I1,. and R,:

Y
&

2 q Rc(-’-‘?) €
(@)= 1077 | 56— g3y T %o ena -
R.(s) < ImII.(s)
Ic(s)
1 Integral path offcds 5G5—q2)
2y A2 - =~ _n
.(q%) = 0’ — Y Ca". (17)

n=0

with Q. =2/3and 7 = qz,’(rimg) where m. = m (i) is the MS charm quark mass at the scale /.
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._ Original slide by A. Maier @Hansfest2016

Relativistic vs. non-relativistic sum rules

Chetyrkin, et al. Penin, Zerf
Dehnadi,\et al. Beneke, et al.

% NNNLO PNRQCD

4.3
—Azr f i I i i 1 T )
QO L _|
I |
= 4.1 - exp. pert. — — |
| error error % Use of PS-mass at intermediate step
1 L | Loy

| I I N
12 3 4 5 6 7 8 9 10 11 12 13 14 15



Heavy quarkonium states (tt, bb, cc, bc)

Unique system: Properties of individual hadrons predictable in pert. QCD

Two theoretical foundations for computing higher-order corr. systematically

Pineda, Soto, Brambilla, Vairo

* EFT (PNRQCD, vNRQCD) Luke, Manohar, Rothstein

« Threshold expansion Beneke, Smirnov



Computation of full spectrum up to NNNLO Kiyo, YS: 1408.5590

Lonraep = ST(i0, — Hs)S + 01 (iD, — ﬁo)abOb + g St7.E20% + ...

S, 0%: color singlet and octet composite-state fields

Energy levels given by poles of the full propagator of S in pPNRQCD.

LA

3-loop pert. QCD vs. lattice comp.

-1

singlet singlet ‘\octet/' singlet 2}

Vocp(r) € H
1 gi-E° £la-3]
"t -
E — Hg + ic NNNLO | = * JLQCD
a
\L same as Lamb shift ;c')?’ st o Takahashi et al.

e Necco, Sommer

Pert. theory in Quantum Mech.
Anzai, Kiyo, YS 1

0.05 0.1 0.15 0.2 0.25

. A 3-loo
A r~ 0.25 fm
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Scale dependence

o1 | NNNLO
E \ L — e ——
m i I.'-. - S N NLD
= 94l —
> 1 NLO
S 93} N :
] [ ™
o
= [ \_D

9.2} N

2 3 4 5 6

Use MS mass i, =

My 15y =

renomalization scale u [GeV]

Kiyo, Mishima, YS

S(mb - 2"lb (1+Cn1as+cn2a§ )



my, M, determination

Kiyo, Mishima, YS

m.[GeV]
345| ™ / N 1<
%'310 PDG
& 3.10; ——
S d / Y experiment 5 9.451 Y experiment /
5305 L I8
S <
5 3.00} L :
é / nc experiment “uc.: b expariment
2.95/ — @
/ £ 9.351
2915 1.20 1.05 1.30 1.35 /
I \ g { mc(J/Trb(lS)) 9.3 ] ] : ! \ .
— e 1 (e(15)) P10 412 414 446 448 420 420 424
—e—— mave | o | (T (1S))
' | e(FDC) —e— (1 (1S))
: ' : mgvc
I ® : my(PDG
T 1246 4 2 (dy) +£4 (as) £23 (o) MeV my(FDG)

PDG value m,. = 1275 4+ 25 MeV
my - =4197+ 2 (d3) +£6 (as) £20 (hoo.) £5 (m.) MeV

PDG value iy, = 4.18 £ 0.03 GeV



PDG 2016
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Simultaneous determination of |V, | and mF(mF)

: : : ) Alberti, et al
from inclusive semileptonic B decays
Observables in inclusive B — X .£v decays
By = — [ e g,
rﬁ,.-:}ﬁm. E;>E.y fﬂif
1 dr b
(my) = ——— m3yt — dmy.
Ue,>E JE>Ee, dmy my: invariant hadronic mass
OPE in 1/m; expansion
FSI _ rﬂ [] n ”(” (I.s'(j”b) + {?(E.ﬁ{]]p}ﬂ (&) B + ”(2] (ﬂ)b
T T T
+ (_l+p(1 ) f”ﬂ + ( 0 4 & )ﬂ g(mp) fir = 211 i (BIb,(iD)?by| B)
2 my, /s mb |
_ = QS _
3 Ha = —57; (B|by~ G pu0*'by | B)
+ d9 p—‘;’ — 4 ]pLS + higher orders} 2Mp 2
ny, n;

Observables are mostly sensitive to = m;, — 0.8 m,
= Input m.(3 GeV) = 0.986(13) GeV
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Fit experimental data of the observables and determine
U3 Py e Piss [Vep |, M.
Results:

e x%?/d.of.~ 0.4

Vel = (42.21 £0.78) x 1073,

c.f. Determination from exclusive B — D*fv decays
Veb| = (39.04 £0.49.4, +0.531, £ 0.19¢pp ) ¥ 103

e i, = mMS(mMS) = 4183 + 37 MeV



Summary

 Current theoretical analyses can extract the MS masses m,, and m,
consistently with ~30 MeV accuracy from different observables.

Relativistic/Non-relativistic sum rules, Quarkonium 1S energy levels,
Inclusive observables in semileptonic B decays, -

Zoak |ras
204 (

T(25)

[}_1—T
(]-"""'

9.5

Y(15), np(15) B

« Theoretical tools: pert. QCD, EFT, OPE, lattice QCD, ---
Higher-order computations, renormalons vs. non-pert. matrix element
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Summary

 Current theoretical analyses can extract the MS masses m,, and m,
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1.0 1.5 2.0 2.5 3.0 3.5 4.0
renomalization scale y [GeV]
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+ 2 1 16.0,0(@)0°070() n) + ---

1/P (KT N—7> 0k )
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Representative guark mass definitions in perturbative QCD

Marquard, Smirnov, Smirnov, Steinhauser

0 < )\g < o0
Pole mass my,1e = energy of a quark at rest

M (= pole position of quark propagator)
@ 1

2
pole

Mpare p2 —m

1/m VN
0 <Ag<1/m MS mass mys(mys) = quark mass (a param.)

éﬁ"% in Locp renomalized in MS scheme
¢ (only UV div. is subtracted)

Mpare

m 1
2p. k + k? k?

Zq(mz) ~j dPk )
p=(m,0)
m
~ — + finite
£
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Representative guark mass definitions in perturbative QCD

Marquard, Smirnov, Smirnov, Steinhauser

0] < )\g < o0
Pole mass my,1e = energy of a quark at rest

M (= pole position of quark propagator)
@ 1

2
pole

Mpare p2 —m

1/m VN
0 <Ag<1/m MS mass mys(mys) = quark mass (a param.)

éﬁ"% in Locp renomalized in MS scheme
¢ (only UV div. is subtracted)

Mpare

Zq(m?) dik _m 1 dik—a {k }
q ~ 2 1,2 - Lep — 2 _ 12)2
2p.k +k* k o= (m/B) dk, (D — 4)(k? — m?)
B 4m3 . +dik{ m 1 m }
—p_ 2 _ 112)3 2 2 (2 —m2)2
D—4 (k2 —m?) 2p.k + k% k D= (mB) (k2 —m?2) ,

m Only UV structure is required for subtraction
~ — + finite : .
£ (insensitive to IR structure).
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Sum rules

[Shifman, Vainshtein, Zakharov '78]

Consider moments:

s) 1272 /7 0 \" 5

Mexp M’[h

Larger n:
+ Lower sensitivity to unknown high-energy continuum
+ Higher sensitivity to m,
- Larger non-perturbative effects
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Bottomonium spectroscopy Based on Kiyo, YS

(Plot made by G. Mishima)

10.4_— .+

: < 4 4.

(3 10.2 +.

g | 6 (25) (D)

g 100 +. +T(28 +

5 + +. h(bl(lp) Xb2(1P)

o 9.8 hy(1P)  Xbo(1P)

2 |

o |

§ - No ch ff |

| 1 o charm-mass eff. |

é | i15) T(15) Preliminary

94 ®
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Postdictions or predictions?

 Fine and hyperfine splittings of charmonium/bottomonium reproduced.

Two exceptions around 2003: Recksiegel, Y.S.; Kniehl, Penin,
charmonium hyperfine splitting W(2S5)-7.(25) Pineda, Smirnov, Steinhauser
bottomonium hyperfine splitting Y (1.5)-;,(15)

Both are solved in favor of pert. QCD predictions.
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Slides from Skwarnicki’s plenary talk at Lepton-FPhoton 2003

Lepton-Photon 2002 Heawy Quarkonia Tomasz Skwarnicki 16 =

Predictions for hyperfine splitting ratio

« For 20 years theorists were exposed to the experimental value of
AM,=M(y(25))-M(n.(2S)) which was wrong by a factor of 2

* Predictions for AM,s/AM, ¢ Old exp.
= value
S 4 i : _| New exp. : .
i) - value -
o - a
o w .
so [ Lattice QCD . 3637.7+4.4 MeV
o % S M.Okamoto et al ] o
o @ § Tala CP-PACS) 7] ; i VAR [ —
23 || pNRQCD ( 4 ! HBAGAR 2
PRD®5, 094508(2002 - ri— K K'm
% 3 } S.Recksiegel.Y.Sumino | : ( ) - Vo &
Z E 2 hep-phi0305178 1 - b VOLED 05—
L 1 - : —Ii— Tr— H.SHC .
Modern potential I : ]
+BELLE €. ; —
model 1| — — ge — Jyp X
TA Lahde, : : -
NP A714,183(2003 7 : BELLE 07 e
: (I ) (I . LT B KK K
| i 1 & [ I & 1 i 1 i ! :
L ] o, = LA N ] [ ™) W] [ ] 1.8 : ! =T
H. lto, Prog. of Theor. | [ S. N. Jena PLB123, - s X
Phys. 84, 04 (1990) 445 (1983), i"-Mzsm‘-Mm cla
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CL=14% scale factor=1.3
New measurements of mass are
consistent
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A2 A2

dy P (d) dy P (d)
HS =;+VS (F), HO —;‘I‘V{) (r)a

5 - C 5 - €
Vi () = —cp‘f—_w)zwe)} VD () = (7’* - cp)%w)z Ae),

Regularization needed to deal with §(7) in commutation relations.

Vil ) = —Cp = ()X Ace),

C
Vi (ry — (7”" - Cp)ﬁ(ﬁr)m“we).
s



PNRQCD Lagrangian P
// \\
QQ composite fields K 7 \
; ; @ x @ !
—). a _>.
S(X' T t)JE ’ 0 (X’ r t)GE \\ r /'
singlet octet NP
US gluon
. ~ , ~ ~ab |
Lonrep = ST(i0, — Hs)S + 0%1(iD, — Hp) 0" 666666
+g St7#- E20% + g 0917 - %S + --- singlet  octet

Color electric field E¢ = —VA%? — 9,4% — gfP¢ AbA¢ at position X, originating
from multipole exp. of 4,(X +#/2) in 7.

H, H,: Quantum mechanical Hamiltonian for singlet and octet states

=2 ™
3 . p as ~ _ D CA (0
() =0 (o) =Bt (F-0) 2
1 .
= gL q, (in the c.m. frame)



=2
o p As
(s)yo =20 = Cr o
() yso = —Cr =2+ (32) - (Bo log (wr®) + au,
S)nLo F 4 0 108 (U 1
ij ﬁ4 Us (%s 2 12,.2 2 12,.2
(As) ywio = “am3  CFr (471) ps [log? (W?r )"‘ ] + (B1 + 2Boay) log (1) + a,
T[CFas 3 CFas—> - CF“S 5o 1 CACFCZSZ'
5°(r) + rL'S_ZmZ P+ 2TiPP ) T o
_ Cra {52 (5-?) am, }
— — 252 —3)63(#
- 2m? 43 r 3 ( )0°(@)
(Hs) yywio = known (Wilson coeffs. include IR div.) Kniehl, Penin, Smirnov, Steinhauser
(as: Anzai, Kiyo, YS; Smirnov, Steinhauser)
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Physics Predictions

At NNLO (~2000)

 Global level structure of bottomonium is reproduced. Brambilla, Y.S., Vairo

 Fine and hyperfine splittings of charmonium/bottomonium reproduced.

Two exceptions in ~2003: Recksiegel, Y.S.; Kniehl, Penin,
charmonium hyperfine splitting W (25) 17.(29) Pineda, Smirnov, Steinhauser
bottomonium hyperfine splitting Y (1.5)-;,(15)

Solved in favor of pert. QCD predictions.

At NNNLO

NNNLO

M (15) [GeV]

LO
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Summary

« Current theoretical analyses can extract the MS masses m, and m,
consistently at ~30 MeV accuracy from different observables.

Relativistic/Non-rel. sum rules, Quarkonium 1S energy levels,

Inclusive observables in semileptonic B dec
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Predictable observables in pert. QCD

Zlq,g><q,g| = z |hadr. Y{hadr.| =1
q,9

hadr. testable hypothesis

(a) Inclusive observables (hadronic inclusive) --- insensitive to hadronization

* Inclusive cross sections/decay widths

o(ete™ = hadrons; E)

e.g. R(E)= e o o i )

- Distributions of non-colored particles, £,y,W,H,--

(b) Observables of heavy quarkonium states (only individual hadronic states)

 Spectrum, leptonic decay width, transition rates
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What's quark mass?

7 F—27EF N Fa2fic confine ENTWAHHEMTHEROD HI ZEIEHKRZWV, LEA-T
HHDO7 +— 7 DHEBEWI LDOZEEZENEITHILETELRVETHS, TRTOX S EBIHE
HRZ, 7= TN—FVDFETEINL QCD #HFHIE EDOKSICEHHL, 7+ —7D'H
HBEFEDESICERIN, FLREEINTVEDIEAS S D, EKFDO LA, BEDFv—
L7+ =D R ML A — 7 OEHEOHTEREIE, Particle Data Group (PDG) IC X% &HiC
30-40 MeV BETH %, THUISIERIFZNFO ML AT —)V Aqep ~ 300 MeV & LEAT 10 {5
FENEV, TNEDED, HAENFOICX->TEES INFo D E | ZHEH - L
T, 74— 7EAOEED FElRE T consistent ICIRETE TR LNV ERENKT S, T
DefE T, QCDIC X ZBEOHRICH DI IELR 7+ — 7HBEOER LB ZRH L. &
DHRICBITIZDF¥—LI7+—T7 R MLT A —FTHBEDEDDORETEITDWVT, BROHR
EREDORAZED TVWAERNZEEZTHTL Y2 —T 5,




