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Motivation: why mq!

What is a quark mass?

From kinematics:
the position of the production threshold (applies for fundamental particles)

Pole Mass: M2 — E2 _ p2

But particles are not really isolated (need corrections)

Tt | :
q T'H—7777)~ GFMEMH What is M *?
4tv/2
. : a:&em:1/132
QED correction (1 — % (g log ]]\\ZI _ %))
ot t) = 30 (12 (Juoa 1) ) —— SEEE
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Motivation: why mq!

Select the M S scheme >  m — m(u)
, o = O
. o /4 9! known to
mq (1) = M, (1 7'('(3 log MQQ) ) ol
M, ~ 170GeV > (M) ~ 160GeV
My ~ 4300MeV > myp(myp) ~ 4200MeV

large log’s, resum them using renormalization group evolution

Pere Masjuan 4 WG, Frascati, 20th April 2015



Motivation: why mq!

Renormalization group evolution of quark mass:

d
2
p2—m(p) = m(p)y(e
L) = i i
S
o k41 Z
Y(@) == (;)
k>0
I(nown UPtO 74 ““‘10 ‘ ‘ “““102

[Baikov et al ’14]

(1) = 7o) ( o )Wﬁo [1 - (ﬁ B 51%) (M B a(uo)) T ]
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Motivation: why mq!

Example, Higgs decay [Kuhn et al *05]

MH = 126GeV

['(H — bb) ~ SZiAfgm(MH)Q (1 +5.67 (%) 4291 (%)2 4418 (%)3 _ 8257 (%)4)

(14+--) ~1.25

my(Mp)? ~ 0.34M7
Oé(MH) = 0.115

larger correction from running of the quark mass
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Motivation: why precise mg!

Higgs decay ~ iy (Mp)?
(B = X,lv) ~ GEm} | Vi|?
(B — Xclv) ~ G%mgf(mg/m%)\VCbF

Yukawa unification [Baer et al *00]

% ~ % it om; ~ 1GeV = 0my ~ 25MeV

My iz
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Motivation: why precise mg!

Techniques

Y-SPeCtrOSCOPy m(T(lS)) — 2Mb — COK2M[) -+ .- [Ayala et al 4]

lattice: HPQCD ’14 me(3GeV) = 986(6)MeV

my(10GeV) = 3617(25)MeV

d 1 \*"
QCD Sum Rules /Sniqu(S) N (_>
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Motivation: why precise mg!

mq(m,) method reference
1275.8 + 5.8 lattice (Ny = 4), PS current HPQCD, 1408.4169
1348 + 46 lattice (2+1+1), Mp ETM, 1403.4504
1274 + 36 lattice (Nf = 2), fp ALPHA, 1312.7693
1240 + 50 cc X-section DIS Alekhin et al, 1310.3059
1260 + 65 cc X-section NLO fit HI and ZEUS, 1211.1182
1262 + 17 SR J/WW,¥Y(2S — 65) Narison, 1105.5070
1260 + 36 lattice (2+1), fp PACS-CS, 1104.4600
1278 +9 SRJ/VY,¥Y, R Bodenstain et al, 1102.3835
1282 + 24 Ist moment SR J/W, WV, R Dehnadi et al, 1102.2264
1280 £ 70  lattice + pQCD in static potential Laschka et al, 1102.0945
1279 + 13 Ist moment SR J/W, WV, R Chetyrkin et al, 1010.6157
1275 + 25 PDG average PDG 2014
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Motivation: why precise mg!

my,(my,) method reference
4174 + 24 lattice (Ny = 4), PS current HPQCD, 1408.4169
4201 + 43 N3LO pQCD, M-y Ayala et al, 1407.2128
4169 +9 SR T(1S - 65) Penin, Zerf, 1401.7035
4247 + 34 SR, fg Lucha et al, 1305.7099
4166 + 43 lattice + pQCD, M+, Mp. HPQCD, 1302.3739
4235 + 355 SR Y'(1S - 65),R Hoang et al, 1209.0450
4171 +9 SR T(1§ —65), R Bodenstain et al, 1111.5742
4177 + 11 SR T(1S —65) Narison, 1105.5070

4180 £ 50 lattice + pQCD 1n static potential Laschka et al, 1102.0945
4163+ 16  2nd moment SR YT(1S — 65), R Chetyrkin et al, 1010.6157

4.180 + 30 PDG average PDG 2014
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QCD Sum Rules

o(eTe” — hadrons)

R(s) = olete™ = ™) = draem(s)?/3s
oete” — putp™)
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QCD Sum Rules

BESOO
BES02

BESO6
BESO6
BESO9
CLEOOQ9

R(s)

201
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QCD Sum Rules

R(s) = Ruas(s) + Ry(s) Ry(s) =
- J/T | B(2S)
@ 40
o ;s
Ruas(s) |
BES00 J— ; 14
BES02 | : il
BESO6 ( b | | E,
BES06 | ; ’
BES09 2-0\1\”};] wwwww i
CLEOO09 2.0 25 0 35 40 50

Vs
DD ~ 3700MeV
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QCD Sum Rules

R(s) = Ruas(s) + Ry(s) R,(s) = R(f;”es(s) + Rgh(s) — Rgont(s)
- J/W | U(285)
@ 4.0
o ;s
Ruas(s) |
BES00 o T :
BESQ2 ; ! ' TR
BESO6 ( b | | Dﬂ iy
BESO6 | i if ¢
BES09 2-0\1\”;] wwwww |
CLE009 2.0 2.5 0 3.5 4.0 50

Vs
DD ~ 3700MeV
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QCD Sum Rules

B | | ]
- Y (1) Y (35) b .
— T(QS ) —]
- YT (4S) ]
* =T e -_.t-..-_g%éfi.-_..ﬁfﬁ-_ I A 3
- X A v & -
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QCD Sum Rules

Using the optical theorem: [SVZ79]
R(s) = 12xIm|[II(s + i€))]

I1,(s)is the correlator of two heavy-quark vector currents can be calculated in pQCD
order by order and satisfies a Dispersion Relation:

A

. . o II (S) in MS
1972 Hq(o) — Hq(_t) _ / ds Rq(s) !
t am2 S s+t
For t—0
1272 d™ . > ds
] = [ R
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QCD Sum Rules

A

Hq (3) can be Taylor expanded:
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QCD Sum Rules

N 3 ]
Hq(S) can be Taylor expanded: * o
2 'e __ i
11, () = Q2 » C Ly e, "
q q167T2 n 4m2 1; + }i .% .} 'o |
n>0 q [t

I io .
Oj B

V9 1 2n _1 | | | | | | | | | |
./\/l pQCD __ 2 ( ) é Mo M, M, Ms My M;s Ms M;
n
7)

A AN\ 2 A\ 93 AN\ 4
O =CO4 (EYeW L (2) c@4(2) e® 1o (2
n n T n T n T n T

[Maier et al,’08]

: : A A 4 2n
[Chetyrkin, Steinhauser’06] [Kiyo et al "09] aq(m 1
[Melnikov, Ritberger’03] [HOang et al ’09] :I:NC CF CEZ Q2 ( q) ~ ~
1 7 2mg (M)
[Greynat et al '09] q q
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QCD Sum Rules

Running of the QCD’s coupling constant:

p’ di2 Oé;u) =Bla) == B (@YH

k>0

Integrating:
integrate numericall
log A2 = 3 ( ) > integrate and expand
a
expand and integrate

+ threshold effects

Pere Masjuan 19

known up to k=3
[Ritbergen et al ’97]

Formally of the
same order,
numerically

different
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Motivation: why precise mg!

0.50

0.45

0.40

()

0.35

0.30

0.25

Pere Masjuan
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Running from «(M})

/ 3 flavors

4 flavors

5 flavors

= 0.1185(6)

[Kniehl et al ’06]

4 5
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Motivation: why precise mg!

From «a(m,)=0.3142 to a(M.) Aa(M,)=15-10""
To compare with PDG ’14: «(M,) = 0.1185(6)

Uncertainty on threshold effects (due to
truncation + mass uncertainty):

0.7-107* 4 02-107* L 1.5-10"* , 2.107%

(charm thr.) (bottom thr.) (beta truncation) (total)
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QCD Sum Rules

Sum Rules: _/\/l
m2 Sn+1 (S)
1 2n
L.h.s. from theory MEQCD = —Q Ch
2mg (M)
R.h.s. from experiment Rq(s) =

R(s)

—

= .
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QCD Sum Rules

Ry(s) = RE(s) + RY(s) + R™ () west | R
SRR o1 TN
e i . :\Hﬁ*myﬂ MJ :
RIS(s) = - 2 (s — M) - moi R
a? (MRg) — | : :.fil”I i |
NERIINIEY |
: \DDN?)?OOMGV
Rgh(S) — Rq(S) — Rbackground (2Mp < Vs < 4.8GeV)

R;ont (S) calculated using pQCD
(vs > 4.8GeV)
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Background

Rbackground — Ruds - Ruds(cb) =+ Rsing =+ RQED

SOF
: BESO0 BES02 |
4.5j "'-TT;_
-~ BESO6 BES09 .
40 CLEO09 - W
Light flavor 2 35
. . . a7
contribution in

charm region

Vs [GeV]

Using pQCD below threshold, calculate R, and extrapolate
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Background

Rbackground — Ruds - Ruds(cb) =+ Rsing =+ RQED

50¢ e
4.5; BESO0 BES02
BES06 BESO06 BES09

Light flavor 40¢ CLEOO09

contribution in
charm region
+
secondary
production

uds
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Background

Rbackground — Ruds - Ruds(cb) =+ Rsing =+ RQED

SQF T T
: BESO0 BESO? |
4.5+ o -7
Light flavor - BES06 BES09 . B
contribution in 40+ CLEOQ9 | = =
charm region
+
secondary
production
+

singlet contribution

T Vs [GeV]
000000

<

¢
Q
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Background

Rbackground — Ruds - Ruds(cb) =+ Rsing =+ RQED

Light flavor
contribution in
charm region
+
secondary
production
+

singlet contribution
+

2loop QED

Pere Masjuan

50¢

BES06

BESO0 BESO2

BESO9
CLEOOQ9

27
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Non-perturbative effects

Non-perturbative effects due to gluon condensates to the moments are: .
[Chetyrkin et al ’|2]

127202 o (2
MPEORP () — T Cond a,, (1 | ( q)bn)

(4n2)n+?

o 3
Gp, , b, are numbers,and Cond = (;GQ) = —(242)- 107  [Dominguez et al ’14]

" \—>
from fits to tau data

MR (1e)

|~ 0.5% — 2% > up to2% on m, ~ 2MeV
nonp (4
M"j\/lefg%) ’ ~ 0% — 0.05% > up t00.05% on my ~ 2MeV
n b
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QCD Sum Rules

Ry(s) = R}*®(s) + R (s) + R:°™(s)

[Kuhn et al '07,09, 12]

Pere Masjuan

9 o 1 o = ds

ZQQ (qu(mq)) Cn = [ng] g+l Bq ()
n| me(3GeV) | exp | ag | u | np | total
1 986 9 19| 2|1 ] 13
2 976 6 (14| 5 | 0 | 16
3 978 S |15 7 | 2| 17
4 1004 3 9 31| 7 | 33

WG, Frascati, 20th April 2015




QCD Sum Rules

Ry(s) = R}*®(s) + R (s) + R:°™(s)

9 o 1 o >~ ds
— C, = R
4Qq (qu(mq)> [lmQ sntl Q(S)

q

[Kuhn et al '07,09, 12]

n| my(10GeV) | exp | o | u | total | my(my)
1 3597 14 7 | 2 | 16 4151
2 3610 10 (12| 3 | 16 4163
3 3619 3 | 14| 6 | 18 4172
f 3631 6 | 1520 | 26 4183

Pere Masjuan 30 WG, Frascati, 20th April 2015



QCD Sum Rules

Potential improvements

* | ocal duality at high energies

* Below threshold: pQCD fitted to data and

extrapolated. Higher orders in fit!? Energy dependence!?
* the same shift is not applied at high energy tail

* Effects of the truncation of the running?

¢ Different moments, different results. Correlations?
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QCD Sum Rules

Our proposal
e Consider global duality

* Below threshold: the difference between pQCD and data is extra
source of error (not used for normalization)
* do not use experimental data on threshold region, only resonances

e Exp data in threshold only for error estimation
* Include in & an error from the truncation

e Use two different moments to extract the mass
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QCD Sum Rules

Our proposal
For a global duality:

t - 0o define the Mg

Pere Masjuan 33
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QCD Sum Rules

Our proposal
For a global duality:

t - oo definethe M (but has a divergent part)

S

t— 00 mg

Fortunately, divergence given by the zero-mass limit of R(s)

Pere Masjuan 34

lim II,(—t) ~ log(t) -« N [LOO ﬁRq(S) ~ log(o0)
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QCD Sum Rules

Our proposal

35

11\
12 )

275

((2) = —2¢(3) + =¢(5)

, as(s)
"as(s)]7 [365 2
: _O‘;S)_ 51~ 1) g <§<(3)
[as(s)]7 [87029 121 1103
o | | 288 8
7847 11 262 25
ta (~ i+ @)+ 2@ - 20))
, (151 1 19 '
a2 (03— 156~ 723
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QCD Sum Rules

Our proposal

Zeroth Sum Rule;

O )

Z 97TF% | / ds Rgont /%AQ(S)
3Q2MRa2,, (Mp) s 3Q2 s !

resonances N
4 M 2 mg

SR 7
-3+ % % -]

&\ 2 [2429 25 2543 677 19
(2) B - 5 - B vy (570 - <))

A 3
| <0‘> —9.86 + 0.40 4 — 0.01 17|
0

nq active flavors
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QCD Sum Rules

Our proposal

Zeroth Sum Rule;

R (s) = SQg)\Cl](s)\/l - —1

Two parameters to determine: My , )\g

We use Zeroth + 2nd moments
(no use of experimental data on R(s) so far)

2M 2m2(2M)

s =s+ 4(77%3(2]\4) — M?)
n | Resonances | Continuum Total Theory
crem  preliminary results
0| 1.231 (24) —3.228(25) | —1.997(35) | Input (11)
1] 1.184 (24) 0.962(10) 2.146(26) 2.166(17)
2 | 1.161 (25) 0.327(5) 1.489(26) | Input (26)
3| 1.157 (26) 0.149(3) 1.306(26) 1.290(40)
4 | 1.167 (27) 0.077(2) 1.244(27) 1.204(61)
5| 1.188 (28) 0.042(1) 1.230(28) 1.154(96)
6 | 1.217 (29) 0.024(1) 1.241(30) | 1.104(151)
7| 1.253 (31) 0.015(1) 1.267(31) | 1.038(240)
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QCD Sum Rules

Our proposal
preliminary results

SOF ! -
- m. = 1.275GeV

45
* 5 =1.23

BESOO
BES02

BESO6
BESO6
BESO9
CLEOOQ9
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QCD Sum Rules

Our proposal: error budget
(2Mp < /s < 4.8GeV)

m. = 1.275GeV .

(exp) (fit) (predict)
A = 1.23

n Data NS =1.30(12) A§=1.23

preliminary results = "7 oc106)  6.322(137)  6.240

1 | 3.516(93)  3.483(78) 3.436

> | 2| 1.956(45) Input 1.928

3| 1.106(22)  1.119(27) 1.103

4] 0.635(12)  0.651(16) 0.642

5 | 0.371(6) 0.386(10) 0.380

AN =0.10 — Am, = 1MeV
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QCD Sum Rules

Our proposal: error budget

We use Zeroth + 2nd moments preliminary results

final
1.275(10) GeV

Ads | Ares | Ath | Aag(M;) | ACond | SideBand
1 | 5 | 6 | 2 3 2

e AJj; from errors on experimental moments on threshold region
e Ares from experimental error on resonance parameters (I';)

e Ath 1s error due truncation of C,, coeflicients

o A(a(M,) 1s experimental error on a(M,) and running (~ 1 + 1)
e A Cond is the impact of condensate

e SideBand 1s the impact of fitting below threshold or using pQCD
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QCD Sum Rules

Our proposal: error budget

We use Zeroth + other moments

1.30

1.28 -

e (fine)
.
\

1.24 -
preliminary results

1.22 » » » »

me(me) = 1.275(10)GeV
 blue: total

Oth _l_lst Oth +2nd Oth _|_3rd Oth + 4th Oth + 5th Oth _|_6th Oth +7th

Pere Masjuan

red: data

:res
: theory
s Aa(M,)
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Outlook: Bottom mass

Our proposal: bottom mass

We use Zeroth + 6th moments preliminary results
AAs | Ares | Ath | Aag(M,) | A Cond low fit final
5 3 5 2 2 5 4195(10) MeV

My (mb) — 4.195(10)G6V

Ay = 1.81
) Ry o CLEO
_ 0.6 - - BABAR
0.5 | oy Y
o 11 o B I1
e By comparing with BABAR data, we ) % 4};} 7 RS
. - ;J:Jffu 7T =S i 2T 19
find a large discrepancy Ny %T}ﬂ S I iy f{ T
ifici o F¥-3 L =y
e | ow fit comes from an artificial 5% g }T : jL
0.1 -
error to resolve our puzzle (lack of S
subthreshold data) 010.6‘ | ‘10.7‘ | ‘10.8‘ | ‘10.9‘ | ‘11.0‘ | ‘11.1‘ | ‘11.2 V3, GeV

BABAR sys. error ~ 3%
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QCD Sum Rules

Our proposal: bottom mass

We use Zeroth + 6th moments preliminary results
mb(mb) — 4.195(10)G6V

my,(mp,) method reference
4174 + 24 lattice (N = 4), PS current HPQCD, 1408.4169
4201 + 43 N3LO pQCD, My Ayala et al, 1407.2128
4169 + 9 SR T(1S — 65) Penin, Zert, 1401.7035
42477 + 34 SR, 13 Lucha et al, 1305.7099
4166 + 43 lattice + pQCD, M+, Mp. HPQCD, 1302.3739
4235 + 55 SR T(1S - 65), R Hoang et al, 1209.0450
4171 =9 SR T(1S —65),R Bodenstain et al, 1111.5742
4177 + 11 SR T(1S - 65) Narison, 1105.5070

4180 £ 50 lattice + pQCD 1n static potential Laschka et al, 1102.0945
4163 + 16 2nd moment SR Y'(1§ — 65), R Chetyrkin et al, 1010.6157

4.180 + 30 PDG average PDG 2014




QCD Sum Rules

* Better measurements in subthreshold: helps 507
to normalize the extrapolation :
* Better measurements of the electric decay

Our proposal: improvements

BESO0 BESO2

4.5 BES06 BESO9

widths of the narrow states j CLEOOQ09

e Smaller error on alpha (from exp.)

e Calculation of the coefficients Cn of the
Taylor expansion up to higher orders in both n |

and alpha

* Study eventual Duality Violations!? :
* Smaller error on alpha (from theory) 20}

Measurement of R for bottom region at Belle:

40"
x 35
30

2.5/

both sub- and above threshold

Pere Masjuan
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Conclusions and Outlook

* Heavy quark masses are interesting: for being fundamental parameters as
well as for they implications on many phenomenological scenarios

* From the different strategies, one of the most precise is the use of SR

e Using SR with new features, we extract them: remark on improvements
* Results still preliminary

* Proposal: instead of averaging, take a range of values

* Error sources are understood: seems a clear roadmap for improvements

Thanks!
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