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INTRODUCTION

Heavy Quarkonium (non-perturbative = Coulomb resummation)
dynamics:

» Heavy Quarkonium mass

» Non-relativistic sum rules

» t-t production near threshold
Highest sensitive to the heavy quark pole mass
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Low n sum rules: O(a;)
—— Chetyrkin et al. '09, M
—o— Bodenstein et al. '12, finite E
° HPQCD '14, lattice, M1_4
——— Dehnadi et al. '15, M,
—e— Narison '18, Laplace SR
_—— Petreczky et al. '"19, My_1o
LargeNgLsCL)Jm rules: —— Penin et al. 14, M5, N3LO*
——— HPQCD '14, lattice, M14-20
—— Beneke et al. 16, Mg
NNLO+NNLL* ° Pineda et al. '06, Ms 1
® Hoang et al. 12, Mg
Spectroscopy: N°LO —_—— Kiyo et al. '16, Y(1S), np
—_——— Ayala et al. '16, Y(1S)
' Mateu et al. 17, global fit
—_—— Peset et al. 18, np
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Low n sum rules: O(ag)

—— Bodenstein et al '11, finite E
=C= HPQCD '14, lattice, M1_4
—— Dehnadi et al. '15, M»
——i JLQCD '16, O(a2)+lattice, Mg g 10
—— Chetyrkin et al. '17, M;
e Masjuan et al. '17, duality
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Large n sum rules: .
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Spectrum

2 2 3
M, =2m - 7% (1 + SPi(L) + S5 Pa(L) + aPs(Lu)>
4n T T T

> O(ma®Inl) my = my; Brambilla et al. (1999)

> O(ma®)  my = my n=1; Penin, Steinhauser (2002)

> O(ma®)  my = my S-wave; Beneke et al., Penin et al. (2005)
> O(ma®)  my = my Kiyo, Sumino (2014)

> O(ma®) my # my Peset, Pineda, Stahlhofen (2015)
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Heavy Quarkonium mass
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Spectrum

2 2 3
M, =2m - 7% (1 + SPi(L) + S5 Pa(L) + aPs(Lu)>
4n T T T

> O(ma®Inl) my = my; Brambilla et al. (1999)

> O(ma®)  my = my n=1; Penin, Steinhauser (2002)

> O(mad) m; = m, S-wave; Beneke et al., Penin et al. (2005)
> O(ma®)  my = my Kiyo, Sumino (2014)

> O(ma®) my # my Peset, Pineda, Stahlhofen (2015)

Fixed order computation — NNNLO
Resummation of logarithms — NNNLL (not yet complete)
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Pole mass and renormalons

oo
1
Mos = Myg + E fnag+ ’
n=0
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Heavy Quarkonium mass
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Pole mass and renormalons

oo
1
Mos = Myg + E rnang ’
n=0

Renormalon (OPE) analysis predicts r, ~ n!. Therefore mos suffers
from renormalon ambiguities:

5g%ert.)mos _ 5ggefl<)(mM75 + ryas + 4 Oég + .. ) ~ AQCD!
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Heavy Quarkonium mass on-| tic sum rules

00000000000000000

00 ) o n
Mos = Myzs + /dte s Blmos)(t),  Blmos)(t) = .
0 n=0 ’

The behavior of the perturbative expansion at large orders is dictated
by the closest singularity to the origin of its Borel transform (u = ﬁ—‘;f).

B[mos](t) = Npv 1+c¢1(1—2u) +---) + (analytic term),

1
(i —2uyrs

o b () LB (1 b

SRR
2637 1 4b68 60 2

Beneke, Pineda, ...
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INTROD Ol Heavy Quarkonium mass
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Figure: 2m + V renormalon free. —Ny /2 = N, for n; = 3, as a function of
X = vr, obtained from —(Ny/2)v,/ve¥™. vi¥™ is truncated at O(1/n®).

Nm(ny = 0) = 0.600(29) |,

Ny = 3) = 0.563(26)
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Heavy Quarkonium mass
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M’T(nS) =2mos + Er?s = 2Mops + A:,’OSOZZ + A%’OSQS +

Mr(ns) is renormalon free — EP® has a renormalon.
Renormalon free definitions:

- n+1+b k
Mes(vi) = Mos— Y Ny (gi) % Z S ).

n=0(1)

Expansion in ag(v)

mRS(Vf) My + ZrRS n+1
n=0

where 1> = 1 (my. v, ) are of natural size. We now do not loose
accuracy if we first obtain mgs and later on my;.

o0
RS
MT(nS) =2mgs + EES =2mgs + Z Anm a;n+1 .
m=1
Alternative: kinetic, PS, MSR, MRS, PV, ...



Heavy Quarkonium mass

Issues
Bare data set: bb, ¢c, bc, ....
Options:

Ground state only
Ground state +excitations
Pseudoscalar/vector
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Heavy Quarkonium mass
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Issues

Bare data set: bb, ¢c, bc, ....
Options:

Ground state only

Ground state +excitations
Pseudoscalar/vector

Bottom mass determinations: finite mass charm quark effects.

NP vs ultrasoft effects
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Heavy Quarkonium mass
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n; = 3 light fermions in the MS-pole mass relation

Light fermions: nf =4 — n; =3
For soft scale Brambilla et al.:

mpoas < Mg
For hard scale Ayala et al.:
mpe™" < mg
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INTROD Ol Heavy Quarkonium mass
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myp from M,

M, (GeV)

RS scheme
Good convergence
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Heavy Quarkonium mass
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myp from M,

9.45
9.405%
9.35} s
£ 9.30f7
9.250
9.20k

(GeV)

2 4 6 8 10
v (GeV)
RS’ determination (RS determination virtually identical); v = 5 GeV

Tip(Tip) = 4186(37) MeV

Error dominated by v dependence.
Ultrasoft effects are not important.
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Heavy Quarkonium mass
00000000080000000

Ultrasoft and NP effects

SE = Ama3(In

O(a))

T, o .
3z [, clnlre O =E0rin) (GER(1)o(t,0)24 OB (0)) (vse).

p? 1 a
where , = "+ N, TS and E, = —mC?a2/(4rP).

+ K) + 0Eus(vus)

soft

Vys

dEus(vus) =~
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Heavy Quarkonium mass n-| tic sum rules
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Ultrasoft and NP effects

GE| = AmaS(in % LK) 4 Eus(vus)
O(ad) “us soft
6 Eus(vus) ~ 3N / at(nre="He=Er|n) (gE(1)g(t, O)?BQEb(O»(VUS)
C
p? 1 ag

. = _ 2 2
5N, T and E, = —mC2a2/(4n?).

where H, = ~— +
m
If /\QCD < mag
5Eus(Vus) = 5Eus,pert. + 5Eus, nopert. »

+ K/) y 5Eus, nopert. = Z Cnona

Vus

8Eus. pert. = Ama3(In
us, pert. a( Mol
s n=0

where C, ~ 1/(m*" 27027 and O, ~ AL
Voloshin, Leutwyler, Pineda, Rauh
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Heavy Quarkonium mass
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Ultrasoft and NP effects

GE| = AmaS(in % LK) 4 Eus(vus)
O(ad) “us soft
6 Eus(vus) ~ 3N / at(nre="He=Er|n) (gE(1)g(t, O)ZEQEb(O»(VUS)
C
p? 1 ag

. = _ 2 2
5N, T and E, = —mC2a2/(4n?).

where H, = ~— +
m

If Nqcp > mag
6Eus(vus) ~ A(SQCD<r2>n
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Low n sum rules: O(a;)
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® Hoang et al. 12, Mg
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Heavy Quarkonium mass
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Figure: Left panels: RS scheme. Right panels: RS’ scheme.
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Heavy Quarkonium mass tic sum rules
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Determinations from M,

Mers(1GeV) = 12027 12(v) 17(v1) 119 (as) ;54 (Nm);
= M. = 121775(w) g(vr) 5 (as) 710 (Nm).
Mors (1 GeV) = 149571 (1) 750 () T4 (as) 725 (Nim):;
= M = 1222+20(V);176(Vf)+7(a8)+11(Nm)

Determinations from Mg, — M, /2

Mers(1GeV) = 1204727 (1) 28(1) 712 () T aa(Nm) 11 (Mb);
= Mo = 12207 (v)4(v);{3(as) 1} (Nim) ] ().
Megrs (1 GeV) = 15011;3(’/) 27(Vf)+2(0‘5)+18(Nm)111( Mp);
= M = 1‘2‘27+118(V)Jr1212(Vf)+12(CYS)HS( )j(mb)

Mo(Mic) = 1223(33) MeV
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Heavy Quarkonium mass n-| tic sum rules
00000000000000800 eJe 00

NP effects vs ultrasoft effects

1
0E ~ A%CD (<r2>Bc - 2<r2>77b)

and for the latter
0E ~ A%CD<r2>77

c -
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Low n sum rules: O(ag)

—— Bodenstein et al '11, finite E
=C= HPQCD '14, lattice, M1_4
—— Dehnadi et al. '15, M»
——i JLQCD '16, O(a2)+lattice, Mg g 10
—— Chetyrkin et al. '17, M;
e Masjuan et al. '17, duality
—— Narison '18, Laplace SR
—e— Petreczky et al. '"19, M4_1¢

Large n sum rules: .
Signer '08, NR moments, NNLO+NNLL"

Spectroscopy: N°LO g Kiyo et al. '16, JI¥, n,

Mateu et al. '17, global fit

— & . Peset et al. '18, B;—-ny/2
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Heavy Quarkonium mass
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Extra comments:

» Vector fits appear to give larger values for the masses than
pseudoscalars
Possible explanation — hyperfine splitting sensitive to the
resummation of logarithms.

» Resummation of logarithms will increase sensitivity to smaller
scales.

» Experimental precision infinity — no need for excitations that
may introduce systematics.
No problem if the theoretical errors are properly introduced.
They can be used to test assumptions.
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Non-relativistic sum rules

®00000000

Nonrelativistic Sum rules (b-b, c-¢)
= Q = Biptax + -,

By =1+ ajas + aas + agad + -
B; at NNLO: Hoang(QED); Beneke, Signer, Smirnov; Czarnecki,
Melnikov
By at NNNLO: Marquard, Piclum, Seidel, Steinhauser
B;, By at NLL: Pineda; Hoang, Stewart
Bi /By at NNLL: Penin, Pineda, Smirnov, Steinhauser
By, By at NNLL (partial): Pineda, Signer; Hoang, Stahlhofen

(GG — G )NI(GP) = i / o X&' (vac|J, (x)Jy (0)|vac)

N(g*) ~ B (r=0| =0)

EH‘

|pom(0 / , |goe(0)2
E
OO E ZEOm E+I€—Irt a Eoer — E+ie— il
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Non-relativistic sum rules
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Relation of the vacuum polarization with ¢, non-relativistic sum
rules and I'(V(nS) — ete™)

1
r(V—eter) ~ —Blo(0)

o7 ~ Bi(¥)?ImG(0,0,/s) + - --

12r%e5 ( d " > ds
Mn_mb<dq2> n(q2)|q2:0:/0 o Rup(S),

o dE
M, = 487e2N; / (

E

Smb
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Non-relativistic sum rules
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Non-relativistic Sum rules: bottomonium
Pineda-Signer

5 . NNLO mps <4515 GeV
4
i, —
z2 NNLL NLIL
_— e
NLC
1
0
2 s 3 35 [ s 5
45
5
4
=3
=2
1
0

Figure: The moment My, as a function of us at LO/LL, NLO, NLL, NNLO and
NNLL for mpps (2 GeV) = 4.515 GeV in the PS scheme (upper figure), and for
mers (2 GeV) = 4.370 GeV in the RS scheme (lower figure).
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Non-relativistic sum rules

[e]o]e] Je]ele]ele]

My ps(2GeV) = 4.52 £ 0.06 GeV,

Mprs(2GeV) = 4.37 £ 0.07 GeV.

Tip(Tip) = 4.19 & 0.06 GeV.

The perturbative series is sign-alternating. This is the opposite than
for electromagnetic decays. The convergence of the perturbative
series in sum rules is also better than for electromagnetic decays.

Low n sum rules very sensitive to the high energy behavior of Rpp.
n =6 Error 50 MeV, and bigger for smaller values of n.
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Jarkonium m Non-relativistic sum rules

[e]o]e]e]e]e] Jole]

Martin Beneke, Andreas Maier, Jan Piclum, Thomas Rauh (NNNLO)

— —NLO — - —NNLO NNNLO
04f ]
[ 1
L N ~ J
043/%\
SoefT T T T T T e = = = ]
01F .
0’ ! ! ! 1
4 6 8 10

m
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INTROD Ol ; arke Non-relativistic sum rules

[e]o]e]e]e]ele] Jeo]

Martin Beneke, Andreas Maier, Jan Piclum, Thomas Rauh (NNNLO)

NNNLO
06— —_— —
0.5; 7
0.4?— %\
Ry 0.3% *
0.2; *
0.1% *
0(; 02 o 0.4 o 016 T 07.8
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Non-relativistic sum rules
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CONCLUSIONS
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CONCLUSIONS

Heavy quarkonium (near threshold) observables — ideal place to
determine the heavy quark mass.
They show highest sensitivity to the heavy quark mass.
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CONCLUSIONS
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CONCLUSIONS

Heavy quarkonium (near threshold) observables — ideal place to
determine the heavy quark mass.
They show highest sensitivity to the heavy quark mass.

» Clean theoretical observables

» Different systematics than alternative determinations

» Similar numbers than alternative determinations

» Spectrum: Scale dependence increases from NNLO — N°LO

Possible issues:

mv2 versus Aqcp

New effects show up at N3LO

Perturbative ultrasoft effects small (with fixed order computations)
Renormalization group improvement?

No clear signal of the existence of O(A},r?) effects.

Lattice simulations of the static potential also seem to support this.
A dedicated lattice simulation of 6 E,;s needed.
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CONCLUSIONS
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If sz > AQCD
Nonperturbative effects are parametrically equal in spectroscopy and
nonrelativistic sum rules. Overall coefficient significantly smaller in

sum rules.
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CONCLUSIONS

oe

If sz > AQCD
Nonperturbative effects are parametrically equal in spectroscopy and
nonrelativistic sum rules. Overall coefficient significantly smaller in

sum rules.

Non-relativistic sum rules

» 1) for which nis non-relativistic
2) for which n the perturbative expansion breaks down (smoking
gun signal?)
3) charm effects?

> Relativistic sum rules:
1) Dependence with the continuum: Large experimental error
2) Merging with NR sum rules
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