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¢ Knowh experimentally with high accuracy
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requirements:

o Small non-perturbative power corrections

o Khown to high order in pRCD, with good convergence
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¢ Knowh experimentally with high accuracy

Not so easy to find a single example that satisfies all of these...

Lets see how far we get with guarkonia spectrum
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Can be breaked in pPNRQCD

Will be used for bb cc and bc states

Masses are characterised by four quantum numbers: 1, L, j, =
Obtained solving Schrodinger equation in Fer&urba&ion theory

Static potential + relativistic corrections + ulbrasoft effects

First look at the expression (pole schemwme)
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Full for formula for quarkonium

Pole scheme
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Full for formula for quarkonium
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Full for formula for quarkonium
{Kijo, Sumine NP

Pole scheme B¥¥9 (2014 ) 156-191]
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Ly, = log o oo | T Hnte residual dependence on mass
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harmonic number: depends on n and L
Arqunment of logs non-trivial: includes a(u)
Cra,m

&vpitai scale is then u ~ <m &apamds on n
n

P, (L= Z cij I’ polynomial (simply RG-invariance)
j=0

Cip depend on all four quantum numbers. N3LO includes o

n c3 first appearance of usoft effects: log(ay)



Charm mass effects in bottomomium
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[Beneke, Maier, Piclum, Rauch NPB¥91 (R018), 42-72]



Charm mass effects in bottomomium
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massive Lighter wmassless result corrections
quark khown exactly complicated

[Eiras, Soto PLB491 (2000), 101-110], [Hoang hep-ph/ocoxioz]
[Beneke, Maler, Piclum, Rauch NPR¥91 (2018), 42-72]
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ny scheme: noassless Limik  manifest, decoupling Limit not well defined

ny— 1 scheme: decoupling Limit manifest, massless Limik  not well defined

[Brambilla, Sumino, Vaire PRDES (2002) 043001 ] 1026 EX[GeV]

decoupiing Limit gqood apyroxima&om

VM & PG Ortega
Neeci ko E«MPL@MEV&& charm mass /'fitfunctionidecoupling limit
corrections in renormalon subkraction / ’
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R Masses [Pesel Pineda,

pole scheme Stahlhoffen JHEP 2016]
2Ly 2. pole 3 T 72
1 | C [as (:u)] . OéS(:u)
Ei, () = mf i, CHOMBRRE 5[ G
). :
mIC)OIGm};)Ole

g ; pole __
reduced mass mp°° = ——2—p

1901 —I—mb

n
L, = log o), poie | THntt  very similar expression
Cras ™ (w)mr
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poi& scheme Stahlhoffen JHEP 2016]
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only modifications appear in ¢; and c
In this EFT the bottom and charm quarks are not djmamia

n, = 3 above. Also for the short-distance masses
Charmonium masses

Same formula as bottomonium w/o massive Lighter corrections



[Hoang, Jain, Scimemi, Stewart (00%)]
MSQ 4 RQS$ [Hoang, Jain, Lepenik, VM, Preisser
Scimemi, Stewart (Roog)]
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MS wmass
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MS mass
ambiguﬁ&j does
not dﬁpe&\d on
m or n,

MSK mwass

Including

A MSR bobkom maass

ReEvolver imFatémemEaEiom

MS evolution

integrate out mp

regular R-evolution
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charm R-evolution
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MSR mass: charm effects
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MSK mass: charm eﬁfﬂfeaés

My, — O =il mQA (mQ £) = @
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[VM, Orteqa (201%)]
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[Hoang, Lepenik, Preisser (2017Y]



MSR wass: charm effects

my — Mg = 0mg + MgAMS (m@ £) :@
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Can be used ko prediﬁ& high-order corrections
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Short disktance scheme

The expressic::-n has a u = 1/2 renormalon
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Short disktance scheme

The @.xpr@.ssmn has a u = 1/2 renormalon

2
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Express pole mass in terms of low-scale short-distance scheme
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We emptoj the MSR mass and R-evolukion

o RBottomonium n, scheme: R-evolutiom with charm corrections

or usual R-evolukbion

o Bottomonium n, — 1 sch: charm MSR mass R-evolution

consistent running and matching to m,

o Chamonium: usual MSR mass with 3 flavors

o B charm and bottom MSR masses with 3 flavors

\

/



Scale setting
Bottomonium: consider only states with n = 1, 2
For different values of n we use different scale variation
pa(p) = p, Ro(R) = R, GeViE 1, R el GaV
p13(p) =1.5GeV +2.50u — 1 GaMl) /3, B s(u) = LGN+ 9 5(p.~ 1 GeV ) /3,

M,-.1 MSRn scheme with o= M,-> MSRn scheme with o>

10.50F 1.5 GeV 2 u,R 2 4 GeV 10.50F 1 GeV 2 y,R 2 4 GeV
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Scale setting
Bottomonium: consider only states with n = 1, 2
For different values of n we use different scale variation
pa(p) = p, Ro(R) = R, GeViE 1, R el GaV
p13(p) =1.5GeV +2.50u — 1 GaMl) /3, B s(u) = LGN+ 9 5(p.~ 1 GeV ) /3,

We believe this propagates correlations correctly

Using theory nuisance parameters is an obvious improvement on this
[F. Tackmanin, JHEP oy (Ro25) 09% ]

Charmonium: consider c:mbj n =1
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( winds of global fits

schemes for finite charm mass effects
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Expwimem&at daka

Charmonium NetlSa, S/ (1S)
Bottomonium

n="1: {9(15) L1}
n —29 {Xb()(lp),xbl(lp), hb(lp),xbg(lp),ng(QS), T(QS)}

9 ov\i.j one state
( winds of global fits

We have explored different < schemes for finite charm mass effects

| MSR prescriptions (MO vs REvolver)

In this talle discuss only analysis in which a; is determined
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One could follow same strateqy as [Boito VM JHEP 03 (2020) 094 ]

Toke ratios of K = 1 and n = 2 bottomonium masses ko loose
dependence on bottom guark (only within logs)

We find this fails since a; comes only squared

Use n = 1 vs n = 2 mass splittings (renormalon free): [VM, Ortega]

c:lmzps the @(0(?) term, improves sav\si.,&i,vi;&j

Determine m, from bottomonium, m. from charmonium, o, from B,

sEra\Eegv used i [Pesel, Pineda, Seqovia JHEP 09 (201%) 167]

Arp = Mg — M, /2 < M, 2 renormalon-free, small NP

% () = 0.1195:8 0.0083 caveal: theory correlations?

This talk: global fits [IM Mena-Valle, VM, PG Ortega, wip]



Debails on fits

Construct a y* function wikth experimental errors only
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Debails on fits

Cownstruct a y° function with experimental errors only
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perturbative error from max and min best-fit values



Debails on fits

Construct a y* function wikth experimental errors only

i g i
exp pert
Mo — Mows (1, R im0 )
exp
)

X2 (mbv Me, s,y WU, R) o

1

Scan over o qrid of p and R values correlated as described
er 1 —_— . Sl
AP 5 ‘max (mgF(,u, R)) — min (mgF(,u, R))|

perturbative error from max and min best-fit values

experimental error from average of fit uncertainties

inflated bv \/ )(r%lin/ dof

add i quadra%ure.
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—PDG _ 0.03
MG = 418400 Gev
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Resulks I

Only bottomonium [VM, Ortega IHEP] n,— 1 scheme

mp (mb) =4 .20

s =>) (miz) = 0.11%¢5

- 0.0002xp, =

- 0.062p,0rc GeV

0.00001 ¢ & 0.0050,cx

Reproduction using REvolver (IM Mena-Valle Bachelor Thesis)

n,— 1 scheme

() = 4.219 + 0.064 GeV
al™ =) (my) = 0.1177 £ 0.0051

excellenk repro duckion

mp (mb) — 4.229 £+ 0.058 GeV

n, scheme e
(g ! (mz) — 0. Iy =8 0042
Remainder:
n—,ll;DG i 4°18J—r8:8§ GeV more accurate resulks



Resulks 11

Charmonium & bottomonium (IM Mena-Valle Bachelor Thesis)

mp (mb) = 4.228 4+ 0.055 GeV

n, scheme from now on me (M) = 1.289 £ 0.054 GeV
o™= (mz) = 0.1178 + 0.0041

sall error reduction on bottom mass and strong coupling

cenkral values assem&iauv unchanged

Remainder

mPPG = 1.27£0.02Gev 7, 0 = 4.18% > GeV



Resulks 11

Charmonium & bottomonium (IM Mena-Valle Bachelor

Thesis)
0.055 GeV

my (mb) = 4208

0.054 GeV

n, scheme from now on me (M) = 1.289

o™= (mz) = 0.1178 + 0.0041

sall error reduction on bottom mass and strong coupling

cenkral values assem&iauv unchanged

bottomonium & B. (IM Mena-Valle Master Thesis)

Ty (mb) — 4 )5

=4.055 GeV

o =>) (m7) =0 1172

=+ 0.0039

swall error reduction on bottom mass and skrong coupling

affects both cenbral values a bit Fenioinder

mEDG = 127 £0.02GeV 1,00 = 4.18705 GeV

—0.02



Global £ik

Charmonium, bottomonium & B. (IM Mena-Valle Master Thesis)

My (mb) =4.231:+ 0.055 eV
M (Mm.) = 1.289 &£ 0.048 GeV

ol =% (mz) = 0.1174 + 0.0042

snall error reduction on charm mwass
affects a; central value, small increase of wncertainty

swall effect on bottom mass central value



Global £ik

(OM Mewna-Valle Y

My (mb) =4.231 £ 0.055 GeV
™mec (mc) — 1.289 £ 0.048 GeV

ol =% (mz) = 0.1174 + 0.0042

o charm mass
affects a; central value, small increase of wncertainty

swall effect on bottom mass central value

bb+bc  bb+cc  everything



Anticipating your first question

What if you fix charm and bottom masses to
PDG values and it for a, ?

al™ =" (myz) = 0.1193 £ 0.0063pert = 0.00004,,, =+ 0.0025 = 0.1193 & 0.0068

significantly higher, more uncertain

Can be traced to tensions between quark masses obtained from
quarkonium fits and PDG values

Remainder

mPPG = 1.27£0.02Gev 7, 0 = 4.18% > GeV



Cownclusions

Strong coupling overly driven by bottomonium mass splitting
Bc has Little to add to the o, determination
Global fits do not improve the landscape significantly

Most important contribution to a, error budget: perturbative

Implementing theory nuisance parameters next natural step
Finding a new strategy to improve convergence could be

tnskrumental

Thanks for your attention



