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Motivation



QCD describes the interaction of quarks and gluons

e |t is asymptotically free: predictability at high energies
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QCD describes the interaction of quarks and gluons

° predictability at high energies

° confinement
| S
e %
e _»re D

Need for precision in QCD parameters: «s, quark masses, CKM

matrix elements



Quarkonium

narrow QCD resonances:

Discovery of J/v '74, T '76

Jhp
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@ Tower of gg bound states:
e.g. J/1 is ground-state charmonium (c¢)
T is ground-state bottomonium (bb)



Mass (MeV)
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Bound states
Hydrogen
is successfully described by quantum mechanics.

@ The Schrodinger Equation (1926)

describes nonrelativistic systems such as bound states

(12— £ - v() v =0

2m,

In the hydrogen atom:

V(r) = V(r) + relativistic corrections

Vc(r) = —% (Coulomb)

= develop similar framework for Quarkonium with



Multi-scale problem
@ Bound state scales:
2
Hard: m,, Soft: |p| ~ } ~ m,v, Ultrasoft: £ ~ £ ~ m,v?

@ Confinement scale:

QCD: /\QCD

e Non-relativistic systems fulfill the relation: ‘m, > |p| > E‘

@ Heavy quark:

There is a hierarchy of scales:
We can integrate out the hard scale to obtain NRQCD




Multi-scale problem
@ Bound state scales:
2
Hard: m,, Soft: |p| ~ 1 ~ m,v, Ultrasoft: E ~ o ™ myv?

@ Confinement scale:

QCD: /\QCD

e Non-relativistic systems fulfill the relation: ‘mr > |p| > E‘

@ Heavy quark:

Strong coupling regime: |p| ~ Aqcp

Weak coupling regime: |p| > Aqcp . Coulomb-like potential



Multi-scale problem
@ Bound state scales:
2
Hard: m,, Soft: |p| ~ 1 ~ m,v, Ultrasoft: E ~ o ™ myv?

@ Confinement scale:

QCD AQCD

e Non-relativistic systems fulfill the relation: ‘mr > |p| > E‘

@ Heavy quark: ‘m, 2> |p| > Aqcp ‘

There is a hierarchy of scales: as ~ v
We can integrate out the hard and soft scales to obtain pNRQCD



EFTs for bound states

e Tools to describe low energy QCD

Model independence: only input is QCD

Simplicity: effective action for all observables

Systematic: power counting rules

No need for perturbation theory: Wilson loops, lattice

&



The EFTs: NRQCD and pNRQCD



NRQCD

@ My ~m~m,> ‘p|, /\QCD Caswell, Lepage, '86

(1) (1) (1)
SLxrqep =] {Cgcr B+ 8m 2g[V E] —|— 2I60’ {D x E}} 1
+ (1 - 27 g — _g)

The bilinear Wilson coefficients are related to the form factors:

cr=F+ f':2,
@ = /-:1 + 2[':2,
cp = f':1 +2i':2 — 8/':1’
e renormalization scheme and scale dependent

e contain all the information of the hard scale

two-loop computation Gerlach, Mishima, Steinhauser '19



pNRQCD

@ my ~ my ~ m, and strict weak coupling regime E ~ mv2 > Aqcp

Strict weak coupling regime mv? > Aqcp

. 2
(i00 = £ = VO(r)) é(r) = 0

+ corrections to the potential pNRQCD.
+ interaction with other low-energy degrees of freedom

The pNRQCD (singlet) Lagragian

2 P2
LoNRQCD :/d3r Tr {ST <iao - % - ﬁ — Vs(r, p, PR,sl,sz)> S}

1 &L,
+ VA(r)Tr{OTr-gES +Sfr. gEO} - ZGZ,,G“”‘a + Z(‘]i i} q;
i=1



The QCD singlet potential

(1,0) (0,1) (2,0) (0,2) (1,1)
Vs(p, I’): V(O)(r)+ v (r) + 4 (r) + v (pv r) + v (P, I‘) + v (pa I’)

2 2

mp my mj ms mymy

Basis of operators:

eg V@O (p,r) = {p V20}+V20f+V( )—O—VL(?O)L-Sl



The QCD singlet potential

(1,0) (0,1) (2,0) (0,2) (1,1)
Va(p,r) = vO(r) 4 L0 Y2 V) | VI () | VIR 1)

2 2

my my mj ms mymy

Basis of operators:
eg V@O (p r) = {p v2°}+v2°> +v<2°)+v(2°)L S

Symmetries of the potentials:
e charge conjugation: ¥ <> x¢
e mass exchange: my <> my

e Poincare symmetry



The QCD singlet potential

VO v ve9(p,n) n V2 (p,r) n V(e )

Vs(p> I‘) = V(O)(r) + + + 2 2

my my mj ms mymy

Basis of operators:

1 2, 2,0 L2 2, 2,
eg V() = S {p? VO + VGO + VD 1 vEOL s,

p?
Wilson coefficients of the EFT:
e matching and renormalization scheme dependent

e related by a field redefinition CP, Pineda, Stahlhofen



The Heavy quarkonium spectrum



Bottomonium (1S): Ip| ~ mpv ~ 1.3 GeV
Physical systems: B. (1S): Ip| ~ 2m,v ~ 0.85 GeV
Charmonium (1S): Ip| ~ mcv ~ 0.68 GeV

Can we use the results from weak coupling (|p| > Nocp)?
Is the US scale perturbative (E > Nocp)?
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Is the US scale perturbative (E > Nocp)?

Approach: obtain maximum improvement in weak coupling and assess



Bottomonium (1S): Ip| ~ mpv ~ 1.3 GeV
Physical systems: B. (1S): Ip| ~ 2m,v ~ 0.85 GeV
Charmonium (1S): Ip| ~ mcv ~ 0.68 GeV

Can we use the results from weak coupling (|p| > Nocp)?
Is the US scale perturbative (E > Nocp)?

Approach: obtain maximum improvement in weak coupling and assess

1. Achieve high orders in PT: N3LO / N3LL



History of spectrum computations

Pineda, Yndurain (1998)
Brambilla et al. (2000)
Brambilla et al. (1999)

Pineda (2001)

Penin, Steinhauser (2002)

Penin et al. (2004)

Beneke et al., Penin et al. (2005)
Brambilla et al. (2009)

Pineda (2011)
Kiyo, Sumino (2014)

CP, Pineda, Stahlhofen (2015)

CP, Pineda, Segovia (2018)

Anzai, Pineda, Moreno (2018)
Gerlach, Mishima, Steinhauser (2019)

O(mai)

O(ma?)

O(ma2 In(as))
O(ma™™ In™(as))
O(mag)
O(maZt™)In™(as))
O(ma?)
O(maZ*™) In"(as))
O(maZ™™)In™(as))
O(mag)

O(mag)

O(mas™™ In"(as))
O(mast™) (o))

O(maZ™™)In™(as))

myp = my

n=1m # m

n=1m = m;
spin-dependent
S-wave, m; = mp
static

ultrasoft

mip = my

my 7% mp

P-wave, m; # mp
m1 # my (almost)

m1 # my (almoster)



Bottomonium (1S): Ip| ~ mpv ~ 1.3 GeV
Physical systems: B. (1S): Ip| ~ 2m,v ~ 0.85 GeV
Charmonium (1S): Ip| ~ mcv ~ 0.68 GeV

Can we use the results from weak coupling (|p| > Nocp)?
Is the US scale perturbative (E > Nocp)?

Approach: obtain maximum improvement in weak coupling and assess

1. Achieve high orders in PT: N3LO / N3LL
2. Accelerate convergence

o thershold masses
e resummation of large logarithms
e alternative computation schemes (see 1806.05197,1809.09124)


https://arxiv.org/abs/1806.05197
https://arxiv.org/abs/1809.09124

Convergence of the perturbative series (1)

L= Z ! GOi, Gv)=GC+ i Cinalt!
i n=0

Mg
@ Wilson coefficients are asymptotic : | G , ~ n!
= BUT comply the OPE: mg = mgys + /N\QCD is renormalon free

mos:mW(I+Blas+82az+~--)7 By ~ n!

@ Redefine the mass such that C; is not asymptotic:

Threshold masses



Convergence of the perturbative series (I1)

Reference scales:
Hard: vy ~ m,, Soft: vs ~ m,as, Ultrasoft: vys ~ m,a?
Multiscale computations give rise to Large Logarithms

(asIn(mr)) ~ asIn ELY as In Lo O(1)
Vs s

= breakdown of power counting

Solution: solve the Renormalization Group Equation to resum large logs

dC(p)
dinp

=TC(u) & C(vp) = Co = | Cvs, vp) ~ ZEZ@'; ~> alln I’%

n

Resummation of Large Logarithms



The Heavy quarkonium spectrum

Heavy quarkonium at N3LO



Energy levels at N3LO

Qs s

E(n,l,s,5",j) = EC (1 + %PI(LV) + (?)2 Ps(L,) + (?)3 P3(Lu)> :

1. expectation value of the potential (V)
2. quantum-mechanical perturbation theory to third order

Vv 1%

IR RE

3. contribution of US gluons : perturbative for mv? >> Aqcp

S,



Energy levels at N3LO

E(n,l,s,5",j) = EC (1 + %PI(LV) + (%)2 Ps(L,) + (%)3 Pa(Lu)) :

@ Nonperturbative effects: parametrically ~ /\%CD<r2>

® Renormalon subtracted schemes:

(ﬂo)” (W>N+li _T(b+N+1—n)

n = — Nn, =y R —
PR = e e Z T . rb+1-n)

N=0(1) n=0
Pineda

= Introduction of a new scale v ~ m,as



The bottom quark mass

Fit Mp,RS(’): Mnb(ls) = 2mb,R5(/) P E(].O) at v =5 GeV, vr =2 GeV

RS RS’
S 4 — 9454 SRR
— e T e e S 9.408 ---:‘ ---------------------
3 9.2 13 T
o Q 9.35
< 9.0 1< 9301
9.25¢
8.8}
: , ; ‘ 9.20k . . . . e
2 4 6 8 10 2 4 6 8 10
v (GeV) v (GeV)
— Exp ==- m;+m, LO -=- NLO - - NNLO — NNNLO ---- NNNLO-6Eys

mp (ﬁb) = 4186(37)1\16\/



The bottom quark mass

Fit Mp, Rs(’): M'f]b(ls) =2mpRs() + E(1,0) at v =5 GeV, vr =2 GeV

RS
9.4 e o 9.45)
_ = e L] - S
> g9l — .
(\3 92r e % 9.40
A ' o [*=
90 < 9.35;
8.8} 1 = 9.30 "‘\
2 4 6 8
oy 9.25f - ; : : :
v (GeV) 2 3 4 5 6 7 8
— Bxp =--- mi+m, ---- LO -=- '~ TNINES JV(GEV) TNININEO=UL{/§

At v =5 GeV:
ﬁb(ﬁb) = 4186(37)M6V



Other determinations of the bottom mass

Low n sum rules: O(a?2)

—— Chetyrkin et al. '09, M»
° HPQCD '14, lattice, M_4
= Dehnadi et al. '15, M>
Large n sum rules: —.— Penin et al. '14, Mys, N3LO"
e ——— HPQCD '14, lattice, M14-20
B Beneke et al. '16, M1
NNLO+NNLL " S Pineda et al. '06, M 1o
? S Hoang et al. '12, Mg
Spectroscopy: N°LO —e Kiyo et al. '16, Y(1S), np
———— Ayala et al. '16, Y(1S)
] Mateu et al. '17, global fit
—_—— This work '18, np
PDG
4.05 4.10 415 4.20 4.25 4.30 4.35 4.40

(M) [GeV]



The charm quark mass

Fit Mec RS(’): Mg — M77b/2 = mcRs() + E(].7 0) at v =25 GeV, vr=1

c

GeV
RS RS’
S ~
)
o [
i '
s A
[ . 7 ;
mo * '.'
E /
1.2E1%=0 h h h h 1.45k : £
1.0 15 20 25 3.0 35 40 10 15 20 25 30 35 40
v (GeV) v (GeV)
— Exp === m;+m, LO ==- NLO = = NNLO =—— NNNLO -=---- NNNLO-6Eys

me(me) = 1223(33)MeV



Other determinations of the charm mass

Low n sum rules: O(ag)
Bodenstein et al '11, finite E

HPQCD '14, lattice, M_4
Dehnadi et al. '15, M»
Chetyrkin et al. 17, M

Masjuan et al. '17, duality

Large n sum rules:

—e—
=
———
=
—.—
—— Narison '18, Laplace SR
—_—————— Signer '08, NR moments, NNLO+NNLL*
—e—

JLQCD '16, O(a?)+lattice, M g,10

Spectroscopy: N°LO o Kiyo et al. '16, J/¥, n,

Mateu et al. '17, global fit

_— This work '18, B,-np/2

1.15 1.20 1.25 1.30 1.35 1.40 1.45




Determination of o,

Consider the renormalon free shift:
Are = Mg, — My, /2 — My /2 = E(1,0)|s, — E(1,0)/2],, — E(1,0)/2],,
with vr = 1 GeV

Agr (MeV)

v (GeV)

v (GeV)

— Exp --- mj+my ---- LO -=- NLO — - NNLO — NNNLO ---- NNNLO-6Eys



Determination of o,

Consider the renormalon free shift:
Are = Mg, — My, /2 — My /2 = E(1,0)|s, — E(1,0)/2],, — E(1,0)/2],,
with vr = 1 GeV

RS RS’

000 s 1 100f

Arr (MeV)
Are (MeV)

v (GeV) v (GeV)

— Exp ==- mj+m; ---- LO ==- NLO = = NNLO =—— NNNLO ---- NNNLO-6Eys

as(M,) = 0.1195(53)



The Heavy quarkonium spectrum

Heavy quarkonium at N3LL



The N3LL framework

e QCD:

QCD QCD
m 4+ @ m+ @
maos + @ maos + @
ma3 1 @ @ ma? + @

> [p| it — |p|
ma:; mas m

ma§ mas m

Gluons Heavy quarks



The N3LL framework

e NRQCD: E, |p|aAQCD LVvsKLVy~m

E E

N I

QCD QCD
mas + NRQCD 5' mas + NRQCD 5’
ma? + \Ua \ P) ma? + \ P)

ot — [p| —t — |p|
mao; Mo m maos Mo m

Gluons Heavy quarks



The N3LL framework

e NRQCD: E, |p|aAQCD LVvsKLVy~m

(D Soft running & (2) Potential running

mas + NRQCD | g

mag 7 P

— —> |p| —t — |p|
mas; mos  m moas mas  m

Gluons Heavy quarks



The N3LL framework

2
@ pNRQCD: E,Aqcp, & < vys < |p| K vp,vs K vy~ m

m QCD @
NRQCD @
9

maos

ma;

Ip|

ma2 mas m

Massless d.o.f.

QCD
m 9D
ma. + NRQCD Q

2
mag

Pl

ma? mas m

Heavy quarks



The N3LL framework

2
@ pNRQCD: E,Aqcp, & < vys < |p| K vp,vs K vy~ m

(1) Ultrasoft running

(2) Potential running: needs correlation of scales
E

E

Qcp
@ 9

maos

ma;

9

Ip|

ma2 mas m

Massless d.o.f.

m

ma. + NRQCD @

2
mag

QCD

@

ma? mas m

Heavy quarks

Pl



The N3LL framework

2
@ pNRQCD: E,Aqcp, & < vys < |p| K vp,vs K vy~ m
(1) Ultrasoft running

(2) Potential running: needs correlation of scales

Vs(vH,vs,vp,vus) = Vs(c(vH, vs, vp), vH, vp, Vus)

Energy levels

2 S :
E(n,l,s,5™,j) = Ef (1+ == Py (SR (=) P)

v v



State-of-the-art of N3LL computations

(D Ultrasoft running:
—1 and 2-loop self energy with an ultrasoft gluon v/

(2) Soft running:
— Momentum-dependent %—potentials v
— delta-like potentials X

(3) Potential running:
— Only in delta-like potentials v/



State-of-the-art of N3LL computations

(D Ultrasoft running:
— 1 and 2-loop self energy with an ultrasoft gluon v/

(2) Soft running:
— Momentum-dependent -1 -potentials v/
— delta-like potentials X

(3) Potential running:
— Only in delta-like potentials v/

= P-wave ON3LL



Spin-averaged p-wave splitting

Only sensitive to ultrasoft scale

1 1
Ag = 12 (SMsz + 3MXb1 + MXbO) + ZMhb

@ RS’ masses at vr =1 GeV, at vy =2m, vs = v and vys = 1 GeV

Bottomonium B.

3 3
o S
\g 'Ej
59.70 g

9.65

9.60H: " " " " " : . . . . .

10 15 20 25 30 35 40 10 15 20 25 3.0 35 40
v (GeV) v (GeV)

Exp ----- my+my YO o= NLO - _ - NNLO - -- N3LO —— NNLL —— N3LL="= N3LL-6Eys



Fine p-wave splitting

Only sensitive to hard scale
@ RS’ masses at vr =1 GeV, at vy =2m, vs = v and vys = 1 GeV

Bottomonium B.

w
o

N W
N W
[SR=]

2o
o u

10

E(1%P,-1%Py) (MeV)
N
o

E(1°P;-1%Pg) (MeV)
N
o

5
e O —
08 09 10 11 12 13 14 15 08 09 1.0 1.1 12 13 14 15
v (GeV) v (GeV)
35
% % 30
2 225
o T 20
< T 15
~ & «
m: o 10 >
o wes
08 09 10 11 12 13 14 15 09 10 11 12 13 14
v (GeV) v (GeV)

- == NNLO --- N3LO —— NNLL —— N3LL



Hyperfine p-wave splitting

Only sensitive to hard scale
1
A =My, — 9 (BMsz +3M,,, + MXbO)

@ RS’ masses at vr =1 GeV, at vy =2m, vs = v and vys = 1 GeV

Bottomonium B.
0.5 \ N N 0.30
ool ] 025
S S 0.20f
s -05¢ ] %0.15»
“ —1.0f < 0.10f
. 0.05f
08 09 10 11 1.2 13 14 15 08 09 10 11 12 13 14 15
v (GeV) v (GeV)

— Exp — N3LO — N3LL



Top production near threshold




Top threshold region of ete™ — W+ W~ bbX:

@ Extremely precise
determination of

mg:

)| ~ 50 MeV.

@ Sensitive to Iy, as,
Yi

o [fh]

Matched inclusive W *6W ~b cross section, no QED ISR
T —T T

- matched, no switch-off
+ NLL

e el .
NLO
1 1 I} 1 1 1
330 340 350 360 370 380
/3 [GeV]

[Bach et al. 2017]




EFT set-up

Vector current:

JQCD = ”‘/)"/Hﬁ)
[ + dv(Vh, vs) ot ipe
INRQCD = cv(vp,vs)W'lo X]NRQCD + T[w a'DxInrQcD
(V)i g dv(vh,vs,vus ;
Jéa)éQCD = c(vh,vs, vus) ¥ o' XlpnraeD + %[T/)TU'D%],@NRQCD

Scattering ratio:

te~ — tiX 2N, 5
Ro olete 2 tX) _ o o [va (cv - —dv) G(E)}
S m

o(ete™ — ptp™)

e The coefficient ¢, known to N3LO (Beneke, Kiyo, Schuller 13)
and N2|_|_ (CP, Beneke, in preparation)*
e d, is known at LO and LL (Pineda, Signer '06)

*(Hoang, Stahlhofen '12 in vNRQCD )



The Green’s function to N3LO

G(E) = Go(E) + 6:G(E) + 6,G(E) + 85G(E)

1. two insertions of the vector current
Cy Cy

® ®

2. quantum-mechanical perturbation theory to third order

Cy 5V Cy

€2 ) i o g )

only need LL potentials

3. contribution of US gluons : perturbative for mv? > Aqcp

kus
Cy cy

& )

+refinements: ¢, mass scheme, pole-resummation  QQbar_threshold
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The tt-scattering ratio

e Missing NLL d-like potentials to achieve N3LL
N3LO’'= N3LO fixed order+ NNLL resummation

120
1.15
1.10
1.05

@ 1.00}
0.95/ /]
0.90};
0.85

0.80LL RS S
20 40 60 80 100 120 140 160

H(GeV)

PRELIMINARY

Reduced scale dependence from NNLL & N3LO to N3LO'!
N3LO and NNLL scale uncertainy ~ 5%

Non QCD effects ~15%



Final Remarks




Further applications of NREFTs

Bc light cone distribution amplitudes in NRQCD

@ Form factors, semileptonic decays
@ Light-cone sum rules
P. Lighausen, C.P and D. van Dyk, in preparation

Dark sectors in atomic spectroscopy

@ Precision QED computations:
o s hydrogen, muonic hydrogen, positronium,
muonium, etc.
@ New physics seraches in precision experiments:
bounds on a wide range of new physics models
C. Frugiuele and C.P.

SM; SM,

Dark matter annihilation

@ NREFT for enhancement effects:
Sommerfeld and Sudakov logarithms
M. Beneke, C. Hasner, K. Urban, M. Vollmann
M. Beneke, S. Lederer and C.P., in preparation




Summary and conclusions

@ We compute the N3LO spectrum in pNRQCD for different masses

@ The potentials obtained are valid for mv > Aqcp

@ The US contribution is valid for mv? > Aqcp
From M,, and Mg, — M,, /2 ON3LO we obtain

s (Ms) = 4186(37)MeV me(me) = 1223(33)MeV
From Agp = Mg, — M, /2 — M,_/2 @N3LO
as(M.) = 0.1195(53)

@ We compute the N3LL spectrum in pNRQCD for p-waves
@ Curves are flatter but convergence is marginal
@ Prediction for B, hyperfine splitting

@ The ultrasoft effects look small

@ We compute the N3LO’ tf production ratio in pNRQCD
@ Improves scale dependence (work in progress)



Thank you!



The charm quark mass

Fit Me RS("): Mnc(IS) = 2mC’R5(/) + E(1,0) at v = 2.5 GeV, vr = 1 GeV
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Other renormalon free shifts

Consider also n = 2: Mhb — M,]b(ls), Mr)b(25) — Mhb
with v = 1 GeV
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Further applications

@ Use precision spectroscopy to bound possible new physics models

New vector or scalar coupling to leptons
j gigie M’
VI(r)= -2
SI( ) 47 r

From 1S-2S, 2P-25 and Rydberg: AEBSM < |AET?, — AE™e,| < 20nax

Work in collaboration with C. Frugiuele and J. Pérez

PRELIMINARY
Positronium (eTe™) Muonium (ute™)
0.010
0.001
o
>
107
105 e ac&ay,
05 1 5 10 05 1 5 10 50 100
mgy (MeV)

mgy (MeV)



Further applications

@ Use precision spectroscopy to bound possible new physics models

New pseudoscalar coupling to leptons

. Lo m2

Vi —__ 88 s .5, [ans®() - 2 —megr
SD ") 127wm;m; |: 12 ( T (r) r €

From of 2P-2S, 1S HFS and 2P HFS: AEBSM < |AEP®, — AEM, | < 200ax

PRELIMINARY Work in collaboration with C. Frugiuele and J. Pérez
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