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Non-Relativistic EFTs



Matter is (mostly) made of bound states

e Electromagnetic bound states: atoms, molecules, ...
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e Strong-interaction bound states: hadrons, nuclei, ...
(At low T" and p, confinement only allows for bound states!)
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... many of them non-relativistic

e atoms, molecules, ...
e baryonium, pionium, ...

e (uarkonium (charmonium, bottomonium, top-antitop pairs, ... )



Non-relativistic quantum theory of bound states

Non-relativistic bound states accompanied the history of the quantum theory from its
inception to the establishing of the quantum theory of fields:

2

e 1926 Schrddinger equation: (;; + V) ¢ = E¢
m
{gzgo+go(—iV)g — = +
90 = Fp2/@m) i
— eA)? -eB
e 1927 Pauli equation: ((p 5 cA) +V — 7 ° ) b= E¢
m

The relevant scales of the non-relativistic bound state dynamics are

p2
o E~— ~V ~mv?, e p~1/r~mu;

2m
a crucial observation: if w(elocity) (~e?) <1, then m > mv > mu?.



Relativistic quantum theory of bound states

e 1928 Dirac equation: (i[D— m)y =0
{ 9P = 9§ + 95 (—ied)g” = + %

D __
90 _gé—zm

e 1951 Bethe—Salpeter equation:

{G:G0+G0KG @ - + @:

Go = g ® g§

All the complexity of the field theory is in the kernel

which only in the non-relativistic limit reduces to the Coulomb potential, but, in
general, keeps entangled all bound-state scales.



Disentangling the bound-state scales at the Lagrangian level has advantages.
It facilitates

E.g. it took twenty-five years to go from the calculation of the ma® correction in the
hyperfine splitting of the positronium ground state to the ma® In o term!
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Hyperfine interval in positronium [MHz]

Relevant for
- atomic physics: Hydrogen atom (e.g. proton radius), positronium (e.g. width, hfs), ...

- tt threshold production, ...



o (Q*)

In QCD, it

October 2015

v T decays (N3LO)

a DIS jets (NLO)

o Heavy Quarkonia (NLO)

o e*e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v pp —> jets (NLO)

v pp —> tt (NNLO)

03}
0.2}

01+t i AR
= QCD ox(M,) = 0.1181 £ 0.0013

1 100 1000

" QIGev]
Relevant for

[GeV]

V()

- pionium and precision chiral dynamics, ...

- nucleon-nucleon systems, ...

- quarkonia and new quarkonium states
- confinement and lattice calculations, ...

automatically high-energy (perturbative) contributions
from low-energy (non-perturbative, thermal, ...) ones.

oo
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- guarkonium in heavy ion collisions: factorization of thermal contributions.




(II1)  More conceptually: it provides a field theoretical foundation of the Schrodinger
equation:

2
Lgpr = ¢ (iao—p——V>¢—|—A£

m

The Lagrangian LgrT, Which factorizes the dynamics of the two-particle field ¢,
from the low-energy dynamics encoded in AL defines an effective field theory.



Effective Field Theories

Whenever a system H, described by a Lagrangian £, is characterized by 2 scales
A > )\, observables may be calculated by expanding one scale with respect to the other.
An effective field theory makes the expansion in A /A explicit at the Lagrangian level.

The EFT Lagrangian, LT , Suitable to describe /H at scales lower than A is defined by
(L)acutoff A > u> A
(2) by some degrees of freedom that exist at scales lower than 1

= LppTr IS made of all operators O,, that may be built from the effective degrees
of freedom and are consistent with the symmetries of L.



Effective Field Theories

Lepr =) Cn(A/M)%

n

e Sinceatpu ~ A (O,) ~ \", the EFT is organized as an expansion in \/A.
e The EFT is renormalizable order by order in A/A.

e The matching coefficients ¢,, (A /1) encode the non-analytic behaviour in A. They
are calculated by imposing that Lgp1 and £ describe the same physics at any
finite order in the expansion: matching procedure.

e InQCD, if A > Aqcp then ¢, (A/p) may be calculated in perturbation theory.



Non-Relativistic EFTs (for near threshold states)

LONG-RANGE SHORT-RANGE
N QUARKONIUM QUARKONIUM / QED
QCD/QED

m-—- : : : :

perturbative matching perturbative matchin

............................................ l_l

mv-4
NRQCD/NRQED

............................................ U

M\2 non—perturbative perturbative matching
T matching

pPNRQCD/pNRQED

o Caswell Lepage PLB 167(86)437
o Lepage Thacker NP PS 4(88)199
o Bodwin et al PRD 51(95)1125, ...

o Pineda Soto PLB 420(98)391

o Pineda Soto NP PS 64(98)428

o Brambilla et al PRD 60(99)091502
o Brambilla et al NPB 566(00)275
o Kniehl et al NPB 563(99)200

o Luke Manohar PRD 55(97)4129
o Luke Savage PRD 57(98)413

o Grinstein Rothstein PRD 57(98)78
o Labelle PRD 58(98)093013

o Griesshammer NPB 579(00)313

o Luke et al PRD 61(00)074025

o Hoang Stewart PRD 67(03)114020, ...

e They exploit the expansion in v/ factorization of low and high energy contributions.

e They are renormalizable order by order in v.

e In perturbation theory, RG techniques provide resummation of large logs.



The Hydrogen Atom



NRQED

NRQED is obtained by integrating out modes associated with the scale m

E.9. ;%0/4 On (1, \)

§

QED NRQED

Xcn (o, p/m)

e The EFT has a cut-off m > u > ma.
e The degrees of freedom are photons, electrons ), protons NV (static if no recaoil).
e The matching is perturbative.

e The Lagrangian is organized as an expansion in 1 /m and «:

1

m™

LNRQED = Z X cn (o, p/m) X On(p, A)



NRQED: matching

The matching at order 1/m? gives:

(a)
()92 " _ _pte Y E 8™
Co R é —¢e8m2¢ X 1—}—37Tnu—|—...
) OV oy VXEZEXY
. _ _ .
R~ ieo o~

(c) 2 v
e m2 é B m?2 ><<607T_|_.”>

If the recoil of the proton is considered, the radius of the proton is encoded in cé“) proton

o Caswell Lepage PLB 167 (1986) 437



oNRQED

: : : : : : 1
PNRQED is obtained by integrating out modes associated with the scale — ~ ma«a
T

.
RN R B B
NRQED PNRQED

e The EFT has a cut-off ma > /' > ma?.
e The degrees of freedom are photons, atoms ¢.
e The matching is perturbative.

e The Lagrangian is organized as an expansionin 1 /m , », and «:

1 |
ﬁpNRQEDZZEE:EZ;gz><@J06Mﬂn)X‘émruﬁru)x7”/xC%JuCA)
k n



PNRQED: matching

2
1

LOoNRQED = /d3"“¢T(iao—p—+'--—V>(b—ZFWFW—I—Aﬁ

m

3 ((1) L -
o V = @ —|—7T(){5 (T) <622 — 1609’)) - 4a Gcéb) +

e At leading order the bound-state field ¢ just satisfies the Schrédinger equation.

e AL contains terms suppressed by powers of r:

Aﬁz/d?’rqur-eEqb—l—---

:

&) dipole interaction




The Hydrogen spectrum

The Hydrogen spectrum at order ma® (responsible for the Lamb shift) reads

2

En = (2 +Vin)+AE,
m
AE, = (n M m)

a (21« 5} m?

= — (== )|6x(0)* [ —=+2In2+1In —
o (Z2) 16a@P (=3 +2m2+ 1)
- 2 En,—E;\?

The 1 dependence cancels against the 1 dependence of in the potential.

The Bethe logarithm follows from the one-loop diagram in the EFT.

o Pineda Soto PLB 420 (1998) 391



NRQCD/pNRQCD



NRQCD

NRQCD is obtained by integrating out modes associated with the scale m

e The Lagrangian is organized as an expansion in

D> D?
ﬁNRQCD = wT(2D0+2——|—>¢—|—XT(2D0—2——|—>X—|—
1 i
—ZFﬁuFGW +> Giila
i=1
Y (x) is the field that annihilates (creates) the (anti)fermion.

e The relevant dynamical scales of NRQCD are: mv, mv?, ...

e Low-energy scales may be set to zero while matching.



PNRQCD (weak coupling)

: : : : : : 1
PNRQCD is obtained by integrating out modes associated with the scale — ~ muv ~ masg
r

e The degrees of freedom of pPNRQCD are quark-antiquark states (color singlet S,
color octet O (weak coupling)), low energy gluons (weak coupling) and light quarks.

e The Lagrangian is organized as an expansion in and

2
EPNRQCD = /dST Tr {ST (’1/80 - p— 4+ = V3> S

p2
+Of (z‘Do— —+-~-—Vo> O}
nf

1
—ZF;LVFW“ +> qiilPgi + AL
i=1

AL = /d3rvATr{oT -gEs+H.C.}+V—2BTr{oT -gEO—|—C.c.}_|_...

e At leading order in r, the singlet S satisfies the QCD Schrdodinger equation.



PNRQCD (weak coupling): matching

e Low-energy scales may be set to zero while matching.

e The (weak coupling) static potential is the Coulomb potential:

Qs 1 ag A
Vilr)==Cp—+..., Vo = ——— + ..., N=3,Cfr=—
(7) F + (1) SN + P
o Vi=Vp=1+0(ca?)
e Feynman rules:
— Q(t) e~ 1tHs _ Q(t) e~ tHo (e—ifdt Aadj)
E = O'r-gES E = Of{r- gE, O}

o Pineda Soto NP PS 64 (1998) 428
Brambilla Pineda Soto Vairo NPB 566 (2000) 275, RMP 77 (2005) 1423



The QCD potential at short distances: o,



Static energy

Eo(r) = lim v In ¢ > — exp {ig%dz“AM}

T—oo T

Perturbation theory describes Ey(r) in the short range (rA < 1, as(1/r) < 1):

C(F Og

Eo(r) = As— (14+#as+#a2 +#a +#a lnozs—l—#ozgl In? ozs—l—#oz;l Inas+...)

r

e Fo(r)is known at three loops.

e In ag signals the cancellation of contributions coming from different energy scales:

Inag = 1In el + In os/T
1/r L

o Brambilla Pineda Soto Vairo PRD 60 (1999) 091502




Energy scales

In the short range the static Wilson loop is characterized by a hierarchy of energy scales:

1 o l o
= > Vo — Vi > A Vo —Crp—, VomR ——=—
r r 2N r

1/r

(Vo = Vs)

ro x scale
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The static energy in pNRQCD

PNRQCD allows the factorization of contributions from different energy scales.

66 50007 0}\
= S ‘D .
QCD pNRQCD

2 o0 _
Eo(r) = As + Vs(r,,u)—igﬁ\/j/() dte VoVl (Trr - B r - E0)) (1) + .. .

res. mass potential ultrasoft contribution

o Brambilla Pineda Soto Vairo NPB 566 (2000) 275

The 1 dependence cancels between
Ve ~ Inrp, In? rpy, ...
ultrasoft contribution ~ In(V, — Vi) /p, In?(V, — V) /s, ... Inrp, In? v, ..



Va

The first contributing diagrams are of the type:

Therefore

Va(r,p) =1+ 0(af)



Chromoelectric field correlatotE(t) E(0))

s known at two 100ps. @ %
~ =l
o @3 &

o Eidemuller Jamin PLB 416 (1998) 415



Static octet potential

RS S DA e
Tl;moofln—:ﬁTS(l—F#aS—F#ag—|—#a§—l—#ag’lnur—|—...)

Is known at three loops.

o Anzai Prausa A.Smirnov V.Smirnov Steinhauser PRD 88 (2013) 054030



Static singlet potential at NLO

r 4 47
1 3716 72
6

1/m)\* [ 1
+<Oés( /”f’)> ak21n2 rpu + <a£+§7r20350(—5+61ﬂ2)> lnrqu...]

' }

o Anzai Kiyo Sumino PRL 104 (2010) 112003
A.Smirnov V.Smirnov Steinhauser PRL 104 (2010) 112002

2
as(1/7) {1+ as(1/7) - (as(l/r)) ,




Static energy at NLO

E0<T) — AL CFQi(l/T) {1+ OCSE;T/T) [Cll ‘|’2’7E50]
as(1/r) 2T 2 2 2
+ ( pp ) az + (? +4’7E> B6 +vE (4a1B0 + 251)}
s(1 2 (1672 C'aas(l o
i (a ELW/T)) | ;T C3 In AOéz( /T) _|_a3]
. (asil/r)yl ol In? C’AozSZ(l/r) +alIn Caos(1/r) 4

. }

o Brambilla Garcia Soto Vairo PLB 647 (2007) 185



Renormalization group equations

¢ d 9
BV, = —=Cp2r2V2 [V, — Vi]® (1 &= c)
dp 3 s
d l as 5 .9 3 s
Ly, = —F2p2y, vy, (1 —)
'udu N o Al ] + — ¢
<
d
VA =
Mdu A
d —5ng + Ca (672 + 47
\ M@aszasﬁ(as% e=— 105(3 )

o Brambilla Garcia Soto Vairo PRD 80 (2009) 034016



Static singlet potential and energy atlNL

3
Va(r i) = Va(r1/r)— CFY ag(:/r) {(1 L 3as(1/r) CL1> 1 as(l/7)

650 TR as (1)
(4%1 _60) [asw) . asu/r)]}
0 T T

Summed to the ultrasoft contribution at two loops, it provides the static energy at N°LL.

o Brambilla Garcia Soto Vairo PRD 80 (2009) 034016



The counting of the ultrasoft contributions

r2F (r,/r)
15— 11.5
finite 3 loops *
O 10
finite 2 loops ;
0.5j f0'5
£ ]
9 = ]
& i ]
_0.5} E—O.E
-1.0- LL 1-1c

_1_57 ““““““““““““““““““““ 7_1_5

r/ry

The lattice scale is 71 = 0.3106 £ 0.0017 fm.
We chose p = 1.26r; ' ~ 0.8 GeV, for the ultrasoft factorization scale.
Variations of 1 only produce small effects on the results.



r Eo+const

Static energy vs lattice data

B=7.825—— Nref=7 —— 3 loop + lead. us

0.0

1 1 1 1 1
0.35 0.4 0.45 0.5 0.55

r/ry

1 1 1
0.2 0.25 0.3

1
0.15

The fit gives

iy = 049553

data-theory

B=7.825—— Nref=7 —— 3 loop + lead. us

Perturbation theory agrees with lattice data up to about 0.2 fm.

o Bazavov Brambilla Garcia Petreczky Soto Vairo PRD 90 (2014)
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which converts to  Agrs = 315115 MeV
074038



as(1.5 GeV,ny = 3) = 0'336t8:8(1)§
which corresponds to
as(Mz,ny =5) = 0,116 5331

from four-loop running, m., = 1.6 GeV and m; = 4.7 GeV.

o Bazavov Brambilla Garcia Petreczky Soto Vairo PRD 90 (2014) 074038



Comparison with other determinations

—e— T decay, Boitcet al., arXiv:1410.3528
o charmonium correlator, HPQCD, arXiv:1408.4169
A charmonium correlator, HPQCD, arXiv:1004.4285
small Wilson loops, HPQCD, arXiv:1004.4285
" static energy, TUMQCD, arXiv:1407.8437
—eo— global PDF fit, NNPDF, arXiv:1110.2483
—eo— jet-shape thrust cumulant, Abbateal, arXiv:1204.5746
—eo— jet-shapeC parameter, Hoanet al, arXiv:1501.04111
O.lel(l) — I0.Z|I.15I — I0.2:.20
afm,)

o Andreas Kronfeld 2016



Electromagnetic transitions



Radiative transitions: basics

Two dominant single-photon-transition processes:
(1) magnetic dipole transitions (M1)
(2) electric dipole transitions (E1)

Y M2 — M
H — H’
(k’)’vk) k’Y -
2IM 1y
H -

o QWG coll CERN-2005-005 Yellow Book hep-ph/0412158



M1 transitions in the non-relativistic limit

(1) M1 transitions in the non-relativistic limit:

M1 4 4 k% > 2 . Ryt ’
n381—>n’1507_§aeQﬁ /0 drr® R,,/o(r) Rno(r) jo 0

If ky(r) <1  go(kyr/2) =1— (kyr)?/24+ ...

oen=n’ allowed transitions

on £n’ hindered transitions



FJ/@anv

At leading order in the multipole expansion, M1 (allowed) transition rates are
independent from the low-energy dynamics (i.e. the quarkonium wave-function).

As an example consider

16 k3
Fj/w—H’IC'Y = Eam ~ 2.83 keV

C

* from M, = 3097 MeV and My, ~ 2984 MeV (ky =~ 111 MeV).

To be compared with the PDG value I/, _,,, . = 1.6 = 0.4 keV .



E1 transitions Iin the non-relativistic limit

(2) E1 transitions in the non-relativistic limit:

2
4 J 1 J
I‘5213+1LJ—>n/25+1Lf,/ v T 3 Cvegg kS [E(nL — n'L"))? (20" +1) maxp, /3 { L' S L }

where
o° k k k
er o w'r) = [T R ) Ran) |50 (50) < ()]
0 2 2 2
~ Is(nL —n'L') x [L+ 0O ((kyr)?)] ifky(r) < 1
In(nL —-n'L") = / dr v R, (r) Ry (7)
0

Note that, for equal energies and masses, M1 transitions are suppressed by a factor
1/(m(r))? ~ v* with respect to E1 transitions, which are much more common.



Relativistic corrections

e Relativistic corrections may be sizeable:
about 30% for charmonium (v2 = 0.3) and 10% for bottomonium (v7 = 0.1).

e For quarkonium radiative transitions, essentially one model-dependent calculation has
been used for over twenty years to account for relativistic corrections, based upon:

relativistic equation with scalar and vector potentials;
non-relativistic reduction;
a somewhat imposed relativistic invariance to calculate recoil corrections.

o Grotch Owen Sebastian PR D30 (1984) 1924
see also QWG CERN Yellow Book CERN-2005-005, hep-ph/041215 8



Relativistic corrections and EFTs

Non-Relativistic EFTs for quarkonium allow

e to derive expressions for radiative transitions directly from QCD;
e with a well specified range of applicability;
e to determine a reliable error associated with the theoretical determinations;

e to improve the theoretical determinations in a systematic way.



Scales

1
P~ — ~Mmu, E ~ mu
r

2 in a non-relativistic system mov > muv?

Aqcep
k'Y

mv > Aqcp for weakly-coupled quarkonia (J/4, ne, Y(15), np, ...);
mv ~ Aqcp for strongly-coupled quarkonia (excited states);

k~ ~ muv? for hindered M1 transitions, most E1 transitions;

iy = k<l
k~ ~ mv? for allowed M1 transitions.



Degrees of freedom

e Degrees of freedom at scales lower than muw:

Q-Q states, with energy ~ Aqcp, mv? and momentum < mv
= (i) singlet S (i) octet O [if mv > Aqcpl

Gluons with energy and momentum ~ Aqcp, mv? [if mv > Aqep]

Photons of energy and momentum lower than muw.

e Power counting:

1
P~ — ~ M,

r
all gauge fields are multipole expanded: A(R,r,t) = A(R,t) +r - VA(R,t) + ...
and scale like (Aqcp oOr mo?)dimension,



EFT Lagrangian

LOinr

NLO in r




Ly, = LM 484
/L,l;/ll = Tr{i M {ST,a-eeQBem}S
1 VQMl T - - em
2 {8t [t x (i x ccqB™)] } S
1 V3M1 T em
oz {S ,o0 -eeqB }S
1
—|—m v {ST,a-eeQBem}V%S—l—---}

o Brambilla Jia Vairo PR D73 (2006) 054005



rEl — Ty {VlEl gty . GBQEemS

1
_|_i V2E1 STI' . [(I‘ . V)2€€QEem]S

+— VELSH{V. 1 x eegB™}S
4m

4 7 V4E1 ST{VT’ r X [(I‘ . V)GGQBem]}S
12m

1
4 V5E1 [ST,a-] - [(r - V)eeQBem]S
4dm

7
4m?2

VEL ST, 0] - (eeQE™ x V,.)S 4 - - - }

o Brambilla Pietrulewicz Vairo PRD 85 (2012) 094005



Matching

The matching consists in the calculation of the coefficients V.
They get contributions from

e hard modes (~ m):

- . D2 CeFm
w(@lD—m)tb—wT (’LD0+ + O'-eeQBem—{—---)w

2m 2m

From HQET:

em _— em 2045
cp =1+ " =14+-—+...
s

Is the quark magnetic moment.
o Grozin Marquard Piclum Steinhauser NP B789 (2008) 277 (3 loo

e soft modes (~ muv).

ps)



M1 operator ato(1)

V1M1 {ST, o - eB®™ } S

2m

VML = (hard) X <soft>

. (hard) =5 =1+ 205 (m) +

37

e Since o - eB“™(R) behaves like the identity operator
to all orders VVM! does not get soft contributions.



Diagrammatic factorization of the magnetic dipole coupling in the SU(3) ¢ limit.

e The argument is similar to the factorization of the QCD corrections in b — u e~ e, which leads to

Leg = —4GF/\/§ Vub €L yuvL UryH*br, to all orders in as.



M1 operator ato(1)

V1M1 {ST, o - eB®™ } S

2m

2a5(m)

37

° V1M1:1—|—

e No large quarkonium anomalous magnetic moment!
o Dudek Edwards Richards PR D73 (2006) 074507 (lattice)



M1 operators af)(v?)

1 v
2

1 VM
2

{ST,O' : [f‘ X (f‘ X eeQBem)} } S and {ST,O' : eeQBem} S

4dm r 4dm r

cro-B/m

+ o = <hard> X <soft>
A - A" /m g cso - (A x E)/m?

e to all orders (hard) =2cp —cs =1, <soft> =r2V!/2

o Brambilla Gromes Vairo PLB 576 (2003) 314 (Poincar e invariance)
Luke Manohar PLB 286 (1992) 348 (reparameterization invari ance)

o VM =r2V//2 and V5! =0

e No (effective) scalar interaction!



M1 operators af)(v?)

VML = (hard) X <soft)
) (hard) =1

o Manohar PR D56 (1997) 230 (reparameterization invariance)

° (soft =1 to all orders

o Brambilla Pietrulewicz Vairo PRD 85 (2012) 094005

e VMI=1



O(v?) corrections to weakly-coupled quarkonia

Coupling of photons with octets: VM1 {OT, %} O  [if mv> Aqep]
AVaVaVaVaill
& & &
AMNANAXIZ 1+ AAAAAD + + =0
& & &
- gE / AAAAAT

e If mv? ~ Aqcp the above graphs are potentially of order AZQCD/(mv)Q ~ V2.

e The contribution vanishes, for o - eB¢(R)) behaves like the identity operator.

e There are no non-perturbative contributions at O(v?)!

e This is not the case for strongly-coupled quarkonia:

1 VM
non-perturbative corrections affect the operator — 52
m T

{ST, o - eeQBem} S.



M1 hindered transitions

e One new operator contributes:

1 o
~Tom2 cg” [ST,O'- [—iV - X, rz(VzeeQEem)H S

e Two new wave-function corrections contribute:
(1) induced by the spin-spin potential /%

(2) recoil correction induced by the spin-orbit potential;
Due to the recoil, the final state develops a nonzero P-wave component suppressed by a factor
1 v

s {{sf, o} ¢ x (-iV)]Sh,

4m2 2
which, in an3S7 — n’/ 1.Sq ~ transition, can be reached from the initial 3S7 state through a 1/v

v k7 /m (through the spin-orbit operator —

enhanced E1 transition.



M1 transitions

SO WL R TN
Ipss)snitsyy = %O‘GQQ% :<”/S| (‘ kZQ - g%) [nS)
! <nfs|vss<r>\ns>r A
m?2 Eﬁbo) _ ng))
Lspyomipy = Sochd 14220 ) o 2 )]
Loip n3p, v = (2J—|—1)gaeé:1—§2 [1+ 404;7(:71) —d, (nP|:;—22|nP>]

where dp = 1, d; = 2 and d2 = 8/5.
o Brambilla Jia Vairo PR D73 (2006) 054005



E1 transitions

E1 transitions always involve excited states. These are likely strongly coupled.

o Operators contributing at relative order v2 to E1 transitions are not affected by
non-perturbative soft corrections.

 Z
AVAY''
o
3
2e
+
e
AVAY'
v
3

VEL — yEL _ Bl _ yEL _

2 4
37 37

V5E1 = Cerm — 1+

o Brambilla Pietrulewicz Vairo PRD 85 (2012) 094005



E1 transitions

E1 transitions always involve excited states. These are likely strongly coupled.

However, non-perturbative corrections affect the quarkonium wave-functions:
at large distances the quarkonium potentials are non-perturbative.

For weakly-coupled quarkonia, non-perturbative corrections to the quarkonium
wave-functions also involve octet fields and are of relative order v?:
unlike M1 dipoles, E1 dipoles do not commute with the octet Hamiltonian.



E1 transitions

k2 Is(nl — n/0)
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2
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|
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where R>=1(J) and R>=0" are the (non-perturbative) initial and final state corrections.
nn nn

o Brambilla Pietrulewicz Vairo PRD 85 (2012) 094005



J/ Y — ney

d3k
Cppmsmer = [ T AU =k = BL) kel 41T/




J/ Y — ney

Up to order »* the transition ./ /1) — 7.~ is completely accessible by perturbation theory.

r = —aqel——|1+4 — Zas 2
J/p—ney 3 e, A _,3/¢ + 3 27Oé (PJ/W

The normalization scale for the ag inherited from <™ is the charm mass
(as(My,q/2) = 0.35 ~ v?), and for the s, which comes from the Coulomb potential, is
the typical momentum transfer p ; /,, ~ 2mas(ps/q)/3 ~ 0.8 GeV ~ mu.

Fj/w_H?c’Y = (]_5 + ]_O) keV

to be compared with the non-relativistic result ~ 2.83 keV.

o Brambilla Jia Vairo PR D73 (2006) 054005



Improved determination of M1 transitions

e Exact incorporation of the static potential.

2.6 T T T

o(a)
2.5

2.4 O(Gz)
23 ///

O(O(i)
2.2 /_, O(a”)
2.1

1.9

FW - nc(19)y) (keV)

1.8

1.7 1 1 1

v (GeV)
FJ/¢_>770'Y = 2.12 + 0.40 keV

o Pineda Segovia PRD 87 (2013) 074024



J /v — n.v (experimental & theoretical status)

QW - n(19)y) (keV)

T T T
Experiment

Theoretical predictions

PDG upper limit — — -
PDG lower limit — — -
Crystal Ball (86)

CLEO (09) —@—
KEDR (10) —@p—

Disp. relations (80)
Sum Rules (84) l—E—!
Sum Rules (85) '_E_'

Latt. QCD (13)
HPQCD (12)

Eff. theory (06) —A\—

Eff. theory (13) l—é—i

o Pineda Segovia PRD 87 (2013) 074024




I"j/p—n.y @S @ probe of the'/« potential

16 o K3 (Héas(MJ/w/?)_z<1|rv;|1>+2<1|vs|1>>

I = —ae
Hemmer =g e ME 3 o« 3 My Mg

das(p), 2PV (1Vs[1) 32

o IfV,=—— L — 2 =—— 2 <0
r 3 MJ/‘IJ + MJ/‘I’ 27048(,“)
2 (1|rV!|1 1|Vs|1 4
oIst:ar:——<‘T S‘>—|—2<|S‘>:— ¢ (1|r|1) > 0
Mj/ e Mj e 3Mj/e

A scalar interaction would add a negative contribution: —2(1|}/scalar| 1)/ Mj)g.



J/ — X~ for k, < 500 MeV

Scales:
o (p)~1/(r) ~mecv~T700MeV-1GeV > Aqgcp
° Ej/szJ/w—QmCNmCUQN4OO MeV - 600 MeV < 1/(r)
e 0MeV <k, < 400 MeV - 500 MeV < 1/(r)

It follows that the system is

(i) non-relativistic,
(i) weakly-coupled at the scale 1/(r): v ~ as,
(iii) that we may mutipole expand in the external photon energy.



J/ — X~ for k, < 500 MeV

Three main processes contribute to J/¢ — X ~ for k, 5 500 MeV:.

e J/Y — n.v— X~ [magnetic dipole interactions]

|
|
|
m
| - ’ | -
M1 Imlhs M1

|
|
o J/Y — xc0,2(1P)~vy — X ~ [electric dipole interactions]

T

El Imhs E1

e fragmentation and other background processes, included in the background functions.



The orthopositronium decay spectrum

The situation is analogous to the photon spectrum in orthopositronium — 3~

E (eV)
0.001 0.01 0.1 1
10005\ LU TT T T T TTTTT T T 1711777 3
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S 10E
-+ E
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"
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0.1 -
E T | Lot
10-° 0.0001 0.001 0.01 0.1

E (Ryd)

o Manohar Ruiz-Femenia PRD 69 (2004) 053003
Ruiz-Femenia NPB 788 (2008) 21, PoS EFTO09 (2009) 005



J/ = n.y— Xy

dl' 64 a kyDy, k2
dk, 27 Mg/w T 2 (Myyy — My, —ky)2+T2_/4
3
64 kK
e ForI'y, — OonerecoversI'(J/Y = ncy) = sa—
27 MJ/w
e The non-relativistic Breit—Wigner distribution goes like:
— ]{52
(Mjy/p — My, —ky)? + T3 /4 -

Gy ody? o ky < meag ~ My — My,



J/w %XC()’Q(lP)”Y%X”Y

dl’ 32 a ky [21a2
TS TV sras | ot)P
— VUV 14 1/2 — VUV
° alky) = - 3(1)n(L3V—|)_25 ) 3(28— If)l(l +)1/)3 2R s myi==n)/(v)

v = \/—Ej/zp/(kffy —Ej/y)
o Voloshin MPLA 19 (2004) 181

[ ] a =
k k2/(2E; )% for ky < mea2 ~ Ej



The two contributions are of equal order for
Mg 2> k,y > mcag ~ _Ej/w;

the magnetic contribution dominates for

it also dominates by a factor E?]/w/(MJW — My_)? ~ 1/aj for



Fit to the CLEO data

1500
CLEO data

__ pNRQCD: M, =2.9859(6) GeVI, =0.0286(2) Ge

background 1
--- background 2

1000

Neventébi n

500

0,4 0,5

0,1 0,2 0,3
k, (GeV)

M,, = 2985.9+ 0.6(fit) MeV T, = 28.6+ 0.2 (fit) MeV

e Besides M, and I';,, the fitting parameters are the overall normalization, the
signal normalization, and (three) background parameters.

e M, is larger than CLEO’s value (=~ 2982 MeV) because of the use of a
non-relativistic BW (50% difference) and no damping function (50% difference).

o Brambilla Roig Vairo AIP Conf.Proc. 1343 (2011) 418



Further applications

e Weak coupling:
tt threshold production, Y(15), n,(1S), J/v, n.(1S), B. observables (masses,
hence my, mc, hfs, widhts, electromagnetic widths, radiative transitions, radiative
decays, ...), also relevant for Y(2S5), n,(2S), x»(1P) observables.

e Strong coupling:
lattice NRQCD, pNRQCD, exotic quarkonium states (hybrids, tetraquarks, ...),
qguarkonium production (factorization), exclusive hadronic decays, hadronic
transitions, ...

e Quarkonium at finite temperature:
guarkonium thermal production, quarkonium dissociation and regeneration in a
fireball, spectral functions, free energies, ...
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