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Motivation & introduction

@ Most of the observable matter is bound state matter (atoms, molecules,

hadrons) and ...

@ ... a lot of it is non-relativistic (atoms, molecules, heavy quarkonium like c¢

or bb).

Relevant scales in non-relativistic systems:

~2
E~E ~Vem?andp~2Li~my

If v < 1, then m > mv > mv? (hierarchy of scales = EFT)

Hierarchy of scales for heavy quarkonia:
e m (hard scale) QCD (— NRQCD)
@ p ~ myv (soft scale) NRQCD (— pNRQCD)
e E ~ mv? (ultra soft scale) pNRQCD
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Motivation & introduction

o EFTs are the tools of choice for systematic computations. In QCD:
> we have a variety of EFTs depending on physical processes (xPT, HQET,
SCET, NRQCD, pNRQCD, etc.).

» we want to focus on a heavy quark-antiquark bound state (heavy quarkonium)
especially bottomonium (bb, where m = () ~ 4.18 GeV and
v~ 01k 1).

@ Non-relativistic QCD (NRQCD)?:
» arises from QCD by integrating out m = % expansion in the Lagrangian.
» hierarchy of scales: m > p ~ mv, Aqcp.
» d.o.f.: heavy quark and antiquark, light quarks, soft gluons.
@ Potential NRQCD (pNRQCD)?:
» arises from NRQCD by integrating out p ~ mv ~ % = multipole expansion in
the Lagrangian.
» hierarchy of scales: m>> p ~ mv > E ~ mv2.

» d.o.f.: quark-antiquark color singlet S and color octet O states, light quarks,
ultra-soft gluons.

LCaswell and Lepage. Phys. Lett. B167 (1986);
Bodwin, Braaten, and Lepage. Phys. Rev. D51 (1995). arXiv: 9407339 [hep-ph].

2Pineda and Soto. Nucl. Phys. Proc. Suppl. 64 (1998). arXiv: 9707481 [hep-phl;
Brambilla et al. Nucl. Phys. B566 (2000). arXiv: 9907240 [hep-ph].
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Motivation & introduction

/
& n> Y, a2y, 4y

Why to study radiative decays?
@ They are one of the possible ways to access heavy quarkonium states.

@ In particular, they are one of the simplest transitions to be measured for
quarkonia below open-flavor threshold.

@ They provide a probe of the internal structure of hadrons.

59 2
4
r — §0e/meOK; /dr P Ruyo(r) r Ru(r) Al=1As=0
0
3
(0 _ 4 2 K _ _
Fit = gae/meQm_Vz Al=0,As=1
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Motivation & introduction

Experimental branching ratios - PDG3

Mode | Fraction (I';/T)
xbo(1P) = T(1S) + (1.76 = 0.35)%
xp1(1P) — 'T‘(lS (33.9+2.2)%
hy(1P) — nb(lS (5272)%

\-/\_/\_/\_/

The decay width in pNRQCD up to O(v?) corrections

(0)
Ih3p,—nr3s, = rgjl) 1+ R5:1(J) ok k_l (n1—>n 0)

(1) / (0) /
+ (J(J2+1) ) (_ 1+ K )2m 2(1 _‘_2#(3,,,)/2 (n1—>n)0)+2/1 (nl—n o))]

I;o (n1—n’0)

19t — w0y = [ dr rPrN-2Ry, (%Rne)
0

30live et al. Chin. Phys. C38 (2014)
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pPNRQCD - the Lagrangian at weak coupling

e Hierarchy of scales: m>> p ~ mv > E ~ mv2.

o At weak coupling (Aqcp < mv?) the d.o.f. are color singlet S and color octet
O configurations of the heavy gg-pair. The effective Lagrangian is organized
as an expansion in 1 (NRQCD) and r ~ % (PNRQCD):

LoNRQCD = fd3rtr{ST (i&o — ‘imz 4= Vs>S+OT(iD0—%+' - \/o)o}

nf
— 3 FuwaF"? + 3 qiDg + AL+ AL,
i=1

AL = [d3r Vatr{OTF- gES + h.c} +% tr{O'7 - gEO + c.c.} +...
AL, = eeq [d3rVrEw{ST 7. E¢/mS} + VIEw{OfF. E¢/mO} + ...

@ Power counting: p = —iV,, % ~mv; Oy,P=—-iVg, % VAL~ mv?;
E,B~ (mv?)?; Ee/’",Be/me,ﬁ; k,yrvmv2

@ At strong coupling (Aqcp > mv?) one only has color singlets.

pNRQCD E1 transitions Sebastian SteinbeiRer (sebastian.steinbeisser@tum.de) 7/23



pPNRQCD - the e.o.m. and its solution

K
The singlet static potential is given by V, = —Cp 2= {1 + Z (O‘S(" ) ak(v, r)}

ai(v,r) = a1 + 2Boln(ve’cr) (NLO)

2
a(v,r)=ax+ %,6’(2, + (43180 + 21)In(ve™er) + 4ﬁ§1n2(ue”’5 r) (NNLO)

The Schrédinger equation

(372 + V20 50 () = EOW2,(7

with Coulombic bound state (pNRQCD at weak coupling) solutions:

DO (7) = Rut(r) Yem(Q,) = Npge™ % 04 241 (pn) Yem( )
EO) _ - mCRaZ(v) _2r 1

y =

22 0 "7 g m, Cras(v)
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pNRQCD - corrections to the wave function
We can organize the NNLO relativistic corrections to the wave functions® as
@ e

GH= T Y2 Yy Vs

V(2) \/(2) + 1{\/( v2} + VL(22)E2
2 c: 2

VAL S+ V@352 +vis,

2
Vs(D) =

VP = 7 Cras(v)6®(F)
3Cras(v)

where:
CrCac(v)
v )
2 Cras(v 2 Cras(v 2
VO o Gl Y@ Gl @) s
Ve = @), VE) = pde)
with:
p_):—iﬁ, E:F’xﬁ, §=§1+§2, §:g,
512 = 3(? 51) (F 52) — 0102

jz . Ez 7§2)7

[-5=1
4Brambilla, Pietrulewicz, and Vairo. Phys. Rev. D85 (2012). arXiv: 1203.3020
Sebastian SteinbeiRer (sebastian.steinbeisser@tum.de)
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pPNRQCD - Perturbation theory

Corrections to the wave functions

/Z/ V E /El Iél
Ine)® = Z%\ y=3" In 0 g, 1@ = .

(0) (© (0)
n'#n E E n'#n n
"¢ Y(n" 0| [n" ") (n" ¥’ [n" e Y(n" | _ ]1 M(n) \ _ 1
n%é:n E@_ EU) - 2 0) E(O) E E© E(O l £© —H E—E@ = (E,—HY

The Coulomb green function

2

o G(A, R, E)="3 2ELPy(f - %)Gy(r1,r2)
=0

G(r,rn)= Y Gu(n,nr)

v=~0+1
4\ R, R,
Goi(r, ) = mya? (VT) e(PA,;)_)\e(ﬂx,z)
m,C2a2 rn,C a
o FE=— )f = = n(l_G)‘e—>0 - 2:2 (1_6) = A= 1”_€

e—0
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pPNRQCD - Perturbation theory - an Example
i n (1) n / 1 n
(n''10[nt)*™ = ( 4|07( H)'V| €)

_ /d3r1 Cra () O(F) G' (7, ) V() Ynel(72)

4m, s!
= | —N 7P n r
0Oy YTt [ZO g (s+ 0 +1—N)(s+20" + 1)

o0
X /drl 1 V(rl)P§/:1pf,,197%p“eiép""Lie”l( DAY (pnn)

o0
2 00 —lpnaa—ipyag20741 20/ 4
X/dr2r20(r2)p)\72pn,72e 2PrzeT 22 [0 (pr2)L5 2, w 1(pn 2)
0

E”
x / A Y (1) V(1) Y (Q) / A, Y (Q2)O0() Y ()

@ We calculate with A = n the finite contribution, which means performing the sum in s
without the pole (s # n—¢" —1)
@ We compute the divergent term of the sum using \ = \/1": expand in e and finally

pick up the finite term only (O(e®) when € — 0).
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The tensor potential: s-d-wave mixing

o Vr(R) =2 C[r‘i‘ 512(F) = Vs, S12(F) mixes states with Al = 2, since
SiaP) = 3(F - 51) (7-52) = 51 62 = 3V5 { {7 & P2 @ {51 @ o) |

@ diagonal part is included in the spectrum®, perturbative treatment of
off-diagonal matrix elements is derived in®
Iptel | J4l+s' U2 ey N f >
(n'l's' J'my|Sia|nlsmy) = 364 10m, m,(—1) s J ({7 @ P}a||€)(s'||{T1 ® T2}2]|s)

using the Wigner-Eckart theorem we find

i’ ’
(W0 I | Sy2| 1l ) = 61 s6m, myBorsBsr (— 1)+ 21/30 (2e+1)(2z'+1){i 4 i} (g : g)

v o2 0
where (0 o 0);&0 & Al=2

5Peset, Pineda, and Stahlhofen. JHEP 05 (2016). arXiv: 1511.08210.

®Kiyo, Mishima, and Sumino. Phys. Lett. B761 (2016). arXiv: 1607.05510.
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Decay widths of electric dipole transitions

§ o | O €8, i1 Opa|n, £, 5, J; 0) O] — 79)
5 oc | Nn' 08", I y|Op1|n, £, s, J;0)0)2 — rg:iz)
N ; oc | Ot 0,8, Iy |Og1|n, £, 5, 4 0) D2 — T8
; o | O €8, i Opa|n, £, 5, J; 0) )P = 7D
5 oc | @n' 08" I y|Op1|n, £, s, J;0)0)2 = rgz_zl)
5 o | W, 0,5, I3 Opa|n, £, 5, J;0/ D2 = TR)
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Decay widths of electric dipole transitions

0 1 g-r 0 3 g- (FX gnapl(A))
(1) =\ R () Ol (1) =\ g R (1) =2,
=i pij 2 Lo
(0) /3 o hn3pz(/\) r (0) 1 G- €ps, (N)
q)n3P2()\)(r) - E R,,l(l’) \/E ’ ¢n3S1(>\)(r) - \/47F R,,O(r) \6 )

where the polarization vectors and tensors are normalized as:
5!1251()‘) eps, (V) = gnﬁPl(A) “Enp (N) = 5,73/31()\) < Epp, (N) = v

hlsp, (N) By, (X)) = 6ax
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Numerical results

_ __1 -1
nf=3, eQ=—3 Q¢/m= 1370350901

state | T(1S) | xby(1P) | X6y (1P) | x8a(LP) | m6(1S) | he(1P)
exp. masses’ [GeV] | 9.46030 | 9.85044 | 9.89278 | 9.91221 | 9.398 | 9.899

391.1MeV, xpo(1P) = T(1S)+~
o _ m-m? _ ] 423.0MeV, Xp1(1P) = T(1S) + v
7T Tam T ) 4416MeV, yp(1P) = T(1S)+
488.3MeV, hy(1P) — np(1S) +

Me®-(T(15)) = 2mp, + E (mp, as(v))  (T-scheme)
av) = eakny G =G/ —1= G ~ V2 (beyond NNLO)

v[GeV]| 1.0 | 15 | 20 | 25 | 30
of 1ooPs 1=3(,/)8 10.479778 | 0.345836 [ 0.295478 | 0.265205 [ 0.245092
a(v)[GeV~T] | 0.627151 | 0.885286 | 1.0524 | 1.17705 | 1.27659
my[GeV] | 4.98515 | 4.86138 | 4.82374 | 4.80525 | 4.79415

7Olive et al. Chin. Phys. C38 (2014)

SChetyrkin, Kiihn, and Steinhauser. Comput. Phys. Commun. 133 (2000). arXiv: 0004189 [hep-ph]
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Relativistic corrections to the Lagrangian (xp1 — T + )
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Relativistic wave function corrections (xp1 — T + 7)

— 2/7_--45‘
" l:.:"/
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Total matrix elements and decay widths (xp1 — T + 7)

T <
> : e
= 9
-1 ) ) ) b 0
1.0 15 2.0 25 3.0 1.0 1.5 2.0 25 3.0
v [GeV]

v [GeV]

@ Sizable scale dependence induced by the running of a(v) and by the
radiative corrections to the static potential.
. 1 mCras(2)
o Final value taken at v = 1.25 GeV (; = —5~=").
@ Uncertainty band is fully dominated by the scale-dependence.
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Final results - comparison and predictions

Mode LO | NLO | NNLO | cQMm®
Xbo(1P) = T(1S) 4+~ | 21 | 29 | 45733 | 28.07
Xb1(1P) = T(1S)+~ | 27 | 36 | 5435 | 35.66
Xs2(1P) = T(1S)+~ | 31 | 41 | 55137 | 30.15
ho(1P) — np(1S) +~ | 42 | 55 | 12573, | 437

= LO and NLO results agree with the constituent quark model.

Mode Fraction B =" [PDG] | Total width I' [keV]
Yoo(1P) = T(1S) + ~ (1.76 + 0.35)% (2.6113) - 10
xe1(1P) = T(1S) + (33.942.2)% 159752
xb2(1P) = T(18) + ~ (19.1+£1.2)% 2907352
hu(1P) — ns(1S) + (5275)% 240755

= Large (~ 50%) uncertainties due to the scale dependence!

9Segovia et al. Phys. Rev. D93 (2016). arXiv: 1601.05093
pNRQCD E1 transitions
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The RGI approach
00 k

Back to the singlet static potential: V; = —CFM [1 + > (O‘jl(:)) ak(v, r)}
k=1

The Schrédinger equation

QMW+VU)mMa E ()

o The logs in the ax(v, r) steam from soft gluons and should be resummed?®.

@ This then incorporates the correct short distance behavior of the potential
and is achieved by substituting v — 2 for r < v, and also

cmw%aun—a4>P+z( “2) b0

@ We now need to solve the Schrodinger equation numerically!

@ Not treating the logs as perturbations may reduce the scale dependence and
including RGI should improve the results further (success in M1 transitions!?).

1%Brambilla et al. Rev. Mod. Phys. 77 (2005). arXiv: 0410047 [hep-ph].

1 Brambilla, Jia, and Vairo. Phys. Rev. D73 (2006). arXiv: 0512369 [hep-phl;
Pineda and Segovia. Phys. Rev. D87 (2013). arXiv: 1302.3528.
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Preliminary results for the LO decay width

Xp1 — T+
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@ Good and fast convergence.
@ Heavily reduced scale dependence.
@ Including RGI improves the convergence even more.
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Summary & outlook

Summary

o We presented numerical results for the E1 transitions 23P,_ 1, — 135; + v
and 2'P; — 1155 + v up to NNLO (O(v?)) in pNRQCD at weak coupling.
@ The results are reasonable but a non-negligible dependence on the scale v is
observable via:
Direct v dependence induced by the corrections to the static potential.
Indirect v dependence via as(v) and a(as(v)).

@ Incorporating the full static potential in the leading order + RGI diminishes
the scale dependence strongly.

Outlook

o Computing the relativistic corrections to the initial and final state wave
functions is work in progress.

@ Non-perturbative effects might be of the same size as the perturbative
corrections and should be incorporated.
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Non-perturbative color octet effects

@ A higher order Fock state
) consists of a quark and antiquark
w5 o pair in a color octet
configuration and at least one
gluon: AL >
"%' 'é i i d3r V, tr{OTF'- gES + h.c.}
@ E < Aqcp: these contributions
o Sk wn e SpmE wn e vanish (Aqcp integrated out).

T gt T g @ E > Aqcp: contribution at
NNLO; the chromo-electric
correlator reduces to the two
gluon condensate which
factorizes.

, MO oo - . -
MG o = — g"dtt<vac|gEa'(R, t)é(t,0)°UgEL (R, 0)|vac)

% {(0)<n3p eI HE BR3P ) (0) 4 Oy 35, | g =i K =E )t | 351>(0)]
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Non-perturbative color octet effects

fig.,1a+1b 1(_1 2pai bi
Mosp 354y ~ MO 3PJ_m,351+72 (75) (vac|g®E?'0,,EP'|vac)
(0)

x [ OnP,[rGoll Gor|nP,)(® + ©On'35,|rGo1 Gor|n' 5,)(®)]

o We know!?

400 B 6
— 300 OXn|rGol Gor|m)® ~ (QL)
pe = restriction to lowest lying states
g 200 = expect very strong scale dependence
2 100 /.»"f o (vac|g?E?|vac) = —m(vac|asG2|vac)
R - = additional enhancement
10 15 20 25 30

@ Non-perturbative contribution exceeds
the LO by orders of magnitude. It is only
smaller than the LO for v < 1.1 GeV.
= We did not incorporate this
contribution in the analysis!

12\/oloshin. Nucl. Phys. B154 (1979);
Leutwyler. Phys. Lett. B98 (1981)
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