Rare and radiative decays X¢J

within the NRQCD approach

Nikolay Kivel
ﬁ HELMHOLTZ

|Institut Mainz

in collaboration with M. Vanderhaeghen

JHEP 1602 (2016) & arXive:1703.10383 (2017)
XCJ_’e"'e- XCJ — VY

Radio MonteCarLOW workshop, June 30, Mainz, Germany




NRQCD factorisation framework

muv? < muv < m el

There are 3 well separated scales
infegrafte out hard modes Bodwin, Braaten,Lepage 1994

eff. Lagrangian + power counting

= systematic approach

QCD NRQCD
el
QED NRQED

essential regions of loop momentum Beneke, Smirnov 1997

hard ko~m  k~m  pQCD

soft ko ~mv  k ~ mu
potential ko ~mv® ko~ nonperturbative
ko ~ muv? E ~ mu?

ultrasoft



NRQCD factorisation framework

J/U(?S;) = ete”

7, 0
dae?

LJ/U — ee] = Ve

[R10(0))? (1 _ 5.33%)

T

|R10(0)]? = 0.81 GeV®  Buchmuller-Tye potential
Eichten, Quigg 1995

theory |
LO+NLO estimate experiment

Br[J/U — ee] = 5.4% Br[J/¥ — ee] = 5.971 £+ 0.032%



NRQCD factorisation framework

Had =29l RL.(0)]? Qg
288 5 4 |R/21(O)‘2 X
Plxes =l = 5 e M?m? (1 g 533?)

Fichten, Quigg 1995 B.-T. potential  |Ry;(0)]2 = 0.075 GeV®  m. = 1.5 GeV?

theory
LO+NLO estimate experiment
Brlxeo — 77! 3.1x107% (2.23 £ 0.13) x 10~*
B s o Pl s = G S 01140 5 1l

Ratio 1.48 0.81



The amplitude for X.;—e*e- decay

A

A

hard{\ +

AN

ultrasoft

The hard and ultrasoft contributions overlap and can be described
consistently within NRQCD & pNRQED framework

Anara ~ R51(0)T7[éc(0) — eTe™]

2 2 9 2

o m o m 1
T 1 ~ In —=< T o ~ | < —(In2 —1+1
R . 2{nu%+3(n —I—’m)}

Kiithn, Kaplan, Safiani 1979 wp ~ M — 2m, Ti—o ~ ™y



The ultrasoft contribution in Xc;—e*te- decay

ultrasoft photon cannot resolve quark degrees of freedom

NRQCD ===l |ow energy effective theory

degrees of freedom: soft photons & mesons:

£eff includes exact and approximates symmetries of NRQCD
in a systematic way using 1/m expansion: HHChPT

XeJ XedJ

£

ultrasoft

ultrasoft B, < pp

Heavy Quark Spin Symmetry : ultrasoft photon does not resolve
spin of heavy particles



Effective Lagrangian

Casalbuoni et al, 1993

€ 17 7 — T = 1 7 —
L = eeq fv{XQWjEHr\/§X1-(w><E)+—><0¢-E}+(¢%w’,f7—>f§)+---

V3
Xes = J[¥ +7 Y = Xes
(XCO) 5.87 6.5 (XcOﬂ)/)
A (116050 ~16.0 FHIER S G = 7.0
(xe2)6.03 8.1 (xc2Y)

ffy e \/QMX \/2M¢% /O dTTgRgl(T)Rlo(T) EiCht@Il ct al, 1978, 2004

W < (0



The results for widths

_ 1 1 2 ae? 1 5
F[X61 —ete ] — E X ’C%) (MO) <O( PO)> + mg ﬂS(MO)’
r Fem] = LM 102 (10) (OC Py)) + .S (o)
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S = i (OFE e (1n2 —1—1In % —~ 7577) + fL{O'(°51)) ]@ (ln? —1-In \/Kﬂ)
X X
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A= (Mg —Mj,4)/2M, Eichten, Quigg 1995

Buchmiller-Tye potential

3 /
(OCF)) ~ Bz (0) R, (0)[2 ~ 0.075GeV"

(O(°S1)) ~ R10(0) IR10(0)|? ~ 0.81GeV?

<O/(351)> g RQ()(O) ’RQO(O)‘2 = O53G€V3



Numerical estimates

mc=1.5GeV NK, Vanderhaeghen 2016

£ 54

1o, MeV [[xc1 — e et], eV ['[xe2 — e eT], eV
300 0.060, - 0200973 - 0.023;, = 0.091 | 0.036, +}0:02073 -+ 0.016;, = 0.072
400 0.063, + 0M0135Y + 0:011;, = 0.087 | 0.038, +0M0I7H% +0:013, = 0.068
500 0.0665 + 0001155 +0.004;, = 0.032 | 0.040, +H0:01555 +0.010; = 0.065

Comparison with other estimates:
A : . Ilxer — eTe ] ~0.46 eV
Kiihn, Kaplan, Safiani 1979 generalized VDM model Tles — €+€_] oy

Denig, Guo, Hahnhart, Nefediev 2014 VDM model T'[x.1 — eTe™] ~ 0.1 eV

Czyz, Kiihn, Tracz, 2016 phenom. model (VDM?) [xe1 — e+e_] ~ (0.078 eV
T[xe2 —eTe™] ~1.35eV

vy + /|y | /| QED+ZT
I'(xe, =+ €7 e ) [eV]| 0.078 [0.073[0.003| 0.071
I'(xe, - €eTe”) [eV]] 135 [0.032/0.975 -




Radiative decays Xc; — VY

Data: CLEO & BESIII

Branching fractions in units 10-*

e el 2 VY| Xl = Yy eo 2 Vo B
870 220 £ 18 184.8 =+ 15.7 35.2+7.4 <9 < 20
YW 09 £ 8 51.8 £ 8.9 17.3 £6.5 < 8 <6
”7¢ 45 Ae ) 17.7+4.9 7.3 3.6 <0 <8
Theory ?

Gao, Zhang, Chao 2006, ‘07

Chen, Dong, Liu Eur. Phys. J. (2010)

These decays must be simpler then pure hadronic decays ...




Radiative decays Xc; — VY

Agv : Xeo = V(Av = £1)y(Ay = 1)

A%V ; Xcl()\X =0) > V(\y = ::1)’}/()\/y = +1)
Aly 0 xa Oy =£1) = VO = 0)y(\, = £1)

Color-singlet mechanism: decays with longitudinal V| are dominant

% V
I 1 v,

X cJ




Radiative decays X3 — V|| Y

w2 1 T 1 1 3 3 1 1
ReT - —— — — “_1n%*2 —— —— — —]1In2 —— + — — Inx
eT1 (@) 1273 43° +( 72 47 43,«) . +< 1z 4z 23:—1) n
x _ 1 3 1 1 3T | o X
Fgmena (g g g gy ) e g a2
L2 (Li 1 - |+ Li[l— 20 + Ti[1 — 2] + Li [~5/2] — Li 22— 1] ) + (= — )
—_ 1 _ _ —_ —_ —_ _
23_33 233 1 Xz 1 i 1 X/ 1|20 i x),

Im T (z) = 4;;3 ((1 + z(2z — 1)) + 222 In[2]) + (z — 7)



Radiative decays X3 — V|| Y

20 Vira [ ae ol @ a2

mec

decay const. f,=221MeV, f,=198MeV, f;=161MeV,

| (z) Light-cone distribution amplitude

describes the momentum-fraction distribution of partons at zero
transverse separation in a 2-particle fock state

This function is well known in literature!

Model ¢v(x,u) = 6zx {1 + CL;/(,U)C?)/Z(QCC — 1)}

p=1GeV  gf =a¥ =0.1540.07, a = 0.18 4 0.08

Ball, Braun 1996, 1999

QCD SR Ball, Braun, Lenz 2006



Radiative decays X3 — V|| Y

Theory vs. experiment : only the color singlet contribution

branching fractions in units 10-*

(% <,uh <2mc

P W 9L
Xa 2 Viy | isgariszaer | 136118555 | SL3TERS
eXp. 184.8 :|: 15.7' 01.8 £ 8.9 8 = 2L
e Vi | asgrar | 04STRNE | 09%5Y
CeXp. = 20 | <0 < 8
Brx, —wypy] 1 clear indication about
Theory o 170 (0.28) significance of the

Xe1 = P\

color octet contribution

<V(p)|‘]e'um‘XcJ> — <V(p)‘ Z €q CTVMQ‘XCJ> r <V(p)’66 E’YMC‘XCJ>

u,d,s

SU(2) breaking
color octet mechanism



Radiative decays X3 — V|| Y

Theory vs. : only the color singlet contribution

branching fractions in units 10-*

VP W VP
1.649.2 4.2121.4
Xc1 — V)| Rl 13.67 15763 31.37535 1435
EXP. 184.8£ 15.7. 51.8 = 8.9 17.7£4.9
0.008+0.12 0.0240.26
Xc2 = V|| R 0.197 570070 08 0.417 57057018
exp. < 920 <6 < 8

color octet contributions c-quark 2 ~0.3 a,(2m?) = 0.29

Al ]~ ag() ~ 1

s1ng

],

ct

SU(2) breaking

H B Ug Os\Up) ~ UV ~ U.
(only w and &) /{AW] /s (pn) 0.5

sing

],

ct



Radiative decays Xc; = V1Y

color singlet aollor e bt

Vi (w, P)
@ l [A%V] oct/ [A%V] sing N

large ambiguity

b C

Twist-3 DAs
1
A(o;) = 360300 a0 (1 0 w§4§ (Tag — 3)) G(ay) = 5040 (3w§ afazas

V(i) = 540(3w3 aragai(ag — ax)

1w =1GeV
p and w-mesons : (3 =0.030+£0.010, wi=-30+14 wi =50+£24
¢-meson : (3 =0.0244+0.008, wi =-2.6+13, wY =53%3.0

Ball, Braun 1996, 1999
Ball, Braun, Koike, Tanaka 1998

Ball, Braun, Lenz 2006

w§ (1 =1GeV)| < 1



Radiative decays Xc; = V1Y

color singlet aollor e bt

Vi (w, P)
@ : [A%V] oct/ [A%V} sing N

large ambiguity

b C

only the color singlet contribution
[ =222.4 (5(—9.82 + 4.78w4 + 3.31wy )’

[y =168.7 (5(6.5 — 3.3 wi + 2.9 wy + 733.6 wS)’

B — 1812 ¢5(—3.3+ 14w +83wY Fi356loas



Radiative decays Xc; = V1Y

color singlet

. ) NSNS ,
{:::g _E%%' only the color singlet

branching fractions in units 10-*

Xcl — VJ_/V

C3 wg“ w:‘g/ w? P W @
(35.2 £ 7.4) (17.3 £ 6.5) (7.3 £ 3.6)

0.03 | -2.2 | 2.8 | -0.037 929 6 20 8 43

0.03 | -4.4 | 5.9 | -0.043 30.0 13.9 8.5

0.04 | -2.5 | 3.7 | -0.041 39.2 13.5 6.5

0.04 | -3.4 | 5.1 | -0.038 33.2 14.2 6.2

Xe2 = V7 Xco — Vv

: p W ¢ p W ¢

Da’rq can Pe described T i — = - =

including small 34 || 018]| 26 2.0 || 0.17|| 0.66

3g contribution 17.2 0.7 6.5 040 | 0.05 | 0.15

7.1 0.40 5.6 1.9 0.16 | 0.54

16.3 3.6 6.50 || 0.62 | 0.09 | 0.23




Radiative decays Xc; = V1Y

color singlet aollor e bt

. - %ﬁﬁ (w, b)
{7 L Al [ iy ~

large ambiguity

only the color singlet contribution

Data can be described including small 3g contributions

Brix. — 7p] > Br(Xe — 7p] > BriXo — 7P

Br(x. — vp| > BriXe — 7¢] > Brix., — yw]

Br|Xe = 7¢] 2 Br|Xa — V9]
Precise measurements
of Br[Xc2 —Yyp]

can help to reduce theoretical ambiguity






