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@ Below DD threshold: ~ DD ¢

complete HQS multiplets 3500

(e, J /) (7727 W)
(h(:7 XCJ)

cc meson masses & (most) transitions described by potential model

@ Above DD threshold:

X(3872): bound state of D°D*" + c.c.

new 1~ states: Y(4008), Y(4260),Y(4360),Y(4660)

charged states! Z=(3900) — J/¢n™ (2013) (BESIII, Belle, CLEO-c)

others whose JPC, nature unclear
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New Bottomonium Resonances
@ Z(10610) and Z(10650): resonant structures in
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T(55) = Zym = T(nS)rtn~ charged, quark content: bbud, bbud

® quantum numbers:; I¢(JP) = 1+(17)
® BRB* threshold: 10604 MeV B*B* threshold: 10658 MeV
@ large widths ~ |5 MeV (unlike X(3872))

Molecular hypothesis A.E. Bondar, et.al., PRD 84:054010 (201 )
| Zy) ~ |B”B) | Zy) ~ |B*B — BB
i €k ()ngjqu)<%5Q0kXb) | ) (X30"%q) (Waxe) + (X5¥q) (Wa0* Xb)
= (x0) (Yo ¥a) — (50" x6)Wo¥a) = —(Xx6) (Vg0 %e) — (X50°Xb) (Yga)
~ Uy ® 1o, = 15, ® 0y » ~ 03 ® 1gq 15, 0, -

ok oo I N
Z) = E(ogbcﬁmc_)q—15bcs:oqu) 1Zy) = ﬁ(oﬂb®qu+15b®0QQ)



If Z,,, Z, are equal (orthogonal) mixtures of S;; = 0, 1 then
® F[Z,Sl) — Y| and F[Zél) — hym| can have similar rates
otherwise one must be suppressed by O(Aqcp/my)* ~ 1077

@ Interference effects in Y(55) — T (nS)nm, hy(mP)rwm

destructive f:ons;ructlve
interference Interrerence
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@ Discovery of Z(3900) - eTe”™ — Y (4260) — J/ym ™
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also confirmed by CLEO-c

unconfirmed resonances Z. (4430) — ¢ (2s)r", ZF(4050), Z(4250) — xcm ™,

M+ = 3899+ 3.6 + 4.9 MeV
[, =46 =10 + 20 MeV

M.Ablikim et. al. (BESIII), PRL 110,252001 (2013)

My = 3894.5 + 6.6 + 4.5 MeV
[, =63+ 24+ 26MeV

Z.Q. Liu et.al. (BELLE), PRL 110,252002 (2013)

T. Xiao, et. al. (BELLE), arXiv:1303.6608

(Belle 2007-2008)



@ Z.(4025)in ete” — (D*D*)*nT Vs = 4.26 GeV

80F  _4data —-Z(4025)

~. 70F — total fit -~ comb. BKG

§ = --- PHSP signal

3 60;_ Wws

E 50F m(Z1(4025)) = (4026.3 + 2.6) MeV /2
o 40F ['(ZF(4025)) = (24.8 + 5.6) MeV.

o 20 . |

> - M. Ablikim et. al. (BESIII), arXiv:1308.2760

W 10

RM(r) (GeV/c?) B
@ manifestly exotic states:  Z. (3900), Z (4025) ~ (ccud)

@ only Z(4025) within a few MeV of open charm thresholds



@ search for Z. states in ete”™ — h.mt 7~ see ZCJr (4020) — hem™

no statistically significant evidence for Z1(3900)

© 1201

> E l my = 4022.9 £+ 0.8 £ 0.27 MeV

2 100

R | Iy =7.9+27+26MeV

e 5

% 60 + JY =1"

= { < 4.0
40 ;+ M, (GeV/c?) M.Ablikim et. al. (BESIII), arXiv:1309.1896
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Z£.(4020) = Z.(4025)? similar mass, very different wi

dth...



Theoretical Interpretations of Z.(3900)

@ molecular S-wave DD state charm(-ing) cousin of Zy(10610)

24 MeV above threshold? Predicts JP=17

Q.Wang, C. Hanhart, Q. Zhao, arXiv:1303.6355

@ tetraquarks

diquark-diquark (Qq)s(Qg); JP=1" L. Maiani, et. al. PRD87 (2013) 111102
hadro-charmonium (QQ):(7g):  JF=I" M.B.Voloshin, PRD87 (2013) 091501
Born-Oppenheimer (@Q)S(@% JP= |- E. Braaten, arXiv:1305.6905

@ Exptal. observations that could elucidate structure

- measuring J°
- relative rates to para-(n., h.) and ortho-charmonium (¥, xc)

- rates to DD*
- partner states



X(3872), Z(10610) and Z(10650) in
Non-Relativistic Effective Theory
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D. Canham, H.-W. Hammer, R.P. Springer, PRD80:014009 (2009)
H.-W. Hammer, T.M,, E. Braaten, PRD 82:034018 (2010)

T.M,, R. Springer, PRD 83:094001 (201 1)

T.M.,, J. Powell, PRD 84:114013 (201 1)

T.M.,, S. Fleming, PRD 85:014002 (2012)

T.M.,]. Powell, PRD88:034017 (2013)

A.Margaryan, R.P. Springer, PRD88:014017 (2013)



@ X(3872) ) )
Case for Molecular State DY D% + D*YD°

@ XEFT: Effective theory for X(3872) Production/Decay

KSW-like theory of D D™ bound states

Universal Predictions (LO) X(38_72) — DD
DTD*0 — X (3872)n ™
D™ X (3872) — D™ X (3872)

Range, Pion Corrections (NLO) X (3872) — D’D7"

Factorization Thms. for Decay to QQ X(3872) — XcJ7T(7T)
X (3872) — ¢ (25)y

P (4040) — X (3872)~
Y (4160) — X (3872)~

® New Bottomonium Resonances, Z,(10160) and Z,(10650)

Heavy Quark Symmetry predictions for binding ener%les widths,

lineshapes in T(55) — B *) B



X(3872)
@ shallow bound state of D D% o+ DO DY+
® Decays: X (3872) — J/ym ™
—, DOPHOLO

'y < 1.2MeV — DDy

angular distributions in J /¢y

Br[X (3872) — J/ynta—nY]

Br|X(3872) — J/ymTtn~]

= 0.8 =

X (3872) — J/ynta 0

require JP¢ =1

— J/Yy (C=I)
— P(25)y

LHCb, PRL 110 (2013) 222001
S-wave coupling to DD* + DD*

- 0.3

X(3872) is mixed state
w/ 1=0 and |=1



@ extremely close to threshold:
M~ — (MD*O -+ MDO) = —0.16 = 0.26 MeV

myx = 3871.68 = 0.17MeV  (from PDG)
mpo = 1864.86 &= 0.13 MeV
unique among proposed molecules: Y (4660) : (4 fo) Ep = 2+ 25MeV

e~ T/a 1

Universality: (1) o a=11.2"73%fm B.E.=
@ Universality: ¥ pp«(7) . 4.8 21D D 02

Long distance physics of X(3872) calculable in terms of scattering length,

known properties of D mesons - Effective Range Theory (ERT)
(M. B.Voloshin, E. Braaten, et. al.)

@ Attempts to extract resonance parameters from line shapes in
X(3872) — J/ep 7t~ and D°D°7” yield similar scattering lengths

E. Braaten & ). Stapleton, PRD 81:014019 (2010) C. Hanhart, et. al.,, PRD 76:034007 (2007)
Y.S. Kalashnikova & A.V. Nefediev, PRD 80:074004 (2009)



XEFT

S.Fleming, M.Kusunoki, T.M., U.van Kolck, PRD76:034006 (2007)

@ Non-Relativistic Propagators |

D D m Q2
@ Contact interactions, Pion Exchange

XX XK

Co~ Q" Cop” ~ Q" Bie-pp~
® Power Counting

PD ~Pr~ U~y ~Q y= \/—Z,uDD*B.E. < 34 MeV
@ M, ~ Apg ~ 140 MeV are large scales in X-EFT

similar to KSWV theory of NN force
D. Kaplan, M. Savage, M.Wise, PLB 424:390 (1998), NPB 534:329 (1998)




LO - reproduce ERT prediction for X (3872) — D°D"7"

M.B.Voloshin, PLB 579: 316 (2004)

Ao ¢
dppdpy,  32m3 f2

1 I
st P+ ]
( ) pp+7*  pp+73

0

NLO - range corrections, non-analytic corr. from 7"~ exchange

a) b)

Wavefunction Renormalization




® X (3872) — D’D7” at NNLO
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@® Corrections dominated by counterterms, pion loops are negligible

@ Agrees well with recent calculation with nonperturbative pions
Baru, et. al., PRD84:074029 (201 1)



Other Universal Cross Sections
@ D Meson Coalesence H.-W. Hammer, T.M., E. Braaten, PRD 82:034018 (2010)

1.5 IIIIIIIII | IIIIIIIII
N E, =0.125MeV
e 1.0 —  E,=025MeV - 0 =
= NN ~Ec=05Mev | DTUD* — X(3872)n ™
= \ —--- E, = 1.0 MeV
N~
<

p°M. [MeV]
@ also X (3872)mr — DD*, X (3872) — w X (3872)

@ only input is X(3872) binding energy

@ D-X(3872) scattering (three-body calculations)
D. Canham, H.-W. Hammer, R.P. Springer, PRD80:014009 (2009)



X(3872) Decays involving Quarkonia

S.Fleming, T.M., PRD 78:094019 (2008), PRD 85:014002 (2012),T.M., R. Springer, PRD 83:094001 (2011),
A.Margaryan, R.P. Springer, PRD88:014017 (2013)

unknown parameter calculate in HHChIPT
© Factorization Approach l l

['[X(3872) — ¢(25)7] = |¥pp(0)]* x o[D°D*® + c.c. — 9(25)9]

D Y D* Y

D (0

pr Y
meson exchange short-distance
@ Predict relative rates for I'[X (4872) — x. 70| =T
: : .. +0.6 . +0.18
FO . F]_ . Fz .o 3.5_05 . 1.2_014 . 1

@ Angular distributions in X (3872) — 9(2S)y 1(4040) — X (3872)y 1/(4160) — X (3872)~

can be used to disentangle meson exchange, short distance contributions



© Hadronic Loops F K. Guo, et. al., PLB 725 (2013) 127

v v Y g & 2
D° D '3 5 Dy D;
1 1 1 1
D-O D-U DU D-U DO
»_ X (3872) X X (3872) p X (3872) & X (3872) S X (3872)
DU DU D-U DU Dol)
(a) (b) (¢) (d) (e)

NREFT loop is finite N S R g v

—

W

S
T

predictive if hadronic couplings can be estimated

100

Calculate rates ¥ (nS), ¥ (nD), Y (4260) — X (3872)~

Estimates for ¥ (4160) — X (3872)~

I(W(nD)->yX)/(gsx GeV)* keV

compatible with factorization approach

A.Margaryan, R.P. Springer, PRD88 (2013) 014017

M, [GeV]

@ assumingY(4260) is D|D molecule predict large rate for Y (4260) — X (3872)~
Y (4260) — X (3872)7 recently observed by BESIII !

@ current EFT calculations do not include charged mesons; argued to be important in

F.Aceti, E. Oset, PRD86 (2013) 113017

work in progress J.Z.Lin, T.M.,R.P. Springer



Heavy Quark Spin Symmetry Predictions
for Zp(10610) & Zy(10650)

A.E. Bondar, et.al.,, PRD 84:054010 (201 1)
Hamiltonian M.B Voloshin, PRD 84:031502 (201 1)

= (8 8) + (8- 8) = & (S - Souw) — 5 (B Bowp)

Quark Model Wavefunctions S5 ® Sy4

Wai 104 ® lg 20
Wit oo ® Ly binding should only
J=1
A y depend on S5
Wio 9 Ogg ® 0gg + 2 1og ® lqg P
V3 1 expect similar states
Wo: — 15 ® 1y = 0o ® g .
° % iR a2 g e =h in other channels
Z' E O ® 14g 7 1og ® Ogg



Spectrum and Transitions X6S)

s 7’
Strong Decay Widths
B:B* Z{, - Wl:(] r",l , '-'I _‘l/vw_
Tm, hom, mop M, X7, Lp xsm, Lp 3 1
) ' /
, =§P(Wb0)—§F(Wbo)
BB _Zl"’_ ;’-.‘."lﬂ*’_
T, hym, Nop xsm, Lp
BB _V!Vw_
T, XbT, Tp
FELTE): 15417 140~ ) 15 1 (2

Radiative Decays
3 1
fWaoy) : f(Wiem) : fWern) : f(Whay) = Jw + 3 wp 2 3wy« 5w



Effective Field TheOI”)' T.M., . Powell, PRD 84:114013 (201 1)

t ; 62 A C ()
L = Tr[H! | i0p + — Hy| + ZTT[HGU H, o'
ba

2M
_ ) oL Ao
o % - e [, 1
+ Tr[H] (260+ 2M) be] o g 4TT[HaU H,o'l
Coo ot rrt Ir i Co1 7t .t gt s
~ —p DA HHH,) ~ = Tx[Hlo' Hl Hyo' By
Cii Cu

— TTT[RZT;;'HLHN@EU] — Tﬁ[HlTi'UiH;HbTég'Uiﬁb'] -
oL (W&*Wgﬁ_ + 28z WTTWA LY W Wé‘&)
A

~2Cy (Witwit + 2411 249) |

interpolating fields Wi = 1WA+ Bwg Wit = SBwi4 - Lwg
2 e = . . | o
il —\/ﬁ(V;Tﬁ,Pb—PaTﬁ,VJ) W¢ = PuriB Wit = —ﬁ(vgfr;ipﬁparg},v;;)
. || —— .
. T - LAy AN Ay/i AY
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Solve coupled channel problem in EFT

B 47 —7+ +/M(A - E) —ie
i M (v, — v/ M(A - E) —i€)(v4 — /M(2A — E) — i) — 72
7 _ _47r V-
Z2'Z ZZ M(%L_\/M(A—E)—iE)(’Y+—\/M(2A_E)_i6)_7E
A —7++\/M 2\ — E)—z’e
Izz = ’

M (v; — /M(A — E) — i€)(7+ — /M(2A — E) — i€) — 72

HQSS predictions Decay Rates, Binding energies
I'[W)] =T [W,] = gP[Wo] - %I‘[Wé] M.B Voloshin, PRD 84: 031502 (201 |)
1
T[2] =T(Z] = 5 (T[Wo] + T[Wo)) (new)

Factorization approach yields predictions partial widths



Z(10610) and Z(10650) in Y(55) — B* B&™)

Belle, arXiv:1209.6450, R. Mizyuk’s QWG201 3 talk
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Explicit calculations of 2-body Decays

Wy — mm] = 87:::;552 Grr — 299 E.( Eq— ) A)]z x O (36)
W~ ] = Gt [grr — 20ge 5 (14 357 5)] X O

oot = S oo - SER ofi 2<o
B === Zﬁﬁj [g“ _29”%(” 3E, /_\.)] +§[QQT§2E B Ar

corrections to HQSS from phase space, kinematics
['[Wy = m,(3S)] : T'[Wy— mm(38)] : I'[Z = 7T (3S)] : T'[Z" = nY(39)]
=0:2622.0: 0.62: 1 (Ay =0),

[[Wo — m(3S)] : T[W! — mmy(39)] : T[Z — 7Y(3S)] : T[Z' — 7 Y(39)]
=0.12:21:041:1 (|| = 00).



EFT analysis of Y(55) — B B®n

@ 140MeV < E. < 270MeV PB < 1 GeV non-relativistic, chiral theory can be applied

T.M,, J. Powell, PRD 88 (2013) 034017

Use data on T (55) — BMBM™ to determine Y(55)B™ B™ couplings

requires HQSS violating contact interactions

® Tree Diagrams

T
Y(5S5) — B*Bm /
grr _l_gTﬂ'
T
Y(55) — B*B*n =
gre = Gy

: / : , :
Determine gy r, gy, by reproducing measured branching fractions



Loop corrections to Y(5S) — B*Bm

i oy B Ly B oy B P <
T § i T & T
B° B B B B

Power counting Loop Q° Propagators Q°

Derivatives Q2 C_. Contact Q_l

— Q" same order as tree graphs




Dressing amplitudes

\\\ . M p«p=
M= leading contact interactions or loops
iMpp-
: 00 Yp-g(E) 0
T-matrix — ¢c=( """ | = o T B Q
S 58 0 Ypp(E)

D O OO -

1 = 1—CZZ—|—CZZCZZ—I— x —1C

—<—<><—<><><

Mdressed — ].—CEZ-FCZZCEZ—I-) ZM
= (1—|—Tzzz)ZM = —-T7z0" LM

contact interactions loop graphs



Lineshape for Y(5S) — B*Br

| BN S N N SN N R SR EE B SN SN BN SR RN SN R S SN B RN SR RN RN SR R S R R E—
_ solid - EFT d
i | dashed - phase space
! . :
o | |
S 20f =
> = .
w - —
Z
L o "
10 -
0 — } { LI
] L1 | 1 1 [ | 1 ] 1 | 1 1 | 1 [ | ! 1 [ | 1 1 1 L1 1 L I
10.60 10.62 10.64 10.66 10.68 10.70 10.72 10.74
MBB*

fit T-matrix to poles determined in T(55) — Y (nS)nr 7, hy(nP)n 7

undetermined coupling constants to total rate



Lineshape for Y(5S) — B*B*r
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Conclusions

@ Plethora of XY/Z states in charmonium, bottomonium
states close to open meson thresholds: X(3872), Zo(10610), and Z»(10650)

EFT’s for shallow bound states similar to those
developed for nuclear physics (deuteron) can be
used to study the properties of these states

@ Numerous processes calculated, many untested predictions

@ EFT calculation predicted large rate for Y (4260) — X (3872)~
recently observed by BESIII !

© HQSS predictions for the Zy(10610), Z,(10650) using quark model

can also be obtained using EFT, include corrections
@ Line shape for Y'(55) — B*B(*)Wcomputed using EFT

far from clear that EFT is working, does illustrate importance of FSI
incorporate exptal. resolution, width of the T(5.5)

range corrections



Additional Slides



Energy Scales from Pion Exchange in the X(3872)

0
® 7T exchange

A =mp- —mp ~ 142 MeV m.o ~ 135 MeV
D~ D 2 — =% 2 = . X
g q-€q-¢ g (q-€q-c

21272 — A2+ m2  2f2 J2—p2

oscillatory rather than Yukawa-like potential
D D* M. Suzuki, PRD 72:114013 (2005)

® ,°=A%—-—m2~ (44MeV)? - new long-distance scale

@ binding momentum: v = /—2upp-B.E. < 34MeV
@ X(3872) — D'DxnY T. <6MeV Tp <3.2MeV

> Non-relativistic DO, D*O, 0



® Perturbative Pions and the X(3872)

Nuclear Physics: NN scattering

T -4 a(L) T _ (%) M. B(L)
1 2f2 My L1\ 272 A7 Moy
2
Expansion parameter: GaMnmy 1

& f2 2

NLO ~30% accuracy, fails at NNLO

S. Fleming, T.M., |. Stewart, NPA 677, 313 (2000)

X(3872): 9ga=125—g~0.5-0.7 My — U

g°Mpp 1 1
8 2 20 10




XEFT computation of X (3872) — Quarkonia + X

|) include quarkonia explicitly in HHChiPT Lagrangian

HQSS, other symmetries are used to constrain form of Lagrangian

2) compute DY D*Y + ¢.c. — Quarkonia + X

3) match onto XEFT and compute decay of X(2872)

Reproduces X(3872) factorization theorems
E. Braaten, M. Kusunoki, PRD 72:014012 (2005)
E. Braaten, M. Lu, PRD 74:054020 (2006)

ignorance of short-distance structure of X(3872)
reflected in XEFT matrix elements, also unknown
HHChIPT couplings limit predictive power



® Example: X (3872) — XC,JT('O in X-EFT

Ii — Jj liij — {Tj (Xij | 1 i.i'lif 5ij
s 2 I '
/3 Xi /30

ro— It i T i
=S Tr\x""H, 0" H,| + —Tr[ T H,o" Hyle; 1 A%, + h.c.

\,,—’/.
. o) Xc0s Xe2
Xc0
H\\ 'C (E ) D = Y, O
_\ i Oxolfmo) = VT
) dm VETVE) T
9 " XeJ
Xel \\\




@ calculation of X (3872) — x. ym° in X-EFT

Interpolating field
for X(3872)

P[X(3872) — X T] =

Py
M x 727Tf2

—Z| (VP +VP)X,\)[2 e

T

XEFT matrix element

@J|CX,J(E7T,J)‘2

x IM(D°DY + c.c. — yoym?)|?

@ Predict relative rates to XcJ for J = 07 17 2

S. Dubynskiy, M.B.Voloshin,PRD 77:014013 (2008)

S.Fleming, T.M., PRD 78:094019 (2008) PRD 85:014002 (2012)



@ Comparison w/ direct evaluation: a0

e

X(3872) O XeJ

/d4l 1 1 1
Ex —A+y— 2 —lp e - Ex +1lyp— E; (l=px)®

2m p* 2mp 2mp
_ /d3l 22MDD>; 12 T 1 /dgl 214D D+
P+ B - A 2fni,D* 277};; E.—A [2 + 2

L1 O(Q*2/m_D)
@ direct evaluation + multipole expansion is equivalent to

matching procedure described above

@ drops contributions coming from integrand from
[ ~\/2upp-(Ex — A) ~ 750 MeV
outside range of X-EFT !




Analysis of X (3872) — 1(25)7  TM.R Springer, PRD 83:094001 (201 )

Ql
2m,.

TI'[J*H]_O’ 6H1]+zengr[Jlea EH1]+hC

ef

L = ’I‘r[HTHl G-BQul+ —Tr[H! G- B Hi]+h.c

charmonium superfield J =17, + v -

. (B_) coupling for D*? — D% (D*O — D*OV)
Oy =0+ i rg = B+/0-

M

g2 P-wave coupling of charmonia to D mesons

C1  contact interaction coupling charmonia, D mesons, E-field



® all diagrams O(Q) in HHChiPT counting
® contact interaction gives naive coupling,
a)-c) give rise to new spin structures

® b) enhanced by EEZA
B

~ 4.7 and ock-e_’;;



@ Decay Rate
[[X(3872) = ¥(2S)(€y)y] = Z|(O|;_e (A) (V* P+ V* P)| X(3872,\))|?

by my 2 2
A4+ 0P £ B-C
ot e g
gefy  2E7 geB+EY + B-Ey(Ey+4)
A="3m-m P77 E, +A R

® [''X — ¥7] no longer E,? because of diagrams a)-c)

@ Absolute rate unknown



dT 1-3f;
. . . + p— . 2 A
® Polarization ¥(25) — €747 | g X 1 taces™d | a=T——

/A
Y /—\ ¥(25)

-— X(3872) .............................................

contact interaction constituent decay
i) g2 < c1 d) only ii) g2 > ¢; a-c) only b) dominates

1 1 1B,

fu=gla=—3| T iR varE, A Y

Mo &x - &5 x & o= 091

@ Polarization measurement would shed light on
relative importance of decay mechanisms



3
® Polarization as function of A= — 1~ ~ 13— _ ~ O(1)

920+ GeV—5/2
~ 0.81GeV ™2 from ¢' — J/y =’ (n) 1 .
g2 ~ ¥ B = (356 MeV) " from D* — D~

(Guo, et. al. arXiv: 0907.052 | [hep-ph]) (Hu & T.M,, et. al. PRD73:054003 (2006))

1.0 T T T T T T T T T T T T T T T T T T

0.5

~1.0Ls

® Longitudinal Polarization (a < —0.5) for —3.5 <A <5

(solid line - rg = 1.0 , dotted line - 73 = 0.66, includes A/m. corrections)



® Longitudinal Polarization vs. A

1.0 —

0.0

0.8
0.6
0.4

0.2
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e cTe” — 1)(4040) — X (3872)~ (BES?)

)(4040) produced with polarization transverse to beam axis (LO)
same (crossed) graphs as X (3872) — 1 (25)~

]’0 I ! ! ! ! I ! ! ! ! | ! ! ! ! I ! ! !
| do ‘
x 14 pcos® 6

0.5:_ d cos

) - angle from beam axis

e ~351
G203+

@ JF'C =271 predicts p = 0.08

molecule predicts p =~ —1/3 for most of parameter space




O ¢(4160) —> X(3871)’7 Margaryan, Springer, to appear
1 (4160) D-wave state

g v ; T y F ‘ - ; T '
£ = -i2Tr(J"Jo,0,T—J" J0,0,0)+iETr(J™ Jo ,E,J) A = 3
2 e 2984



Y(55) — BBr
d’I'[T(55) — B+Bo7r‘] . d*(gr — 292)*mpmp PQBP% — (PB - 1_7‘8)2
dEpdEg - 1273 f2 (E.— AP

L[Y(55) — BBn] ~1keV < 0.2 — 0.5 MeV

Y(5S) — B*Br

d’T'[T(5S) = B™*Br] MpBmpgs
dEpdEp = 1927312 (3141 [* + |A2*(9)® + | As|*(3)? + (|A4|* + | As|*)p3 PB
—Re[A} (A2 0% + A3 p% + (As + As)ps - g )

+Re[ALAs + A%As)(Ps - P3)? + Re[A(As + As)| p% Ps - P

+Re[A3(As + As)lps PB - D)

tree ’ E. 2 — 2 BN N 2 o e 2 —) 2 —

AT = (gte+ 0ra) - 9(9} —20)5 FE et AT = - g(g}rE 92) _ g(fgz‘; sizA)gl)
Atrcc — _2g(gT _ 292) ' 29(9T -+ g1 =+ 392) Agree s 2g(gT 5 g1 5 392) g 299’!‘ .
: fE: F(E-+ Q) f(Ex+A) f(Ex - A)
Atree — 29(92 - gl)

’ f(Ex— D)

Y(5S) — B*B*r Similar lengthy expression



.M1—100p (iM}lB—llgop ) ( LZ'lpW * €Y Pr " €z T L%, p;?r €Y - €z )
1 — —

ZMI ey lepw €Y Pr - 6Z+LZp7t' Cr~CZ

1 gm%ﬂ i Il
L, = - + g1 +3g9)F(bgg, B, + A) + — 297)F(bgp«, E;
Z 4/2m 7 [ (9r + 91 g92)F(bps s (QT g92)F' (bp )
Hor— 9)F(bpope, Br = 8)]  F@ = [ty
- . (4—(4+22)y1 -2
F(b,E) = F(B/5)/Vb (SRR ey
(44 2z)vz—1+ 4

= 322 (T2 1)

Scales in loop integrals

2
meB(*)B<*) ~ mBEw ~ 1GeV

p2 <0.05GeV?

2
drop O( U ) in integrals

mybpB



single channel - Watson’s Theorem

jMdressed — IM1+ XT) = 1M (1 - i% T) — iM e cos d

Y(55) — B*Bm

A1 = AT + (9vr + 9vr) 7 2BB*(E) T2z — (9tr — 9vx)— 2B+B*(E) T2z

A;

|
e
3
|
.-
Ny~
N
\N
|
o
N\"‘
S
N

Similar expression for Y(5S) — B*B*x



Tree-level diagrams for Y (55) — B B

B mesons on top half of diagram and B anti-mesons on the bottom

EHHXPT = tI‘(le'aoHa) + %A tI'(HIOiHQO’i) + tr(ﬁlz’@oﬁa) -+ %A tr(ﬁla,-[flaoi)
+9 tr(HaI_{ga) ’ Aab - tI'(HIHbO') ' Aab
+ Lgr tr(YHlo - i0HY) + gy tr(THI H) AY,]

_ T | B T L
+ % tr[(Yo' + o' T)HIid HI] + % tr((o*Yo? + o' To')Hio'id HI)

+ gZ" tr[(Yo' + o' Y)Hio* HI]A® + h.c. .



Tree-level diagrams for Y (55) — B B™)

—( <X <X <X =

B mesons on top half of diagram and B anti-mesons on the bottom

H QSS Lunypr = tr(HidoH,) + 1A tr(H}0:H,0") + tr(Hli6H,) + 1 Atr(H}0:H,0")
+gtr H HIIU ab—gtr(H"Hba')-Aab
conservmg\
N(YHio - i0H!) + goy tr(THIH) AY,]
,[ To' +0'T) HTzB Hf] ,r[ (6'To? + o0’ Yo Hto'za HT]
tr[( '

+ h.c..

HQSS
violating



2

Decay Rates [[Y(S) — BB] = P22 (g, 1 g, + 3,

67 my(ss)

3
Ppmpmps
3T my(s)

[[Y(58) — BB*] = I'[T(55) — B*B] = (gr — 2g2)°

I[T(58) — B*B*] = Pp_Mp-

g5 +3(39r — g1 + 92)°) .
67Tm‘r(5s)( T 3 ))

HQSS
I'[Y(5S) — BB] : T'[Y(5S) — BB*+ BB*] : T'[T(5S) — B*B*] :1:4: 7,
weight by phase space p% 1:83 =43

. experiment 1:2.5:6.9
Couplings

gy =0.112GeV—2 g, = —0.048GeV~32 gy, =0.012GeV~3/2

HQSS expectation  g1,92 ~0.1gy — 0.2 gy

g1 ~ 2 — 3times too big g2 OK



More Predictions for Partial Widths
['[Wy = mm(3S)] : T'[Wg5— mm(35)] : I'[Z = «Y(3S)] : I'[Z' = 7Y (35)]
= 10.26 712105 062 : 1 (Ar =0),

['[Wo — mmp(3S)] : T[Wy = mm(35)] : T'[Z = 7L (3S)] : I'[Z" = 7Y (35)]
—012:21:041:1 (JAx| = 00).

D[Wo = mxen(2P)] : T[W§ = mxe1(2P)] : T[Z = 7whs(2P)] : T[Z' = mhy(2P)]
= .72 » 0.9¢ » 096 : 1 (giplge= OGeV‘l),

3 1 i
LW = nxes(2P)] : T[Wa = mxes(2P)) : §F[W0 — X (2P)] — §P[Wo — mxp1(2P)]
= P81 : 17043 (gry /9y =0GeV ™). (42)



