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1. Spectroscopy

Lorentz vector 1-gluon exchange + Lorentz scalar linear confining potential

Vir) = % O‘ST(T) - br
Relativistic corrections implicitly included in spin-dependent
Spin-spin interactions:

HP
Spin-orbit interactions: 3
. X(I°P))
s.o.{cm) 4:04‘5(?') i i é i T
e S (L 1) (24 2) L X(I°P)
s.o.(tp) —1 8V(T) '5_'; §j T
H5 = 2r;;  Ory 2 + ms L X0(13P0)

For given spin, orbital angular momentum & radial excitations generate

spectrum with the meson quantum numbers characterized by given JF¢
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1. Spectroscopy SG, K.Moats, PRD92, 054034(2015) [1507.00024

Bottomonium Mass Spectrum
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Putting it all together:

Initial Final M; M, M Predicted Measured
state state (GeV) (GeV) Width (keV) B.F. (%) Width (keV) B.F. (%)
xb2(3°P2)  glue 10.528 227 91.6
vy 1.3 x 1072 0.005
YY(3%51) 10.355 2.226 9.3 3.8
YY(2%51) 10.023 0.323 4.5 1.8
YT (135) 9.460 0.086 2.8 1.1
Y (22 D3) 10.455 -2.568 1.5 0.6
YY (2% D2) 10.449 -2.482 0.32 0.1
YY (2% D) 10.441 -2.389 0.027 0.01
YY (1% D3) 10.172 0.042 0.046 0.02
b2 (12 Py) e 1.15 0.5
o2 (1P P) 0.74 0.3
xb2 (12 Po) 0.33 0.1
Total 248 100
xo1(3°P1)  qi+g 101 86.1
YY(3%S1) 10.355 2.388 8.5 7.2
Y (2%51) 10.023 0.278 3.1 2.6
Y (1381) 9.460 0.061 1.3 1.1
~Y(15)
YY (2% D2) 10.449 -2.595 1.1 0.9
YY (2% D) 10.441 -2.506 0.47 0.4
YY (1% D2) 10.164 0.060 0.080 0.07
YY(1°Dy) 10.154 0.029 7.0 x 1072
b2 (13 Py 1.2 1.0
xo1 (12 Py 0.64 0.5
b2(1 Po)rm
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Putting it all together:

Snowmass 2020 RF7-hadro

Initial Final M; M; M Width B.F.
state state (GeV) (GeV) (keV) (%)
x02(4°Ps)  glue 10.798 248
vy 1.3x 1072
Y (4%S) 10.579 2.765 28.1
7Y (3%51) 10.355 0.427 5.4 1.2 x 1072
7YY (2%81) 10.023 0.063 0.59 1.4 x 1072
Y (128) 9.460 0.056 2.2 5.0 x 1073
7YY (3% Ds) 10.711 -3.310 4.3
Y (3% Ds) 10.705 -3.202 0.88
YY(3°Dy) 10.698 -3.084 0.68
BB 8.74 MeV
BB* 28.1 MeV
B*B* 5.05 MeV
B; B 0.593 MeV
B B; 0.833 MeV
Total 43.6 MeV
xo1(4°P1)  qd+g 10.788 110
Y (4%8) 10.579 2.942 27.7
Y (3%51) 10.355 0.373 3.8 1.3 x 1072
Y (2351) 10.023 0.035 0.18 6.0 x 1074
Y (13S1) 9.460 0.038 1.0 3.3x 1073
YY (3% D) 10.705 -3.345 3.4
YY(3%Dy) 10.698 -3.234 1.4
BB* 20.6 MeV
B*B* 0.478 MeV
B B; 8.93 MeV
O




Putting it all together:

Initial Final M; My M Width B.F.
state state (GeV) (GeV) (keV) (%)
Y(2°D3)  yxu2(2°P2) 10.455 10.269 2.445 16.4 65.1
Yxp2 (12 Py) 10.455 9.912 0.200 2.6 10.3
Yxba (13 Fy) 10.455 10.358 -1.798 1.7 6.7
Yxb3 (12 F5) 10.455 10.355 -1.751 0.16 0.6

Yxo2 (12 F2) 10.455 10.350 -1.702 5 x 1073
Y12 (2 D2) 10.455 10.450 0.999 6.5 x 10~°

Yy (1 D2) 10.165 -0.033 1.1 x 1073
999
g99g 10.455 4.3 17.1
Y(1*D3)ntn~ 6.2 x 1073
Y(1*Do)rn ™ 2.6 x 107°
Y(1*Dy)mntn~ 2.6 x 1077
Total 25.2 100
Y(2°D2)  yxp2(2°P2) 10.449 10.269 2.490 3.8 16.8
Yxb1 (22 Pr) 10.449 10.255 2.359 12.7 56.2
Yxp2 (12 P2) 10.449 9.912 0.161 0.4 1.8
yxp1 (12 Py) 10.449 9.893 0.224 2.6 11.5
Yxp3 (13 F3) 10.449 10.355 -1.806 1.5 6.6
Yxvz (12 Fy) 10.449 10.350 -1.758 0.21 0.9
Y2 (1 D2) 10.165 -0.047 2.1 x 1073
g9g 10.449 1.4 6.2
Y(1®D3)ntn~ 1.8 x107°
Y(1*Do)rntr™ 6.2 x 1073
Y(1*Dy)ntn~ 3.2x 1076

1 .
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Putting it all together:

Initial Final M; My M Width B.F.
state state (GeV) (GeV) (keV) (%)
T(3°Ds)  vxp2(3°P2) 10.711 10.528 3.022 23.6 1.2 x 1072

Yxp2(2° P2) 10.269 0.265 2.5 1.3x 1073

Yxp2 (1 Py) 9.912 0.064 0.82 4.1 x 107*

x4 (28 Fy) 10.622 -2.683 3.0

Yxb3(2° F3) 10.619 -2.617 0.27

Yxv2(2° F2) 10.615 -2.545 8 x 1073

999 6.6

BB 16.2 MeV

BB* 72.9 MeV

B*B* 109 MeV

Total 198 MeV
T(3°Ds2)  vx»2(3°P2) 10.705 10.528 3.098 5.6

yxb1 (3% P1) 10.516 2.919 18.2

X1 (28 P) 10.269 0.218 0.40

X1 (28 P1) 10.255 0.303 2.5

yxo1 (13 P) 9.912 0.043 0.09

yxo1 (13 Py) 9.893 0.062 0.59

Yxp2(2° F3) 10.619 -2.698 2.6

Yxb2 (22 F2) 10.615 -2.628 0.36

999 2.0

BB* 52.4 MeV

B*B* 76.5 MeV
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SG & J. Rosner, PRD64, 097501 (2001)
Example 1: 13D | lhep-ph/0105273]

Use 4y E1 cascade to searct 1'(1°D))

T(11.102) (11,022
0 7, (11.097) e xn(1L014 CLEO
oy i BSY CLEO: Phys. Rev. D70,032001 (2004)
[ 17, (10.869) ibzﬁgz:
hyy (10.790) X:(IO - M=10161.1= O6(Stat) + 1 6(Sy3t) MeV
T(10.635) ’ . . .
— W Agrees with potential models and Lattice QCD
(LY. —_—
).5F hyy(10.541) Xin(10:538 BR=(25105105)X1 0°vs 2.6x10°
| T(10.354) Xpo(10.522, 17,(10.450) Lo\ tUey ) Yuu(10.358) 1,(10.529) 1
T,(10.44])  ——————
71, (10.336) X2(10-261) hy5(10.355) I o o A S L
- By (10.250)  =all0:246) 14(10.155) . I i i
i Xi0(10.226) ; (101¥ T,(10.147) > [ CLEON
b2 .
5Pk -
ol Taoo) T,(10.138) E CL=50% .
1, (9.975) _Xfﬂ(g | 2 41 +7 Events 1
——————45.(9.876 |
i hy(9.882) s % s ]
[e]
g
g 25k -
15 T < ]
-nb(9402) ?5%-?:./770. . .1;0. . .210|-| 2:’.0 |-|2.50
SnOV ECIVI- I'\"1reco'|l 1ly2 (MeV) 9

1 3 1 3 1 3 1 3 1 3
Sn S1 P1 Pm1 9) Do Dm 9 9\ FQ Fff) 9 4\ GA G(QA =\



S.G. & J. Rosner, PRD64, 074011 (2001)
Example 2: n, lhep-ph/0104253]

Bottomon '

| 8000 | a

| Y(Li02) X12(11.022) B | -
0 7, (11.097) o xu(11.014) § (1c>u; 6000 |

1 o(11.004 s(10eq _ b

T(10.878) hy(11.016) Xp0(11.004) o : '
Xp(10.798) M2(10.935)
77, (10.869) .—LL

= X;1(10.788)

By (10.790) n(10.775)

Y(10.635) 115 10.706)
Xpo(10.550)

-771;(10.623 L
T hy(10.501)  Xn(10:538)
Xp0(10.522) |
Y[10.354) o ]
_771)(1033 ) L Xb2(10261)
— X11(10.246 -
e o ) T;(10.155) v\ ,
X30(10.226)
M2(10.148) 1,(10.147)
).0 1'(10.003) T,(10.138)

ey __.esm *BaBar accumulated 109x106 Y(3S) 3
wos) —— @0 «Searched for Y(35) — vy,

* Find: PRL101, 071801(2008)

iy B(Y(3S) — ym) = (4.8 +0.5+£1.2) x 107 |

v M (mp) = 9388.9752 +2.7 MeV

(0402 M(Y(1S)) — M () = 7141353 £2.7) MeV
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E le 3 33P, state was discovered at LHC by ATLAS
Xxampie [ATLAS, PRL 108, 152001 (2012)],

Bottomonium Mass Spectrum |
Y(11.102) ¥3o(11.022)
0_77”(11'097) —_——— Xblgi.((j(l)ii 1,(10.939) i
0s7S) hyy(11.016) Xpo(11. (W ,(10.934) X34(10.856)
Xpo(10.798) T2l T(10.928)  ———e— .. (10.853
[ 1, (10.869) x; (10.788) § (10 711) huy(10.853) ib‘ 210 850; 1,(10.772)
. b2 .
T(10.635) s (10790) Xpo(10.775) = — T3E10 705§ 1m2(10.770) T,(10-71)
. My2(10.706) 2 ‘
[, (10.623) - X12(10.550) T1(106%8) ) 10.619) 10530 = 5 (Stat.) :tl = l?.uo(S,YSt ) MGV
).5F A ‘ Xb1(10'538) o 220__| | L L L L L L L |__ _
u(10:541) Yio(10.522) ‘ > 200E- ATLAS e Data:Y(1S)y —— Fitto Y(1S)y E
I 1(10.554) mi1050, = 200¢ 1 Data:Y(2S)y —— Fitto Y(2S) =
m, (10.336) —_— Z Y A T Background to Y(1S)y /]
| Xp1(10.246) 2 160 =
Xpo(10.226) "© 140 -
Me(10.148° S C ]
T 120 =
).0p c = . -
[ 1, (9.975) X2(9.897) o 100 =
X3 (9-876) ;: 80 ;— —;
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sr confirmed by LHCb [LHCb-CONF-2012-020] and CMS PRL121, 092002 "



3. Bottomonium searches at the LHC and in e*e-

LHC and Belle Il can discover missing excited bottomonium states
Use model predictions to propose search strategies

For LHC estimate by rescaling LHCb event numbers:
« Expect production cross section to roughly double going from 8 to 13 TeV
» Expect order of magnitude increase in luminosity

Focus on states below threshold ( BB )
« Relatively narrow widths and high BR via radiative transitions
« Use NRQCD to estimate production cross sections
* Production of high L states suppressed:
g PP RE) (0)2

o(H) = Y o (OE W) (O L) ox (27 + 1) e

Focus on radiative transiuons’

« Cleaner backgrounds and easier to reconstruct than hadronic decays
Snowmass 2020 RF7-hadron spectroscopy mini workshop Sept 23, 2020 12



Search strategies via 3S states

pp: LHCb 13 TeV, producing 3.1 x 10 Y(3S), 1.4 x 10° n,(3S)
e*e: Belle Il, producing 10° Y(3S), assuming 250 fb-
« S-wave states have largest cross sections

* Interested in h, and D-waves in decay chains Combined Events
Parent Decay chain BR pp ete”
3 70 {4 (4 0 & 0 —6
3°S) 03Py (86.2) 2 13D5r(96.5) -5 13P,y(256.0) 5138y (441.6) 5 - 6.8 x 10 2100 6300
Int ted | L3P,y (86.2) = 13 Dy (104.4) 513 Py (248.4) = 138, 1(441.6) "=yt - 2.7 x 1077 o4 210
{4 {4 {4 (4 (4 _6
MErESIeA IN 11%yp 1 (86.2)%2%13 D, (104.4) 713 P,y (267.3) 22 135,7(423.0) 5 - 16x10 o 100
0 470 © 0 L (4 _9
Y (3S) 2123 p1(86.2) % 13D, 7(78.0) S 13P,y(239.1) 751138,y (441.6) EF 20x10 0.6 :
decay 103 Py (86.2) 13D, 1(78.0) 2X 13 Py y(258.0) 227138, (423.0) - 62107 19 62
{4 L /0 0 )70 L. 0 _9
chains via 213 py (86.2) 2 13D, (78.0) T 13 Pyy (290.5) 5F 138, 7(391.1) 2 b - 54x10 : 5
13.1% 3 0.02% 3 0.00393% , _ 10 % 10-° 03 |
unobserved . 2Par(862) =Dy (78.0) utu :
© © LLo © & © _6
2023 P11(99.3) 2 13D,y (91.3) 25X 13P, y(248.4) 751138 14(441.6) 25 2.5 x 10 780 2500
1D states 2523y (%9. 3)19/‘13Day(91 3)7“"13131;/(267 3) 25138 (423, 0)“’“‘ s 15x107 4650 15000
0 0 L 0 _8
2023 Py (99.3) 213D, (100.8) 13 P,y (239.1) 25 135, y(441.6) ﬁ(’ym- 7.6 x 10 24 76
o o 28% o -6 ) A
293P 17(99.3) 2% 13D, 7(100.8) 8’131!>,y(258 0)2%°138,7(423.0) 25 24x10 740 2400
{4 (4 )70 PR 0 1 _7
2823 P 1y (99.3) 5 13D, 1(100.8) T 13Py(290.5) T 138,y (391.1) Byt 2:1x 10 65 210
0 (4 {4 0 & (4 _8
223Py(122.0) "2 13D, (78.0) 2 13P,(239.1) 17135,y (441.6) 25 ity 1.8x 10 7 6 I8
Int ted | 2223 Py (122. ())015‘131)”(78 0) 23 13P,7(258.0) 227138,y (423.0) 2yt pm 5.6 10 170 560
© © 0% (N -8 4
n %FSGS €A N s9%3p 1 (122.0)%%13 D, 7(78.0) 513 Py (290.5) 754138, (391 1) 5% - 4810 15 43
| -8
Np(3S) 315, 8103 (309.2) Sy 34 x 10 5 NA
1.5x10- 2.48% 3.7 x 1077 52 NA

— 1 Sl}’(8400) —>;l 178
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Production at the LHC: 3°P,

LHCb 13 TeV, producing 7.9 x 106 x,(33P,)

Parent Decay chain Combined BR Events

3Py B35, p(171.6) 0+ u- 83 % 107 3,240
135238, 7(492.9) 2 0t 35x 107 3,460
Y138, (1013.8) 72 - 2.7 x 10~ 2,710
3Py an =138,y (441.6) S 1.3 x 10- 132
2 3P a2 138,7(423.0) 2 - 1.8 x 103 173
0619 rﬂD; v(72.7) 65.19 Y”P»r(ISS 0) 1069 \-,)39 y(242, 5)19_3‘v/‘ " 81 x 10-° 30
023D, y(72.7)° 25 23 P,y (185.0) 128 1 (776.5) " ity 6.9 x 10-° 68

061% L 10% L19.1% \248% . 29 % 10-6 29
Large event - -~ o
rate for 33P, 9D, y(72.7)% I*Fn(%? = |*ny(7009 = 1°P,7(256.0) »
3 2.18% -3
NOt 3 Pl 3191 }’(1598 _# /‘ 1.6 x 10 12.3()0
. . 26%,3 193% . _ 50x 1074 3,950
surprising it ”~2 51 r(4814) 785*;4 .
was _“'I gl r(]m';o —~Y}l+}l 2.7 x 10 2,150
: "2F13p, ;m"L"l S,7(441.6) ‘L" o 35x 107 278
discovered . 4.0 x 10-5 317
. 1P 2R 138,y(423.0) S ity adke
fIrSt In LHC 040% 53x 10 2 —7 2
%3 % + - 2.1 x 10 ~
Run 1 2°D, y(74.7) ) U
0 *v*D, y(66. S)Sz*P,y(nse 100%35,7(242.5) 25 - 33x10°° 26
5 17% % 2 48% -6
024%23D, 4(66. S)Lg P,y(178.6) 2138, 7(776.5) 2%yt 28x 10 2
0%5%23D, 1(66. 8) 2" 23P y(191.6 "’"'7‘91 (229.6) 2"yt u- 20 x 10~ 158
024%23D, 7(66.8) 23723 P,y(191.6) =5 138 7(764.3) "% ut 12x 107 %
094%23 D, ¥(66. 8)_.1 P,y(522.8)"25% 138, y(441.6) 5% 1t 4 8.9 x 107" 7
024%23D, 7(66.8) 2 1P, y(541.2) 227 138,7(423.0) ‘ﬁ‘y " LI x 107 87
()94‘" L 6.6% £9.3% T47%
. 2°D, 8) = 12 F1y(93.7 ~|D, 189.2) —~lP 267.3) "



Production at the LHC: h,(3'P,)

Missing 3'P, state may be observed via hadronic decays,
depending on reconstruction efficiency

LHCb 13 TeV, producing 7.3 x 106 h,(3'P,) BR events
3lpy %115, 4 (1081.0) 2% g4 43x1072 3.1 x 10°
— 1" Pymm — 1°Sp ~y (488.3) — gg 8.3 x 10 6.0 x 10

Snowmass 2020 RF7-hadron spectroscopy mini workshop Sept 23, 2020 15



Production at the LHC: 2P

TABLE XXVII. The 2P decay chains, branching ratios and event estimates for LHCb Run II. These are based on producing 1.0 x 107
22(2P)’s, 9.1 x 10° 7,,(2P)'s, 4.7 x 10° 7,,(2P)’s and 7.4 x 10° h,(2P)’s as described in the text.

Parent Decay chain Combined BR Events
2°P, 2 1PD1y(96.5) % 13 Pyy(256.0) 5 138, 7(441.6) 2 52x 107 317
O 3Dy(104 4) 2713 Py (248.4) 22 138, 4 (441.6) 72 yy 2.1x107° 21
2 12 D,y(104.4) T 13 Py (267.3) 227138, 7(423.0) " it - 1.2 107 124
2°P, o PDyy(91.3) 2 PPy (248 4) 27138, y(441.6) " 20x 107 180
I 1BD,y(91.3) 27 1P y(2673) 227138, 1(423 .0 Bty 1.2x 107 1100
*EF 1D ,y(100.8) 2 1P,y (239.1) 57 138,y (441.6) "5yt 6.1x 1077 6
B 1Dy (100.8) 2513 P, y(258.0) 2271385, 9(423.0) EF 1.9x 107 174
B 13D,7(100.8) EF13 Py (290.5) 2F 138, 7(391.1) "B - 1.6x 107° 15
2°Py 04% 13D,7(78.0) F13 P,y(239.1) 257 135, 1(441.6) 5% u* - 3.0x 1077 '
I PDy(78.0) 212 P,y(258.0) 227138, 1 (423.0) - 9.4x 107 44
2'P, 1 Dyy(111.4) 271" Py (262.5) 2511 5,y(488.3) g 9.0x 107 6.6 x 10°
215, 7(257.7) 2 gg 0.48 3.6 x 10°
2% 100% 0.22 1.6 x 10°

— llSo y(825.8) — gg
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Production at the LHC 1D

TABLE XXXI. The 1D decay chains, branching ratios and event estimates for LHCb Run IT and Belle IL. For the p p column these are
based on producing 2.0 x 10* Y;(1D)’s and Y,(1D)’s, 1.6 x 10* Y,(1D)’s and 1.9 x 10* 5,,(1D)’s as described in the text. For the
e*e~ column these are based on 1.3 x 10° Y, (1D)’s produced assuming ¢ = 13 pb and 100 fb~! integrated luminosity.

Combined Events
Parent Decay chain BR pp ee”

3 % 1% 2.48% : -3

1°D; T 13P,y(256.0) “5F138,1(441.6 " Sty 43x 10 NA
i T T [.8x 107 3 NA

I3D3 2% 4 i~ o 4y 19-1% 3 248% _ 10x 1073 20 NA
04.7% 5 339% 248% -3
1Py (267.3) 25138, 7(423.0) S i 6.3x 10 126 NA
L rP—— 1.6 10 3 NA

3 Ve , 9.1% ) 2.48% -5 Qc

1°D, 13 Py y(239.1) 25 135 1y (441.6) 2yt 7.6x 10 ' 99
28% 33.9% 248% ; -3
Z13Py(258.0) 27138, (423.0) St - 24x10 38 3120
47.1% 76% ) 2 48% —4 )
T 13 Pr(290.5) 25 135, 7(391.1 Y &5ty 20x 10 3 260
40% 2.48% -5
040 135, 208 9.9 x 10 2 129
393x10°3% . _ 3.9x% 1073 1 50

— W

1 % 49% o :

1°D, L P r(262.5) 2511 5,y (4883) % gg 0.45 8550 NA
13% _100% 1.3x 102 247 NA

S Sonta = gg

« Largest contribution to D-wave production comes from
decays originating from 3S then from 2P

« Expect sizeable production of D-waves so might be observable
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Search Strategies: 4P & 5P states

LHCb 13 TeV, producing 9.7 x 10 43P, , 7.4 x 10° 43P, , 3.1 x 100 43P,
8.2 x 10% 5%P,, 5.7 x 108 53P,, 2.2 x 106 5P,

L Parent Decay chain Combined BR Events

Above BB threshold, so Bp, 030385 0 (433.0) 25 s 26x10°° 25
small radiative BR. BN %2351 y (747.2) 19—’% po 2.6x 1077 3
5'0“—0;3% 1351 v (1255.1) 222 it~ 1.3 x 1076 12

Possible to observe some £p, "UEP 33 (424.3) 0 pt 9.7 % 10-9 20
4P states in simple yu'w 6'°Xﬂ> ©938) 4 (737.9) 2= it 11 x 1077 1
final states at LHC Run UL 138 o (1003.0) 25 e 8210776
$B3p, PN g3g 0 (411.8) 28 ptum 1.4 x107° 4

6'1’“—>°_4% 1351 v (1234.8) 22 ity 1.5 x 1077 0.5

5P, 0% 33g o (646.8) o ptum 2.1 x 1078 0.2

May even be able to see the 25X107%% 936 (053.7) 2% " = 48x 1077 4
5P, state 3410 436 (1451.3) 2458 1t 8.4 % 1077 7
2P, 00, 93 0 (046.4) S ptpm 2.5 % 107 1

L0 136 (1444.4) 2258 it 3.5 % 1077 2

5P, SO0 335 o (620.9) 28 it 6.5 x 1078 0.1

6TA0T% 036~ (937.3) M2 Lt 1.3 % 1077 0.3

L0 136 (1435.7) 28% t 1.0 % 1077 0.2
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Production in ete- collisions

For 1(45) 10 abyields 1010 T(45)

Combined Events
Parent  Decay chain BR pp ete
4’s, SO0 16x 10> 3680 1.6x10°
T33Py (50.8) 27 33s, y(171.6) 5wty 3.1x 1078 7 310
710 533P3r(50.8')lf+2351 /(492.9) 193% . 13x10°8 3 130
03 p 1 (50.8) 2 135, 1(1013.8)25% 4 - 1.0x 1078 2 100
P ‘33Pyy(50.8')3§*335, y(171.6) 2 S at =t TTX1— 02 °
M3 py(50.8) 27338, 1(171.6) 2 138, 1 a2 By - 15x10° 03 15
AT B3Py (508)'5%238, (492 9) %3¢ gt g F 4 - 29 x 107 0.7 29
3.7x10°5 3P,y(50.8)"2%23D, y(72 75 %23 p,1(185.0)"“5% 235 1y (242.5 |9_3‘v# - 30x 107" 0.07 3
M3 p 4 (50.8) 25723 D, 1(72.7) 5723 P, 1(185.0) - 2F 135,7(776.5) 5% i u 26x 10717 0.06 3
gt FPy(S0. 8)"“‘ 23D, y(72 7)'L"*|*P,y(5790 138, 7(841.6) EF LIx 1077 0.6 :
T Py (508) 2D, 7(12.7) o T F47(96.7
2 1Dyy(2009) 9'—0~%I3Pwy(7560)l9—l~vl s,y(441 6)" % 6.5 x 'O‘i: 0.01 0.6
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Production in ete- collisions

For n°D;jtake ratio of nD/2S BR to e*e- x 23S, cross section

For 100 fb" this gives 1.3 x 10° 13D, ‘s produced

1301 "% 13P,y (239.1) "2 138, (441.6) 2228 b
28.0% 33.9% 2.48%

——" 1°P1y (258.0) =57 1381+ (423.0) " putu~

T 13 Poy (290.5) 50 139, (391.1) 225 -
3.9x10°°% 4 _
— Tt
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7.6 x 107°
2.4 x 1073
2.0x10*

3.9 x 107°

99
3120
260

50
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Production in ete- collisions

Similarly:
- - - 1
« For 100 fb! this gives 2 x 10° 23D, ‘s produced
93D, FVUYTE - 3.9 x 107° 1
17280 93 Py (183.9) %0 238, (229.6) 2K Lty 6.6 x 10~ 16
25180 98 Pyy (206.4) 0% 2381~ (207.1) 2 ity 2.5 x 107 6
e d) 0% 135,y (743.1) 25ty 6.3 x 10~ 15
L2 13 By (90.5) ¥ 13 Doy (184.3) 2K 13 Py (267.3) 222X 135,y (423.0) 22 it 3.7 x 1075 1

« Can rescale these numbers to reflect actual cross sections
and integrated luminosity

« Do not expect to see the 33D, or 43D, this way because
they are much broader but maybe in BB final state?
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Some theory comments:

 Include virtual meson loops into calculations
* Threshold effects

* Non qq content:
« Hybrids
* Multiquarks:
* molecules
 tetraquarks
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Summary

Performed extensive calculation of bottomonium properties

*The object was to make predictions that can be used by
experimentalists find missing states and measure their
properties

* LHCb will see 3P, 4P and h,(3S) events in y + utu”
and 1D and 2D events in yy + uru”
- e*e" will see large numbers of 13D, inY(3S5) decays

» sitting on the 4S will see 3°P, ,
 should be able to see the 13D, and 2°D,
« Maybe the 1°F, in radiative transitions of the 2°D,
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LHC reports discovery of its first new
particle

By Jonathan Amos
Science correspondent, BBC News

The Large Hadron Collider (LHC) on the
Franco-Swiss border has made its first clear
observation of a new particle since opening
in 2009.

It is called Chi_b (3P) and will help scientists
understand better the forces that hold matter
together.

T !3‘ X /] . . &
The LHC has been built to investigate the
fundamental building blocks of nature

The as-yet unpublished discovery is reported
on the Arxiv pre-print server.

The LHC is exploring some of the fundamental

questions in "big physics" by colliding proton particles together in a huge Related Stories
underaround facility.
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