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Colliders and bb rates

107} HL-LHC ¢
ATLAS de—-o.... . o
—gl0° A g i | 2
SLs */ﬁ o~ _;ﬁ;.—l_f,r) A 2
i I a1 A S SO 2SS 2! RS S o
58 810 : LHCD - — LHCb LHCDb S
£s3° | ~h— ] Phase-1l | &
ol Phase-1 <

S o= 104 Tevatron Upgrade
55310 corpo * Upgrade  Pgrace
] L

< S A o
§®8=10° ~ SuperKEKB ks
@) Iﬂé ; o— =
o= o)
5102' A ©
: KEKB o
‘ ) )
101 /.,ﬁ reemene %
E f PEP II , O
1L s S S— b | =

2000 2005 2010 2015 2020 2025 2030 2035
j CDF 10 b, DO 8 fb-
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LHCD 3fbl  5fbl 50fb1 300 fb-l
ATLASCMS  25fbl 450 fbt 3000 bt

JSpp 78TeV 13Tev 14 TeV

14 TeV (27 TeV HE-LHC?)

: e
Tremendous rate potential at hadron colliders

— physics reach determined by the detector
capabilities not by the machine

Collect all b-hadron species at the same time:

— additional gain by a factor of ~10-100 in integrated
B, rates at hadronic colliders vs e*e- machines

— time dependent CPV studies of B, possible

— also get A, B, which are out of reach of the 10
GeV e'*e factories

— Clean source of c-hadrons viab - c W**

Prompt charm rates factor of 10 higher than beauty
rates:

— nuisance and great physics opportunity at the

same time
detected produced detector
events — events efficiency

e / large \

€ = ggeometrical gtrigger " Erest

major challenge for b,c physics
at hadron colliders
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i LHCb vs central detectors * Advantages of LHC

- == W R R LHCDb spectrometer)

CMS s s comparable b cross-section in much
smaller solid angle; smaller number of

electronic channels; smaller event size;
much larger trigger bandwidth to tape (Run
| ~5 kHz, Run Il ~12 kHz)

— b and c physics dominate the trigger
bandwidth (e.g. CMS b-trigger rate ~25 Hz;
almost 3 orders of magnitude less than
LHCD)

— large p for small p; (in central region p~p-);
can identify muons to lower p; values

— large bandwidth important for triggering on
purely hadronic final states (central
detectors limited to dimuon trigger)

— large bandwidth important for collecting
very large charm samples

— space for RICH detectors: p/K/n

Trigger on collision point | o S separation; crucial for background
w L . suppression in many channels; increased
muons or PP y

. flavor tagging
decay points « Limitation of present LHCb
detached from

detector:
pp collision — luminosity limited by the detector readout
point

capabilities (upgrades of the detector will
allow increasing the luminosity)

— compared to Belle: poor y (i.e. %) and K
Abo—) JhypK, Jy—putp detection (will be improved in Phase II

(only A, decay products are shown) upgrade)
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Reconstruction of X(3872) in exclusive B decays
PR D92, 011102 (2015) vHcb-PAPER-2015-015

o ! ' ! I B*—X(3872)K*,
= 160 8§ X(3872) 1011238 X(3872) — Jly i,
s 140 - events Jy—ptps
% 3 6 times larger sample
O 120 X than at B-factories
3 LHCD : vs. Belle
'cgﬁ 100 Run | oy ~2.8 MeV oy ~2.3 MeV PRD84 (2011) 052004
O g 3 fb bkg +20 bkg +20
0)
16% 18%
60 * O (bkg mostly B*—J/yK, (127074
40 - Belle setI' < 1.2 MeV
at 90%C.L.
O . LHCb already has a better sensitivity to the
0 Sl ' : natural width than in the Belle analysis.
740 760 780 800 820 LHCb  U. Phase |Belle
AM=MrTdy) - MJ/y) [MeV] | I I
Many other production channels possible: Decay mode 3fb! 8fb! S0fb!  300fb! 0.7ab!  50ab!
B°—X(3872)n"K-, B*—>X(3872)r*, B’—>X(3872)K*K-, B* 5 K*X(3872) 1k Sk 33k 200k 017k 1k

B.F—>X(3872)n", A,’—>X(3872)pK-, ... (= J/ym*n™)
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B Dotermination of X(3872) JPC
Analysis of 5D angular correlations in the decay:
B*—>X(3872)K*, X(3872) —» Jly p, Jy—puu, p>nin

Likelihood

PRL 110, 222001 (2013),

PR D92, 011102 (2015) |Hcb-PAPER-2015-015
Bin Gui Ph.D. Syracuse 2014
https://surface.syr.edu/etd/189/

X rest frame

=0
> \E L E— = A«

L Sl

- / Tn'\; -~ AT
' P rest frame

fD
D-wave contribution <4% at 95% CL

Candidates per 1 MeV

JPC = 1**" at 160

. —

190F LHICb | 'X(387'2) E
“F Run | §
3o :

sof 1011+38 .

®F events

40

20

0 740 760 - TEGI. 800 820

M{mx i) - M(Jry) [MeV]

§ JPC=0+ ‘JPC=1++ ] ‘JPC:OH J-PC=1++ : T T T T T T
é::uu- " da.ta-- : - 150+ T G
Jit=p™ ) ] alt_ o++ 1 @
: X Al Jx =0 H | 3 +
f . ol 1 %100 - =
3 Je=1 JFE=1 sof 1 ]
i 1 T cosb AQ
%mu- alt _ o+ T LHCb 3 fb y 1 1 o 1 1 1 .X’J.Iw. 1
JX-1 Ii. J J L I e 1 1 + T
{5 1 AL : ;
HEWR i H LHCb
@ Cl - ope o [ h
8 g o= ] o oo ﬁ1oﬂw
E _E i d (53 - data
.%m- Jalt_z-ii -_- gtz - SoF &6580 T —_— ]
X =4 X = ! X
] ] ' ; ' A N N
- . Fa . ] . j H 1504 + + + &
1IN : mm
5 1 100 1 ]
£ - b
il‘ﬂﬂ— " e a - °
& J;It=3-+ 4 J)a(lt=3++ E-II-' § | i 1
i HE cosd, A¢xp
; _Jl 5 L 1 L 1 1 ’ 1
a o — = - 1 05 0 05 coset 2 0 itp [rad]
S N P17
%L‘ﬂﬂ —— -
i st=at £ - Stz This measurement ruled out 1 (1'D,).
- L - H - - - .
i ‘ . H H Remalnlng OpthﬂS.
-1000 - 1] = = ml -1000 =200 U tbLNJ-r . 100U

likelihood rati

xc1(23P;) or exotic hadron
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Gl il Probing X(3872) - Jly ® : .
Isospin Violating decay Isospln conserving decay
B*>X(3872)K*, X(3872) — Jhy mtm-, Jy—s ity B K" Jly w(782), Jy—pp

~ +.—0
The amplitude analysis for JPC determination averaged over M (r*m™) S o w(782) - nTm
X &
Q0
http://cds.cern.ch/record/2012165/files/LHCb-PAPER-2015-015- supplemental le (1)(782) - g ><
3. F 2
22" X(3872) — p(770)°] /§ MC n o
The most precise @ Z10°F + = i
determination of 8 < .k LHCDb 200
M(mtm™). a % C Run | o 's
7 S eof Y s |
LHCb has 2 ok S g M= —— .
recorded more 3 - =3 4 2 as nfr_ﬁ {Gev.-"c%jg
data since then! 2 xf 2§ 1160 £ 60 B—J/yoK events Ty BT
500 600 00 ) pees® % & 25000 CERN-THESIS-2014-243
2 =000 Guido Andreassi (INFN, Rome)
On-going projects: include M (m*n ™) in the amplitude fit and 8 . M.Sc. 2014
determine w(782) contribution interfering with p(770)°. 3 +
LHCb  U. Ph Bell g w*“ ++ +'{"-@-

Decay mode 3t 8f! S0fb! 300fo!  0.7ab!  S0ab 1698 + 55 B*—J/yoK* eveﬁ'{g @ mass (MeIe)
B* - K*X(3872)(~ J/ym*n™) 1k S5k 33k 200k 017k 11k
Bt - K] /Yw(782) (- 7T+T[_T[0) 1.7k 7k 43k 340k 40-120k
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B*>X(3872)K*,
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Radiative decays of X(3872)

phase-space:
BR(X(3872)—>y(2S)y) «—— suppressed

LHCb NP B886 (2014) 665 - THCh
LHCh-PAPER-2014-008 BR(X(3872)—>J/y(1S)y)——— favored = wf 36.4x9.0 events
= 2.48+0.64+0.29 (>0 at 4.4c) S| Mo Emves )
g A
BR~| <y r|y>[|?E? by a factor of ~100! £ |
. Radial wave functions ____ L N %=z
() | <2S|r|2P> |? T 17 oa S e
v 18 _ 0 X 39 Ca
> Xcl(23P1++) v ey ceve
10} 400
| <1S| r |2P> |? T | 59148 events LHCb
e ° : M- 126 + Run | 3 fo't
% 0 E 200 —— —
T e , | <2S]| r |mole.> |? ecul BT y@sr2) sy
O C —
st n=2 K moiecuie R
A5 | < 1 S | r | m O I e . > |2 > > ??!-_]lfei-? [Ge\"-r-'rc‘;]-
P S PR LHCDb U. Phase Belle
0 2 3 4
o | I I
Hard to find mechanism to favor y(2S)y over Decay mode 3fb!  8fb!  50fb! 300fb! 0.7ab!  50ab!
Jhp(18)y other than 2P— 2S B* > K*X(3872) 36 02k Ik 7k 4k
= , (= ¥(2S)y)
» Does not rule out DD* component at large distances
B* > K*X(3872) 0.6k 24k 15k 90k 36 2k

(F.-K. Guo et al., PL B742, 394 (2015): arXiv:1410.6712)

(= J/¢@S)y)
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Prompt production of X(3872) at LHCb

e

LHCb-PAPER-2011-034

LHCb Eur. Phys. J. C72, 1972 (2012) (inclusive X(3872); dominated by prompt production)
o, 1600 )
= - LHCD
> I 23y X(3872 565162 events
2 1400 :—\!5 =7 TeV # w( ﬁ)m_ (3872) 5 3.3 MeV
< 1200£-0.035 b | _
€ C (2010 data) 500 Resolution (o) ~3.3 MeV ~6 MeV ~6 MeV
© 1000—
i - . . signal yield ~16.1k/fbl  ~2.5k/fb? ~2.6k/fbt
800- 3850 3900
- X(3872) bkg/signal in +20 5.8 8.6 11.1
Em:_ ' . . Lower trigger thresholds lead to higher production cross-sections at
400 ) LHCDb, which offset lower luminosities.
M' _ Better mass resolution provides for smaller backgrounds.
200 (same sign 7zx)
S P S A R LHCDb U. Phase
3600 3700 3800 - 3900 I I
M(J/y T* ) [MeV/c?] Decay mode 003  8fbl  50fb! 300 fb!
M[X(3872)] = 3871.95+0.48+0.12 MeV i
vs CDF 38716140 1640.19 MeV pp E>X(:j872+)+..). 0.6k 130k 0.8M 4.8M
017VU.10xV. - J/ YT
Belle 3871.84+0.27+0.19 MeV _ _ . _
PDG 3871.69+0.17 MeV LHCDb is also in position to improve X(3872) mass measurement.
M(D9)+M (D)= 3871.68+0.10 MeV Since systematics will dominate, exclusive modes may be more

suitable for mass and width determination. (work in progress)
M[y(2S)] = 3686.12+0.06:+0.10 MeV

vs PDG 3686.10+0.03 MeV Prompt production cross-section in forward region will also be re-measured.
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B%— y(2S)n*K-
. . ————

Ploa =1 T LA e S B O&
> 55 | : o= | 102 %
& 2F 3 - - "  isf<
R L= e N ¢ (00
> - = +
= 20 :__- i Z (4430) =
. E_I " m . i 10 —> \|l(28)7'[+ o
S - K = Tetraquark ?
ISg- = 0 *
N - D D'(2S)
‘ 00
L “‘Exé L TP
ISE, L ST
05 1 2 25 S S Molecule or cusp?
—{ _,_‘Q }Jhp mg.  [GeV ] (ZAPD T°0) / soyeninimn
wgom L TS 1R K (1430 5 &~ data
K(892) }K R ) 13G5 & —=— total fit  -=-o-- total fit with no Z{4430)
“;2000 C _ oRoe eees 27D, 2D, i — 254431])' excluded -
" Z aof  OMpredcted —=y5— T, K (892) The results improved on
g | LHCD | sy 2w D T = | E K Swave the earlier
gy B —.— e C l ‘_—“::“ 1 Dz k] a2 ;5. H4 = — K 143{] . .
21500 Run | e S 1s00f - FE a2 E‘%T; slE T — zf4430}} characterization of
L% i 3 fb'l - E?E:E;cgzr;:und |6002 S EE‘IRDIE AR S A —_— b.:;mkgmund Z(4430)_ by Be”e
[ —— K7,(1430) X 1400:—2'30? o 1"p = [ z %.(1680)
1000} — ZGasoy & s =3 v, % K (1410) _
[ — K Savave Q moEE s C F3pi - 4 expected and well experimentally
- > [ < s 35S . .
ook K*(1410) MO s S established kaon resonances in the
i m - 2 “wel tablished” . .
i "EZ £ acordingtoPDG amplitude fit
- ()UO_—I . ] ) ] ]
ol BN et et S 0 | P S e T S A R include tail of K*;(1780) in
0.5 1 1.5 5 0 [ 2 3 L A
Kaon eXCitationS mz_[GeV?] oo 1 1ot 22 13 33 2ty model variations
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S Amplitude analysis of B’ y(2S)n*K-
4D maximum likelihood fit

(MErs M) O Pp)

vy rest frame via boost W rest frame via boost 0 £
from B (or K*) rest frame B’ rest frame from Z rest frame B’ rest frame

Y//)/{/” O

K rest frame

Z'rest frame
P 260 -
(] 300 [ T T T T |18 T T T T T

Ta o —_ B
= & = = usinGa LHCb .
= — 250 9 . —
— N Z 20¢ Simulated ~ CONSErvative 3
w @ 4 = u ~ . approach §
-;z S1000 l ﬂé »00 E- ;;xp::::}nents Data E
S =2 5 ‘ .
= = oy ]
S S 5150 F =
- 5 | ] = Simulated -
200 . 500 i -g experiments ]
LHCb - LHCb Z100F oy s
0 oS00SS b - SO 0 I:Z::-:—_—'—*—'—I _IA_I:I;ﬁlTPI;IIT_f_ﬁII::E 50 —:
1 0.5 0 0.5 1 -100 0 IOFd | .
egrees 0 B L L L L f L | L L L l .

cos 8111 Py 2200 0 200 400

A(-2InL)

« Use of all decay angles in the fit, in addition to the Dalitz plane, improves
sensitivity of the analysis, especially to J° of various contributions
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Bt Charged charmonium-like states in B decays

Amplitude analyses used to distinguish K*© - n*K~and (c&)n* contributions

0 + - 0 T 0 + -
) f S P2 TK . Bﬁ;]/wﬁ KH N B _)XCIBZE 2,(4200)" Z,(4050)" 2,(4250)"
> 80F = ] g vieS > a0k | ‘ await confirmation _(LHCb has
3 3 +“‘ ~ L3 3 S 2 enough data to do it already)
~ F S LHoy @ h % =g &
Eﬁ a0t © L;ﬁ-*f"""*.. S Z 205 W i Z.(3900)* and Z.(4020)*
5 }E ‘q’ . s s {+ o observed ine*e” — 7~ Z.*, not
i R 2 | o = . = ol ] observedinB - KZr*, (and
T e o 40F% Bell vioe versa) .
< S 20 oxctusea 2 FRS } > S Sensitivity to production
3 200F & —vii #'L‘ | R B mechanism, points to hadron-
= i fv: —xnas #_‘4" §H :' j“fj ! E zo-:\;i level interactions.
f‘% 100: S !’;;fif’f ' ! %’ 40F ﬂ 3 | S No clear explanations.
0 ! Lﬁ_ |z | - E » Too broad to be molecular
N T- JP=1%, > ° ~ | Jézr N bound states?
Chan | : LON G so} - V‘ % 20} " > No tetraquark model can
S [ = LHOD f N ERE = |z accommodate all of them.
S 100} = 2 ) 2 S 10} ¥ > Rescattering effects?
z | = S 1'; - 5 | > Artifacts of complicated
2 ; i - ; VR | ; amplitude analyses?

14 20 14 20

M) (28)m)* [GeV?] M(] /ypmct)? [GeV?] My )2 [GeV?]

FZ(4430)=181131 MeV FZ(4200):370§28 MeV
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St Resonant structure of Z(4430) ?

e

« Detailed studies of “exotic” amplitudes desired to shed light onto their nature: example Argand diagram

of Z(4430)~ - Y(2S)m~.

EO.Z_

< [ LHCbRun13 fb' I 4277 MevV |

#
S 4344 MeV |
3 -
= I AP ]
. O 0\) _____ I ]
N
N F4411 . |
: | MeV :
i -0.21- 4605 MEV ]
Q-
8 -04f | 1
- 4475 MeV :
E - M,=4475 MeV 24541 MeV
I [~172MeV | |
_06 | L L | 1 | | , . | |
06 04 | -02 0 02
Breit-Wigner 1 Re A?

amplitude ~ M,"-m_ *-iM,I,

02: LHCbRunI3 ﬂ)_l ] . 4277 MeV ; Néo 2; LHCbRunlI3 fb_l +4277 MeV
of g L - R Al R )
! | 4605 MeV I 4605 MeV
0.2 : 1 . 0.2 i
0.4 l - 0.4 I §
- 4475 MeV + : 4475 MeV +
| LHCb Phase I upgrade 50 fb' LHCb Phase II upgrade 300 b |
SR S S e
O-%.ﬁ -0.4 -0.2 0 02 -0.6 -0.4 -0.2 0 0.2 )
Re A” Re A?

D°D*(2S) cusp would be smeared by Tp+(2600) = 139 MeV,
and more round if produced via a triangle diagram

Decay mode
B® - y(2S)n K™
B® > J/p(1S)m K+
B® = yam K*

3 fb!

25k
0.4M
19k

8 fb!

0.13M

0.1M

50 fb-!

0.8M
10M
0.5M

300 fb-!

M
62M
M

Belle

0.7 ab’!

2k
30k
2.7k

50 ab’!

0.14M

0.19M

Statistical accuracy will be sufficient to distinguish

between resonant poles and cusps/triangles.

Systematic errors hard to predict.

Need to scrutinize dependence on:

« formalism (work with JPAC; see Mikhasenko et
al EPJ, C78, 229 (2018), arXiv:1712.02815)

K* model

Huge statistics already for detailed studies of
J/Ww(1S)n~ exotics. Phase-space in Km reaches to
K;(2045) pole.
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L Y

+ + PRL118, 022003 (2017) Thomas Britton, PhD, Syracuse. 2016
B _)J/\lj (I) K PR, D95, 012002((2017)) https://surface.syr.edu/etd/510/

% 23 =
S F . L «— X(@4700) — N
] e LHCDb . g
= B 12 1=
21;— —-. = .. o oo X(4500) — :
20 I:I - —s b—p—w%-:éw_ S}K
19f- -: [ | —6 B{u_‘__—"“‘—i-{\i} - —EE
135_ - = L = - - !’ -' oy — X(4274) ’ —> %
o ;-I-r.- T X(4140) — |

T B T S SR
25 3 35 5 45 S 0 — Jyo
m? - [GeV']

= - —— data
> 300 —=— tofal fit Godfrey-lsgur, 3 13 "3""""""' i
i B _+_ +-+- s background PRD 32, 189 (1985) _ff;z-{): 2D, i MOleCUIeS or Cuspsf)
2 : — I\:Rl‘,K =, OOL QM predlcted D —=— I'F, |
Z 250f] K(T) 3 E il 4 T ot |
S f T Ky | S T2 oL TR . .
S Lok —— K1) S iitHnggd -i- =1 'F o, gt Since mostly not established
> u —— K@) +>E E confirmation 2 . i2i7 13 £0.20 8 | i *+ +
ST KO | & o Simon 2 IT ok | states, we c}etermmed K™*— ¢K
150~ —— xarh) | S0P ST o 1PailsC g ] content entirely from our data (red
B -\ea-ne-o X(4500) 1 L g S =8 ig? = not significant! ) N
100~ P xeroo) [ ek S S EHE points): 6 K* resonances (of 4
- Wb e LHCb different J°) + 1 NR ¢K
i 17 o 2 g “well established” _
B - o' e e =% IR e i) accordingto PDG Previously X(4140), X(4274) were
> 3 qoobm—ime L LR L
1500 1600. 170.0 1800 1900 2000 2100 22 OOmjK E[lgie\/] L T ~ > ; Observed by CDF,CMS and DO

Kaon excitations | PO ' 0222 13733 24

.....
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St Amplitude analysis of B*— J/y¢K* ¢ =->K*K-
6D maximum likelihood fit
Mgk, My, O P, 0, P )

B’ rest frame

K rest frame

The inclusion of all decay angles in the

FEEEES amplitude fit, allowed resolution of various
L e K¢ partial waves, and led to a firm

g determination of JP¢ of J/y¢ resonances:

& 0" NR, ek ]
& I X(4140) +§ﬁ3f;mh )]
=:E 1" X(4274) 7 .
W 0" X(4500) + K*(29)
e 0% X(4700) - K(0)

Candidates

X(4274): 1** determined at 5.8c
X(4500): 0** determined at 4.0c,
X(4700): 0** determined at 4.5c
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Interpretation of J/y¢ structures?

) from Olsen,Skwarnicki,Zieminska
« P-wave charmonia” Rev.Mod.Phys. 90, 015003 (2018); arXiv:1708.04012
(Q-F.Lu,Y-B.,Dong PRD94, 074007 (2016) arXiv:1607.05570) 6

~ 600
5000 % (BaBar PRD82, 011101 (2010))
5p s s CZD 500 —=— B*> J/yoK* BaBar
B I 30— S —a— B*— J/WwoK* LHCb
4P B B B <400 v
4400} X(4500)  y(4274) =
3P % 4243 4336 I — 3 ’300 +
< 4100 X(4140) % + _
4 - _ i (normalized to the same area)
= 3925 - 3221 e 200
2P —
3800} g
.2h 100
3502 1405 7!
1P 35007 3431 .
0
200 | Godfrey-Isgur model | 4100 4200 4300 4400 4500 4600 4700 4800
'il?r Xeo Xel Xe2 rrl]flllq) or .ﬁfl.”w(!) [MGV]

It is possible to find matching y;,(nP) states

nP) states would couple to J/wy¢$ and J/yo the same way.
but the JP-mass patterns are different Xea(NP) P Vo A y

The J/y¢ structures do not show up in Jhyw spectrum.

|t appears unlikely that the J/y¢ states are pure cc states.
* Interplay of y.,(nP) states with (c5)(cs) or ((cs)(¢5))?
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Interpretation of J/hy¢ structures?
* A molecule/threshold effect?

N 1 Dy,"Dgy*
X(4700) AMy, = ‘O 1- 2 1- 2 3 D%D o *+D *'D *+D82*_
4600|6926 Me o . o
0f ——— 2° i D+ *-
X(4500) — 4 BBt
4400 — 1 Ds+Dsl*
1* i ) ]
X(4274) | e— e () DS* so*_ previously suggested
X 414%)200 1 0*,2 D, D.* Now ruled out!
( ) AMth: @ D +D *-
+66+5 MeV Dy
4000 é;; 0+ )
ESXDS

No n-exchange forces (1=0)!
n-exchange possible, unless crossed-over (v.Karliner,J.L.Rosner Nucl.Phys. A954 (2016) 365, arXiv:1601.00565)

Except for X(4140) being possibly affected by a D_.*D_*" threshold, the

observed J/y¢ structures don't fit the D,(*)-pair mass thresholds or their
guantum numbers
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Interpretation of J/hy¢ structures?

» Tetraquarks? 06

X(4500) @

Predicted two

e

PREDICTION 17" states with MANY MORE RECENT PAPERS
F. Stancu, X(4500) correct mass . .
J. Phys. G37 (2010) 075017, splitting. e.g. L. Maiani,A.D. Polosazv. Riquer
arXiv:0906.2485 —_— 4418 PRD94, 054026 (2016) arXiv:1607.02405
4353 4356 | —— 4399 - - -
—— 4343 Allow diguarks only in color triplet

Allow S=0 and S=1 diquarks.

Allow diquarks in color triplet and P8 wom| 274 configuration; cuts # of states in half:
++
sextet configurations. 4208 . only one 1** state.
’ : e | — Describe X(4500),X(4700) 0+ states as
Calculated n=0,L=0 states. i X(4140) the radial excitations (n=1).

Includes a state

— 3995 with the right
X(4140) JrPc
(t+ 1+— 1t+ o+

I 1

ol -1 -1 -1
Decay mode 31fb 8 fb 50 fb 300 fb

Bt - J/YeK* 43k 15k 0.IM  0.6M
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BRRDNT A0 JYpK': unexpected J/iyp SIIUCIUTES et e

PRL 115, 072001 (2015) PRL 117, 082002 (2016)
(\I,I_I i T T T T T T T T T i T T T T T T T T T T |_ ' (AIEW OE)JSIU:%‘AEI . %‘ ]
= 261 = = i 3 O,
q) i ] g Lo % nnE-“
O - . I I E
— B N W (ﬁ}K E§ [ g
Q 24 B ] b uy I @
< Jadi——————R | 274 © S, 0 8
oS [ 1 ld—==4i) } 5 22 o]
22— — 25=>¢
- . e lo £8 ¢ S
o a A< = 2 © o«
- ] N s2¢ 4 Pentaquarks
200 +—P_* (4450)— 5 RN A1
; +—P.(4380)— | 2 - - SessF ¢
= -9 o= 4=
18 — .3888G85a8 { g O]
5 1 —J s5733588 >
. . vp 88002258
16|, | | | - e | b+
e ‘IIII — — — IIIIIIIIIIIIIIIIIIII
2 3 4_—<}ind 6 E T s s g e T
b W ¢ 2 ” =] @© © = « = ] =) = I3
A(1520)  acdu mz_[GeV-] ( NOW SL ) / SueA3
" 8 Kp bkg-subtracted
_’\u A Loring-Metsch-Petry EPJ, A10, 447 (2001) )
l d} = [ M predictions — eff.-corrected yield/20 MeV
<2200 — E 2600 QM pre B — = )
=2000 —— total =Y = — — Molecules or cusps
= LHCDb — background 22400 = - - AQ3s0)
#1800 ssEes P(4450) = r— — T = =
— =~ P.(4380 C — —g= & _ .
£1600 . o) gl = T STl Eow e 13 better established A*
——T-- A(1520) - =S —S—am —o T =
1400 " A(1600) 2000 SEE— BT OS4 states (*** and ****).
1200 A(1670) - . 3 L 2 ipoorly established A*s o . . .
1000 T Aes0) T ool B g B e in the amplitude fit.
""" DU L e e AA80)
800 T iﬂg;g% = :AEEEEZ@OMQD) better established A*s Over 60 expected from the
B 1830 16008 = F 7 s according to PDG
600 L Aiee) S L ey (*** and =) quark model.
400 == == I\(21DO) \’14001 ; —
200F] hij — Y F -y Y s S T T Y
WL T et , — 1200 2 2 2 2 2 2 2 2 2 2
02 1.6 T8 2 2.2 2.4 2.6 s
Abaryonexutaﬂons my, [GeV] PPN I RS R BRI B R



lLangb Exotic hadrons at LHCb_T.Skwarnicki, SCGP Stony Brook, May 2018 19 :

Expected complexity of A excitation spectrum within the mass
range relevant to A, JypK- amplitude analysis

Loring-Metsch-Petry EPJ, A10, 447 (2001) R.G.Edwards et al (Hadron Spectrum Collab.)
§ 2600f~ — — — LQCD predictions
—_ M B b - —_—
$2400F =_ T A0
s — i L = — —®
wil2200F — _ 3T i %9 o
S =T = m =391 MeV.
[ =g —eEeT —g & =
< ooof  SERT _ESL 5= | x
f~ i < | :poorly established A™s
T oIS Ee pe BE s ~57 sdu states
< pofmieiHE Adew) | ~7 sdug-rich states
[ _=LE 1550 B better established A*s hvbrid
160(]_‘% =2 s Aas20) accgiding tE*EDG ( yorl S)
- L Ada0s) (*** and ™)
"1400F =
AP S A A A L L AT A A §
1200 21 2 2 2 2 2 2 2 2 2 2
L 0.8F
lﬂnn_ 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I IIIIIIIIII ]:I I : I :,I I ‘IFI

« Many overlapping states at high mass. Widths and couplings to pK not well predicted.
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it ol Amplitude analysis of A ,°— J/ypK-

A, rest frame

A rest frame

A(1670)
-@- total fit =»¢+ A(1690)
— background -* A(1800)

- P,(4450) " ﬁgg;g;

e Pe(4300) A (1830)
-4- A(1405) -4 A(1890)
== A(1520) -4 A(2100)

A(1800) .. A(2110)

rest frame
y rest frame A, T ¢a_

6D maximum likelihood fit
MGk My Oupr Py O P 1) oy

- . . " Prest fram
Al fit displays with / ‘>//
JP =2 for P.(4380)*
b Nathan Jurik, Ph.D. thesis, Syracuse 2016 ~ LAB frame
JF == for P.(4450)*
|m]/1,l)p — mPc(4450)| < I'pc(aas0)

= F
© s00f-
=

LHCb ﬁ B LHCb
Ph.D. thesis ¥ g

N U N
+

Yield/(0.1)
T I LI I'Ijl T

: Ph.D. thesis
e . —a— data L 700 = —ll- data
C 533 P(4450) eoof- @ loam
- : - —3— Total A
- o P(4380) so0f- P.(4450) + P {4360}
! L g PL(4450)
- P.(4450) + P {4380) 200F- (4450 e
¢ 3 —m— P_(4380)
100 : :*32 |

LLLLLLL
gl

+++

R R T R piys
—1 —GS —DB -04 ﬁ" 0 0z 04 06 OB 1

Negative interference “¢

between the P, states U

ReQUIres tWO Pe g action of A* contributions | source of ambiguities in J°
Sta’_[eS of _ peaking at large cos0p, determination of P_s.
opposite parity
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Interpretations of P (4450)*,P_(4380)" ?

2.

Molecules

5+ .
No E molecules in this mass range

Szczepaniak PL,B747, 410 (2015)
Guo,Meissner et al PRD92, 071502 (2015)
Mikhasenko arXiv:1507.06552

and others

Realistic rescattering mechanisms
(cusps, triangle anomalies) have
the same JP selection rules as
realistic molecular models (must
happen in S-wave)

Karliner,Rosner 1 L
PRL115,122001(2015) E L
and others 4500

P (4450)* 57 3F

1+
_ [ ] - or —
> 2

with reasonable values of binding

energies

50
—— _ +
1143 MoV 10+3 MeV |

4400 _JDC(4380)+ 3% 57

P.(4380)" is too
broad to be a molecule? B

4300

Decay mode Sl
Ap = J/YpK~

25k

2

- JP “preferred” rather

21

e

Tightly-bound penatquark

00

st
Can accommodate > when at

least one diquark in S=/ state

Maiani et al PLB749, 289 (2015);
Ali et al PRD94, 054001 (2016);

) and others
Such mass difference

and the opposite parity
can be explained by
AL=1 and AS=1

2

2
It is crucial to determine JPs!

than definitely

Need more robust verifications

determined ¢ h hesi
U. Phase of resonant hypothesis.
| 1 Both require better
8 fb-! 50 b1 300 fbr! understanding of A - pK
PV I -~ contributions (work in progress)
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Other channels related to P, (4450)*,P_(4380)"

Decay mode
Ap = J/YpK~
Ap = J/Ypr™
Ap = Xca1PK™
Ap = ] [YppKdm™
Ap = /YD

3 fb!

U. Phase
I [

8 fb! 50 fb! 300 fb-!

0.13M 0.8M 5M

1.9k
0.45k

10k 63k 0.4M
2.2k 15k 0.1M

Upgrade statistics will allow for
amplitude analyses of sensitivity
comparable (much better) than in

the discovery paper

. i
S
40E | " LHCb
35:_ Run |
- 3fbl
30f :
25F mpn>1.8 GeV ¢
20F "L, =
152— t»; ':% } Z_ —)]/lpﬂ'__i
10F e hiln e 3
u L w LT ]
0 fletoaed \ | !

1 I 1
4.5

5

5.

LHCb-PAPER-2016-015 M yjyp LGEV]

Hints of J /yYp structure; complicated by ambiguities with Z— — J /Y™
A coupled-channel to J /Yp. The y.p mass threshold near P_(4450)".

5 MeV/e?)
—_ = =
£ S 0 o
o o o o

120
100
80
60

40 A
20E

Candidates / (

CFEEr

‘ﬂ LHCb

Run |

LLLLL

0 I T S T TR
5450 5500 5550

5600 5630 5700

m(y  pK ) [MeV/e?]

LHCb-PAPER-2017-011



LIIJiCb Exotic hadrons at LHCb_ T.Skwarnicki, SCGP Stony Brook, May 2018 23 :
Isospin partners of P.(4450)", ?

o LJ/Yp) =+

« Whatever the nature of these states is, I5(J/yn) = —% partners should exist. Unfortunately
neutrons are not detectable in LHCDb.
 However such states can decay to open charm final states

J/ n
coudd « Relative to J/Y(— utu~)p extra 4 tracks to
B reconstruct and no dimuon to trigger on
Ay, > K0+ .. At DO (efficiency loss by a factor of ~50).
B AT > pK~n* « Upgrade luminosities are essential to reach
K*°—>Knt D~ = Ktm—m— sensitivity in these channels
D~ - D%~,D° - Ktm™
o |f I(]/l/)p) = % then also Doubly-charged partner (prompt production?)
I/ P I/ AT
Clauud Clauuu
Ap > K™+ .. Ap # —
X, DT 2. DO

+. +
Yo Al Xt o Alnt
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U-spin partners of P.(4450)*,P_(4380)" ?

* Strange partners: [PLB 772 (2017) 265]
A—)pﬂ:_ :I-;Daltal L LI-ICIb i
A0 —l:fta_lﬁt _
I A e i
= | »—Comb. bkg
cauds
= > K+ ... _ I = ]
b AC+ DS - A B e PR A SR s '
—_ rEl_] — } . LI B S —
A= + .. A - pK™m™ = géiiﬂ AR IR R L
o $ ' =
¢ - K K* Dg —» K*K™n~ = L
E
X
LHCb U. Phase =
| 1 o
Decay mode 3 fb'l 8 ﬂJ'l 50 fb'l 300 ﬂ:)'l
A, = ] /A 80 04k / 3k 16k 4 -
55 > ] JWAK™ 300 1.6k \_ 10k 60k « >

5700 5800 ~ 5000
m(J/wAK") [MeV/c2]

This will allow amplitude analyses LHCb-PAPER-2016-053
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D Beautiful analogs of P_(4450)%, ? —
* Binding of hadrons with beauty quark(s) is “"deeper” than with
charm quark(s)

* If molecular structures, then masses must be very near relevant
baryon-meson thresholds (£,B*, £, B, £,B*, A, B*, A} B)

» Beautiful analogs of the P_* states (Ebz_tud) would decay to easily
detectable final state: Y(— u*u~)p (if bbusd existsin Y(— u*tu=)A)

« Unfortunately, can only be searched for in prompt production:

— Large backgrounds from protons produced in primary pp collision (no
secondary vertex formed)

— If compact pentaquarks then prompt production can be sizeable, but prompt
production of the P_* states have not been observed so far
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Beautiful bgqqq pentaquarks with lifetime

 If binding was large enough, the lightest -
ones might have masses below the 3 1o

relevant baryon-meson threshold and 2of 1 2.F .
decay weakly 7L 103 e

. A secondary vertex eliminates L] 1R
combinatorial background from the b . Sl .

particles produced at the primary vertex m/yK ' p) [MeV] MUy K p) MeV]

« LHCb has searched for stable bduud,
bsuud,btiudd, bduud in J/Yyphth~ (h = K
or ) in Run I; found no evidence, and set
upper limits on their production rate

m(J/yp K x*p) [MeV] m(J/y ¢ p) [MeV]

« Such searches will have a better
Ce i i i ] PRD97, 032010 (2018)
senS|t|V|ty with Iarger mtegrated Ium|n05|ty L HCb-PAPER-2017-043

Candidates/(4 MeV)
Candidates/(4 MeV)
=9

.
3
2

1

Al 1 .
3000 5500 3500 6000
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New particle zoo: charmonium above flavor threshold

Above the flavor threshold: More exotic states than cc¢ states!

_ Old narrative (before 2003) = 4 New narrative
Z 4800 e s L 4800F
2, - - = - — Y(4660) 7 X700
& 4600F ] prg_d_l_cted “ 4600~ TCTCl : j ———-
2. . == --- - - —"X(4500}"""
. [ w(4s) = . wes) Z'(4430) = P2(4450)
= 4400F = \ = 4400F =Yg , . P—=Fus)
b === I == mT B (F)D o N ""' -:-1((4‘;74) /,’/, _ _
L (2D [ — Y 4220) '.‘ R —Z (4250}
4200} w—}\ 4200 _ x1607T & g7 2 (4200) ,—*{(4140)-‘ .
[ - w(ss) Q) ‘L s .
am w(3s) — = S S /___==7Z7(4050) D*Tyx
3 — [ L= Zo(4020) ,— ) 70
4000 \ ——— P D*D 4000 __mm’l'l 1-;‘--',- A 1<3“' X: _{ ) ~
L == - y *® C \ 77 2. (: 9'[’[’ (9 . == X(3872) (1 ) DD*
3800f WO~ war 3800 N o ) T D
-n(""i} q-:l(i?} DD [1.25) /S bb
o TS %_(1P) 3600F (P % (1P) D_E:E(_EP)
36008 i R L,UP) - " measured [ Sy ap)
X oy ' (1P) C el
3400 n| n’ b 3400F
- i 3200
3200F s :
- — (1S
3000[m 3000[n
. . ] _ . -+ I () - 1+ e -
0 1 I ) 0 [ 5+ 2 & other 0 | 0 | 2 2 & other
Figures from Olsen,Skwarnicki,Zieminska I -
Rev.Mod.Phys. 90, 015003 (2018); arXiv:1708.04012 Mesons are p red omin antly (q CI) bound

states below the open flavor threshold. They
are more complex structures above it, and
we have not yet understood them.

Mesons are (gqg) bound states.

All excited light hadrons are above “the open flavor threshold”!



LI.ICb Exotic hadrons at LHCb. T.Skwarnicki, SCGP Stony Brook, May 2018 28 :
kil Summary

* LHC offers enormous rates of heavy quarks via hadronic
production cross-sections and large instantaneous luminosity

« Good place to study hadron spectroscopy with heavy quarks,
iIncluding multi-quark exotics:

* Unique gateway to states produced in decays of b-baryons, B,

 LHCDb is well suited for such studies, thanks to hadron ID and large
trigger bandwidth devoted to heavy flavors

* Near and farther future upgrades of the LHCb detector to take
better advantage of the opportunity offered by the LHC:
— Precision studies on already observed exotic hadron candidates

— Hopes for detection of stable or narrow doubly-flavored tetraquarks (see
Marco Pappagallo’s talk)

— Judging from the recent history we should also expect unexpected!



