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Multii-quark States

> 0@ @B @5

baryon meson Pentaquark tetraquark hybrid glueball molecule

4 ~20 multrquark statesweresobserved since)2003twith:high
significance |rhmp®1rzﬁamzexmnlplesmbt0hquark states:
X(3782)%: Ml @ Z.(4130)ey(2Sip, 8(4100-%) /w ;9 * T
pentaquarks:P,(4380)F5/y p, P.(4450) )/y p
\_Regentrreview Olsen,sSkwarhieki;iZieminskas RevoN oty Phys.c90001 3003(20

Fourguark stades

Meson-mesomnmoleculec two white states llooselyshound by aipionexehange
Compactitettaguakie diguark-antidiguark pair connected by colorferces.
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BEviglenceffoBp state, B, | /y @ f0{01 0 2 0 )

V.M. Abazoveetzal (D Q Lollaboration)hPhys:vRex: Letz, b270022006(2016)
4 X(5568) A
— o o E 8 8 ('l "I JH @ ("l 6 YMeV/c?
8 8 (1"HE(I 6 )MéV/c?
\_ r X(56568)/ B)=8.6 1.9(stat) 1.4(syst)% Y.

1;5_ r W T D T T 2:: o DO Run II, 10.4 &' +
10: #k + + <— DR cut E : ) H}*} +
i ft g e T ft
e SRR e
m——— A
win oRey— 7 <03t |} {gﬁ__+_+#_Hm_+_+#ﬂ_@ _________________________________________
513 |
Without DR cut: 3.9s 22% 555 56 565 57 575 58 58 59

m (B %) [GeV/F]
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X(5568)2:B.p witlh semileptonic tlecays dfltb 8, mesomns
| X(5568) - B,p, B,%: D,mX,,,, RO f((0100:2)

200 ;

DO MC

—
n
o
[E2RA TN EREN LENNFARY RR2) EERY RA2Y EREA

/” Eventreconsinuctionand selection o +
DO Run Il integrated luminosity 10.4f | | 3 5 i +++++H+ it +HHH+++++ ' H*#*
—al
3 < p(m < 25 GeVic; K) > 1 GeV/c; D sl ** iﬂﬁ +_1+ |
1.012 < MKK) < 1.03 GeVA: 2 | 4 } +H++++ DO Run II, 10.4 fb
4.5 < MDJM < MB): p(DJm) > 10 GeVic | | § 19+ m“““w L
s 7
M(B,p) = MOJmD ¢ M(DJ) + MB,), ot yomta VTR
where MB,) = 5.3667GeV/c sl s oo AT PR TN
5506 < MBsp) < 5906 GeVR: 5.55 5.6 5?757(80353-::) 5.75 5.8 5[c855ev/§2]9

ICPPA2018 A.Popovwo b w/ & Y dzZNOK |- EHERProtkind G A  dzii S €26.10.2018



X(5568)2:B.p witlh semileptonic tlecays dfltb 8, mesomns

/ Backgrounthparametrization \
Fogr(M)=€ (C, -+ C,i2+Coim3+C im*) x
exp(Csim+Cgim?), where m=Ni-M,,,
Fit to data
thh(m Mx I‘X): fbgr Flfg‘r(m))ﬂ' sig ‘F s%(m Mx I‘)()

where Fg;(m,M,,I'y) - Swave BW function
convoluted with resolution (including

missing neutrino effect)fy,, f.

sig ~
K normalization coefficients /
200 DORun I, 10.4 fo' @
O
= ¢ Semileptonic Data
S 150 — Fit
o | ¥ eleTNY,, e Background
S & TR, e
© 100
(O]
>
(0]
Z
50 & ¢
| | | | X
5.55 5.6 5.65 5.7 5.75 5.8 5.85 59
m(B% %) [GeV/c?
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-

+95%
r@ o 6&*68)

/ﬂ

Fit resultswithoutDR cut

By = 556687738 MeV/¢2
MeV/e2, &= 139°2]
Local significance 14:8

Fit resultswitih DR cut

+3§*; MeV/cr:2 M= 121731

Lccal significance4.3s /

4

# +
150
DO Run II, 10.4 fb
150 NoDR ¢ Semileptonic Data
i — Fit
50 L e Background
g% 0 e Signal
O s B B By B EE 565 B
m(B% m*) [GeV/c?]
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X(5568)%:B,p witlh semileptonic dlecays dDfth8; mesoms

/ Systematic.uneeriainties \
Background shape description,

/  Significanceawithsystematics
without DR cut: 3.4s

with DRcut 3.2s
Production ratio afX(5568) to B,

background reweightingB, mass
scale (MC and data), detector
resolution and missing neutrino

e p(X(5568)/B3,) =
effect, pwave Brelt‘WI ner. . 3 114 y /N € 3 .14
\_ J N\ 78 BEEHE e
Comparisonwith-hadsenicichannel
Semileptonic Hadronic (from Ref. [15])

Cone cut No cone cut Cone cut No cone cut
Fitted mass, MeV/ ¢ §56647 5 e 5866750 ¢ SS678 L2877, 5567.8
Fitted width, MeV /¢? 207 eitTa w12 219 L 64159 21.9
Fitted number of signal events 121‘_*";} 1298 139j'(5)3l _*;21 133 =131 + 13 106 + 23(stat)
Local significance 430 4.5¢ 6.60 480
Significance with systematics 326 3.40 5.60 “ee
Significance with LEE + systematics e e 316 3906

Resultsiinssemileptanicichannelare compatibletwithahosehinihadronic

channelwiithin wneertainties.
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SimuitaneoustfitttoHadsenic: andesemileptonicehaninels

250F P (a) -l P (b)
& - DO Runll, 10.4 fb ¢ Semileptonic Data o« DO Run I, 10.4 fb ¢ Semileptonic Data
RS #» Hadronic Data RS i #» Hadronic Data
S 200 > 2501
= 2 ol e
© 15 o 200 HIT by
0 0
2 £ 150 NoDR
% 100 5 +
100 L
= z LA
50 T ety
50 .
L8 e:t"x :‘:;;"a,,
e oo I . PO SURPYRNR TR OO : oL TP N RO IS NI N BN R
555 56 565 57 575 58 585 5.9 555 56 565 57 575 58 585 5.9
m(B% %) [GeV/c?] m(B% %) [GeV/c?]
Cone cut No cone cut
F%tted MASS, MeV/c? 5566.9137 (stat) P9 (syst) 5565.81; 5 (stat) ", 3 (syst)
Fitted width, MeV/c? 18.61. (stat) 33 (syst) 16.3798 (stat) 182 (syst)
Fitted number of hadronic signal events 1317531 (stat) =13 (syst) 9929 (stat) 733 (syst)
Fitted number of semileptonic signal events 147137 (stat) 1] (syst) 111.7438 (stat) 139 (syst)
x> /ndf 94.7/(100 — 6) 54.2/(50 —-6)
p-value 2.2 % 10714 1.9 % 107
Local significance 7.60 5.60
Significance with LEE 6.9c 3.00
Significance with LEE + systematics @ @

Significance increases with addition of semileptonic sample
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X(5568)°:B_p witlh semileptonic dlecays bfHh 8, mesons
Publishet V.M. Abazoveetal(DQ Collaboration)Phys: /R 97, 0920042018)

World compatison

Analysis Production ratio ( B, / X(5568) ) Reference
DO (J/vy ¢) 86+1.9%+14% PRL 117,022003(2016)
DO (n D) 7.3428, +06 o4 PRD 97, 092004 (2018)
LHCb < 2.4% (pr(B%) > 10 GeV) PRL 117,152003 (2016)
CMS <1.1% (p+(Bs%) > 10 GeV) PRL 120, 202005 (2018)
ATLAS <1.5% (p1(BS%) > 10 GeV) PRL 120, 202007 (2018)
CDF <6.7% (2.3 1.9 £ 0.9%) PRL 120, 202006 (2018)

LHC experiments do not observd5568), but CM energy is rather different.
CDFresultsisii2s i Sy aA2zy GA0K 592 1AYSYIl 0AC
Without theoretical model forX(5568) production and decays it is hard to
compare various experiments quantitatively.
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A searehifoZ(3900)) bt D@ eapgrimSnE LIS N
ﬂ,@gm)) was discoveredir 2018 by-Belle and BES|

P 4 in the process:
= HEH O §(4260) O H(3900) n'h
H(3900) O 7y n '8
Jy 5+ | Y(4260): two interfering resonancey/(4260) and
S " y/(4360)) (BESIIL).
= A Which eomponentidecaysitd, (3900)?
H A Are there dlecays

\ 8 §(4260)(% H(3900) 1) + hhytdiikg 1/7
H,, > 1(4260) + anytiing )y (426<) > Z5(3900)n" = (3900) > ;P wt

/R 10.4 fotof b data at1.96 TeV. A Vertex fits: £ 7" ¢2<11, @dding
A Jly+2aracks;, bh > 1 EHpg > extra piond,&<6
083 & ¢Hppposite charge. A Selecteeventswithidisplaced
A Veto &* O &n(ri)hd O &Ehy €N "1 vertices, L, distribution
conversion. has asslope corisistent witB
A Displaceteriex: hadron decaysilifetime.
Ea,d 1 )T 0 (Byy0>6,, EPgR 1 )T o (EP B2 A 41<MENY ) <5.0 GeX
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A searehifoZ(3900)) bt D@ eapgrimSnE LIS N

- 3 DO Run Il, 10.4 f&' / Fllt to dﬂﬁ \

Backgroundoparametrization:
g i C{Mﬁh@\ppﬂl;{pﬁ@lﬁl&
& Signalparametrization:
gk Swave BreitWigner smearedwith
G resolution (17 MeY).
i r fixed to PDG/value2B.2 MeY).
AN \ 42<M(Ty ') <47GeN
3.7 3.8 3.9 ml(lJ/\'; ni‘})j 4.2 4.3 [Ge\;4].4
Systemati fainti Results \
ICutincertalnues.
o | By = 38958) + 582(MatF R (Wt 3
Mass calibration rmass-resolution, MeV,
backgroundsshapéeddifferent clegrees

of Ohebyshewpolynoemials)binsize, || "Ewi= 505 + 92(M ek 64(Ws)B

signal imagel( (different:BretWigner Locdlssigiificancd.6s

forms), maturalwidth variations. N . :
Sigiificaneemtths gyistennatic<.6s
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A searthffeiZ,(3900)) bt b eapgrimSnE LIS NA

= 140
g DO Run II, 10.4 fb' - b) DO Run II, 10.4 fb' Fc) + DO Run II, 10.4 fb'
n 120 — 120 |-
%200:— %’wo:— + + B o %IOO:—
= = o F & s ¢ + e
& w - & *F Mg g o /T 41
w F - % [ [42<mUnyrn)<425Gev . % [ ’
2 41 <m (Jy n* ) < 4.2 GeV & il <m (Jy )< 2 b 425 <m Uy 7 ) <43 GeV
g 100 | 4 DATA g C ¢ DATA g F
w — Full fit wor — Full fit w o 4 DATA
A - Background 2 Y - Background A= — Fullfit
50 |— s Signal ol L Signal . B ----
Sl ) 1 | Loyt oy o baud 1 | e L Ly e h o: 1 ! 1 | S a0 P o7
3.6 3.65 3.7 375 38 385 39 395 4 3.65 37 875 38 385 39 8.9 4 4.05 365 37 375 38 38 39 395 4 405 44
m (Jy n?) [GeV] m (Jy %) [GeV] m (Jy ) [GeV]
20 =d) DO Run II, 10.4 f6' a0 [-€) 4 DORunli, 10.4 8 i =L
180 - é 200 ;—
- E_ + ............. = 5_ 180 ;—
%140:— + + %3“0:— %wo;— +
= = = E s W E
© 20 - Q 250 [~ =] =
& + e . N | DO Run Il 10.4 &'
‘g 100 |- 43 <m(Uhy T ) < 4.4 GeV % 20 - 4.4 <m(Jy ) <4.7 GeV _gé e B 47 <m (Uhy 7 1) <50 GeV
Q e + DATA o F + DATA s F ’ )
> - > =i > =
Wk — Fullfit TS — Fullfit @ *F + t DATA
- ===+ Background o =29 AN PR Background 60 [— — Full fit
40 F/ e Signal ” SR /' cHN f Background
E v = | | L Signal
2 K 50 A wE
i I [P O U 1 I P R T il 1 ) L o B 4 I 1 L L
37 38 3.9 4 4.1 3.8 . 4 4.1 4.2 4.3 4.4 3.8 39 4 4.1 4.2 4.3 4.4

DO Run II, 10.4 &' —4-XYZ

=il
=i= FiEll

BESIII

Events/50 MeV

y(42%90)

Lowabowa bowa bowa bvn b b Byaa Diaa Doy

o(e'e—n*nJy) (pb)

TTrr|rrrrrrrrrrrrr

[ W
42 43 44 45 46 47 48 49

m(Jhymm) [GeV]

ol
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A searehifoZ(3900)) bt D@ eapgrimSnE LIS N

%1:22: - | Dol Runl I, 1104fb‘ E / Sineer,(3900) 1y wand \
% 1000F- - L0 B &7 have the similar
5 goof oo topology and €fficiencies;they
500F sl I are canceéboutinthexatio
ZZZ EH(3900) & & n
8—1 5'15'5 2 5. 255353554 5.45 5.5 5.55 5_6 & A:h'_|o ‘ é':;rlll &°

i) 56Y] K = 08085 + 08019 j

elle Collabersationidichnot see agsighificant
signal fromH(3900) in AL ENp & .
In our case thermass-spectriufmfef
also show neiindicationcofithel(3900)
(5815 < BEIY nt& ) < 581 &éHmd &°)
Upper limit on the ratio tothe&,0> &1 &° 201 -
processc010.015 (at 90% ClL) is obtained. . T S S

Events/25 MeV
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Comndluston

A We corfinm protuctioncoX(5568) state in proton-antiproton
collisions:atl.96 TeVwith an indepententdatassetwith

semileptonic tlecay 67| meson.

A X(5568) properties iin ihatironicaand semileptonic-echannels:are
consistent.

A Comibinetssigificance ff(5568) state observationiin:these
two channelsiih.7s.

A 5@obs2ro- & (NI S)RXotic state dlecayingdd/y = *n
proton-antiproton collisions:atl.96 TeYwitih 4.6s significance.

A Measuretimas0H(3900) is
By = 38958) + 582 (matE R (we1 ¥MeV consistentwith
Belle andBES|Hhmeasurements.

. MEH{3900)%8 ) _
A Ratio RO gy i, ~ 50 = 189 B,

A PublishediinPhys. fRevDR98)50520 100(2018
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X(5568)2:B,p witih semileptonic dlecays dflib8; mesomns

— / Alternative parametrizations
/ Backgrount-parametrization \

1. F.. (M)=((C,+C, mB+C.im3+C,im%) x
Backgrounddistribution is:obtained b (M= + 3 M)

: exp(Csim+Cgim?),
from MC andrreweighted taldata. where m=M-D, ,\=5B GeV/c.

FogdM)=((C - C+CIM™Cime) || o o cey g of B 1)’*‘ |
exp(Csim+Cgim?), where m=NM-M,,, ] ' ,iH“' B
Several-alternativerparametrizationsfafthe diq»(té\_, m-)’ threshold
backgrountdwere used donmodehthe where M, 1S 2B, S .
backgroundfortackgroundishape 3. Histogranmsmoothing ((oneiiterationcof
k systematics-estimation. / 353QiHalgorythm). /
N E } @ o~ 3000 b Hﬂ-hi.tﬂ A ®
g i *} g * ’f’
o | t HH. { © 2000}~ 4
7 ool 4 + ?’{} } } = ‘5 DO Background Model
£ Toa0r- “4. € 4
s [/ DR<0.3 P s [/ NoDR
Z 500:_!- ) "**'H;tn z 1000—‘

ICPPA2018
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X(5568)2:B.p witlh semileptonic tlecays dfltb 8, mesomns

Systematicuunceriaintes
Source Mass, MeV/c? Width, MeV/¢? Event yield, events
Cone cut
(1) Background shape description +0.7; —0.3 +0.0; -1.0 +0.0; —26.6
(1) Background reweighting +0.15 0.1 +0.4; -0.4 4+3.9; =42
(iii) BY mass scale, MC simulation and data +0.1; =0.3 +0.8; —1.0 +5.1; =7.8
(iv) Detector resolution +0.9; —-0.0 +2.7; -1.0 +6.5; —=0.0
(v) P-wave Breit-Wigner +0.0; =0.4 +0.0; —1.0 +0.0; =3.7
(vi) Missing neutrino effect +1.0; =0.0 e e
Total +1.5; -0.6 +2.8; =2.0 +9.1; —=28.3
No cone cut
(1) Background shape description +0.0; —0.7 +0.7; =25 +4.8; =28.0
(1) Background reweighting +0.1; —0.1 +0.7; —=0.7 +35.0; =3.0
(iii) BY mass scale, MC simulation and data +0.3: —0.5 +1.0; <14 195: <96
(iv) Detector resolution +0.0; =0.5 +1.3; =2.6 +3.7, —6.4
(v) P-wave Breit-Wigner +0.0; =0.2 +0.0; =24 +0.0; =7.0
(vi) Missing neutrino effect +1.0; =0.0 e
Total +1.0; —1.0 +1.9; —4.6 +10.9; =31.5
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A searthifoZ(3900) bt @ eapgrimSnE LIS NA

Systematic.uneertainties
Systematic uncertainty Mass (MeV) Yield
Mass calibration b <1
Mass resolution < L1 27
Background shape +0.4 S
Bin size wad Y | sn.
Signal model +2.4 =k
Natural width variation < 0.1 123
Total (sum in quadrature) 2.7, +4.0 +64
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A searthffeiZ,(3900)) bt hp eapgrimSnE LIS NA
Cresschecks

%’w& rangesoop+(p) from J/y = qystem (1.5 or < 1.5 GeV,.
A Three pseuderapidity rapgedk|<0:9, 0.9 < |h|<1.3, 1.3< | h|<2.0).
A i andy.
A Eventsiinttheshighe? tail.
A VariousRunilbpetiods.
A Jly masswinttow-and: sidebands.
A M(p*p’) from J/y p*p- system(>1.00r < 1.0 Ge.

A ReversedP cut on second trackt(toishowpredominantneprompt
production).

A Samessign pion paifsom J/ys p p system.

All crosschecksyprovided:expeeted:-results.
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A searthfoiZ,(3900)) bt O@ eapgrimSnE LIS N °

DO Run I, 10.4 fb'
B *yIK'

Events/0.025 cm

005 01 015 02 025 03 035 0.4
Ly [cm]

ThelL,, distribution was fitted with* g ** 7

Z(3900)© *yIp L =0.098 0.030;
B% *yJK": L = 0.130 0.004.Consistent with each
other.

The twop; distributions are also similar.
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