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 Multi-purpose, high acceptance, well understood detector.
Excellent muon id and acceptance. (Zdt~ 10 fb™
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w “Four” quark states University * *

* Four quark states can be distinguished from regular mesons by
comparing the mass, width, charge, other quantum numbers,
production and decay modes with predictions.

e Exotic four-quark states can be described as tightly bound
(tetraquark) or loosely bound (molecule hadroquarkonium):

'( . tetraquark
L G ©

_____
Hadrocharmonium

 Observed four-quark states (high statistical significance): Z(4430)* - y'n*,
X(4140)=> 1/, Z5(10610)*=> Y1t*, Z,(10650)*=> Y+

* Not well established: Z(4050)*— ycamnt*, Z(4250)* = xcarmt'.
* X(3872) is probably a mixture of two- and four-quark states.

« All of these states can be interpreted as molecules (their masses are close to the
sum of two regular mesons).

« Also, pentaquarks P¢(4450)* = J/Wp, P<(4380)*—>J/bp
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Inclusive Production of X(4140) University T

* X(4140) was first observed by CDF in 2009 in the decay
B* - X(4140)K* = J/YPK*
v DO and CMS confirmed the observation

X LHCb was unable to confirm and disagrees at 2.4c
with CDF (Phys. Rev. D 85, 091103(R) (2012))

* Observed in decays of B*

= UL DL L DL L L L L
S 10°F - DO Run 11, 10.4 ft5'
e DO: First inclusive X(4140) 3
measurement z <L )
Phys. Rev. Lett. 115, 232001 (2015), R
& arXiv:1508.07846 oL P )
« J/o is selected in three Ly intervals ’ \
and in two mass intervals: e § 12 “‘mg',”ﬁ
e X(4140): M(J/Yd) < 4.36 GeV 01 g'o's'" ‘o' 0.05 0.1 0.15 02 025 03
Ly fom]

e B 4.8<M()/Yd)<5.7GeV

 Number of Bsand X(4140) extracted using mass fits. ‘


http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E85%252E091103&v=a7974039
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ny > 250 um
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Parent —0.025 < Lzy <0 cm 0 < Lzy <0.025 cm Lzy > 0.025 cm Sum
BY 191 4+ 143 804 + 169 3166 + 81 4161 + 236
X (4140) 511 £120 837 £ 135 616 £ 170 1964 £ 248
X (4140) non-prompt 37 £+ 26 156 + 54 616 £ 170 809 £ 175
X (4140) prompt 474 + 123 681 £+ 149 =0 1155 + 193
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TABLE III: Summary of X (4140) measurements.

Experiment Process Mass (MeV) Width (MeV)
CDF [2] BT — J/WoK™  4143.0£2.94+1.2 11.770° £3.7
CMS [4] Bt — J/poKT  4148.0£2.44+6.3  2871° 419

DO [5] Bt — J/yoKt 41590+ 4.34+6.6 19.94+12.6730

DO (this work) pp — J/¢¢ + anything 4152.5 £ 1.77%% 163+ 56+ 11.4

The non-prompt production rate of X(4140) relative to B is
R =0.19 £ 0.05 (stat) £+ 0.07 (syst)

The fraction originating from b hadron decays
fo = 0.39 £ 0.07 (stat) + 0.10 (syst)

which implies prompt production of the X(4140).

For Lyy > 250 pum the estimated number of X(4140) from B* decays is 130 +
60 and we observe a total of 616 = 170 implying that the b-hadron decays
are contributing to X(4140) production
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B2 * includes BJn*, Bon™, BJn* and B.n.

* Bt system contains 4 quark flavours
bsdu

e Study invariant mass up to BK mass threshold

Xt = B)rT B — J/vd; J/ve = puTidp— KK
* Selections: Standard Bs plus it from primary vertex

AR = \/[6(BY) — ¢(n)]* + [n(B) — n(x)]* < 0.3

B
pr(By) > 10 GeV AW

 To improve mass resolution we measure:
m(B2nE) = m(J/or™) — m(J /1pr) + m(BY)

% We can also have Bs 1t which shifts the mass of the resonance by
“m(Bs’) - m(Bs)” and does not effect the width
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2000 [~

4 DORunll, 10.4 fb'

M (B,) = 5363.3 + 0.6 MeV/c?

©
3 o (B,) = 31.6 + 0.6 MeV/c?
§1OOO N (B,) =5582 + 100
e M(B,): [5.303-5.423]GeV/c? (about +26)
Z
E real
- B & = =(70.9+0.6 )%
%8 5 5.2 . (Js/.:u 5 5.6 [ égwcz] 6 Nreal+N false

“Real” B,” are modeled using PYTHIA MC of B,° production (random combination of B, and r%).
“Fake” B.” are modeled by sidebands: 5.0 < M(B,) < 5.21 GeV/c? and 5.51 < M(B,) < 5.87 GeV/c?.

700 ¢ hist: MC Bstt _
: oints SB Bsmt*
+ ‘mi @ No Cone " °
Shapes of B,* backgrounds are similar for Lo s
“real” and “fake” B, models (MC & Sidebands). > ook B
g 300 [- ‘¢ L et
These two background model samples are z 20
mixed in measured proportion 70.9% / 29.1% wi /  Cone
i %5 555 56 565 57 575 58 585 59
to obtain full background model. B o]



N events / 8 MeV
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Fbgr = P4 exp(P3)
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BW (mpgr)
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F = fsig X Fsig(mBﬂ—,MX,FX) + fbgr X Fbgr(mb)a

Fsig - relativistic S-wave BW convolved with
gaussian (3.8 MeV/c? detector resolution)

M%F(mBW) .
(M)Q( - fm2B7r)2 + M?(IQ(mBW)

M = 5567.8 + 2.9 (stat) MeV/c?
[' = 21.9 + 6.4 (stat) MeV/c?
N = 133 + 31 (stat)

Local significance = 6.60 ( obtained using
Wilk’s theorem)

Significance = 5.10 including look-elsewhere
effect (LEE) and systematics



DO Run II, 10.4 fb'
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Production ratio of X(5568)/Bs
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DO Run II, 10.4 fb'

— 15<pT(B,)<30GeV/c

R W T s w o W e

m (B %) [GeV/c?]

TABLE II: The X;,(5568) number of events, mass, and natural width, the number of reconstructed BY mesons, the reconstruc-
tion efficiency of the soft pion e(x%), and the production ratio R (X3, (5568)/B") for two pr(BY) ranges.

Parameter 10 < pr(BY) < 15 GeV /¢ 15 < pr(BY) < 30 GeV/c?
N (X3, (5568)) 58.6 = 16.7 675 + 218
M (X5 (5568)) 5566.3 + 3.3 5568.9 + 4.4
[ (B (5568)) 184 £ 7.0 21.7 + 84
N (BY) 2463 + 63 1961 + 56
() (26.1 + 3.2)% (42.1 + 6.5)%

R (X, (5568) / BY)

(0.1 £ 26 + 1.6)%

(8.2 +£ 2.7 + 1.6)%

Events

58.6 +16.7

Averaging over 10 < pT(B.°) < 30 GeV/c

Within uncertainties production ratio R (X(5568)*/B.?) does not depend on pT(B.°)

The mass of the Xps remains consistent with change in background shape.

67.5+21.8
R=(8.6+1.9+1.4)%
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subsamples with different pion charge;
different angular and momentum intervals;
different Bs vertex distance

Use B4 instead of B

changing background shape description
mass distributions of Bs K* and B p

mass distribution of Bsrt'm”

All results are consistent
within statistical
uncertainties.
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Bsmt Peak position vs. AR
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* Prompt production of X(4140) has been studied by DO.

— The Fraction of X(4140) produced in the decays of b-
hadrons is f, = 0.39 + 0.07 (stat) + 0.10 (syst).

— The resulting mass and width (in the J/{d mode) agree
with the values measured by CDF&CMS.

* DO has observed a resonant structure in the Bsrt* system with a
significance of 5.1 o (including LEE effect and systematics).

— The large difference between the mass of this state and the
sum of the B4 and K* masses implies that X(5568) is unlikely
to be a molecular state composed of loosely bound B4 and
K* mesons.

— We wait for the studies from all LHC experiments and from
CDF.
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Non-standard states observed with high significance
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Observation of new Bz * state: cuts

« pT(n)>156eV/c, SMT >0, at least one p - matching
« M(J/y) :[292-3.25]6GeV/c?

« pT(K)>0.7 GeV/c, SMT >0 (SMT- Silicon Microstrip Tracker hits)
« M(¢) :[1012-1.03]6GeV/c?

« M(B,) :[5.303-5423]6eV/c?
%%(Bs) < 30, Length B > 3 sigma

pT (7*) > 0.5 GeV/c, SMT > 1, y2(n->PV) < 16,
IIPXy (P)| <0.02 cm , |IP 3 (p)| < 0.12 cm B,

pT (B,n*) > 10 GeV/c { DR

AR =/[9(Bs) - ¢()] 2 + [n(B,) - n(n)]2 < 0.3 - cone cut

To improve resolution: m(B,n*) = m(J/v ¢ ©*) - m (I /v ¢) + 5.3667
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Systematics

TABLE I: Systematic uncertamnties for the observed X (5563) state mass, natural width and event number.

Source mass, MeV /c? width, MeV /¢ rate, %
Background shape
MC samples with soft or hard BY +0.2 ; -06 +26 ; -0 +8.2 ; -0
Sideband mass ranges +0.2 ; -01 +0.7 ;=17 +1.6 ;-0.3
Sideband mass calculation method +0.1 ; -0. +0. ;-04 +0 ; -1.3
MC to sideband events ratio +0.1 ; -0.1 +0.5 ; -0.6 +2.8 ; -31
Background function used +0.5 ; =05 +0.1 ; -0. +0.2 ; -1.1
B" mass scale, MC and data +0.1 ; -0.1 +0.7 ; -0.6 +34 ;-36
Signal shape
Detector resolution +0.1 ; -01 +1.5 ; =15 +21 ; -1.7
Non-relativistic BW +0. ; -1.1 +0.3 ; -0. +3.1 ; -0
P-wave BW +0. ;-0.6 +3.1 ; -0. +38 ; -0
Others
Binning +0.6 ; -1.1 +2.3 ; -0 +3.5 ; -33
Total +0.9 ; -1.9 +5.0 ; —=2.5 +11.4 ; -11.2

Systematic errors are slightly smaller than statistical errors.



No cone cut: B’n* state
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Alternative signal extraction method

140 DO Run II, 10.4 fb'
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We fit M(B,) in each M(B,p+) bin, using second

order polinomial Yo model background and gaussian

with fixed mass and width to model signal.

With this method (cone cut) we get 118 + 22 events,
comparing with 133 + 31 using standard method.

No signal for undergaussain events (“false” B,]
agreement with bkgr shape modeled from SB.
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Test with B, n* combination

300 |- + DO Run 11, 10.4 fb' 0+ 0 %0
o 2505— H+++H I'D’d T Bd — J/\Ij K3
a0b | T i _
= 2005 ) ﬁ* Jw— pu"p; K¥O—Krr
% 150 :— { t W+#+i+++++ '
E skt 10 A Cuts are very similar to
R "‘-~+++§ B O+ lvsi
2 ol % 9 * analysis

0:.":| | | | Lode w0 be o b e w

55 555 56 565 57 575 58 8§85 59 Cone cut does not produce peqks
m (B %) -m (B%) + 5.3667  [GeV/c?]

Do, L=1.3 fb*

f
| 1 4 DO published paper:
& B#HM Phys.Rev.Lett.99:172001,2007

250

200

150

100

_I’I_|IIII|IIII|IIII|IIII

30

Number of Events / 10 MeV/c?

: ) / N, ",
9.2 0.25% 0.3 035 0.4 045 0.5 0.55% 0.6 0.65 0.7
M(E'r) - M(B")  (GeVic?)




Kolmogorov Smirnov probability 99%

With Cone Cut
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FIG. 4: Comparison of the shapes of the m(nglL) distributions of data and the background model in the range 5.6 — 5.9
GeV/c® above the X (5568) (a) after applying the cone cut and (b) without the cone cut.




