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 Multi-purpose, high acceptance, well understood detector.
Excellent muon id and acceptance. (Zdt~ 10 fb™
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w Search for exotic baryons decaying to J/YA

LHCb observed two exotic baryon states (P) in in Apb—> J/Pp K at 4380 MeV/c?
and 4450 MeV/c2.

* Numerous states with the quark contents including a ©c pair and three light
quarks are expected to exist within 500 MeV of the threshold.

e Searchinthe M(J/y A), where J/y>ptu, A=>prt.

Event Reconstruction
J/y e DORun Il integrated luminosity 10.4 fb-1
Ay y P e pr(u) >1 GeV/c; pr(pup) > 4 GeV/c
2 c A e 292 <M(pp)<3.25 GeV/c?
W s e pr(A\)>0.7 GeV/c
3 e 1.110 < M(A) < 1.122 GeV/c?
e pr(p)>0.15 GeV/c
o e Non-prompt: J/Y decay length

significance in the transverse plane is
greater than 3 and A decay vertex is
closer to J/U decay vertex than to the
primary vertex.
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w Search for exotic baryons decaying to J/YA
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* Search: concentrate on Non-prompt sample

no indication of signal in prompt sample.
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Non-Prompt .
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DO Run II, 10.4 f", Preliminary J WMJ

Data Non- prompt J/w
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525456 58 6 62
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Non-Prompt

. WWW .

Pt (Mv Mx, FX) — fbngg T fsingig 100 MW)W m&# w
sof. DO Runll, 10.4 fb', Preliminary Mﬂ

e Search procedure

e Binned maximum likelihood fits
to the distribution of the J/ A
invariant mass in the range from
the J/U A threshold to 4.7 GeV/c?.

250}*

2002%

Events/0.01 GeV

* Fig(M, My, ox) is a Gaussian with free $ Data: Non-prompt J/
1 L1l | L1l | | L1 1 | 111 | 111 | 111 | 111 | 1 1 | 1 _l
mass and width. 044746 48 5 52545658 6 62
o fpgand fsgare normalisation constants M(JApA) [GeV]

* The background is a threshold function where My is the J/{ A invariant mass
threshold.

M? M — Mth
Fyg occ M ( 5 > exp(ca M) [1 — exp ( )]




w Search for exotic baryons decaying to J/YA

Events/0.01 GeV
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Mass fits of the sum of signal + background or background only to the data were
performed with the signal mass set at fixed values in 10 MeV steps.

Local statistical significance is defined as \/—2 In (Lo/Lmax)-

The highest local significance of 3.450 occurs at M = 4.32 GeV/c2.

If LEE is taken into account it leads to the global significance of 2.8c.
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No evidence for new particles decaying to J/PpA

... but could point the way for other searches.



N events / 8 MeV/c?

Residuals (Data-Fit)

V.M. Abazov et al (DO Collaboration), Phys. Rev. Lett. 117, 022003 (2016)
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Statistical significance of signal
(including systematics and LEE)

= /A2 + A¢2? < 0.3

With AR Cut: 5.1 o, Without AR Cut: 3.9 ¢

Not seen at LHCb and CMS
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My = 5567.8 4 2.9 (stat)T99 (syst) MeV /¢
I'x = 21.9 + 6.4 (stat) £59 (syst) MeV /c”
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https://arxiv.org/abs/1602.07588

w Confirmation of X(5568) with semileptonic I[jar.lcas‘g[er
decays of the Bs Nniversity

* Look to confirm X(5568) using additional channel

* Optimise cuts to minimise effect of
missing neutrino and reduce
size of background.

B; = Dsuv reconstruction:

Reconstruct Ds & ¢m, ¢ - KK,

Require 1.92 < m(¢m) < 2.02 GeV.

Add a muon that forms a vertex with the D..
Require 4.5 < m(uDs) < 5.4 GeV

to minimise the effect of the missing neutrino.

X(5568) = B:nt candidates:
Add a charged pion with pr > 0.5 GeV/c consistent with coming from the PV P

Additional pion chosen with identical cuts as used in Bs°> J/{d analysis.

 To improve mass resolution we define the invariant mass as

M(ngi) = m(uDsm) —m(uDs) + m(Bg)



Look to confirm X(5568) using additional channel
e Optimise cuts to minimise effect of missing neutrino and reduce size of background.

Data
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Model signal with modified spin-0 meson in 200 .
eole P % 150E. b) DO Signal MC
Pythia. S
[} =
Background puDs* events generated inclusively 31405—
and selected based on kinematics. 2.0F
£ 1001
MC is weighted as a function of pr(u) and > 80
pt(uDs) to account for trigger and z 60
. . . . 40
reconstruction efficiencies o0F- + +
c + ¢ * *
0— v e v b b e b b by |
5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9
Data and Background MC (8% 79 GeV/c]
Nézso:— §aoof—-_
% E LWP%W 27002—_ - DO preliminary, 10.4 fo'
U>J200:— t}ﬁ rl *hil L%600;— - Data
150:_ + 500;_;__ - MC Background — -
C L DO preliminary, 10.4 fo' 4005- ﬂil‘-} S PR T e
o -|-+ Data 3005— :t*t
[ - MC Background 2005_1' = +* =
50 :- MC Background, pT(B )-pT(u) weighted ; - t_i"ﬂ,*
F 1005— -"M
0_._...I ............................ o | I....|.‘?&_
= 10: ﬂwn?“fm_
zo—lﬂ*ﬁ1+ + :100 ‘....
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25 30 35 40
p,(BJ) pT( BSOT[i) [GeV/c]
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Fix shape of background by fitting MC background simulation.
* Fit data to background model plus signal
* signal represented by relativistic Breit-Wigner BW (m)

convoluted wth detector resolution and smearing
due to the missing neutrino.

MET(m)
(M —m?)? + MxI*(m)

Background  Fi(m) = (Clmo + Cgmg + Cgmg + C4m61) exp (C’5m0 + C%m%) ,
function:

where m = m(B7%), my = m — my, and my, = 5.5063 GeVc? is the threshold value.

3000F- 4 @ults of signal injection closure test
- ++++-+ 144y + +
o C + f-#*¥ ++* # *+ ﬁ | Signal Injection test |
§ 2500 — ‘.#* Yives - ‘ ‘ ‘ -
g 20005 t#‘* 300:—' @ FitedN,, | Q :
00 - h I — N, =N,
P o 9
< 1s00f DO Background MC o
> - C
o 4 2 - -
z 1000 X /ndf =11 150 @
B : e DO Simulation
500 100~ .
¢ e
0_ 5I55| L 5I6 | | | | | |

1 1 1 11 11 1 1 11 1 1 11 1 11 1 1 11 1 7r“ ‘ ‘100‘ ‘ ‘ ‘150‘ ‘ ‘ ‘200‘ ‘ ‘ ‘250‘ ‘ ‘ ‘ ‘
5.65 5.7 5.75 5.8 5.85 59
m (B% n*) [GeV/c? ]




: Lancaster E=3
w Fit results University ®

250 [
S 200 -
() L
= B
2150 [
2 - DO preliminary, 10.4 f&'
() B
100 - ¢ DATA |
= B Fit with background shape fixed
-/ | mmmme= Background
50 ] e Signal
x*/ndf =0.7
Lood .lnll“‘] 1 1 |"rn.|. il 1 | I | | R | l . ) | I | J | |} I I , Lol l || l 1 |
0 555 5.6 5.65 5.7 5 75 58 585 5.9
m (B% m* [GeV/c?]
Local Signficance
f X (5568) \ f S
Ny = 139751 \/_mn Lo
Lmax
3.6 2
Mx = 5566.73% , MeV /c

195 5 Statistical Significance 4.5 0.
QX = 6.0"47g MeV/c J Including Systematics 3.2 y




Source

Systematics

mass, MeV /c

2

width, MeV /c?
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event yield, events

Background shape description  +0.0 ; —0.7 +0.7 ; —2.5 +4.8 ; —28.0
Background reweighting +0.1 ; —0.1 +0.7 ; —0.7 +5.0 ; —5.0
BY mass scale, MC and data +0.3 ; —0.5 +1.0 ; 14 +7.5 ; —9.6
Detector resolution +0.0 ; —0.5 +1.3 ; —2.6 +3.7 ; —6.4
P-wave Breit-Wigner +0.0 ; —0.2 +0.0 ; —24 +0.0 ; =7.0
Missing neutrino effect +1.0 ; —0.0 - -

Total +1.0 ; —1.0 +1.9 ; —4.6 +10.9 ; —31.5

N events / 8 MeV/c?

Alternate Background Shape

Argus Type background

- + + + 250
_ N,
+ + S 200
[0}
=
DO preliminary, 10.4 ft' 2 150
0
¢ DATA ‘qc')'
Fit with background shape fixed q>,) 100
-------- Background prd
[ Signal
/Y x2/ndf =0.95 50
ST ERTT TN 2 WOV VOO0 O V00 WOV RN SOOI OO O WOUTOOT NN SOU WOTNOCOOU OO0 MUV SO AT |
555 56 565 57 575 58 585 5.9 0
m (B% %) [GeV/c?]

Smoothed MC

1

DO preliminary, 10.4 f6'

1
Lo

IQIIIIII|IIII|IIII|IIII|I

¢ DATA
Fit with smoothed MC
-------- Background
-------------- Signal
x2/ndf =0.88
hul“‘]lllf":lLJ IllllllIlIJllJllllllJ]llJJl
555 56 565 57 575 58 585 5.9
m (B m*) [GeV/c? ]
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% Combination with Hadronic Channel Iﬁ%%%%g}g;
Semileptonic  Hadronic, cone cut Hadronic, no cone cut
Fitted mass, MeV /c? 5566.7755 10 5567.8 +£2.979:9 5567.8
Fitted natural width, MeV /c? 6.0722 *12 21.9 +6.4752 21.9
Fitted number of signal events 139152 +39-2 133 £314+15 106 + 23
Local significance 4.50 6.60 4.80
Significance with systematics 3.20 5.60 -
Significance with LEE+systematics - 5.10 3.90

 Assume measurements are independent

— presence of neutrino in semileptonic supports this assumption

Pcomb = PhadPsl [1 — 1n(phad X psl)] 9

e Combine with J/{d with AR Cut
p-value = 5.6 x 10° corresponding to 5.7 ©.

If combined with J/¢ without AR Cut significance is 4.7 o.
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e Alternative Fits
* Fix Myx=5567.8 MeV/c?and I'x = 21.9 MeV/c? from Hadronic analysis

* Free all background parameters.

250 [— 250 |~ +
Y] - J++|l|+|+l.| * [ E +0” I+' '.|l. +
sl S SN TR,
) B 3 (] L
3150 o Hadronic VaIues+ + 3150 - Free Background+
8 - DO preliminary, 10.4 ft' 2 - DO preliminary, 10.4 f6'
% 100 [ +  DATA 9 100 ¢ DATA
= B Fit with background shape fixed ; B Fit with background shape free
Y Background N [ Background
o e Signal 50 : --------------- Signal
»‘,m ‘ ‘ F{'}"'.r...‘.... ptdtta ‘)‘(Jz(r‘]‘djf‘:t ‘01‘6;8\ | Xz/ndf =0.69
0™ 555 56 565 57 575 58 585 59 0 L 5'55 : ;"6' - éé' : '5’7' - 5"75' ' '5‘8* % éé‘ : '5'9
m (B% m*) [GeV/c?] ' ’ ' - (I'BOS i 1)' ' '[G oV /Cé]
Nominal Fit  All Parameters free Mass and Width Fixed to J/v¢
Fitted mass, MeV/c? 5566.715 5566.6 £ 3.5 5567.8
Fitted width, MeV /¢? 6.075 75 8.4+14.5 21.9
Fitted number of signal events  138.6729% 143.7 4+ 101.1 168 =+ 42
x?2 /ndf 30.4/(50 — 4) 27.4/(50 — 10) 32.8/(50 — 2)

Local significance 4.50 4.4 o 4.2¢0



Lancaster
Fraction of Bs from X(5568) decays University T

1000 DO preliminary, 10.4 o'
 Determine number of Bs mesons % 800
by fitting the m(¢pmn*) distribution. =
— 600
* Remove prompt/non Bs mesons £
using same sign uDs samples. % 400
: : . z
e Semileptonic sample satisfies 200
pr(uDs) > 10 GeV/c

For pr(utD;) > 10GeV/c and 4.5GeV/c? <m(utD;) < m(BQ)
p(sl) = [7 3728 (stat) TS0 (Syst)] 0

For pr(J/v¢) > 10GeV /c
p(had) = [8.6 £+ 1.9 (stat) & 1.4 (syst)] %
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X(5568)

We have presented the results of a search for the X(5568) = Brt* with
semileptonic decays of the B meson. There is an excess of events in the data
consistent with the decay X(5568) - B°rt* with B® = J/{ .

The mass, natural width and production rates in the semileptonic and hadronic
channels are consistent.

The signal p-value for the semileptonic channel is 6.4 x 10™* and the significance
is 3.20 when including systematic uncertainties.

The combined p-value for the hadronic and semileptonic channels is 5.6 x 10°
with a corresponding significance is 5.70.

Search for exotic baryvons = J/WLA

In the mass range between threshold and 4.7 GeV/c? no evidence for new baryons
decaying to J/YA have been found.

The most significant deviation from background-only hypothesis is seen at
M(J/PA)=4.32 GeV/c? with a global significance (including LEE) 2.80.
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X(5568)

e DO Conference Note 6496:
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B68/

Search for exotic baryons > J/WA

e DO Conference Note 6494:
https://www-d0.fnal.gov/Run2Physics/ WWW/results/prelim/B/B69/



https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B68/
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B69/
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 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)*— yamnt*, Z(4250)* = xcrmt'.
* 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).

e Also, pentaquarks P¢(4450)* = J/Wp, P<(4380)*=>J/bp




Events

Data-MC

MC Cross Checks

 Comparison between same sign (u*Ds*) data and MC background

120F
100F

0

80f
60f
40f
20[

S

DO Preliminary, 10.4 fb™
¢ Same Sign Data
DO MC

—

Jost
W + +Hj

5.7 5. 8
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x%/ndf=1.0
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* Use weighted MC background to generate 45k invariant mass distributions
with same sample size of the data.
* Apply the fit procedure to each trial with initial mass of 5600 MeV.

* Blue arrows represent Mx= 5568 MeV and I'x= 8 MeV

e Confirm that there is no bias in the method that would produce the
peak and the significance calculation.

DO MC DO MC

Fraction of Trials
Fractio_q of Trials
Q

-

o
w
\

—
o
w
\\\‘

|

| | | | | | | | | | | | ‘ | | |
5600 5650 0 20 40 60
Fitted M, [MeV/c?] Fitted T, [MeV/c?]




Argus Type background

250 [ * +
N C ++ |+” JULELN .l +
T ®
L} -
s Pt s
g L DO preliminary, 10.4 fb ~
L ()
()] L -—
3100 - ? AR | &
= C Fit with background shape fixed q>_)
cf | e Background zZ
50 T Signal
0 hasd 1Y I 2 Y IO SO UOR RO T OO0 DY FYOO U OO TNOU TR VU0 DORNUUTORt VOOUN AOC TR OO OU OO |
555 56 565 57 575 58 585 59
(Bi ) [GeV/c?]

Nominal Fit

Alternate Background Shapes
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Smoothed MC

250 |- + +
200 — + + +
150 [
- DO preliminary, 10.4 fb'
100 = ¢ DATA
C Fit with smoothed MC
Y A B CEEEELL Background
50 7 | e Signal
0_1|lllllll
555 56 565 57 575 58 585 5.9
m (B%s m*) [GeV/c?]

Argus Type Background Smoothed MC

Fitted mass, MeV /c? 5566.715°¢

Fitted width, MeV/c? 6.0755
Fitted number of signal events 138. 6+2§§
X2 /ndf 30.4/(50 — 4)
Local significance 4.50

5566.0730 556471
6.5732 1071]
14571307 136157
43.8/(50 — 4) 40.6/(50 — 4)
170 3.90



