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® Introduction

® Study of X(5568)—B.xn* at DO and CDF
« DO: first evidence in hadronic mode B? —»J/hy ¢
* DO: confirmation with semileptonic mode B —D_™ p*v
* CDF: upper limitin hadronic mode B2 —J/hy ¢

* Comparison of analyses details

® Conclusion




Detectors

Tevatron pp at /s =1.96 TeV
Run Il operation from 2001 to 2011

Run Il : CDF and DO (b-physics)
JL£dt ~10fb?

Both are multipurpose, high acceptance detectors with good tracking and vertex systems

CDF: displaced vertex triggers,
PID by dE/dx and TOF

End-Plug Electromagnetic
Calorimeter

Central Muon

Central Muon Upgrade (CMP)

Chambers (CMU)’

End-Wall Hadronic

Central Muon Extension
Calorimeter

End-Plug Hadronic
Calorimeter

Cherenkov Luminosity

Counters \
ay «— Protons
Tevatron
Beampipe

Anti-__, 5 Barrel Muon
protons

Chambers.

Central Outer Tracker (COT)
Solenoid

Central Electromagnetic Interaction Region

Calorimeter Layer 00

Central Hadronic Silicon Vertex Detector

Calorimeter Intermediate Silicon Layers

Detector CDF

DO: excellent u-ID, forward muon system,
magnet polarity flips (decreasing systematics)

2T Solenoid
Fiber Tracker
Silicon p-strip Tracker

Preshowers

Forward Muon
=z [racking+Trigger
i EER

e
s
e R
DR, (R SR 1 3 % :
e
AN
Che
3

Central Muon
Scintillators

Detector DO




Multi-quark states

Standard Hadrons Exotic Hadrons

o P ¥ ¥

~20 multi-quark states were observed since 2003 with high significance.

Vivid examples of four-quark states: X(3782)—Jhy ntn-, Z(4430)*->W¥' nt*, X(4140)—J/y ¢,
Z,(10610)*— Y=*, Z,(10650)*—>Yn" ; pentaquarks: P.(4450)*—Jly p, P.(4380)*—Jly p.

4-quark states interpretations: tetraquarks (large binding energy), molecular
states (small binding energy), mixture with conventional states (if possible).

'( tetraquark
o

u__-....-

Many observed multi-quark states lie close o two-hadron mass thresholds
and, therefore, they can be interpreted as molecular states (but not all).

Recent review on multiquark states: Olsen, Skwarnicki, Zieminska, Rev.Mod.Phys. 90, 015003 (2018)
4




Evidence for X(5568)—B.,°n* state with B, —J/y ¢
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w DO collaboration, PRL 117, 022003 (2016)
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I'=21.9 + 6.4(stat) '3 2(syst) MeV/c? Significance = 5.16 with AR cut

\R (X(5568)/B,) = 8.6 + 1.9(stat) + 1.4 (SySt)%/ including look-elsewhere effect

(LEE) and systematics
Disfavor molecular interpretation ( 3.9 o without 4R cut)




X(5568)—B.°n * with semileptonic B, decay

w DO collaboration, PRD 97, 092004 (2018)
K+ 200 _
% 180F- DO signal MC
[T - 2 160
n E 140 Good mass resolution
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1. Calculate visibl M(D,~p*
2 cu.a.e visible mass M(D;"w*) Selections: 4.5 <M(D,pn) < M(B,); )
2. Use visible mass as B, mass 3 < p{(p) < 25 GeV/c; p-(K) > 1 GeV/c;
3. Combine B, and n* to form X 1.012< M(KK) <1.03 GeV/c?; p; (D) >10 GeV/c;
_ 1.91 < M(KK=) < 2.03 GeV/c?
4. Estimate M(X) = M(B °rt) = S J

M(D, px) — M(D, ) + Mopo(B.0) =» Resolution is good enough to check X(5568)




X(5568)—B.°n * with semileptonic B, decay

M,= 5566.71351- MeV/c?
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Comparison of X(5568) production in two channels

w Semileptonic Hadronic (from Ref. [15])

Cone eut No cone cut Cone cut No cone cut
Fitted mass, MeV /¢? 5566.415-8 118 5566.775-5 14 5567.8 £ 2.079-3 5567.8
Fitted width, MeV /¢? 2.0+5:5 +2.8 E.Ufﬂiﬁ e 21.0 + 64738 21.9
Fitted number of signal events 121758 5, 139+3% *12 133431415 106 + 23 (stat)
Loeal significance 137 150 6.6 187
Significance with systematics 320 Jdo b e
Significance with LEE+4systematics e cen 5.la 390

Production ratio of X(5568) to B.:

p(X(5568)/B,) = 7.3128(stat) 1?5 (syst) % - semileptonic channel, no cone cut
p(X(5568)/B,) = 8.6 + 1.9(stat) + 1.4(syst)% - hadronic channel, cone cut

= D0 measurement in semileptonic channel confirms X(5568) observed in hadronic
channel

= Good agreement between results obtained in hadronic and semileptonic channels




DO: simultaneous fit to hadronic and semileptonic channels
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m(Bf% ) [GeV/cz] m(B% mt) [GeV/cz]
Comne cut No cone ecut
Fitted mass, MeV /¢ 5566.975 [at&t}"'u ® (syst) 5565.87 17 (stat) )] (syst)
Fitted width, MeV /¢ 18. r3+'g? {etat‘l"' |:.:-‘|r st) 16.372% (stat) 13 {mt)
Fitted number of hadronic signal events 131153 f%tat‘l"’L 1 fﬂ st) 00+ (stat) 1S (syst)
Fitted number of semileptonic signal events 147142 fatatjflﬁ (syst) 111.7138 (stat)t +‘j':' 5 (syst)
y? /ndf 04.7/(100 — &) 54.2/(50 — G]
p-value 2.2 % 1071 1.9 % 107
Loeal significance 7.6 5.6
Significance with LEE 690 50a

Significance with LEE+4-systematics @

= Significance increased with semileptonic channel added




CDF search for X(5568)—B.°n* with B, —J/y ¢

CDF collaboration, PRL 120, 202006 (2018)
800}
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CDF search for X(5568)—B.°n* with B, —J/y ¢
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Model using sidebands omitting range of £I'ysseq) (21.6 MeV) around 5568 MeV
Parametrize bkg with polynomial and combine w/ X(5568) signal shape to fit data.

Fit yields 36 = 30 events.
It results in p(X(5568)/B,)=2.3+1.9 (stat)+0.9 (syst) %

CDF searched for X(5568), as did not see signal, set upper limit:
p (X(5568) / Bs ) < 6.7% at 95% CL.
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World Comparison

Analysis Production ratio ( B, / X(5568) ) Reference
DO (J/y ¢) 8.6+1.9+1.4% PRL 117,022003(2016)
DO (u D) 7.3+28,, 706 04 PRD 97, 092004 (2018)
LHCb < 2.4% (p(BS°) > 10 GeV) PRL 117,152003 (2016)
CMS < 1.1% (p(B) > 10 GeV) PRL 120, 202005 (2018)
ATLAS < 1.5% (p(BS°) > 10 GeV) PRL 120, 202007 (2018)
CDF <6.7% (2.3 1.9 + 0.9%) PRL 120, 202006 (2018)

LHC experiments do not confirm X(5568), CM energy is rather different.
CDF result has 2 sigma tension with DO result.

Different kinematic ranges make “apples-to-apples” comparison difficult.
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Conclusions

® X(5568) —-B.°n* state observed by DO in hadronic B.° decay is seen also
in semileptonic B, channel. Signal parameters obtained by DO in these two

channels are in good agreement.

® CDF searched for X(5568), as did not see signal, set upper limit on
production ratio <6.7% at 95% CL. Corresponding mean value is equal

to 2.3+ 1.9 (stat) £ 0.9(syst)%, that has about 2c tension with DO result.

® | HC experiments do not see X(5568) with upper limits about (1-2)%.

However kinematic conditions on LHC are rather different from Tevatron.
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Bob Hirosky slide, Moriond QCD, 2018

Tevatron Comparison

Analysis fesix(s568) Ref.
First evidence | DO (J/y ¢) 8.6+19+14% PRL 117,022003(2016)
Confirmation| DO (u D) 7.3728, 406 % arXiv:1712.10176
Limit set| CDF (Jly ¢) | <6.7% (2.3 +1.9 + 0.9%) arXiv:1712.09620

U acceptance:

CDF In¥] < 1.0
DO In¥] < 2.0

Apply same boost
cut as in CDF data
p-(Bs°) > 10 GeV

g,S 5.55 5.6 5.65 5.7 5.75 5.8 5.85 59

g.S 5.55 5.6 5.65 5.7 5.75

5.8 5.85 5.9

DO observes signal enhancement for 1 or both muons
having [n*| > 1.0, where CDF analysis has no
acceptance.



Test with B,° ©* combination

300 |~ DO Run II, 10.4 fb' N

2505— ++ I?’do T, Bd0 — Iy K*O;
Ll M
© 500 |- # +++._ + 7. %0 +, -
=" b Jy— pu u; K¥O—K*n
§ 150 :— { t Hﬁ###ﬂ .
S 100 ,.-* Y th Cuts are very similar to
> |4 P 0 o+ -
Z sofy iy B0 n* analysis

0 :':: PRI | | |

55 555 56 565 57 575 58 8§85 '2”5.9 Cone cut does not produce peaks
m (Bin*) -m (BY) + 5.3667  [GeV/c?]

Do, L=1.3 fb*

' 4 DO published paper:
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Moriond QCD, Heavy flavor studies at Tevatron, March 19-26, 2016, La Thuile, Italy A. Drutskoy



Systematic uncertainties on
combined fit of decay modes

Source Sample mass, MeV/c®  width, MeV/c? event yields, events
hadronic semileptonic
No Cone Cut
(i) Background shape description Both +1.1 ; —1.9 +1.4 ; 5.1 +7.6 ; —32.8 +8.4 ; —37.1
(ii) SL background reweighting Semileptonic +0.1 ; —0.0 +0.1 ; —0.3 +1.8 ; —1.1 +2.0 ; —-14
(iii) Hadronic MC samples Hadronic +0.3 ; —0.0 +1.1 ; —=0.0 +7.2 ;-0.0 +7.9 ; —=0.0
(iv) Hadronic Sidebands Hadronic +0.3 ; =0.1 +0.2 ; 0.6 +4.5 ; =3.7 +4.9 ; —4.2
(v) SL MC/Data ratio Not Applicable — ;— —  — — 5 — — —
(v) Hadronic MC/Data ratio Hadronic +0.1 ; —0.0 +0.5 ; =0.0 +7.4 ; 0.1 +8.1 ; —0.2
(vii) B? mass scale, MC and data Both +0.1 ; —0.1 +0.9 ; —0.2 +5.1 ; —0.0 +5.6 ; —0.0
(viii) Detector resolution Both +0.1 ; —0.2 +1.6 ; —3.9 +1.5 ; =35 +1.6 ; —4.0
(ix) Missing neutrino effect Semileptonic +0.2 ; —0.1 +0.1 ; —=0.1 +0.4 ; —0.0 +0.1 ; —0.3
(x) P-wave Breit-Wigner Both +0.0 ; =0.6 +3.3 ; —0.0 +10.7 ; —0.0 +11.8 ; —0.0
(xi) Mass offset Both +0.4 ; —0.4 +0.2 ; —0.2 +0.0 ; —0.0 +0.0 ; —-0.1
(xii) Production fraction Both +0.0 ; —-0.0 +0.1 ; —=0.1 +0.8 ; —0.8 +3.5 ; —3.6
Total +1.3 ; —2.0 +4.2 ; —6.5 +18.2 ; —33.2  +20.3 ; —-37.8
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Retrospective to four-quark states

Four-quark states are not forbidden theoretically.
These states can be separated using information about masses, widths, charges,
guantum numbers, production and decay modes (and their rates).

Exotic four-quark states can be theoretically described as tightly bounded (tetraquark) or loosely
bounded (molecule, hadroquarkonium):

Tetraquark mesons molecule ’g)g Hadrocharmonium (like earth & moon)

tightly bound C loosely t:;c:»undc:{;T
diquark-diantiquark” { u meson-antimeson scmn @@
“molecule” (‘O © (d)

Observed with high stat significance four-quark states: Z(4430)*— W' =", X(4140)— J/y ¢,
Z,(10610)*— Y=n*, Z,(10650)*—Y=*, not well established Z(4050)*—y,; 7", Z(4250)*—y., © .
Probably X(3872) is mixture of four- and two-quark states. Molecular interpretation works
well for the states. Other exotic states: pentaquarks P_(4450)*—Jly p, P.(4380)*—Jly p

A

More information about exotic multiquark states is required to build explicit theory.
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Non-standard states observed with high significance

BRY
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Observation of new B,°n * state

BXn* includes Ben*, Bgn-, BJn* and Bn".

B, mt* system: 4 different quark flavors bsdu

Invariant mass of B.°n* was studies up to BK mass threshold

Decay chain: X*—B.n"; BL—Ty¢ ; Jy— p'u; ¢ — KK

Selections: basic B,° requirements + " from pp interaction vertex

AR = /T0(B,) - ¢(n)] 2 + [n(B,) - n(n)]12< 0.3 - cone cut { AR

To improve resolution: m(B,n*) =m(J/y ¢ n*) - m(J/y ¢) + 5.3667
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s Data Cone cut DO Run Il, 10.4 fb'

. DATA
Fit with background shape fixed
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- Background DO Run II, 10.4 fb'
E ?
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- 4 Fits to background function
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e
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DO: arXiv:1602.07588 [hep-ex], submitted to PRL.

F= f:sig * -F:-e.igff""! I:i!n--'iu.'{-.r.'{] + ..thr X thr{”lﬂ.‘:]

Fq — relativistc S-wave BW convolved with

gaussian (3.8 MeV/c? detector resolution)

BWimpg,) «

MxID'(mp:)

(M3 —m%, )2+ MiT2 (mp,)

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

Significance = 6.6 ( local significance,

obtained from Wilk’s theorem)

Significance =5.1¢ including look-elsewhere

effect (LEE) and systematics
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Multi-quark states

Standard Hadrons Exotic Hadrons

o P ¥ ®

~20 multi-quark states were observed since 2003 with high significance.

Vivid examples of four-quark states: Z(4430)*—-¥' n* , X(4140)— Jy ¢, Z,(10610)*— Y=,
Z,(10650)*—Yn* ; pentaquarks: P (4450)*—Jhy p, P.(4380)*—J/y p. Also many others.

Many observed multi-quark states lie close to two-hadron mass thresholds
and, therefore, ’rhey can be interpreted as molecular states.

'( ‘ tetraquark
0

u__-....-

Good candidate for tetraquark was found by DO: X(5568), far below BK threshold
X*(5568) > BLln'; BO—Jy¢ ; Jy—putp; ¢— KK

X(5568) is not seen at LHCb & CMS (E=7-8 TeV, pp). Unclear theoretical interpretation

due to low mass. It’s possible for scalar-scalar diquark-antidiquark 0* (arXiv:1705.03741).
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