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Standard and Exotic Hadrons

« Longstanding dispute in light
meson spectroscopy if exotic
states exist (oo many scalar

states?)

* No convincing experimental
proofs for existence of elusive .
mesonic

pentaquarks molecule ? |e.g. deuteron

* Recent discoveries in heavy
quark states have revived
hopes for conclusive proofs for
existence of exotic mesons

STANDARD

tetraquark

pentaquark ?
@ 9

hvbrid ?
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X(3872) PRL 91, 262001 (2003) PRD 84, 052004 (2011)
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in B+—X(3872)K+, X(3872) — J/y win- Rty Sht ovents B
Confirmed by CDF and DO in 2004 at C M
Tevatron, mostly prompt (~84%) production o ' e
pp—X(3872)+anything o M) o M) GeV)
1158 Qoserved by Babir in 2005. Later at o, oo v oo
lts width, mass and decay modes disfavora = *°°[epru 322000 X(3872)
standard cc state. 2500{ ¥(28) ET7°04
DD* molecule, tetraquark, hybrid...? | b oo} W
b £ 1400576000 events
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Even 10 years after the discovery some

Candidates/ 5 MeV/c*
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basic experimental questions are not | ss0 385 350 2.9
answered: | W et
. | +W*
— Isits JFC=1++or2+? | . ,,aw‘”‘”’m)?soigo events
— Is its mass below the DD* threshold? 5001 J - X(3872)
— Prompt production mechanism ? o
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JIwyrtn Mass (GeV/cY)



Lch Exotic States at LHC, FPCP13 Tomasz Skwarnicki 4
X(3872) at LHC =

Advantages of LHC vs e*e:
— Prompt production and orders of magnitude larger B-meson production rates
Advantages of LHC vs Tevatron:
— Higher cross-section thanks to higher energy
Advantages of LHCb vs central detectors:
— Large trigger bandwidth totally devoted to heavy flavor physics; higher trigger efficiencies
— Can identify and trigger on lower p; (di)muons
— K/m separation (RICH detectors)
Advantage of CMS vs LHCb:
— Higher luminosity
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B v 2075\ qiantiim nLmhere
X(3872) quantum numbers

« C = + since decay to yJ/y was observed
BaBar PRD74(2006)071101; Belle PRL107(2011)091803

« Best sensitivity to JP via angular correlations among
decay products in the most copiously observed decay

o (bw\{ / f k
5 angles to work with e.g.:

3 helicity angles: 6y, 8, 6,

2 independent angles between

decay planes

mode X(3872) — (J/y — utu-)(p — nrn)

3 suuai— ﬂ 20285 + 228 (2s) 8, unknown in prompt production
S 5000F- i 2 tests on binned 3D-correlations:
= ot || CDF pp—X(3872)+... |disfavor all J°C but 1++,2-
g ook | 0.8 fb which could not be distinguished
;% 1 2090+113 events
£ 2000F | L PRL98(2007)132002
° 10(](]%“'/J L*- WA Aﬂ\"""‘-\-\—m
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0, known in B—X(3872)K

Belle B>X(3872)K _
elle B-X(3872)K —  Ssts on binned 1D-distributions

1 711 b1 :
R 173+16 events (no study of correlations)
E PRD84(2011)052004 1++,2-+could not be dlStIﬂgUlShed
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My ) (Gev) T M(J/y 7x) (GeV)

LHCb B+—X(3872)K+
1 b
313126 events
12005— 1200F

arXiv:1302.6269
Accepted by PRL
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Number of candidates / (2

Quality of sample as good as at e*e’!

Likelihood-ratio test
using 5D-correlations
(unbinned data)
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X(3872) quantum numbers —

Projections of 5D likelihood fits
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Angular correlations increase spin sensitivity

Best sensitivity using correlations among all 5
angles:
— Best way to test them: the likelihood-ratio test
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2+ rejected at >8c
The data are consistent with 1++
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X(3872) interpretations —

JPC of X(3872) has been determined to be 1+
N(1'D,_,) is now ruled out!

Charmonium spect

4000

MeV

3950

Charmonium
3900
3850

3800

X (2°P,,,) possible but
disfavored by mass

X(3872)

Ww3770)
3750
"Open charm threshold
3700 L L 1 ! i
o~ 1- 1 0 1=+ 3 JFCS

1++ was expected in both tetra-quark and molecular models -
The four-quark models also favored by the coincidence of X(3872) mass with the D*°D° threshold

Tetra-quark D*D° molecule

ee Nearly degenerate charged ° e E)irg)cg nbgeforﬁﬁ){[;g)ilﬂ(es*g?ass

artners expected but not
eo crjbserved_ P e e Satisfied? (see next)
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Inclusive X(3872) at LHCb (mostly prompt) - M[X(3872)] >

LHCDb Eur. Phys. J. C72, 1972 (2012), arXiv:1112.5310

L ®PFLHeb M lution and S/B
> N @s) | x(@3872) § 565162 events ass resolution an
2 1400pN° ”“‘“"n | 6,=33MeV | | similar to CDF.
< 1200F0.035 fb- Signal yield/fb-"
£ C (2010 data) 500 6.5 times higher than in CDF.
O 1000
L — h L
BDD:— 3850 3900
N X(3872)
600|— ;
40[}5— .
200} M[y(2s)] = 3686.12+0.06+0.10 MeV
b o o v 0 4. . vs PDG 3686.09+0.04 MeV
3600 3700 3800 3900
M(J/y T T) [MeV/c?
M[X(3872)] =3871.95£0.48+0.12 MeV vs CDF 3871.61+0.16+0.19 MeV

Belle 3871.84+0.27+0.19 MeV

The statistical error on the mass measurement from 2010 data not competitive yet,
but the systematic error is small.

Already have 3 fb-! collected in 2011-12. Expected statistical error ~0.05 MeV.
Good determination of M(D%)+M(D%*) = 2M(D?) + AM(D%*-D0) also needed.
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DO mass determination by LHCb >

Candidates/[2 MeV/c?]

LHCb arX|v 1304 6865

" Lic 846+36 | .
;_ events ]

10 -

ICSILD B 1g|4|:, o lﬂlﬁﬂl o IEIEsi] B 1'3":30 T l‘;Z{
| M(K K K~ x") [MeV/c2]
M(D%) = 1864.85+0.15+0.11 MeV

ACCM
KEDR |_._|
CLEO 2007 ,_._|

PO Average 186492 £ 0.16 |_._|

MNew average 1864.84 +0.12 H—|

D" mass [MeV/e?]

1863.5 1864 18645 1865 1865.5 1866

Use D° —» K-K* K- " decays
Low energy release — low
systematic error

Use D% produced in
semileptonic b decays for good
background suppression and
high trigger efficiency

+ using PDG averages:
AM(D*0-D9%) =142.12+0.07 MeV
M[X(3872)] =3871.68+0.17 MeV

M[X(3872)] — M(D%+D*0)= —0.12+0.30 MeV

If molecule then very loosely bound
— large in size (>6 fm at 90% CL)

New average: M(D%)=1864.84+0.12 MeV
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X(3872) production -

* Prompt X(3872) production cross-section measured at Tevatron:
— Bignamini et al PRL103, 162001 (2009); PLB 684, 228 (2010)
» orders of magnitude too large to be a DD* molecule
— Artoisenet, Braaten PRD81, 114018 (2010); PRD83, 014019 (2011):
- can be reconciled with the molecular model when DD* rescattering is considered

 they also predicted X(3872) pp ¢ x BR(X(3872) — J/y ntn~) at LHC scaling from the
measurement at Tevatron using NRQCD approach

— Esposito,Piccinini,Pilloni,Polosa arXiv:1305.0527:

» Propose elastic scattering of D-meson pairs with co-moving pions as alternative
mechanism for enhancement of molecular X(3872) in prompt production (no

predictions yet)

« The cross-section measured by the LHCb in the 2010 data (E;,,=7 TeV) a
factor of 2.4 smaller than predicted:

— 5.4+1.320.4 nb in 2.5<y <4.5 and 5 < p; <20 GeV vs. 13.0£2.7 nb (Artoisenet,
Braaten — error from the normalization to CDF)

— This was based on very little data in the forward region.
« Need more measurements including differential cross-sections, separating

prompt and B productions. Also in the central region.
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X(3872) production at the central region at LHC >

Candidates / 5 MeV

CMS JHEP 1304(2013)154 arXiv:1302.3968
x10°
0ol . cvs s=77ev { o Use y(2S) for normalization
. 10 <p_<50 GeV ida'd'tagfb - ST
- vl <12 Ztotal f 1 * Huge statistics:
80F e | Zoana .
- V@S ¢ 1785401850 - — study integrated and
B ven 2 16 . . . . .
sol i : A . differential cross-section in p;
- g ] — determine non-prompt fraction:
40_ l E-m_ n [ - _-|-|-|-|'|'|'|'|'|'|'|'|'|'|'_'|'|'|'|'|'_
B E 375 585 m?ﬂi 31[:13?6&“4 _g 050 EMi ;;T 7TTeV
~ - [ TR =4. i
20 .—.--"""x : ﬂ"‘\_; g yl<1.2
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i P GM_G MeV N 0.4r ]
O RN IR T NN T RC T N | | (IR NN T N TR (NN T (S | P T T I Lo | Lo boa 1 g 1 m -
36 3.7 3.8 3.9 4 © T !
- » 0.3 .
PR SE— _ mJ/y ') [GeV] > ++ [
:*Ef;jﬁ;e\, Emi 1\;) 7Tev _ (e} i
12;.....aimumion;xtaa?zj—uur T {non-resonant) ] g 02:_ + _

C E o =
8t 3 . . c L

r 1 Data consistent with (®) -
of 1 X(3872) - pJiy Z 0.1 ]
af : 1 as previously observed C ]

- L.'| 1 with smaller statistics T T T
% ik %0 20 30 .40 50
. R I p (Jy " 1) [GgV]
05 055 06 065 07 0Y5 08

m(mn) [GeV]
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X(3872)

Ao e, /dp_- B [nb/GeV]

productlon at the central region at LH
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—LO NRQCD
---LO NRQCD uncertainty
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BT
P Oy ™) [GeV]

=

Total cross-section o(pp—X(3872)+anything) x BR(X(3872) — J/yn'n)
factor of 3.8 smaller than predicted:

— 1.061£0.11£0.15 nb in |y|<1.2 and 10< p;<30 GeV vs. 4.0£0.9 nb

(Artoisenet, Braaten — error from the normalization to CDF)



LHCbD Exotic States at LHC, FPCP13 Tomasz Skwarnicki 13
L Y

Looking for new decay mode of X(3872)

Search for X(3872) — pp arXiv:1303.7133
@ Search for BT — X(3872)K™ In the BT — ppK™ decay channel with 1 fb™*
e BT — ppK™ signal yield: 6951 & 176
e X(3872) — pp signal yield: —9 +8

% 1000 § M. LHCb
= > b)
2 = -l;{-_-|:| 4 | "Na
< 600 =
E 400 ‘. E 20_
:E; 200 0 i e a, : E L e =
° o 5150 5200 5250 5:1:11.;' -~E..53. ' ° a0 3850 300 3950 4000
M, (V2] . Mg vt
E .E_t"i'"" i, "u*;#““"“ Mt +”1+ it +”§ g E’E T B — [ ;
*";55 — — — — i — 3400 50 TH60 Reo 000
@ No signal, but upper limit on the ratios:
BR(BT — X(3872)K™, X(3872) — pp) - 0017
BR(BT — ppKT) '
BR(X(3872 P _
BR(X(3872) — J/vmtn—)
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B+—J/yo K+ CDF data 6 fb’!

- ~, 10 ,
(0—K* K?) o \fq)w L "I CDF arxiv:1101.6058
events @ gl § X(4143)
superseded = 8 1946 events
_
_CDF PRL 102, 242002 (2009) S 5c
st = 6 _{5+10
E: 2.7 fo! @ . 8. ['=15+ 6 MeV
[=1:1~
E”E_ I 3.80 @ @ ! % ak
g4 (s) =
2l 4 gl 2, | |
S il = ”'L‘
1 11 1.2 1.3 14 1.5
AM (GeVicd) o I H
10 -
A narrow state at this mass decaying §
to J/wo necessarily exotic! 2 s
J. Brodzicka LP09 DOI:10.3204/DESY-PROC-2010-04/38 % :
1 o Belle(unpubished) | 355151 By jpyok-events &
iy but low efficiency nearthe @ ,
i . Jhyo threshold ks
: BR(B*-X(4140)K* X—J/yo) & 2
= < 6 x10 (90%CL) o
1

| vs CDF X BRppg(B*—J/woK*) O )
= (8+2+3)x 10°® m (T
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Candidates /2.5 MeV
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B samples used in analyses of X(4140) at hadronic mac

60
51]!— CDF 115+12 CDF arXiv:1101.6058
aof 6 b B+—J/yoK*
: events
31:":—
zﬂli—
""]:

5.2 53 5.4
mi{JIwd K" IGeV/ic?]
_ —LHCb b | LHCbPRD85,091103(R)(2012)
L 0.37 fb-1 =~ amer- | ~1/g Of the total LHCb sample
of 382422 -
B*—J/yoK*
2"_‘ events ]
o dnbileea itk "';Wm (tighter cuts: cross-check) G\S preliminary (2011 data)

CMS Preliminary, {s=7 TeV. L=5.2 o’
>500\\\\‘\\\‘\\\\‘\\\\‘\\

T3 https://twiki.cern.ch/twiki/bin/view/CMSPublic/Physics

CMS Pre‘liminary, ‘v§=7 TeV‘, =52 ﬂf

S 247|8+1762 o CMS :E;ta ResultsBPH11026
Barekcke B.2fod T

1047153

Candidates per 5 MeV
=]
o

........ events
" g B>k KK
i 150 events
w92 107 e T | - CMS has analyzed
7 ‘ A‘ : ] 5;1552 TR TR blggeSt StatIStICS

e e s : 2z : :
(VKKK [GeV] mUyKKK’) [GeV]
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41431311 MeV

140) results : comparison

" extrapolated

16

4148+2+5 MeV CMS preliminary 5.2 fb™

---------

300F— 43171317 MeV

250 wider _different mass
=? (3.80 d| agreement with CDF)
200, | . =
C | >5(5 ! ]
150 |1 ; + + —
1003— + —
SIS i :
=3 MS Iarge B ample .
L L]
' '1.1 I R S v E—

N\D )i, eI £V VIEV

—

LHCb set UL on X(4140) rate with
I'=15 MeV; 2.4c disagreement with
CDF.

F_1 +1 -
NU1O > IOMe’V \\]\0 . —
% 42.74i8i2 MeV CDF . N LHCb
= 8 . > 8-
o > L
~ <t
E — 6 B
g g I
S s
5 2
— ®
=2 O
(3]
(&

LHCDb did not make any statements
on possibility of wider structures.
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_
Summary

« LHC is having impact on X(3872):
— LHCDb has settled its quantum numbers to be JPC=1++

« This favors exotic explanations of X(3872)

— The cross-section measured by LHCb and CMS lower than predicted
for LHC by Artoisenet-Braaten from the Tevatron data.

« Prompt production mechanism for molecular X(3872) subject of
theoretical controversy

— Potential for the most precise determination of X(3872) mass

* M(J/wo) structures in B—J/y¢K decays:

— Mild inconsistency (2.4c) about existence of the narrow X(4140) peak
in M(J/y¢) between CDF and LHCb

— CMS is reporting a significant but wider peak at 4148+2+5 MeV (and
a wide peak at 4317+£3+7 MeV)

— Nature of these structures needs to be studied. Both CMS and LHCb
have much larger data samples than analyzed so far.

« LHC should impact studies of other exotic states in
B-decays:
— E.g. Z(4430)* -y (2S)n* state claimed by Belle, .
but not confirmed by BaBar in BO—y(2S)nK- @®@ 2(4‘}?30)



