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Recent results on hadronic




5 Outline

Introduction

Quarkonia production in b =P PDX decays New
XYZ states: pentaquarks and tetraquarks
Observation of excited 2 baryons

Summary and outlook

Impossible to present everything
1n 25 minutes hence focus on more
recent results + XYZ states
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Introduction

LHCb Integrated Luminosity in pp collisions 2010-2016
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* World largest heavy flavour (F LHCh Prlimioac
-1 -1 .
dataset ! 3 b Run 1, 2 tb™ Run2 Z £ 630 million

candidates !

LHCb-CONF-2016-005

* Precision tracking

Candidates per 19 keV/c?
N

* Excellent PID using RICH

* Trigger for fully hadronic decays o Kt mass ;iﬁgv,cz]
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Charmonia production

in b =2>PPX decays



LHCb

Quarkonia with b =» ¢¢$pX decays

Studies of inclusive quarkonia production in b-hadron decays allows
to probe QCD production models and to make spectroscopic measurements

Many charmonia states decay to ¢¢ final state
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Hadronic trigger
to select displaced
¢¢ final state

No evidence for
X(3872), X(3915),
Y»(2P), limits set




(&4 Quarkonia with b = $¢X decays

* Measured charmonium masses in agreement with world averages

* Precision of N (1S) mass comparable to/in agreement with world average

% R _
= 4 [ LHCb A2 — 4 1 Myas) =2982.81 £ 0.99 & 0.45 MeV/c?
sk M=1 ‘ 1 Tyas) = 3135+ 3.51 £ 2.01 MeV
30 'E —
E | p e  This measurement E
251 ) AT —f— World average [12]
N —4— Inclusive pp [13] 1 - = ° EPJC 75 (2015) 311
20 —— Exdusive [58) = = = = Phys Lett B769 (2017) 305
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(&% Quarkonia with b 2 ¢¢X decays
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o ' ' ' Differential cross-section versus pt studied
'> \\. LHCb
¢ 8 TeV
C R Various branching ratios quoted, LHCb
gs —<_ measurement of b =» 1 _X inclusive BF in
Xel _ . EPJC 75 (2015) 311 used for normalization

LHCb B(b — xeX) = (3.024+0.47 £0.23 + 0.945) x 1073
8 TeV B(b — xaX) = (2.76 & 0.59 + 0.23 £ 0.895) x 10~°
B(b — xe2X) = (1.15 4 0.20 & 0.07 £ 0.363) x 10~?

5 10 15 (Factorization: y, and ¥, suppressed. Spin
counting ., suppressed to ., arxiv 9808360)

wew CLEO 2 [2] - CLEO 2 [3]

=« Belle [4 Belle [4] 2
== BaBar [5] = Belle
= PDG20i6 12 B —xa X . =
O 2 1) <
DELPHI [7] ~~  PDG2016 [12] NS
B —xe X S
———— LHCb, this paper c~
—
PDG2016 [12] >
Our average b —xa X ~ew  LHCb, this paper b—Xe2 X g
" " " " 1 " " " " 1 " " "
L y 0 0.01 0.02 =t
0 0.01 non <
B(B,b— x.X) B(B,b— x.X)
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Exotic Spectroscopy



rrch Exotic Spectroscopy

Why do quarks seem to come in twos or threes ?

A puzzle since earliest days of the quark model

A simpler and more elegant scheme can be
* constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, 2z = -7, and baryon number13
We then refer to the members ui, d-3, and s-7 of
s 6) q and the members of the

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN

California Institute of Technology, Pasadena, California

Received 4 January 1964
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Baryon Meson Tetraquark Pentaquark

Hot topic in recent years. Many candidates claimed



S Pentaquarks
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Summer 2015 LHCD observed two pentaquark candidates in A, = J/ypK

Phys. Rev. Lett 115 (072001) 2015
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= ZSZZ_ HHED ﬁ Contributions from both A"
ESOOOE— { And pentaquark states possible
= 4000F
3000 _ Disentangle with angular analysis
2000F
1000
i

A, rest frame ¢ T

lab frame



%J 2200 —a— data
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Width 200 MeV, spin 3/2 ? Width 40 MeV, spin 5/2 ?
Confirmed with model independent approach PRL 117, 082003 (2016)

Important to confirm these observations in other channels + search for other pentaquarks
11
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s Study of A,=>J/ypn

Cabibbo suppressed mode (less statistics)

Can be exotic Z contributions in J/y p

Fit with 2 pentaquarks + Z_(4200) favoured
by 36 compared to no exotic contributions
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&y Observation of Z- =>J/yAK- G

Suggested in arxiv: 1604.03769 to look for udscc pentaquark in this mode

 4Daa | | Mode observed for first time
40 — Total fit ‘\ LHCb | with Run 1 data
L e &, signal :
Jy SVK T A decays
|+~ Comb. bkg. itveec?;" 1 Around 300 E,- candidates seen.
Y §ZO ! ' | BF fraction and E,- mass measured
N _
g > R :
- ¢ B . kit m(Z, ) —m(Ap) = 177.08 £ 0.47 £ 0.16 MeV/c
= g 80: |
— < — -] . .
= = | Adecays | Inagreement with previous LHCb
© 500p $ after vertex | Measurements [Slight tension with
S O 4(): detector i CDF]
20f : . .
Including Run 2 data full amplitude

S S T—

500 5860 5900  analysis can be performed
m(J/Ww AK™) [MeV/c?]

-
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&y Observation of Ay =2y, ,pK

P.(4450)" very close to y.,p threshold: Triangle singularity ? (PRD92 071502 (2015))
Motivates studies in this mode

First study observation of this mode
Measure BF, A, mass

Next step angular analysis adding
Run 2 data

14

S 1e0f HCP : Study with radiative y; decays
RN
g N 120F SSA-x K § .
S I wfp Bk \ Mass constraint on y,; mass to
g 5 ¥ o improve resolution
=~ o %‘
— 40 ///
) 20 B « 7 .
= S //f v\\\\mm Forces y, signal to lower mass
g 5450 5500 5550 5600 5650 5700

m(y p K ) [MeV/c?]

=1.02 £0.10 £0.02 £0.vo,

B(Ag — Xc1PK ™)
= (0.242 4+ 0.014 4+ 0.013 4= 0.009

B(/lo — JAppK~)

B(Ag — Xce2pK ™)
= (0.248 4+ 0.020 4= 0.014 4+ 0.009

B(/lg — JppK~)

B(Ay = xc2pK ™)

)

Ap mass 5619.44 & 0.28 + 0.26 MeV/c?
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The puzzle of the X(4140)

* CDF observed a narrow structure at threshold in B™ = (J/y¢) K*

 CMS also saw this and confirmed hint of structure at X(4300)
* CMS and CDF parameters not in best of agreement

* Early LHCDb analysis: no narrow structure (PRD 85 091103(R) 2012)
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Exotic quarkonia candidates: Tetraquarks ? molecules ? cusps ?
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Phys. Rev. D95 (2017) 012002
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Phys Rev. Lett 118 (2017) 022003

The puzzle of the X(4140) (@
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First full amplitude analysis using
LHCb Run 1 dataset B" =» (J/y¢) K*

Complication: have to deal with
decays of excited K* to ¢K*
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Model with excited K* alone
cannot describe the data



&% The puzzle of the X(4140)

Data well described by inclusion of four broad exotic resonances found

Phys. Rev. D95 (2017) 012002

% - Phys Rev. Lett 118 (2017) 022003
= 120 + LHCb
x(4274) | _2'"F
JPC — 1+ | B - X(4500)
S - JPC = Ot
X(4140) ; | X(4700)
JPC = 1++ JPC — (yt+

M,y [MeV]

Reflections from K* states
17



(&4 The puzzle of the X(4140)

Measured width

"2 of X(4140) bigger than

previous experiments

Analysis also provides

28+ 5+ 7 precise information on

S Contri- sign. Fit results
g § bution  or Ref. My [MeV ] Ty [MeV ] FF %
S All X (1) 1643
> & X (4140) 840 41465445738 83+£211% 13.0+3. 2+48
=S ave.  Table 1 4147.14£2.4 15.746.3
S § X(4274)  6.00 427334831172 564117+°8 71425430
- CDF [29] 42744751419 3272248
25 CMS 25]  4313.845.3+7.3 3879 1+ 16

—
= All X(0%)
~ 2 NR.yjp o 6.40 4611 37
4 @ X (4500)  6.10 450611172 92421 3 6.6+£2.4 135
= X (4700)  5.60 470441011 120431 742 124 5 £

excited K* states

What are the observed states ? Molecules, cusps, tetraquarks ?

X(4140) fits DD * cusp predicted by Swanson
(Int. J Mod Phys E25 1652010 16)

X(4274) quantum numbers rules out
cusp + molecule assignments

18
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Charm baryons
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PR L 118, 182001 (2017)

5 new narrow Q_ states clearly observed

Very spectacular spectrum and
demonstration of power of LHC !

Candidates / (1 MeV)
(')
S
S

-
=+
—c 7T+
LHCDb

-
I | I | S | I -

3000 3100 3200 3300
m(ZYK") [MeV]



LHCD
] )

Excited €2, states

5 narrow states evidence
for sixth broader state at
high mass

Resonance Mass (MeV) I' (MeV) Yield N,
o 2.(3000)° 30004 +02+0.1792  454+0.6+03 13004+ 100+ 80 20.4
- 2.(3050)°  3050.2+£0.1+£0.1732  08+£0.2+0.1 970+ 60+ 20 20.4
Q < 1.2MeV, 95% CL
= 2.(3066)° 3065.6 0.1 £0.3%0%  354+04+£02  1740£100+ 50 23.9
= 2,(3090)° 3090.2+0.3+£0.5"0%  87+£1.0+£08 2000+ 140+ 130 21.1
x 2,(3119)°  3119.1+£03+£0.973%  1.1+£08+04 4804+ 70+ 30 104
o5 < 2.6 MeV,95% CL
= 02.(3188)° 3188+ 5 413 60 + 15+ 11 1670 + 450 + 360
é 02.(3066)%, 700 £ 40 =+ 140
= 02.(3090)%, 220+ 60+ 90
02.(3119)%, 190+ 70+ 20

More measurements needed to
match observed states to theory
predictions

One puzzle 1s narrowness of states

Paper has 23 citations so far

Mass [GeV/c?]
W W W W W
—_ N W B~ W

|IIIIIIIIIIIIIIIIII

2.3119)

=] 2.(3090)°
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e Summary + Outlook

LHCDb has made many important contributions to hadronic spectroscopy

» Studies of quarkonia production and properties
* Observation of Pentaquark/tetraquark candidates
* Observation of new charm baryons

* A lot more to come exploiting large Run 2 dataset !

22
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Backup
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(&4 Quarkonia with b = $¢X decays

M, sy = 2982.81 & 0.99 + 0.45 MeV/c?,
M, , = 3412.99 £ 1.91 4 0.62 MeV/¢?,
M, = 3508.38 £ 1.91 £ 0.66 MeV/c?,
M, , = 3557.29 4 1.71 & 0.66 MeV/c?,

M, 25y = 3636.35 & 4.06 & 0.69 MeV/c?,

[, (15 = 31.35 £ 3.51 £ 2.01 MeV.

B(b — X(3872)X) x B(X(3872) — ¢¢) < 4.5(3.9) x 1077
B(b — X (3915)X) x B(X(3915) — ¢¢) < 3.1(2.7) x 1077
B(b — xe2(2P)X) x B(xe2(2P) — ¢¢) < 2.8(2.3) x 1077

25



(&4 The puzzle of the X(4140)

s rest frame
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NGO
CDF o
LHCb 2013 E
DO .
LHCb 2017
My avg: 5796.86 £ 0.84
PDG 2016 e
5770 5775 5780 5785 5790 5795 5800
&, mass [MeV/c]
Y
POO (4404) P0+ (4404)
° °
uddce uudcc
P'~ (4609 10 Is
( - Zidscé g.P (4609)P1t(4>609)
PY|(4545)udsce  uusce
P2m(4119) | p®(4719)
° °
dssct USSCE

Mass measurements + Pentaquarks

@ total uncertainty
—@— statistical uncertainty

Ay—TpA, 2010

Ap—JhpA, 2011

Ay—A! D;
Ay—>JhppK™

Ap—W(2S)PK ™, Y(28)—>u'u-

A= (28)pK™,

P(2S)— It o
Ay—JhpmtnpK,

P(2S)-vetoed =

0 _
A, X (Z)PK

LHCb average (excl. A,—A} D;)
5619.62+0.21

5618 5619

5620
m , [MeV/ c?]
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The puzzle of the X(4140)

sign. Fit results
cRef. M, [ MeV | Ty [ MeV | FF % fr fi
8.00 424+ 8% ¢

16+13%%% 0524029 0.21+£0.16
7.60 1793459 113 3654157 1138 1241077 0.2440.21 0.37+0.17
[53] 1900
[37] 1650450 1504 50
1.90  1968+65* 70 3964170 H172 23+20 55 0.04+£0.08 0.4940.10
[53] 1930
5.60 11+ 372
500 17774351122 2174116 T2 0.6440.11 0.1340.13
[53] 1780
[37] 1773+ 8 188+ 14
3.00 18534271 18 1674+ 587° % 0.53+0.14 0.04+0.08
[53] 1810
[37] 1816413 276+ 35
850 17224207 33 354+ 757 6.7£1.9737 0.82+0.04 0.03+0.03
[53] 1780
[37] 1717427 322+110
540  2073+947500 678+31171220 2.94+0.87 7 0.15+0.06 0.79 +0.08
[53] 1940
[37] 1973426 373+ 69
3.50 187444377} 168+ 90775  2.6+£1.175% 1.0
[53] 2020
[37]  ~ 1830 ~ 250

16+3 * 9
840  4146.5+4.573% 8342112 13.0+3.235
ble 1 4147.142.4 15.746.3
6.00  4273.3+£8.31'72 561171} 7.142.5+35
[29] 42744757419 3213248
[25]  4313.8+5.3+7.3 38%)0 416

28+ 5+ 7
6.40 46+11 13}
6.10c 4506411712 92421121 6.6+2.4157
560  4704+10*+11 120+31 732 12+ 5 ©9




