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= Selected results on tetra- and penta-quark Hadron spectroscopy boosted by LHC

state searches with heavy hadrons
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= (Conclusions

B-physics selected results among the
many published by the Collaboration
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Detector and trigger

= Trigger selection for heavy flavor studies mostly based ("
on di-muon signature "\,
o Muon p; threshold (4 or 6 GeV) wmd 1
o Di-muon vertex reconstruction I'\I 4
o Invariant mass window W ,//-"' el ‘f"::mj”ww

Muon ] Solenoid magnet | Transition radiafion fracker]
[Semiconductor racker]

= No m*/K*/p separation capability

Run-1 Run-2
2 T T T T3 2 EATIAS | owme wy BYGS) ] .
s 10 Iy ;Eaemm,wu ATLAS Preliminary — S [ Data 2018 (1 | 1 G ZXOELI = Run-2 Improvemeﬂts
o E EF_2mu4_Jpsimumu E _ o) > oV, p_(1) > 6 GeV i i i
e F e ] 2H07gfk-isTey — -:i o o Trigger upgrade = maintain low
8 10° I 7 muémos_dpsmums (1) = ; F o A e 3 . .
= E y(2S) EF,mmmus,Br:umu Y(28) 3 3 r Prli)> 4GeV.p (u)>4GeV ] muon thl’eShO|d at h|gh |Um|
c _._EF-EE;"“S-” simumu Y(3S) E = B - Dimuon tiggers: p, (1) > 11 GoV. p,(1,) 6 GeV |
Yook 4 E10°% o IBL (new vertex detector) >
- 5 . improves vertexing reconstruction
10° = - iati
: 10° o Increased statistics
10°E \ - Great potential for new results in heavy
- Vs=7Tev JLat~23f7 10 | flavor physics studies
2 4 6 8 10 12 14 8 10 12
My, [GeV] m(uu-) [GeV]

Di-p invariant mass spectrum
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Study of A%, 2 J/PpK-
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Experimental status

@
3

g

=  Driven by LHCb

o 2015 2 structures observed in (J/Yp) mass spectrum in
A%, > JIPpK-decay (PRL 115 (2015) 072001)

Events/(15 MeV)
g

g

2016: Evidence in A%, = J/ppm with preferred JP = 3/2- and 5/2+ %00
2016: Model-independent evidence (PRL 117 (2016) 082003) 200
2019 (Run2 data): P,(4450)* resolved into 2 states (4440-4457); 100
discovered P_(4312)* and hint for a 4" broader state P_(4380)* o
(PRL 122 (2019) 222001)
= Not observed by GLUEX in yp = J/Up s-channel R 5:p’ 52D
(PRL 123 (2019) 072001) S ok
= Recent 3.10 evidence reported by DO at Moriond ‘21 Ewooi_:ﬁiﬁm LHeb
o Unresolved P (4440)+P_(4457) peak in inclusive P,=>J/Yp channel (no § E_bacmmu?d
reconstruction of A%)) (arXiv:1910.11767) § 800
g 600}
— . o1
Confirmation from another experiment : pasrgy T [T
would be very welcome 3 M/k L

aaals L "
4800 4250 4300 4350 4400 4450 4500 4550 4600
m,,, (MeV]
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Dataset & Event selection

= Dataset: pp atys =7 TeV (4.9 fb') and 8 TeV (20.6 fb1)

=  No */K#/p separation = all H, > J/bh,h, candidates considered Region definition Mass interval (GeV)
= J/p >yt selection AP, Signal Region 5.59 < m(J/YpK) < 5.65
o py®) >4 GeV; |n(p*)<2.3 -
BO Control Region 5.25 < m(J/PKm) < 5.31
o IMU)ya-m(ptpr)| < 290 MeV g. (prn)
= B-hadron (H, = A, B, B,) candidate selection B Control Region 5.337 < m(J/WKK) < 5.397
o  Di-muon (J/p) candidate + 2 charged particles with |n|<2.5 Comb. bkg shape 5.35 < m(J/PpK) < 5.45

o pq(Hy) > 12 GeV; In(Hy)|<2.1
. Combinatorial bkg (modeled with analytical matrix elements)
o N> I AP, > I pK-
o B> JWKZ, > I K
o B> JWfld > b KK
o Suppressed by requiring m(Km) >1.55 GeV
(= m(pK) > 2 GeV)

=  Same-sign h;h, combinations subtracted
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) Fit procedure

= [t to all kinematic distributions

L B LI L A S S S .

3200 arins Fam gacen 3 Eaors Bamnay Vo
. M(J /Ll) Kﬂ) ~ 2200 5= 7,8 TeV; 4.9, 20.6 fb" Eg;::/i::;rialBé g 800Ns=7,8Tev; 4.9, 206 6" Eg:;::::m;:; 3
2 20001 odykx 2 700F5 337 < . odykn
. M(J/p 1K) £ ook =:,->j/$-< £ £5.337 < MUIY.KK) < 5,397 GeV =:ﬁ:/r,:n
% 1600 [ IR @ 600 B 6. JykK
° M(J/LI) KK) 14003_ [ B.~Jiynn é 5005 [ Beodyn
© My mm) o .
+ M(J/g h) & M(h;hy) in B° CR oo
= 200
« M@/ h) & M(h,h,) in B, CR o0
05 o E
> L L L B L I B S R a3 X . . . 54 55 5.6 3.8 4 4.2 4.4 4.6 4.8
§ L ATLAS Preliminary ; D::" K 4 My, K, 7)) [GeV] M(JAy, h=K), GeV
S 1200[V5= 7.8 TeV; 4.9, 20.6 fo" DQW‘\::KML ]
> N [] Combinatorial BG_|
% B [ B—J/yKn T
o 10001~ [ B,J/yKK ]
r [ B, J/ynx ]
800/~ BB Fitted Yields
600 4 N(A) — J/ippK~) = 2270 + 300 ) . ,
- ) 1 N(BY > J/uK*rm) ~ 10770 A% > J/p pKyields in Signal Region:
400~ . N(B% — J/PKTK™) ~ 2290 1010+140 for right mass assignment
C ] N(B® = J/yrmtn) =1 -
200 b N%BO I j;i;:_g N lg;g 160+20 for wrong mass assignment
B s

5.8 5.9
M(JAy, p, K) [GeV]
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) Fit results

. 2 farias Peiminay | om0
= Fit results for 2 pentaquarks (3/2-, 5/2+) S 3 s00Lf57.8TeV; 49,20610" £ Combanatra 86
% [559<MUypK)<565GeV —
Parameter ‘ Value ‘ LHCD value [5] :ij 250;— = :;:jm’:( ]
N(P,) 400*}28(5&1‘5) 100(bybt) — 200; ngz?ﬁ;;ren. h
N(P.,) 1507 100 (stat) F55 (syst) - g Nopk
N(Pa+Pa) | 540555 (stat) FEf (syst) - 1ooF E
A¢p 2.871 % (stat) 103 (syst) rad - 1005— —f
m(P,,) 4282733 (stat) 25 (syst) MeV 4380 & 8 + 29 MeV 505_ E
I(P,) 140777 (stat)T33 (syst) MeV | 205 =+ 18 + 86 MeV F y ]
m(P.) 444929 (stat) T15 (syst) MeV | 4449.8 £ 1.7 & 2.5 MeV o: e e
[(P.) 51159 (stat) 718 (syst) MeV | 3945+ 19 MeV 2 pentaquark hypothesis My, h=p) (Gev]
=  Good description of data: x¥ndf = 37.1/39 (p = 55.7%) S |arlas priminay e
g 300 __\E: 7,8 TeV; 4.9,20.6fb % (B:::l‘:)/i‘:’lla(!,::rial BG]
@ L 5.59 < M(J/y,p,K) < 5.65 GeV I B, J/ynn
. & 250 [ B.Jiynn
»  4-pentaquark hypothesis g - zgj;mﬁ,e,,_

— ApPK

200 - Ap—PK refl.

o can’t be distinguished because of low mass resolution and
limited stat 150

o Tested by fixing parameters to LHCb ones
o X?/ndf =37.1/42 (p = 68.6%)

100

50

TTT T[T T T T[T T[T T [ TTTT]T
NN NEEE NN

0= 42 44 46 48 5.2

2- and 4-pentaquark models both consistent with data 4 pentaquark hypothesis My, h.p) (GeV]
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) Systematics

=  Four main source of systematics affecting signal yields, relative phase, masses and widths

Source N(Pe) | N(Pe) | N(Pea + Po) | Ad m(Pey) | T(Pa) | m(Pe) | T'(Peo)
Number of A) — J/¢pK ™~ decays 5% | T5%% ToS% T80 | o0 % | Tai% | Tooi% | %
Pentaquark modelling 2o % 7% o | 0%y | % | t0e% | %
Non-pentaquark Ay = J/¢pK ™ modelling | 5% | 3% A% | He% | 6% | 3% | 0% | Je%
Combinatorial background 7% 18 2% 2o | 0B | % | %% | Ty
B meson decays modelling 3% 2% 5% 0% | toop | TRy | 0y | Ty
Total systematic uncertainty 2% | tE% % 3% | 0% | I9% | 0% | Tai%
= Pentaguark modeling includes: = Non-pentaquark A% = J/YpK modeling includes the
o alternative JP hypotheses for 2 pentaquarks, extended A% = J/PA™ decay model
o P, decay models with all possible orbital " B meson decay modeling includes:
momentum between their decay products o  Contribution from Z,(4200) intermediate state

o model with 4 pentaquark

Systematic uncertainties comparable to statistical ones:
N(Pg1+Pg,) = 540+80 ;(stat)*70 gy(syst)
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!

No-pentaguark test hypothesis

. . . > L L LI B
" lterative fit procedure repeated using the A% > J/YpK decay model w/o pentaquarks 2  [ATLAS Preliminary — Totalsignal
S 300 FVs=7,8TeV;4.9,206fb" (] Combinatorial BG]
o X?/ndf =69.2/37 (p = 1.0x103) % [559<MJ/ypK) <5.65GeV e
. . S r [ B.—J/yKK
o X?ndf =42.0/23 (p = 9.1x10®) including the extended A% > J/WA*C decay model 2 2o -ipﬁ’;\’: ]
200 -
. Control distributions for 2- and O- pentaquark hypotheses: 5 g 1
Uy =
SOETa s | ST EefY L Sl 100 -
% 400;5.59<M(J/\WP,K)<5.65 GeV + =:::m; % 400;5_59<M(J/w,p,K)<5.65 GeV + Eg;iﬁg ] 505_ _E
E g w . + ApdIyA* +refl. ] r d .
300 300~ 1 e . r o iz ]
. i ! ] Model without pentaquark N 5.2
“ oot o E strongly disfavored but M(J/y. h,=p) [GeV]
S - E can't be excluded vet X2 fit of the m(J/pp) distribution in the signal
F : kit i ] y region for the hypothesis without pentaquarks
o- 3_ 3.8 4 42 44 46 48 . ok 3. . i Y B YR Y ] with the extended /\Ob -> J/LI)/\*O decay model
M(Jhy. h,=K) [GeV] My, h,=K) [GeV]
% %:L;,z T:\;eun;ngge fo! E :?j‘/‘““ +PK % %ZL;.SB T:\'f'f.';i,"géy.e fo! El :ﬁﬂjﬂ“‘/"
& 500 [ combinatorial BG| < 500 [ Combinatorial BG|
:2) ;5.59 <M(J/y,p,K) < 5.65 GeV E :o:j/f:':: :2’ 55.59 <M(J/y,p,K) < 5.65 GeV E :wj;w'(n
.o e e o Ongoing analysis with Run-2 data
300~ e E 3 . -
g 7 “F 7 ~5x more A\°, candidate statistic and
f E 200 E improved mass resolution
100F = 1003— —
21 22 23 24 25 26 27-7 0;.8 19 2 21 22 23 24 25 26 é.?

M(p.K) [GeV] M(p.K) [GeV]
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Searches for tetraquark states

10.04.19 P. IENGO - ATLAS results on exotic heavy hadrons 11



Search for X*>B0 r*

resonance

. DO published evidence of a (tetraquark) state X(5568) in the B.m*
spectrum via B,>J/V ¢, JIp Dptu-, d2>KHK-

" Also seen in semi-leptonic decays: X*(5568)->B0 i+ where
B, >p*D* X, D*,>¢m*

. Not seen by LHCb, nor CDF, nor CMS

" LHC experiments have enough statistic to observe a signal or set
precise limits on production cross-section

> T T T A A :
= 9000 ATLAS o Dala

wn

— 8000 . Signal (S)

P Vs=7 TeV, 4.9 fb "‘ ,,,,,,, Background (B)
€ 7000F Vs=8TeV,19.5fb — Fit(S+B)

J_[_[‘llllllllll[lllllllII|IIII|IIII|IIII|IIIIIIIII:

L

PRV I 1 e S, R
5500 5600
m(J/v K*K') [MeV]

BO, yield from fit: N(BY,) = 52750+280

UM SR ) YT WP Ch TS S SRS M ST
5200 5300 5400

Phys. Rev. Lett. 117, 022003 (2016)

140 DO Run II, 10.4 f8'
120 :'— tetraquark o
NO C
E 100:— :
- = <
o 80 so‘ ’b -
~N - M
= eof [ .t
8 .
Zz 40
a7 +
AAAIAAAAIAAAllAAAAlAAAAlAAAAlAAAAlAAA+
55 555 56 5.65 57 575 58 5.85 59
m (B%mr*) [GeVv/c?)

ATLAS uses 49 fb'at7 TeV + 19.5fb " at 8 TeV data

BO. = candidates selected by requiring a
charged track, with p;>500 MeV + track
quality cuts, from the same PV as the B,

Analysis repeated for p+(B°)>10 GeV and
for p1(B%)>15 GeV
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Search for X*>BY ni* resonance

!

@ F 1 B oaf 4 Number of X* candidates from unbinned
300~ - - ++ I . . .
: : 200f- | max-likelihood fit
200~ | Vs=7TeV, 4.9 o" -:--Egﬁaglr‘osu)nd ®) -g ::- I é:l;:fv. 491" -:.-EEE(zrgsu)nd (8) 0 0
| footov 050 ek . | fetevios’ = EE, e N(X) p(B%)>10 GeV N(X) p(B%)>15 GeV
g 1, . 3 "
8 E v T T 1= )
s o® - k : 60+140 30+150
8 8
s L | °
5600 5700 5800 5600 5700 5800
m(Bx*) [MeV] m(B{x*) [MeV]

_ o(pp = X+ anything) B(X — BJm*)  Nx

. No signal evidence - set upper limits set on cross-section ratio of X(5568) to BY,  rx

o(pp — B! + anything) €relNgo
Q_XO'OSJ T T A .
+ } |
[ ATLAS —=&— Observed 95% CL limit 7| AsymptOtIC CLS methOd
0,04_— Vs=7 TeV, 4.9 fo! -~~~ Expected 95% CL limit N
L R =10 B - - . , Y - _ - ic 0,41510Ge!
[ s=8TeV, 195107 . 4 1 |px = 1.5% at 95% CL for pr( Bg ) = 10 GeV . PB R0
0.03— ] C - A C o~ ———— adronic xt)>
i 1 lpx < 1.6% at 95% CL for pr(BY) > 15 GeV DO ki €106
k T \ s
0 025 CDF p, (B))>10GeV
E —— LHCb p_(B))>10GeV
0.01jm Comparison of X(5568) searches from Tevatron and LHC LA o Er00ey
[ . . . r— P, > e’
r ] experiments (arXiv:2010.00676) for py>10 GeV bin. n
. . . AR o i i i o, i — %)>10Ge
Bt 5600 550 =00 Combination of LHC results gives py<1% for both p; bins . l | OV p,(E))>10GeV | .
my [MeV] 0 2 4 6 8 10 12 14 16 18

p, (%]
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Perspective on Z_(4200)

$2400EATIAS Proiminary Rt E

 220054s= 7, 8 TeV; 4.9, 20.6 fo’ S g‘i;:’l“::ml i

=  Study of Z(4200) exotic state with ATLAS Run2 data is ongoing gfﬁﬁﬁi e _
= Purity of B> J/{ Kt sample >70% 100 T

. , . 1400F- s E

. ~30-40k events in high m(p,K) mass region for ~140 fb' at \/s=13 TeV 1200/ E

=  Promising for exotic states searches 1223: 3

600F E

400E =

200F =

0 > Oagse, ]

54 55 56
i My, K, 7) [GeV]

S A ma
ATLAS Preliminary
Vs=7,8TeV; 4.9,20.6fb"

—— Total Bj—»J/yKn -

By—>JiyKndir. 7
—— ByodiyKnrefl.
D A-dyA* +PK
[_] Combinatorial BG
I B, J/ynn
[ B~ J/yKK
[ B~ J/ynn

A
Events / 23 MeV

. Hint on Z(4200) contribution from B control region of Run-1
pentaquark analysis

34 36 38 4 42 44 46 =~ a8
M(J/y, h,=m) [GeV]
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Summary .

= ATLAS has a rich physics program for studies of exotic heavy hadrons
» Here presented selected results on

=  Pentaquark: Study of A% = J/PpK- (ATLAS-CONF-2019-048) with Run-1 data

o Model with 2 pentaquarks P.2>J/pp consistent with data (and with LHCb results) with
540 candidate events found

o Model with 4 pentaquarks consistent with data too, but can’t be resolved

o Model with 0 pentaquark strongly disfavored but can't be totally excluded - more stat needed

o Analysis of Run-2 data ongoing. Large improvement expected from larger statistics and better resolution
= Search for X*(5568)>Bm* resonance (Phys.Rev.Lett. 120(2018)202007)

o No evidence; strong limits set on cross-section
= Searches of Z state with Run-2 data ongoing

o Results to come soon

More studies ongoing; more results to come in the next months
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Thank you!
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