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© The X(3872) and the “X,”
© Quarkonium studies at ATLAS

© The X, search
® X, » mtn~T(— up~) reconstruction
@ discrimination in (|y|, pr, cos6*)
@ background and signal modelling
@ calibration and validation
@ results as a function of mass

@ Bonus searches: T(13D;), T(10860), and T (11020)
© Interpretation, and future plans

@ Summary
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The X(3872) and the “X,

The X(3872) is the first (2003) & best-studied (> 25 exp'? papers)
of the new hidden-charm states seen in the last decade.

@ direct pp & pp production seen

mmip [discovery] & other decays 1
@ narrow: [ < 1.2MeV, 90% C.L.

@ JPC = 1%+ (27 finally excluded)
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@ very poor match to cC structure W (Go0)

@ very close to D*°DO threshold:

e D*9DO molecule,

very weak Ej ~ 7= E,(2H)?

e I tetraquark, other models

@ heavy-flavour symmetry:

expect a hidden-beauty analogue
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Quarkonium studies at ATLAS: the detector

huge, complex, multi-purpose detector optimized for a range of
high-pT discovery physics in /s = 14 TeV pp collisions

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets ~ Solenoid Magnet  SCT Tracker  Pixel Detector TRT Tracker
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Quarkonium studies at ATLAS: the detector

for our special purposes, ATLAS is a large {Si pixel, Si strip, TRT}
vertexing and tracking system, surrounded by trigger and muon ID
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Quarkonium studies at ATLAS: trigger conditions

o rate limited by trigger bandwidth, especially at Level 1 (hardware)

@ B-physics & onia: high-p7 1, M(p)-restricted-dimuon, ...

@ increasing £L — higher-pr triggers, prescaling, ...

Entries / 50 MeV
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Quarkonium studies at ATLAS: trigger conditions

o rate limited by trigger bandwidth, especially at Level 1 (hardware)
@ B-physics & onia: high-pr 1, M(up)-restricted-dimuon, ... triggers
@ increasing £L — higher-pr triggers, prescaling, ...
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Quarkonium at ATLAS: acceptance for V — putpu~

for a given (|y|, p7),
A is the probability that
both muons fall within
the fiducial volume:

o pr > 4GeV

e |t <23
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4 GeV trigger thresholds 0.4
— pronounced structure

straightforward extension

torTr T p and

more complex final states 0 0.5 1 1.5 2
Y(1S) lyl
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Quarkonium at ATLAS: polarization for V — ptpu~

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢)

z,’ﬂ
E+
N 2
X —— (L + Aycos“ ¥
Brag) LT
+ A sin? 1 cos2p + Ay Sin 210 cos ¢ et g (UL Imm)y

Jly
+ )\i; sin¥sin2p + /\fg‘@ sin 29 sin ) rest frame
-
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Quarkonium at ATLAS: polarization for V — ptp~

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
t frame
N ) res .
X —— (1 + Aycos“ ¥ {
(3 + >\19) ( v production \19\
plane \
+ Ay sin? 1 cos2p + A9y sin 20 cos @
12 g I . X ‘K‘* y
+ Ay sin“dsin2p + Ag, sin 29 sin p) 2

e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane
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Quarkonium at ATLAS: polarization for V — ptp~

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
t frame
N ) res .
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+ Ay sin“dsin2p + Ag, sin 29 sin p) 2

e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane

e reflection-odd terms unobservable (parity)
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Quarkonium at ATLAS: polarization for V — ptp~

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
t frame
N ) res .
X —— (L + Aycos“ ¥ 4
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e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane

e reflection-odd terms unobservable (parity)
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Quarkonium at ATLAS: polarization for V — ptp~

for (JPC =177) |V) = by1 |+ 1)+ b_1| — 1) + b |0) decaying — £+¢~,

e the angular distribution W/(cosd, ¢) quarkonium z
t frame
N ) res .
X —— (L + Aycos“ ¥ 4
(3 + >\19) ( v production \19\

plane \

+ Ay sin? 1 cos2p + A9y sin 20 cos @
) X 4/(/)\_’% y

+

e inclusive production: p1, p2, and V only;
we (~ must) choose (x, z) : production plane

e reflection-odd terms unobservable (parity)

o full angular distributions (Ay, A,. A\y.) in general needed . ..
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Quarkonium at ATLAS: polarization for V — ptp~

transversely

@ L: polarized o
longitudinally
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Quarkonium at ATLAS: polarization for V — ptp~

transversely

o L: polarized o
longitudinally

@ R: meas' frame rotated by 90°
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Quarkonium at ATLAS: polarization for V — ptp~

transversely

o L: polarized o
longitudinally

@ R: meas' frame rotated by 90° |

@ integration over azimuth ¢ —

b)

x
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Quarkonium at ATLAS: polarization for V — ptp~

. transversely
o L: polarized o
longitudinally
@ R: meas’ frame rotated by 90° .
@ integration over azimuth ¢ —

longitudinal dist” (d) looks like
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Quarkonium at ATLAS: polarization for V — ptp~

. transversely
o L: polarized o
longitudinally
@ R: meas' frame rotated by 90° |
@ integration over azimuth ¢ —
longitudinal dist” (d) looks like

transverse dist" (a)
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Quarkonium at ATLAS: polarization for V — ptp~

transversely

L: polarized o
longitudinally

R: meas’ frame rotated by 90° .

@ integration over azimuth ¢ —
longitudinal dist” (d) looks like
transverse dist" (a) b)

@ )\y-only measurements
(a la TeVatron Run 1)
can't be compared without i
assumptions about pol” frame
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Quarkonium at ATLAS: polarization for V — ptp~

@ integration over azimuth ¢ —

a) z c) 4
. transversely I m==1
L: polarized o
longitudinally

i .
R: meas’ frame rotated by 90° x/& l\ e &

longitudinal dist” (d) looks like
transverse dist" (a) b) z d)

Ag-only measurements

(a la TeVatron Run 1) -
can't be compared without 4
assumptions about pol” frame ‘ 2 L

experimental acceptance is also
typically a f7 of (Mg, Ay, Ayy)
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Quarkonium at ATLAS: polarization for V — ptpu~

@ limited range of (Ay, Ay, Ag,) values allowed
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Quarkonium at ATLAS: polarization for V — ptpu~

o limited range of (Ag, Ay, Agy) values allowed
o LHC experiments quote results for each of a set of working points

s
17 : E
Lambda_phi 1 1
1 <
N /
X &
L-z * .
‘ Lambda_thet: .
X 1
-1 -0.5 0

o ATLAS cms )‘9
® - LHCb ALICE
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Quarkonium at ATLAS: acceptance A(ly|, pr; FLAT)

(>\197 )\30’ )\ﬁcp) =
(0, 0, 0)

o
(o)
Acceptance

unpolarized production

Y(18) lyl
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Quarkonium at ATLAS: acceptance A(]y|, pr; LONG)

—

(Ags Ags Agy) = §
«
(_17 07 0) 0.8 d%
Q
3]
polarization: 0 6<
longitudinal along z :
0.4
0.2
0

Y(18) lyl
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Quarkonium at ATLAS: acceptance A(|y|, pt; T+0)

T+0 ATLAS
(>\197 )\goa )\z‘hp) =
(+1, 0, 0)

polarization:
transverse along z

15 2
Y(18) lyl
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Quarkonium at ATLAS: acceptance A(ly|, pr; T++)

T++ ATLAS
(>\197 )\goa )\1990) =
(+1, +1, 0)

polarization:
longitudinal along y
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Quarkonium at ATLAS: acceptance A(ly|, pr; T+-)

T+- ATLAS
(>\197 )\goy )\ﬁga) =
(+1, -1, 0)

polarization:
longitudinal along x

15 2
Y(18) lyl
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Quarkonium at ATLAS: acceptance spread

Spread ATLAS

maximum variation 0* 12 £
betw. the (Ag, Ay, Agy) o o
working points §
o
note: 8 ¢
CMS measurements <
are consistent with 6
unpolarized production
of the T(1S, 25, 35) 4
PRL 110, 081802 (2013) )

o 05 1 15 2
Y(18) lyl
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The X, search: outline

The ¥ Y(1S) (c.f. ™ J/ ¥) channel provides an
experimentally feasible search option:

p > fﬁ?< P
Yas) \ -
T |
m

1. Reconstruct X, 2>n*nY(up) using large ATLAS Y(up) sample

2. Either observe X, at mass M with significance z, or
3. Set upper limits for X, 2> n*nY(up) production

4. Also look for Y(13D;), Y(10860), and Y(11020) decays
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Xp — 7t~ T(— ptu~) reconstruction

x10°
> 2090+
I. Find Y2 p*p candidates: 2 200~ ATLAS J2ot20ata
2 180F (s=8Tev, 6.2 1" — gg:;l;‘éund E
g 160 1yier2 -f Y15y Component
n pT(l’l)>4 GeV Y‘ trigger g 140F Y(3S] Componenté
. 2 120F E
= two “combined” u tracks & 1ok E
SEIOEE o
- Im(uu)-m,q| <350 MeV g
20F- j 3
0& (0 EO Y W) -
9000 9500  |10000 10500

m(uw) [MeV]

o
. 4}:(19
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Xp — 7t~ T(— ptu~) reconstruction

I. Find Y2 pu*p candidates:  1I. Add two tracks (nn):

= pr(w>4 GeV Y trigger = pp(m)>400 MeV

= two “combined” p tracks = | n(n)|<2.5

= I n@l<2.3 = 4-track vertex fit

= |m(uu)-m;q| <350 MeV *  m(up) = m,q constraint
= x2<20

= masses < 11.2 GeV

X
w 4 j((/ls) \ m
n

/I
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The X, search: discrimination in (|y|, pt, cos 6*)

e barrel (|y| < 1.2) resolut" better than endcap (1.2 < |y| < 2.4)
@ constraint T~ — T mitigates this, but not higher bkgd under peak
@ unknown X, mass: 7w effect on m(7wmT) resolution can't be removed

— perform the analysis in bins of rapidity

BARREL ENDCAP
3

%220:1‘0‘”_‘”HH_H“: Zo000E T T T T
= 200- ATLAS - 2012data = E ATLAS « 2012 data E
o S 1 — Total Fi E ©80000F 5 g — Total Fit E
hy 180F s=8TeV,16.21b Background B Ay E Vs=8TeV, 16215 Background E
2 160 y<t2 A Y(1S) Gomponent ©70000F 1.2<)y"|<2.5 ---- Y(1S) Component|
2 SR 2 S { gg ggmpgﬂgm 3 £ E ---- T(2S) Component |
5 1400 P! = 560000 Y(3S) Component]
2 120 = 2 E E
§ g g 8500005— E
100 E 40000F E
(3 E 30000 3
60 = E E
40b 3 20000 3
sl . E 10000F- p \ E
0= R B . e 0B T e L e T k|
9000 9500 10000 10500 9000 9500 10000 10500
m(ut-) [MeV] m(u-) [MeV]

Bruce Yabsley (Sydney / CoEPP) Searching for an X}, at ATLAS PANDA 2014/12/10 13 /28



The X, search: discrimination in (|y|, pt, cos 6*)

e barrel (|y| < 1.2) resolut” better than endcap (1.2 < |y| < 2.4)
— perform the analysis in bins of rapidity

o different signal and background distributions in (pt, cos 8*):
o cosO*(n ™) flat in parent rest frame for unpolarized signal
e in background, 77~ unrelated to p*p~, and has low p7*
— background is lower in p1, more backward in cos 6*

Y

[classic discrimination by decay angle for (quasi-)2-body decays]

Bruce Yabsley (Sydney / CoEPP) Searching for an X}, at ATLAS PANDA 2014/12/10 14 / 28



The X, search: discrimination in (|y|, pt, cos 6*)

e barrel (|y| < 1.2) resolut” better than endcap (1.2 < |y| < 2.4)
— perform the analysis in bins of rapidity

o different signal and background distributions in (pt, cos 8*):
o cosO*(n ™) flat in parent rest frame for unpolarized signal
e in background, 77~ unrelated to p*p~, and has low p7*

— background is lower in p1, more backward in cos 6*
o trigger threshold effects

— distributions change but discrimination remains

ATLAS Simulation ATLAS

fs=7TeV, 461" x10° ATLAS Simulation

E

|70, , I T, sEt
0.8-06-04-02 0 02 04 06 08 1 >1-08 -06 -04-02 0 02 04 06 08 1
cos(6*) cos|

>1-0.8 -06 -04 -02 0 02 04 06 08 1
(©%) cos|

SIGNAL BACKGROUND S/VB
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The X, search: discrimination in (|y|, pt, cos 6*)

e barrel (|y| < 1.2) resolut” better than endcap (1.2 < |y| < 2.4)
— perform the analysis in bins of rapidity

o different signal and background distributions in (pt, cos 8*):
o cosO*(n ™) flat in parent rest frame for unpolarized signal
e in background, 77~ unrelated to p*p~, and has low p7*
— background is lower in p1, more backward in cos 6*
o trigger threshold effects
— distributions change but discrimination remains

ATLAS Vs =7 TeV. 4.6 b

we chose bin boundaries at BT
oy . (p7,c0s0%) = (20GeV,0) <y i E
7 — simult. fitto 2 x 2 x 2

bins in (|y|, pr, cos8*):

considered AR cut [CMS]:
less sensitive than binning

91708 -06 0402 0 02 04 06 08 1
cos(6*)

AR cut 3 la CMS S/VB
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The X, search: background and signal modelling

background:

mix of inclusive T(1S) and combinatorial gt~

preliminary studies performed on 2011 (7 TeV) data:

lower-sideband p+ i~ and same-sign pu® it samples

m(7t 7~ ) distributions featureless above 9800 MeV

e confirmed in T — u*u™ signal region for various m(7* 7~ T) ranges

— polynomial fit to m(7 "7~ T) region about each test mass
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The X, search: background and signal modelling

background:

mix of inclusive T(1S) and combinatorial gt~

preliminary studies performed on 2011 (7 TeV) data:

lower-sideband p+ i~ and same-sign pu® it samples

m(7t 7~ ) distributions featureless above 9800 MeV

e confirmed in T — u*u™ signal region for various m(7* 7~ T) ranges

— polynomial fit to m(7 "7~ T) region about each test mass
narrow state search: fit with f - G(m, o) + (1 — f) - G(m, ro)
f, r ~ indep® of mass; fixed to average over MC samples

o
(]
@ o then found to be linear in mass
o

remaining issues: division among analysis bins, acceptance, efficiency
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The X, search: background and signal modelling

background:

mix of inclusive T(1S) and combinatorial gt~

preliminary studies performed on 2011 (7 TeV) data:

lower-sideband p+ i~ and same-sign pu® it samples

m(7t 7~ ) distributions featureless above 9800 MeV

e confirmed in T — u*u™ signal region for various m(7* 7~ T) ranges

— polynomial fit to m(7 "7~ T) region about each test mass

@ narrow state search: fit with f - G(m, o) + (1 — f) - G(m, ro)
o f, r ~ indep’ of mass; fixed to average over MC samples
°
°

o then found to be linear in mass

remaining issues: division among analysis bins, acceptance, efficiency
— all depend on distribution of final-state particles in (1, pr, ¢)
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

s ——— T s ——— T3
8 F Corrected cross sections] 8 F Corrected cross sections]
% 1025!\ Iy'l<12 F 36_ 102;\ 12=lyI<225
= aﬁ-&‘:.. ®Ys) E = ?""s‘ s s 3
;1 b L% B Y (2s) b ;1 » % BEY(@2s) q
= 10F RS Y(3s) = 10 *, Y(38) E
i £ a e, 1 £ > % 3
=S i, = an ]
o E 3 3 o E o, E|
x f R E x f :"'u':. E
%l—‘] o’ L e 4 %h1 o’ L . 4
§ f ATLAs e i § f ATLAS o™ E
5 [ —— 1 5 [ ]
& 2l 4 5 42k Lo = 1
10%¢ E:?TerLdl:LSib [R—— 10%E E=7TerLd|=1,81b s
T S U B T S O B

0 20 40 60 0 20 40 60
Y P, [GeV] Y P, [GeV]
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

f Corrected cross sections:
:\ 12sly1<225

?""s‘ s s
A K B (2s)

Y(38)

7
Corrected cross sections]

102 :!\ ly'<1.2 =
i#‘-&“'. s E
3 . Y (es)

105 Tats Y(38)

3,
T,

-
o

s
o’

T
BN
<

’

-

E ATLAS —

E e
E ATLAS e

d2o/dp_dy x Br(Y— ') [pb/GeV]
»

o |

d2o/dp_dy x Br(Y— ') [pb/GeV]
»
04

l
Q
o

102¢ E:?Tevfl.m:msvb" 3 @=7Tevf|_d|=1,s1b"
E | £ |

P P T n P P RS S S R
0 20 40 60 0 20 40 60
Y P, [GeV] Y P, [GeV]

@ extend y — 2.4 (assumption), pr — 100 GeV (CMS), /s — 8 TeV (PYTHIA)
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

f Corrected cross sections:
:\ 12sly1<225

?""s‘ s s
A K B (2s)

Y(38)

7
Corrected cross sections]

102 :!\ ly'<1.2 =
i#‘-&“'. s E
3 . Y (es)

105 Tats Y(38)

3,
T,

-
o

s
o’

T
BN
<
T
X
BN
<
’

E A—— E
f ATLAS —_— £ ATLAS ——

d2o/dp_dy x Br(Y— ') [pb/GeV]
»

o |

d2o/dp_dy x Br(Y— ') [pb/GeV]
»
04

l
Q
o

102¢ E:?Tevfl.m:msvb" 3 @=7Tevf|_d|=1,s1b"
E | £ |

0o T a0 e T
Y P, [GeV] Y P, [GeV]

@ extend y — 2.4 (assumption), pr — 100 GeV (CMS), /s — 8 TeV (PYTHIA)

@ assume (for now) that Xj, production
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

7
Corrected cross sections]

102 :!\ ly'<1.2 =
", B s) E
3 * v (es)

105 Tats Y(38)

; Corrected cross sections:
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»
o
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@ extend y — 2.4 (assumption), pr — 100 GeV (CMS), /s — 8 TeV (PYTHIA)
@ assume (for now) that Xj, production

e is T(2S, 3S)-like [inter/extrapolate results according to mass]
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

= e — T3
8 £ Corrected cross sections]
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f Corrected cross sections
\ 12s5ly'1<225

¢ '«,‘._ Eas)
° BEYEes)

%, Y(@s)

*
»*
vowl vl

ATLAS ——

E=7Tevad|=1,81b"
|

n P RS S S R
20 40 60
Y P, [GeV]

@ extend y — 2.4 (assumption), pr — 100 GeV (CMS), /s — 8 TeV (PYTHIA)

@ assume (for now) that Xj, production

e is T(2S, 3S)-like [inter/extrapolate results according to mass]
o is unpolarized [given parent (y, pr), determines (1, pr) of products]
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The X, search: background and signal modelling

@ use measured doubly-differential o x B for T(15,25,35) — putu~

= — T3 s — T3
8 Corrected cross sections] 8 F Corrected cross sections]
re) ly'l<1.2 4 3 102 \ 12s5ly'1<225
=% N k=% E 3
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£ E:?TerLdl:LSib [R—— 10%¢ E=7TerLd|=1,81b =g
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@ extend y — 2.4 (assumption), pr — 100 GeV (CMS), /s — 8 TeV (PYTHIA)
@ assume (for now) that Xj, production

e is T(2S, 3S)-like [inter/extrapolate results according to mass]
o is unpolarized [given parent (y, pr), determines (1, pr) of products]

— {division among bins, acceptance, efficiency} as functions of m(Xy)
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The X}, search: calibration and validation: T(2S)

Q fit in 2 |y| bins, floated params: m matches w.a.; o matches MC

BARREL ENDCAP
> T T - >18000€F T -
m30000; ATLAS Vs=8TeV, 16.2 fb™ p mlGOOOi ATLAS Vs=8TeV, 16.2 fb* 7
E25000: e 2012 Data | = F e 2012 Data 3
Ny [ — Total Fit ] 140001 — Total Fit =
C Background Component 3 E Background Component 3
gZOOOO; —_ Signeﬂ Componen‘: E §12000§ —_ Signeﬂ Componen‘: E
Slsoooi lyl<1.2 E J10000: 1.2<)yj<2.4 E
2 B 1 T 8000 E
8100006 0,= 577 +-017TMeV 3 8 6000 0= 898+-072MeV
= Ny = 23530 +/- 720 E 20008 Ny = 10600 +/- 940 E
5000 m = 10023.31 +/- 0.16 MeV E m = 10023.53 +/- 0.54 MeV 3
E 3 2000 =
£ . ] E. T T~ 3
0 AN 0

[" e Data- Fitted Bgd. ‘ 20005 Fitted Bgd. El
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The X, search: calibration and validation: T(2S)

Q fit in 2 |y| bins, floated params: m matches w.a.; o matches MC

@ separate fits in 2 X 2 X 2 bins in (]y|, pt, cos 8*), fixed params:
o barrel fraction 0.67 £ 0.04 exceeds MC value 0.606 + 0.004

in all subsequent fits, MC barrel fractions rescaled by 0.67/0.606

division of signal among 2 x 2 x 2 bins consistent with rescaled MC

sum of the eight yields:

NS% = 34300 + 800
NEE? = (0B)as - L A- €
= (0.504 +0.038) nb - (16.2 + 0.3) fb~* - (1.442 + 0.004)% - (0.283 + 0.002)
= 33300 =+ 2500

o all subsequent fits are performed

@ simultaneously over the 2 x 2 X 2 bins
@ using the division of signal between the bins (as a function of mass)
determined from MC
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The X}, search: calibration and validation: T(2S)

e pr > 20GeV, cosf* > 0 (most sensitive bin):

BARREL ENDCAP
> = ‘ 3 > & ‘ ]
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The X}, search: calibration and validation: T(2S)

e pr >20GeV, cosf* < 0 (top-left bin):

BARREL ENDCAP
> ET T > T
o 2200 ATLAS Vs=8TeV,16.2fb" o 1600 ATLAS Vs=8TeV, 16.2fb"
= 2000F = 1400 .
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The X}, search: calibration and validation: T(2S)

e pr <20GeV, cos#* > 0 (bottom-right bin):

BARREL ENDCAP
T T F 12000 T =
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The X}, search: calibration and validation: T(2S)

e pr <20GeV, cosf* <

0 (least sentitive bin):

BARREL ENDCAP

2 4000 ATLAS (5=8TeV, 16.2 fb" ” 2 35005 ATLAS (5=8TeV, 16.2fb" -
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The X, search: calibration and validation: T(3S)

© simultaneous fit to 2 X 2 X 2 bins with fixed params:

@ strong but not overwhelming BARREL, HIGH-pr, HIGH-cos ¢

. } 7000 w .
signal: model for X}, search é FATLAS -8 Tev. 162 10" ]
@ significance z = 8.7 @ 6500 .
(%] ]
@ most sensitive bin z=6.5 —: & 60007 § =
g E ]
for clarity: rebinned 2 — 8 MeV ] [ e 2012 Dat ]
( y ) § 5500 ° TotaiFit i<tz ¢ 8
® x?/ngor = 1.0 for simult. fit: 50005_gﬂ,ﬁ'.‘é’urgﬂadpocﬁgﬁmnem z;:sf]jev E
gOOd signal division among bins [ Ny= 1390 +/- 210 1
. . 4500 ‘
@ overall fitted yield: 1000 Gira- ifed B .
[ — Total Signal Fi ]
] 5000 Gaussian Components B
NIt = 11600 + 1300 E ]
B SO SL 2 S LIVOUE YWY
Ngged:(O'B)35'£'A'€ :Y hd 9?7 ‘ T Ve v:
10300 10400
= 11400 + 1500 m(x* T Y(1S)) [MeV]
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The X, search: calibration and validation: T(3S)

o pr > 20GeV, cosf* > 0 (most sensitive bin):

BARREL ENDCAP

= 2000 T T T T =] =~ 1300 T T T a|
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The X, search: calibration and validation: T(3S)

@ pr >20GeV, cosf* < 0 (top-left bin):

BARREL ENDCAP

> 6500F—— T T T = 4000 T T T
[} E ATLAS Vs=8TeV,16.2fb" [} E ATLAS Vs=8TeV,16.2fb"
s = 3800F
= 6000 4 2012 Data 2 ~ 3600~ ® 2012Data -
Ny E — Total Fit 3 g £ — Total Fit B
@ 5500; Background Component M E @ 3400 Background Component =
= 5000F- Ns = 809 +/- 93 E T 3200 Ns=4714/-54 -
S E E S 3000 -

4500 = E E
§ E lyl<1.2 E § 2800 1.2<lyl<24

40001~ p,>20 GeV 26001 p>20GeV

35008 €0s6*<0 E 2400 €0s6*<0 =

3000 E 2200 —

400F ® _I?a‘taI sFme(Ii FBackground B 400F . _I?a:al SFmetli gackground
— Total Signal Fit B t — Total Signal Fit
200 - Gaussian Component ’; 200F - Gaussian Components
0 . 0 !
-200 ) ) ’ ) ) ) LT ) ) ) .
10250 10300 10350 10400 10450 10250 10300 10350 10400 10450
m(rt = Y(1S)) [MeV] m(rt = Y(1S)) [MeV]

Bruce Yabsley (Sydney / CoEPP) Searching for an X}, at ATLAS PANDA 2014/12/10 20 / 28



The X, search: calibration and validation: T(3S)

o pr <20GeV, cosf* > 0 (bottom-right bin):

BARREL ENDCAP
> S T T T - = 45000—— T T
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The X, search: calibration and validation: T(3S)

o pr <20GeV, cosf* < 0 (least sentitive bin):

BARREL ENDCAP
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Bruce Yabsley (Sydney / CoEPP)

Searching for an X}, at ATLAS

m(r* T Y(1S)) [MeV]

PANDA 2014/12/10

20 / 28



The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s

10° 10"
> e > e > pane R > R R T
2 1600E ATLAS 2 500C ATLAS 2 ATLAS 2 8000f ATLAS
R 2 e I A 2 o F-8ToV, 16215
§ o yae 3 w2 | etz k|
3 p,<20 Go 3 p,<20Go 3 p,>20 Go 3

£ P ' s0000f- P

& ‘:z costr<D & 3005 coarso 5 o< &

oo 209 20000]

400 100 10000

200

380010000 10200 10400 10600 10800 11000 11200

6 5800 10000 10200 10400 10600 1080011000 11200
m( & T(15)) [MeV]

0600 10 3800 10000 10200 10400 10600 10800 11000 11200
mix & Y(1S)) [MeV]

5800 10000 10200 10400 10600 10800 11000 11200
mix* - T(1S)) [MeV]

o
m( % (1)) [MeV]

() Barrel, low pr. low cos 6" (b) Barrel, low pr high cos " (¢) Barrel, high pr. low cos 6" () Barrel, high pr, high cos 0"
10 10
3 A AR A 3 s 3 T 3
2 b ATLAS 2 ATLAS 2 ook ATLAS 2
H F=8TeV, 16210 © 1805 FopTev. 162t ® F-8Te, 621" °
g oo g 160 g F
3 12yi<24 § jap rehies 5200005 12412 3
3 500 p0Gev 3 P20 GaV 3 p 520 GeV 3
[yt & 12 o 1soof- o0 3
100
a00) o0

10000

880070000 10200 10400 10600 10800 11000 11200
m(x' & (1)) [MeV]

800 10000 10200 10400 10600 10800 11000 11200
mia & T(1S)) [MeV]

(e) Endeap, low pr. low cos 0" (f) Endeap, low pr, high cos 0"

800 10000 10200 10400 10600 1080011000 11200
mix* & (1) MeV]

8800 10000 10200 10400 10600 10800 11000 11200
m(x' 5 T(1S)) [MeV]

(g) Endeap, high pr low cos 0° (h) Endeap, high pr, high cos 0"

Bruce Yabsley (Sydi / CoEPP) Search

g for an X}, at ATL

2014/12/10 21/ 2



The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s

@ local signif. z< 3 b > S —
&n <3y 2 8000 ATLAS
asymptotic formulae ® o 5 e 8 Tov, 162"

,8 ly|<1.2

g 6000 p,>20 GeV
e .

& 5000 c0s6*>0
o

4000
3000
2000
1000

9800 10000 10200 10400 10600 10800 11000 11200
m* - Y(1S)) [MeV]
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s
. . g 1 i T T T T 1 N—
@ local signif. z < 3 by EPAE g
asymptotic formulae F02E g
10%E 5
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s

i N e
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s

i N e
c —_—
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e cf. R =3%, 6.56% g [ [)#20 Band 1
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
o fit range m £ 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s
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ATLAS Median Expected

@ local signif. z < 3 by
asymptotic formulae

e cf. R =3%, 6.56%

@ set ULs using CLg

@ syst's first added:
— using G constraints
— increases limits < 13%

—inflates +10 bands 9.5-25% 10°F
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The X, search: results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
fit range m & 80endcap: £72MeV at 10 GeV; £224 MeV at 10.9 GeV
@ simultaneous fit to the 8 (|y|, pr, cos*) bins, for R = oB/(0B)2s

° ignif. —FLAT
local S|gn.|f z <3 by I —FLAT ]

asymptotic formulae /S = 8TeV, 162 b _TRPO

—TRPM

e cf. R =3%, 6.56% —LONG

@ set ULs using CLg

@ syst's first added:
— using G constraints
— increases limits < 13%

— inflates £10 bands 9.5-25%  1¢2

95% CLg Upper Limit on R
o

@ recalculated for the other A T T
) . . 10000 10200 10400 10600 10800 11000
spin-align® working pts Parent Mass [MeV/]

@ reported in detail
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Bonus searches: T(13D;), T(10860), and T(11020)

15000 Y(13DJ) triplet:

21 4000F ATHAS fs=8Tev, 1621 4 = Tried triplet fit > z=0.12
p E N =230 +- 390 lyl<1.2 E _n.

13000 poocey - " =2

120005 cost>0 3

$11000- = o [Y(1°D,)] < 0.55 o [Y(2S)]
Groooo, = 2112 ~
Background Component

9000 ___ Signal expected for oeido,, 1 using known n*nY(1S) branching
BO0D! -+ S (observed at CLEO+BaBar)

500; e Data - Fitted Background

} _T:';" Signal Fit + 1 Y(10860) and Y(11020):
0%%%% = Broad — different fitting model
10600 10800 11000 e T ey large for Y(10860)

m@ 7 Y(1S) (Mev] = No evidence for either state
Projection of fit to Y(10860)
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Interpretation, and future plans

@ this is the most senstitive X production search for m > 10.1 GeV
[expected ULs tighter than CMS, PLB 727, 57-76 (2013), modulo spin-alignment]
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o excludes R = 0B/(0B)v(2s) = 6.56% throughout search range
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e if X, exists, relative production o/o,s or branching B/Bss,
or both, are weaker than for X(3872)
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o excludes R = 0B/(0B)v(2s) = 6.56% throughout search range
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e if X, exists, relative production o/o,s or branching B/Bss,
or both, are weaker than for X(3872)

@ note that an X, is not in general a carbon copy of the X(3872):
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@ this is the most senstitive X production search for m > 10.1 GeV
[expected ULs tighter than CMS, PLB 727, 57-76 (2013), modulo spin-alignment]
o excludes R = 0B/(0B)v(2s) = 6.56% throughout search range
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e if X, exists, relative production o/o,s or branching B/Bss,
or both, are weaker than for X(3872)
@ note that an X, is not in general a carbon copy of the X(3872):
o X(3872) is within sub-MeV resolution of D°D*® threshold

o even a molecular X}, is bound by as much as 44 MeV
[for 3872-analogue B°B*° molecule of Swanson, PLB 588, 189-185 (2004)]
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o even a molecular X}, is bound by as much as 44 MeV
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or both, are weaker than for X(3872)
@ note that an X, is not in general a carbon copy of the X(3872):
o X(3872) is within sub-MeV resolution of D°D*® threshold

o even a molecular X}, is bound by as much as 44 MeV
[for 3872-analogue B°B*° molecule of Swanson, PLB 588, 189-185 (2004)]

o further, large DD* isospin breaking (m+ — mgo = +8.08 + 0.11 MeV)
is absent for BB* (m+ — mgo = —0.64 £ 0.12 MeV)?

@ recently stressed by theorists [Guo/MeiBner/Wang, 1204.2158; Karliner .. .|
X(3872): |my — moo| > Ep; ~ pure D°D*? state; B,y ~ By
Xp: |my — moo| < Ep; = pure | =0 state; B,y “strongly” suppressed
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Interpretation, and future plans

@ this is the most senstitive X production search for m > 10.1 GeV
[expected ULs tighter than CMS, PLB 727, 57-76 (2013), modulo spin-alignment]
o excludes R = 0B/(0B)v(2s) = 6.56% throughout search range
cf. mmyp [CMS, JHEP 1304, 154 (2013)]: (UB)X(3872)/(O'B)¢(25) = 6.56%
e if X, exists, relative production o/o,s or branching B/Bss,
or both, are weaker than for X(3872)
@ note that an X, is not in general a carbon copy of the X(3872):
o X(3872) is within sub-MeV resolution of D°D*® threshold

o even a molecular X}, is bound by as much as 44 MeV
[for 3872-analogue B°B*° molecule of Swanson, PLB 588, 189-185 (2004)]

o further, large DD* isospin breaking (m+ — mgo = +8.08 + 0.11 MeV)
is absent for BB* (m+ — mgo = —0.64 £ 0.12 MeV)?

@ recently stressed by theorists [Guo/MeiBner/Wang, 1204.2158; Karliner .. .|
X(3872): |my — moo| > Ep; ~ pure D°D*? state; B,y ~ By
Xp: |my — moo| < Ep; = pure | =0 state; B,y “strongly” suppressed

o /-allowed modes — {v, 7w7?} T, 7mx, — have severe A - € problems
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@ ATLAS has searched for an X, in inclusive 77T at 8 TeV pp collisions

@ the analysis is subject to spin-alignment-dependent acceptance effects
due to pr thresholds, cf. soft onia production spectrum

O7T+

7t~ combinations vtx-fitted with m(u* ™) = my constraint
e discrimination in (|y|, pr, cos*) is exploited by 2 x 2 x 2 binning

@ simultaneous binned UML fit to resulting m(7w 7~ ) distributions

e local P; 4 2G fit every 10 MeV, with parameters

o fixed to combination of 7 TeV pp data and MC
o calibrated and validated on the T(25,3S) — 77~ T peaks

and systematics included using Gaussian constraints
@ no signal seen, and 08/(08B)2s = 6.56% excluded everywhere

o /-allowed decay modes — with difficult A - € conditions — under study
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BACKUP: systematics

The upper limit calculation depends indirectly on signal and
background fitting parameters, including the fraction of the sig-
nal falling in each of the analysis bins. From Eq. (2), the upper
limit on R is proportional to the inverse fitted ((2S) yield, NZ’S',
and the ratios Aps /A and e5/€. For each source of systematic
uncertainty, the impact on these factors is quantified to find the
maximum shift across the mass range. These are then summed
in quadrature and included in the fit as Gaussian-constrained
nuisance parameters.

The X(3872) — n*n~J/y dipion mass distribution favours
high mass [6, 9]; for a potential hidden-beauty counterpart this
distribution is unknown. For (2S) — n*x~J/y [42], and both
T(2S) [39] and T(4S) — 7t~ Y(1S) [43, 44], the dipion mass
distributions are concentrated near the upper boundary; those
for Y(4260) — n*n~J/¢ [45] and Y(3S) — m*a~Y(1S) [40]
are double-humped. The results quoted here assume decay ac-
cording to three-body phase space; T(2S)- and Y(3S)-like dis-
tributions change the splitting functions by up to 35%, decrease
the efficiency ratio by up to 17%, and produce modest changes
in other parameters.

The next largest contribution is due to the linear extrapola-
tion of the acceptance between the T(2S) and Y'(3S) values.
Alternative extrapolations between the YT(1S) and T(2S), and
between Y(1S) and T(3S), are also tried; the greatest change in
the acceptance ratio, 12%, is assigned as the uncertainty.

Bruce Yabsley (Sydney / CoEPP)

ing for an X, at ATLAS

The parameters of the efficiency, the splitting functions, and
the widths of the narrow signal components o7, and o as func-
tions of mass, are varied by the uncertainties on their fitted val-
ues; alternative functional forms are also tried. In each case,
the largest deviation is assigned as the systematic uncertainty.
The use of production weights (described in Section 4) relies on
assumptions regarding rapidity dependence, and evolution from
Vs =7 TeV to 8 TeV. Removing these weights produces a ~1%
change in efficiency ratio (most of the differences cancel), but
changes the values of the splitting functions by up to 8%.

Data versus simulation differences in the (2S) width param-
eters in the barrel and endcap (1.9% and 4.2%, respectively) are
incorporated as a source of uncertainty, as is the statistical un-
certainty on the averages used for signal shape parameters f
and r (0.5-1.4%). The background shape model is also altered,
allowing a third-order term comparable in size to typical values
of the second-order terms. Finally, uncertainties on N,s and the
barrel/endcap scaling factor are assigned based on uncertainties
from the Y(2S) fits.
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BACKUP: systematics

Table 1. The contribution of the various sources of systematic uncertainty to the fitting-type parameters influencing the upper limit calculation. The subscripts on o, f, and
r specify whether they are shape parameters for the barrel (“b”, |y| < 1.2) or endcap (“ec”, 1.2 < [y| < 2.4) regions. The parameters labelled with an S refer to the splitting
functions. Their values are the fraction of the signal in the lower bin of the subscript variable within the kinematic range specified by the superscript: “b” and “ec” as above,
“(1y” for Iyl < l 2,pr < ZOGeV). “(2)" for (Iy| < 1.2, pr > 20GeV), “(3)” for (1.2 < |y| < 2.4, pr < 20GeV), and “(4)” for (1.2 < |y| < 2.4, pr > 20GeV). All values are

relative ies, exp dasap ge.
7o 1] | oec 1] | 1% | fee 19) | ro 19] | ree 19] | i 1%] | S 191 | S5 1%) | SO, (%) | S2, (%) | SO, 1%] | 89, %]
Iir 05 L1 1.2 4
I 0.1 02
Data/MC difference in o 19 42
b scale factors 58

Production weighting 03 84 7.0 0.9 238 2.1 34
Bin splittings: fit 02 05 0.8 24 42 28 6.0
Bin splittings: parameterisation 18 1.0 12 0.2 0.2 04 02
Mg shape 0.2 3.0 115 347 16.2 15.9 15.0
Total 2.0 42 05 L1 12 T4 6.1 11.6 13.6 348 17.0 163 166

Table 2. The contribution of the various sources of systematic uncertainty to the scaling-type parameters influencing the upper
limit calculation. All values are relative uncertainties, expressed as a percentage.

Nos [%] | €les [%] | Al A (%] | €les - AlAs [%]
Nos yield 23
€ vs. m: fit 1.0
€ vs. m: parameterisation 0.5
Production weighting 1.0
Acceptance Extrapolation 11.7
My shape 17.3
Total 23 1.5 11.7 17.3
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BACKUP: observation of the x,(nP) states

from 2011 data:

well-vertexed ptpu~:

T(1S) and (25) — ptp~ sel”

= E ! E
% 80 ATLAS E
F -1 ]
8 7L . DaIaJLdI:A.Mb E
,g 60; A-Y(1S) selection é
< F SJB-1(28) selection
8 O E
g w0 - E
£ a0 | . ., =
o = . E
§ 20 . . =
El E . ., B
E oo *teend
[=] £ ]
G’ Il Il |

8.5 9.0 9.5 10.0 10.5 11.0
mup) [GeV]
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w*uy Candidates / (200 MeV)

“combined” muon tracks,

pr >4GeV, |n| <2.3;
pr > 12GeV, |y| <2.0

unconverted photon selection

140

120]

100]

80

60

40

20

AR R A RARRI R
ATLAS

+ ILdt —4410"

+ Data
* + Unconverted Photons
H pT(u*u') > 20 GeV
+ E(y) > 2.5 GeV

1 I I I 1 I““‘IN a¥ e

=2

Searching for an X}, at ATLAS

1 2 3 4 5 6 7 8 9 10
P, (v) [GeV]

poor acceptance due to
pr > 2.5GeV threshold
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BACKUP: observation of the x,(nP) states

from 2011 data: “combined” muon tracks, p1 > 4GeV, In| < 2.3;

well-vertexed ptp~: pr >12GeV, |y| <20
T(1S) and (2S) — ptp~ sel” converted photon vertices (xy)

= E T T 3 = 1600F T T T T
2 gop ATLAS E E ¢ 4 ATLAS
o E . DataJLm:A.ub" E| < 1400:_ i ]
8 70F 3 5 E _[Ldt =44t" ]
,g ook ] A-r(19) selection ] = 1200:— E
¥ E 538 -1(@9) selection ] 2 1000 i , + Data 3
g S0p 3 e F * Converted Photons -
k| E E| W goof- .
% 40; J . .. 3 F i 4 1
3 30 . . 3 600; R . E
§ 20 . . = 400( ‘ vt : =
3 E . . E| r N N A |
£ [fesceseee . E F4, . A + N 3
s 10 coeeyl 200 a4, . . st 3
a E E| F DR

ot ! ! = oC | LM | I VW) !

8.5 9.0 9.5 10.0 10.5 11.0 0 20 40 60 80 100 120 140 160 180 200

m(u'w) [GeV] Conversion vertex radius [mm]

now pr > 1.0GeV,
but low conversion efficiency
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BACKUP: observation of the x,(nP) states

from 2011 data: “combined” muon tracks, p1 > 4GeV, In| < 2.3;

well-vertexed pp: pr > 12GeV, |y| <2.0
Xb — 'YunconT(]-s) fit Xb — F)/convert’r(ns) fit
S 7o T T f T ' T 3 < 2207 T T T T T =
> - ATLAS ] F o Data: —Fi E|
2 g J-Ldt et E % 20 0? ATLAS Data: T(1S)y F!t to Y(1S)y E
0 60 E 9 1801JLdt=4.4 f! | & DamY@Sy — FittoY(2S)y E
= F ¢ Data ] g 1605 ----- Background to Y(18)y 3
% 50p Unconverted Photons i E 2 1405_ - Background to Y(2S)y 3
T o el Background B g E B
5 40 = 5 120 Converted Photons -
< F 3 e E E
O sof 3 & 1o0E { E
= F 3 = =
2 E B f:: 80F { E
=+ 20p E = 60F Yo\ e Wi 3
E ) e E 40F /o Hy
10 4 E A¥ i e
g I | 1 205_ “ | | 4 | ot A‘ E
0 9.6 9.8 10.0 102 104 106 10.8 0 9.6 9.8 10.0 10.2 10.4 10.6 10.8
m('y) - m) + m, g [GeV] mutny) - mu'e) + [GeV]

My ks)
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BACKUP: observation of the x,(nP) states

from 2011 data: ‘“combined” muon tracks,

well-vertexed ptpu~:

D@ confirmation (also conversions)

S
[

N
a
[T T [T [ T [ T T T

DD, 1.3 fbo + Data
Full fit

Events/ 50 MeV/c?
o

FEA N S N
95 10 10.5 11 1.5
M, - My, + my ) [GeV/c]
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p*uy Candidates / (25 MeV)

pT > 4 GeV,

In| < 2.3;

pr > 12GeV, |y| <2.0

Xb — P)/convert’r(ns) fit
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BACKUP: first observation of the xy;(3P)

Xb(3P) significance > 60 in each sample;

Observed bottomonium radiative decays in ATLAS, L = 4.4 1B

for the photon conversions: %
0]

@ xpo — YT suppressed: omitted Em'e
©

@ Yp1.62(1P,2P) fixed to WA € 104
c
©

@ Xp1.2(3P) splitting = 12MeV § 10
assumed £

10

Xb(3P) barycenter iz determination:

calo. 10.541 £0.011 £0.030GeV 98
conv™ 10.530 £ 0.005 £ 0.009 GeV

. 9.6
predicted 10.525
(PRD 36, 3401 (1987); 38, 279 (1988); EPJC 4, 107 (1998)) s i
9.4
. — , po_ T 0,1,2)"
there will be indirect T(3S) production | g, Y = ( 1 )
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