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Previously at this meeting;:
@ quarkonium production at ATLAS: Elisa’s talk on Monday
@ new X(3872)-vs-1)(2S) prod” results: Vato's talk (also on Monday)

@ those analyses use weighted events, the usual ATLAS-Onia approach;
today’s use unweighted events

o ATLAS: detector, trigger, dataset, program
© Observation of the B(2S)

© Observation of the x,(3P)

@ Secarch for an X, state

© Summary, and Run 2 plans
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ATLAS: (1) detector and trigger

copious quarkonium production, but with strongly falling dd#‘T'
in high track-multiplicity events,
in a detector optimized for high-pr discovery physics at /s = 14 TeV

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets ~ Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker
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ATLAS: (1) detector and trigger

@ rate limited by trigger bandwidth, especially at Level 1 (hardware)
e for quarkonia: high-p1 11 & M(pup)-restricted-dimuon triggers
@ increasing L — higher-pr triggers, prescaling, ...
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ATLAS: (2) dataset and research prog

ORunldataset: 30:\\\\\\\\\\\\\\\\\\\\\\
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@ analyses presented here use 151
. [ 2011,\s=7TeV
large subsets, depending on Wb e E
trigger availability & prescaling o e
@ conditions change over the run, o ‘% i
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(via bkgd suppression) efficiency

same bu nch_crossing _g 180;AT‘LASC‘)nIme‘Lumlr‘loslty‘ o é

ﬁ 160? B Vs-8TeV,[Ldt=21710", qu> = zo.r;

@ less IE dt at 7 T(‘,\/Y; z 140 O3 Vs=7TeV,[Ldt=521", q>= 9.1
‘ . S 120 E
harsher conditions at 8 TeV € oot E

- E ]

. I o | |

e affects track multiplicity, g oF E
g E 1

S E E

€ a0 E

45
Mean Number of Interactions per Crossing
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Observation of the B.(2S): (1) selection

4.9fb~1 (7 TeV) & 19.2fb~! (8 TeV)

first collect J/vp — ptp=:
° p’f-l > 6GeV, p’-f-2 > 4 GeV aof
@ common vertex fit, x2/ngor < 15

— 7
ILm:A.g'b‘ 3

\s=7TeV

Events / 40 MeV
[=2}
o

£ mg =62828MeV

20F 4

@ better Barrel (|n*| < 1.05) resol” 10F N +

than Endcap (|’I7”| € (105,25)). o506 530054005630 G800

distinct B4+B, B+E, E4E samples Mo nMeV]

then form B, — wJ/v¢ at 7 & 8 TeV: 3 .. Juressan 2
{s=8TeV

Events / 40 MeV
=
IS
(=)

® [my, —my| <30 (c: 40 ~ 90 MeV) zz
o pT > 4.0GeV; do/o(do) > 5, 4.5 .

. . 60 m, = +6 Me

e m vertex fit, m,, — my, constraint PNl
5 B 20f. 0 =508 MeV E
® X°/ngor < 2, 1.5; p7¢ > 15, 18 GeV o ‘ ‘ ‘ ‘ E
. 5800 6000 6200 6400 6600 6800
@ extended UML bkgd exp + G signal fit My [MeV]

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 6 /37



Observation of the B.(2S): (2) result

form B¢(2S) — wmwB. candidates:

N
=1

> F T T T T J
3 2 185 ATLAS Qo= 28845 MeV
@ Mgy — M < 30 T S O m=18+4MeV
My = me| EER ety Newz2226
@ combine with 7T, 7~ candidate T S N, E
10 combinations 3
tracks from same vtx; pT > 0.4 GeV o * E
@ refit with constraints: o * 1
® Map = My . 2; 106”‘2661;-:“‘35(‘5"”zxc‘)d”id”éc‘)d”;oo
° separate .BC' B.(2S) vertices; (e 2m) ]
P(Bc) points to B.(2S) vertex P S
. . 2 E ATLAS Q, .. =288+5MeV 3
[+ P 35F BT |
UML bkgd P3 + G signal fit to E o ey o ssravey ]

Qgnr = m(Berm) — mg, —2my: 2 =T

G 82 Srmgcnage

@ cf. wrong-charge combinations 20f  combinatons g
15 =!
significant, consistent signal seen: 10 E
@ 370 & 450 — 5.20 (pseudo-exp®™)  °= L HEEREEE
00 100 200 300 400 500 600 700

e m(B.(2S)) = 6842+ 4 +5 MeV (8, 1m)-m(8,)-2m(r) [MeV]

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 7/37



Observation of the B.(2S): (3) appropriation

@ 351 not yet seen (B} — 7eoft Bc)

@ B.(2S) is the only other datapoint; o )
25—1S: 567.4 £+ 3.5 4= 4.1 MeV @

e cf. 605.9 (cc) & 572.5(bb) | —— :

[using centroids; private calc”] I R e S

@ Rosner, PRD 90, 117902 (2014)
uses this for flavour-indep® of

the B, system is still relatively poorly-known: ° °
@ B. & its decay modes studied . \

QQ potential, re pp scattering

@ Wurtz, Lewis, and Woloshyn, sl |
PRD 92, 054504 (2015) —
lattice study of the B. system e o Pﬁ* R
(first for 2P & 1D); cf. ATLAS J
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Observation of the x,(3P): (1) selection

putp~ recon in 4.4fb~1 (7 TeV):

pruy Candidates / (200 MeV)

Bruce Yabsley (ATLAS / Sydney)

“combined” u tracks, pr > 4 GeV, |n] < 2.3

well-vertexed ptu~, pr > 12GéV, |y| < 2.0

selected T(1S) and T(2S) — ptp™:

combine with a photon:

unconverted

140 T T T T P ;_ LAS‘ ]
1201~ .
F ILdt =44’ ]
100; + ¢ Data 7:
80— * * Unconverted Photons ]
; H p (W) > 20 GeV E
6oL + Er(y) > 2.5 GeV E
40 t -
F Y } ]
20~ ' 3 ++ ' -
ok TTRTI 2 T

0 2 3 4 5 6 7 8 9 10

p(1) [GeV]

=
3 sof E
8 70 . Daxaij:um' E
5 eob A A-1(19) selection 3
é sob- [S3B-v(es) selection ]
S 40f 3
T
& 30f E
b}
c
S =
£ peesee®™ ] R teendd
a E E
0 L L
85 9.0 9.5 10.0 10.5 1.0
m(u'y) [GeV]
converted
Z|l oo F T T T T T T T |
TS 0.14f ” ATLAS
-z F B
0.12- | J.Ldi =44’
0.1 Data: 9.25 < m(uw) < 9.65 GeV
0.08; * f Data: 9.80 < m(u*) < 10.10 Ge' é
0.06[ h Converted Photonsg
0.04[~ u* 3
r } B
0.02F " E
C IXT ]
oL 1 A L | L |
0 2 3 4 5 6 7 8 9 10

Spectroscopy at ATLAS

p(r-ee) [GeV]

QWG 2016/06/08 9 / 37



Observation of the x,(3P): (2) result

Xb — Yuncon T (1S) fit

< E T T T T T |
3 7OF ATLAS .
= E J.Ld1=4.4fb' E
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=z E * Data ]
o 5 ; — Fit 4
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10F- ¥ e N
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©
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bkgd: Ngexp(AAm + BAm=2)

signal: three Gaussians

Xb — Yeonvert T (1S, 2S) fit
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mwy) -mw) +m, o [GeV]

Ng(Am — qg)Ak exp [Bk(Am — qg)]

3 x (doublet of CB fns [for xp1 p2])
(WA masses & equal xp1,p2 norms for 1P, 2P)

| M3 =10.541 4 0.011 +0.030 GeV | |3 = 10.530 & 0.005 & 0.009 GeV |
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Observation of the x,(3P): (3) confirmation ...

ATLAS unconverted ms3 10541 +11 4+30MeV higher syst; not combined
ATLAS converted ms 10530 + 5 4+ 9MeV principal result

D® converted ms 10551 +14 +£17MeV  PRD 86, 031103 (2012)
LHCb combined my,, 1051214+ 2.1+ 0.9MeV (&£ exp-total & model)
LHCb converted my,, 105157 33 T3 MeV JHEP 10 (2014) 088

LHCb unconverted my,, 10511.3+ 1.7+ 2.5MeV  EPJC 74, 3092 (2014)

< a LHCb 3
= =~ ;3
z > V5 =8TeV o
= s E
2 2 + E|
3 P E
g g +
E El E
E g
3 S OE T,

e E S e . .

105 10.6 107 105 10.6 10.7

my(3s)y [GeV/c?] my(3s)y [GeV/c?]
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Observation of the x,(3P): (3) confirmation ...

ATLAS unconverted ms3 10541 +11 4+30MeV higher syst; not combined
ATLAS converted ms 10530 + 5 4+ 9MeV principal result

D® converted ms 10551 +14 +£17MeV  PRD 86, 031103 (2012)
LHCb combined my,, 1051214+ 2.1+ 0.9MeV (&£ exp-total & model)
LHCb converted my,, 105157 33 T3 MeV JHEP 10 (2014) 088

LHCb unconverted my,, 10511.3+ 1.7+ 2.5MeV  EPJC 74, 3092 (2014)

‘
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—
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e i L L

105 10.6 107 105 106 107
Y (38)y [GeV/e?] my(3s)y [Gev/e?)

()
=
12

my,, +6MeV given ATLAS assumptions
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Observation of the x,(3P): (3) confirmation ...

ATLAS unconverted ms3 10541 +11 4+30MeV higher syst; not combined
ATLAS converted ms 10530 + 5 4+ 9MeV principal result

D® converted ms 10551 +14 +£17MeV  PRD 86, 031103 (2012)
LHCb combined my,, 1051214+ 2.1+ 0.9MeV (&£ exp-total & model)
LHCb converted my,, 105157 33 T3 MeV JHEP 10 (2014) 088

LHCb unconverted my,, 10511.3+ 1.7+ 2.5MeV  EPJC 74, 3092 (2014)

< a LHCb 3
~ N =
z > V5 =8TeV o
= s E
g : 1 ;
< a2
7 by E
< @D =
S =
5 et E|
g =
3 S OE T,

e E S e . .

105 10.6 10.7 105 10.6 10.7

my(3s)y [GeV/c?) MY (38)y [GeV/c?)

@ m3 ~ m,, + 6MeV given ATLAS assumptions
@ on experimental /completeness grounds, more measurements desirable
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Observation of the x,(3P): (3) confirmation ...

ATLAS unconverted ms3 10541 +11 4+30MeV higher syst; not combined
ATLAS converted ms 10530 + 5 4+ 9MeV principal result

D® converted ms 10551 +14 +£17MeV  PRD 86, 031103 (2012)
LHCb combined my, 1051214+ 2.14+ 0.9MeV (4 exp-total = model)
LHCb converted my,, 105157 33 T3 MeV JHEP 10 (2014) 088

LHCb unconverted my,, 10511.3+ 1.7+ 2.5MeV  EPJC 74, 3092 (2014)

‘
LHCD E
V5 =8 TeV

t4

—
Lol bbbl

Candidates/(10 MeV/c?)

Candidates/(10 MeV/c?)

e i L L

105 10.6 107 105 106 107
Y (38)y [GeV/e?] my(3s)y [Gev/e?)

@ m3 ~ m,, + 6MeV given ATLAS assumptions

@ on experimental /completeness grounds, more measurements desirable

@ is “xb(3P)" a xb(3P)-Xpb mix? Karliner/Rosner, PRD 91, 014014 (2015)
— argument for further yT(nS) measurments; will return to this . ..
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Search for an X,: (1) X, — 7@ T selection

x10°
> 2200y
I. Find Y2 p*p candidates: 2 200~ ATLAS o | mpae o
©  180F Vs=8TeV, 6.2 - Bgcakgrlound 3
g 1600 y"ict2 1B} Combonent |
= pr(wW>4 GeVY trigger g 140- ¥(3) Component 4
15 b 2 g 120;7 7;
= two “combined” p tracks 8 ook E
- In@l<23 o
= |m(up)-m;g| <350 MeV a0 3
20F- j E
0& i ST, W, ]
9000 9500 10000 10500

m(uw) [MeV]

o
. 4}:(19
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Search for an X,: (1) X, — 7@ T selection

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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Search for an X,: (2) (|y|, pr, cos 8*) binning

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

BARREL ENDCAP
3

%220:1‘0”‘_”“ — 3 000005 T T T T T
= 200- ATLAS « 2012data = £ ATLAS o 2012 data E
=1 F{s= ! — Total Fit = ©80000F s = % — Total Fit =
- 180F Vs=8TeV, 16.2fb Background E E =8 TeV, 16216 Background E
o 160 W<12 fy Y(1S) Component - 070000F 1.2<y"|<2.5 -+ T(1S) Component]
< EC gy }:(gg) gomponen: E £ E ---- Y(2S) Component]
5 1a0f (35) Component 5 560000 T(3S) Component-|
e 120 E K] = E
< 5 g £50000F ]
(6] E a E 3
100¢ 1 0000 E
soF E 30000= 3
60— = 3 E
a0 E 20000 =
20 . 3 = 10000= . E
0= AN o A S ..
900 9500 10000 10500 9000 9500 10000 10500
m(wp) [MeV] m(uw) [MeV]

[soft cutoff is an effect of x? cut in subsequent 77T candidate selection;
background shape taken from data]
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Search for an X,: (2) (|y|, pr, cos 8*) binning

@ 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 6*):

o in signal, cos 0* (w7 ™) flat in parent rest frame [for unpolarized prod”]
e in background, 7"~ unrelated to gty and has low pT”
— background is lower in p1, more backward in cos 6*

T —————
X, rest frame o

[classic discrimination by decay angle for (quasi-)2-body decays]
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Search for an X,: (2) (|y|, pr, cos 8*) binning

@ 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 6*):
o in signal, cos 0* (w7 ™) flat in parent rest frame [for unpolarized prod”]
e in background, 7"~ unrelated to gty and has low pT”
— background is lower in p1, more backward in cos 6*
e binin (|y|, pr, cos*): boundaries at pt = 20 GeV, and cos6* =0

ATLAS Simulation

ATLAS

f5=7TeV.46ib" x10° ATLAS Simulation

= E

I, T, .
21 -08 06 -04-02 0 02 04 06 0.8 1 >1 0806 0.4-02 0 02 0.4 06 08 1 517708 06 -0.4-02 0 02 0.4 06 08 1
00s(6") cos(6") cos|

SIGNAL BACKGROUND S/VB

[reconstructed distributions, reflecting trigger effects etc.]
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Search for an X,: (3) calibration & validation, T(2S)

© 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
+ — Total Signal Fit 1500 — Total Signal Fit 3
4000 ... Gaussian Components 1000 - Gaussian Components E
20000 500 E
E E PP PR, P
Ompenmmpagns® - , 0N ™ 7

9950 10000 10050 10100 9950 10000 10050 10100
m(1t" 7T Y(1S)) [MeV] m(1t 7T Y(1S)) [MeV]
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)

© separate fits in 2 X 2 X 2 bins in (|y|, pt, cos 6*), fixed params:
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)

© separate fits in 2 X 2 X 2 bins in (|y|, pt, cos 6*), fixed params:
o division of signal among 2 x 2 x 2 bins consistent with rescaled MC
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)

© separate fits in 2 X 2 X 2 bins in (|y|, pt, cos 6*), fixed params:

o division of signal among 2 x 2 x 2 bins consistent with rescaled MC
e sum of the eight yields:

NIt = 34300 + 800
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)

© separate fits in 2 X 2 X 2 bins in (|y|, pt, cos 6*), fixed params:
o division of signal among 2 x 2 x 2 bins consistent with rescaled MC

e sum of the eight yields:
NJ& = 34300 + 800
NP = (oB)as - L- A€
= (0.504 £ 0.038) nb - (16.2 +0.3) fb~* - (1.442 + 0.004)% - (0.283 = 0.002)
= 33300 £ 2500
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Search for an X,: (3) calibration & validation, T(2S)

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

@ rescale barrel fraction: MC (0.606 4+ 0.004) — data (0.67 & 0.04)

© separate fits in 2 X 2 X 2 bins in (|y|, pt, cos 6*), fixed params:

o division of signal among 2 x 2 x 2 bins consistent with rescaled MC
e sum of the eight yields:

NIt = 34300 + 800
Ngged =(oB)s-L - A€
= (0.504 +0.038) nb - (16.2 + 0.3) fb ™" - (1.442 -+ 0.004)% - (0.283 + 0.002)
= 33300 =+ 2500

©Q perform all subsequent fits

o simultaneously over the 2 x 2 x 2 bins
e using MC division of signal between the bins (as a function of mass)
o (see backup for fits)
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Search for an X,: (3) calibration & validation, T(3S)

T(3S) provides a clear signal, but is not overwhelming
— validation for X, search

@ significance z = 8.7 BARREL, HIGH-pr, HIGH-cos 6

-, . ~ 7000¢ ‘ .
@ most sensitive bin z = 6.5 —: 2 F ATLAS s=8TeV, 16.2fb" ]
(for clarity: rebinned 2 — 8 MeV)  « 6500 3
a ]
® x?/ngor = 1.0 for simult. fit: % 60001 4 E
ood signal division among bins T F e 2012D: .

& g g S 55000 * 201 B <12 *
A ; O [ — Back d C t v ]
@ overall fitted yield: 000 e aamereM P0GV
. r cos6*>0 1
NJ% = 11600 + 1300 F N, = 1390 4 210 1

. 4500 !
N3s® = (oB)ss - L-A-e 1000; o Data - Fitted Bgd. ]
[ — Total Signal Fi 1
= 11400 + 1500 5000 Gaussian Components ]
. - L " . ¢ N ) N 7
o full set of fits in backup Ofyst LLE e e
10300 10400

m(x* ©- Y(18)) [MeV]
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Search for an X,: (4) results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
@ local fits, simultaneous in (|y|, pr, cos8*) bins, for R = cB/(08B)2s
(plots in backup)

p-value

@ local significance z < 3
by asymptotic formulae;
cf. R = 3%, 6.56%

Significance, z

——— Observed Significance
— — Expected Significance for R = 3%
----- Expected Significance for R = 6.56%

1012 = STt 7

10713 E .

10714 B oo Ny
10000 10200 10400 10600 10800 11000

Parent Mass [MeV]

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 17 / 37



Search for an X,: (4) results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
@ local fits, simultaneous in (|y|, pr, cos6*) bins, for R = oB/(cB)a2s
(plots in backup)

o
i . S —— Observed
@ local significance z <3 2 ATLAS L Median Expected
. E10'E fs=8Tev, 1621 -
by asymptotic formulae; 2 F [ +1o Band 1
0 o g T [ 1426 Band 7]
of. R = 3%, 6.56% B f ]

95% CLg
Il

@ set upper limits |
(including systematics) | TReo
. TRPM
using the CLs method
1072 LONG

Y R RSN P RRN NSRRI
10000 10200 10400 10600 10800 11000 11200
Parent Mass [MeV]

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 17 / 37



Search for an X,: (4) results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
@ local fits, simultaneous in (|y|, pr, cos6*) bins, for R = oB/(cB)a2s
(plots in backup)

o
i . S —— Observed
@ local significance z <3 2 ATLAS L Median Expected
. E10'E fs=8Tev, 1621 -
by asymptotic formulae; 2 F [ +1o Band 1
0 o g T [ 1426 Band 7]
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95% CLg
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@ set upper limits I
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LONG
@ recalculated for the other 10°
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Search for an X,: (4) results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
@ local fits, simultaneous in (|y|, pr, cos6*) bins, for R = oB/(cB)a2s
(plots in backup)

o
e g s —— Observed
o local significance z <3 = ATLAS L Median Expected
) o E10' s-sTev 162107 =
by asymptotic formulae; 2 F [ +1o Band 1
0 o g T [ 1426 Band 7]
of. R = 3%, 6.56% g ]

95% CLg
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@ set upper limits I
(including systematics) | £§E§A
using the CLs method
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@ recalculated for the other 10°

spin-align® working points
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since X, — 7m\ is isospin-violating, limit on ox /025 may be weak
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Search for an X,: (4) results as a function of mass

@ hypothesis test every 10 MeV from 10-11 GeV, excluding T(2S, 3S)
@ local fits, simultaneous in (|y|, pr, cos6*) bins, for R = oB/(cB)a2s
(plots in backup)

o
e g s —— Observed
o local significance z <3 = ATLAS L Median Expected
) o E10' s-sTev 162107 =
by asymptotic formulae; 2 F [ +1o Band 1
0 o g T [ 1426 Band 7]
of. R = 3%, 6.56% g ]

95% CLg
Il

@ set upper limits I
(including systematics) | £§E§A
using the CLs method
LONG
@ recalculated for the other 10°

spin-align® working points
e e e e e e |
o R = ox. BXomrl) . 10000 10200 10400 10600 10800 11000 11200
T o35 B(T(2S)—wwT) - Parent Mass [MeV]
since X, — 7m\ is isospin-violating, limit on ox /025 may be weak

@ /-allowed modes have acceptance problems: e.g. X, — mmxp1(— 77T)
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Search for an X,: (5) reassessing the motivation

some of us have taken the likely existence of an X, for granted:
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@ very well for vanilla molecule or tetraquark; not necessarily for models with
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@ naively, heavier constituents — more deeply bound system;
mp > mc, “so X(3872) should have a hidden-beauty analogue”

@ very well for vanilla molecule or tetraquark; not necessarily for models with
accidental x.1(2P)-threshold overlap, or attraction of resonance to threshold

cf. lattice state-of-the-art:
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@ Nf = 2; many interpolating fields
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@ naively, heavier constituents — more deeply bound system;
mp > mc, “so X(3872) should have a hidden-beauty analogue”

@ very well for vanilla molecule or tetraquark; not necessarily for models with
accidental x.1(2P)-threshold overlap, or attraction of resonance to threshold
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some of us have taken the likely existence of an X, for granted:
@ naively, heavier constituents — more deeply bound system;
mp > mc, “so X(3872) should have a hidden-beauty analogue”
@ very well for vanilla molecule or tetraquark; not necessarily for models with
accidental x.1(2P)-threshold overlap, or attraction of resonance to threshold

Lat.-oMM  Lat.- oM 0°° Lat(only 0°9)

cf. lattice state-of-the-art: 445
@ Nf = 2; many interpolating fields sl 11 11 |
@ /=0, 17" (actually T;'") case — v it L) 0fe1)
. . D(1) B (1)
@ finds expected levels corresponding | ! o] |
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@ naively, heavier constituents — more deeply bound system;
mp > mc, “so X(3872) should have a hidden-beauty analogue”

@ very well for vanilla molecule or tetraquark; not necessarily for models with
accidental x.1(2P)-threshold overlap, or attraction of resonance to threshold

cf. lattice state-of-the-art: 445
@ Nf = 2; many interpolating fields sl
@ /=0, 17" (actually T;'") case — st
@ finds expected levels corresponding =
to meson pairs DD*, 1.0, Yw, and §
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Search for an X,: (5) reassessing the motivation

some of us have taken the likely existence of an X, for granted:
@ naively, heavier constituents — more deeply bound system;
mp > mc, “so X(3872) should have a hidden-beauty analogue”
@ very well for vanilla molecule or tetraquark; not necessarily for models with
accidental x.1(2P)-threshold overlap, or attraction of resonance to threshold

Lat.-oMM  Lat.- oM 0°° Lat(only 0°9)

cf. lattice state-of-the-art: 445
@ Nf = 2; many interpolating fields sl 11 11 |
o /= 0, 1++ (actually T1++) case — a15 0 @¢ t ol | (1) o(-1)
. . D(1) B (1)
@ finds expected levels corresponding | ! o] |
to meson pairs DD*, 1.0, Yw, and ] & o 19(0) 0(0)
extra states ~ x.1(1P), X(3872) coss (@ ||@ AP
@ cC omitted: the X disappears 37 1r 1r 1
cc only: the X remains ass | 11 1 |
. .. L. Tl T m || B
future analysis priority? (personpower-limited),,

Xo — mxp1? xbs(3P)7 associated X(3872) prod"? other?
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Run 2 datataking

o Op T UL T T a 2F T T T T T =
2 '2—"\5 Preliminary  V{s=13Tev £ 1.g- ATLAS Online Luminosity ~ {s=13Tev 3
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g 2 £ 0.8 =
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E 0.2 —
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Summary and Run 2 prospect

ATLAS has contributed to spectroscopy

through a range of v and T — putp~-based analyses from Run 1:
@ B.(2S) = ntn~ B.(— mt) observation

Xb(3P) — 7T (1S,2S) observation

¥(2S), X(3872) — wtn ¢ production

e search for Xp, production with X, — 77~ T(15)

A further program is now
underway at Run 2:

e > 5fb ! taken at 13 TeV

@ an order of magnitude
more data is foreseen

T e T e e
ATLAS Pre!:mlnaryJ/w B Y(nS)

Ldt=3.2fb B W )>4GeV,p u)>4GeV
s=13TeV 7 e, ()>6GeV. p ) >4GeV
W E W )>6Gev, p 1)>6Gev

Single muon trigger: p_ (i) > 20 GeV/

Supporting dimuon trigger: p_(u) >4 GeV, p (u,) > 4 GeV.

Entries / 10 MeV

_ YT ST IRRERTTIT MR

@ ¢ and T oriented pt ™
triggers developed for the
new datataking conditions

@ watch for new results soon; | '8 9 10 11
m(uu- V
feedback /requests welcome () [GeV]
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BACKUP SLIDES:
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BACKUP: ATLAS detector, trigger; expanded scale

@ rate limited by trigger bandwidth, especially at Level 1 (hardware)
@ B-physics/onia use high-pr 1 & M(pp)-restricted-dimuon triggers
@ increasing L — higher-pr triggers, prescaling, ...

L T T T
Trigger

EF_2mu4_DiMu ATLAS Preliminary
) EF_2mu4_Jpsimumu
[ EF_2mu4_Bmumu

7
10 Jp

5 EF_2mu4_Upsimumu
10 B EF _mumus_psimumu (15
Y(2S) [ EF_mu4mus_Bmumu Ys)
@ EF_mu4mu6_Upsimumu
Y (3S)

—e— EF_mu20

Entries / 50 MeV

3"

L PR TS NSNS S N

2 4 6 8 10 12 14
m,, [GeV]
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BACKUP: Search for an X,: motivation

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

@ 7wmi) [discovery] & other decays 1 € }
@ narrow: I < 1.2MeV, 90% C.L. 3 3 3.
g4 g g
@ JPC = 1%+ (27 finally excluded) 3 g g
@ direct pp & pp production seen ", “
@ very poor match to c€C structure * Twlewm ™ " “wirmEen ™ TG
@ very close to D*D° threshold: I M R0 SR | 7029
_ d F 1 k
o D*9D% molecule, 3100 zzz 59
~LlE (2 £ soof «
very weak Ep, ~ 15 Ep(“H)? SwE g :
< 600F 400 2
e o tetraquark, other models Bk Bk
ER 0 500 750 00
200F LHCb ]
@ heavy-flavour symmetry: E )l 4
H C 1 1 11
expect a hidden-beauty analogue T eo e 100 100 1400

MO T/ ) - MUI/Y) [Me
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BACKUP: Search for an X,: (]y|, pt, cos 8*) binning

@ barrel (|y| < 1.2) resolut" better than endcap (1.2 < |y| < 2.4)
@ constraint uu~ — T mitigates this, but not higher bkgd under peak

— perform the analysis in bins of rapidity

BARREL ENDCAP
3
%220:1‘0”‘_‘”HH‘HH‘: Zo0000E T T T T T
= 200 ATLAS + 2012data = £ ATLAS « 2012data E
=4 E (s= ! —— Total Fit = ©80000F 5= 1 — Total Fit =
- 180F Vs=8TeV,16.2fb Background B Ay E fs=8Tev, 16210 Backgrlound E
o 1600 <12 fy Y(1S) Component - »70000E 1.2<)y""|<2.5 Y(1S) Component
% S 2 S ygg) gomponen: ] 2 E Y(2S) Component]
5 1a0- (35) Component 5 860000 T(3S) Component]
2 120 E 250000E E
5] 100 3 S E B
E E 40000 =
(3 E 30000 3
60E- E £ ]
ek E 200000 3
205 E 100008 " \ E
0= (NP B o . - OF e ey L e O 3
9000 9500 10000 10500 9000 9500 10000 10500
m(uu) [MeV] m(uu) [MeV]
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BACKUP: Search for an X,: (]y|, pt, cos 8*) binning

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]
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BACKUP: Search for an X,: (]y|, pt, cos 8*) binning

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|

(0%)
SIGNAL BACKGROUND S/VB
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BACKUP: Search for an X,: (]y|, pt, cos 8*) binning

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) 4 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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BACKUP: Search for an X;: calibration & validation, T(2S)

© 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
+ — Total Signal Fit 1500 — Total Signal Fit 3
4000 ... Gaussian Components 1000 - Gaussian Components E
20000 500 E
E E PP PR, P
Ompenmmpagns® - , 0N ™ 7

9950 10000 10050 10100 9950 10000 10050 10100
m(1t" 7T Y(1S)) [MeV] m(1t 7T Y(1S)) [MeV]
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BACKUP: Search for an X;: calibration & validation, T(2S)

© 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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BACKUP: Search for an X;: calibration & validation, T(2S)

o p1 >20GeV, cosf* >0

(most sensitive bin):

BARREL ENDCAP
é ggggi ATLAS s=8TeV, 16.2 15" E é 14001 ATLAS s=8TeV, 16.2 0" E
o £ ° 2012 0aa 3 o 1200 N, = 36404-200 ° =
P 3000E ™" Background Component lyl<1.2 E * 1000 3
L 2500F — Signal Component p.>20 GeV 5 % F . .
] E o 3 r 4 5
2 20007 M= 7470+ 180 coso>0 5 2 800 o 2012 Data E
c E 3 c 600 — Total Fit i
8 1500? - 8 E B_ackground Component B
1000# 3 400F 1.2<|y|<2.4 — Signal Component =
500; 3 200:* p,>20 GeV B
E E E cose*>0 E
0= 0

15005 - Total Signal it E 6001 _* Potal Signal L =
-.... Gaussian Components El [ .....Gaussian Components ]
1000 = 400 . E
=00 I : o,
[P P B 0 A o N

9950 10000 10050 10100 9950 10000 10050 10100
m(mt = Y(1S)) [MeV] m(mt = Y(1S)) [MeV]
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BACKUP: Search for an X;: calibration & validation, T(2S)

@ 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 .
g 1800E- g Ns = 2100 +/- 190 ‘:
@ 1600 N, = 3910+~ 170 @ 1200 E
T 14005 F 1000 E
2 1388; o 2012 Data 2 800 E
= E — Total Fit c 7
S 800z B_ackgrlound Component & 600 e $2132| gﬁta E
600 lyl<1.2 — Signal Component 400F 1.2<lyl<2.4 Background Component  —
400 p,>20 GeV 200 p,>20 GeV — Signal Component E
200E cose*<0 c0s6*<0 TN, E
0= o+
1000F _ Fitted X 3 ‘ ~ Fitted . 1
- ot Signal P ] 4001 © B Signal Pt ]
[ ---- Gaussian Components ] -.... Gaussian Components ]
500 B 200 ]
E ....... E 0 ---------- 7
0og WY e, Ooie| . ‘ ‘ ]
9950 10000 10050 10100 9950 10000 10050 10100
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BACKUP: Search for an X;: calibration & validation, T(2S)

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

BARREL ENDCAP
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BACKUP: Search for an X;: calibration & validation, T(2S)

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

BARREL ENDCAP
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BACKUP: Search for an X;: calibration & validation, T(3S)

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

@ strong but not overwhelming BARREL, HIGH-pr, HIGH-cos ¢
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BACKUP: Search for an X;: calibration & validation, T(3S)

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

BARREL ENDCAP
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BACKUP: Search for an X;: calibration & validation, T(3S)

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

BARREL ENDCAP

> 6500F—— T T T = 4000 T T T
2 F ATLAS s =8TeV,16.21b" 2 3800F ATLAS s=8TeV,16.21b"
6000F 4 2012 Data 2 E e 2012Data ¥
o E — Total Fit E Q' 3600F __ Total Fit E
& 5500F . = > E =
@ £ Background Component E @ 3400 Background Component e
‘_g 5000~ Ns =809 +/- 93 E § 3200 Ng =471 +/-54 =
B 4500F 4 g 3000& E
S E lyl<1.2 E & 2800 1.2<lyl<24
40001~ p,>20 GeV 2600~ p>20GeV 3
35004 c0s8*<0 E 2400k c0s8*<0 3
3000 E 2200 —
o 'Data - Fitted Background 3 400F o 'Data - Fitted Background
400 —Tolal Signal Fit E r —Total Signal Fit
200 - Gaussian Component E 200F - Gaussian Components

>
o

10250 10300 10350 10400 10450 10250 10300 10350 10400 10450
m(r* T Y(1S)) [MeV] m(r* T Y(1S)) [MeV]

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 29 /37



BACKUP: Search for an X;: calibration & validation, T(3S)

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

BARREL ENDCAP
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BACKUP: Search for an X;: calibration & validation, T(3S)

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

ENDCAP
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BACKUP: Search for an X, — w*7n~ T signal

@ hidden-beauty analogue of X(3872) — ntn~ J/¢
0 16.2fb~! of /s = 8 TeV data; 2 x (p7 > 4 GeV muon) trigger
o fit in 2 x 2 x 2 bins of (|y|, pr, cos#*) to discriminate vs bkgd
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BACKUP: X,: background and signal modelling

background:

@ mix of inclusive T(1S) and combinatorial u*u~
@ preliminary studies performed on 2011 (7 TeV) data:
lower-sideband p+ i~ and same-sign pu® it samples
o m(m 7~ T) distributions featureless above 9800 MeV
e confirmed in T — ™ signal region for various m(7 "7~ 7T) ranges

— polynomial fit to m(7 "7~ T) region about each test mass
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BACKUP: X,: 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 — ™ signal region for various m(7 "7~ 7T) ranges

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

signal:

@ 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
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BACKUP: X,: 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 — ™ signal region for various m(7 "7~ 7T) ranges

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

signal:

@ 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, ¢)

Bruce Yabsley (ATLAS / Sydney) Spectroscopy at ATLAS QWG 2016/06/08 31/37



BACKUP: Search for an X,: results as a fn 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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BACKUP: Search for an X,: results as a fn 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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BACKUP: Search for an X,: results as a fn 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 by

————
_ ATLAS
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BACKUP: Search for an X,: results as a fn 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 sign.if. z < 3 by —gmé:h/vvv /'—\/—w g
asymptotic formulae “102E 5 g
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BACKUP: Search for an X,: results as a fn 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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BACKUP: Search for an X,: results as a fn 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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BACKUP: Search for an X,: results as a fn 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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BACKUP: Search for an X,: results as a fn 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 —FLAT
ocal sig . < 3 by I —FLAT ]
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BACKUP: X, — wtw~T: interpretation and plans

@ this is the most senstitive X, production search for m > 10.1 GeV

o excludes R = oB/(0B)y(2s) = 6.56% throughout search range
o cf. mmyp [CMS, JHEP 04 (2013) 154]: (0B)x3s72)/(0B)y(25) = 6.56%

o if X}, exists, relative production o /0,5 or branching B/Bss,
or both, are weaker than for X(3872)

@ an Xj is not in general a carbon copy of the X(3872):
o X(3872) is within sub-MeV resolution of D°D*® threshold
e even a molecular X}, is bound by tens of MeV

o further, large DD* isospin breaking (mi — mgo = +8.08 & 0.11 MeV)
is absent for BB* (m+ — mgo = —0.64 + 0.12 MeV)?
o stressed by theorists [Guo/MeiBner/Wang, 1204.2158; Karliner .. .|
X(3872): |my — moo| > Ep; =~ pure D°D*? state; B,y ~ By
Xp: |my — mog| < Ep; = pure | =0 state; B,y “strongly” suppressed

o /-allowed modes — {v, 77O} T, 7mx, — have severe A- € problems;
further searches are under investigation
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BACKUP: Search for an Xp: reassessing the motivation

some models with accidental y.1(2P)-threshold overlap,
or attraction of resonance to threshold,
or other effects without straightforward ¢ — b analogues:

@ Yu. S. Kalashnikova, PRD 72, 034010 (2005) et passim

@ Danilikin, Simonov, PRL 105, 102002 & PRD 81, 074027 (2010)

e Coito, Rupp, van Beveren, EPJC 71, 1762 (2011) & 73, 2351 (2013)
o Caramés, Valcarce, Vijande, PLB 709, 358 (2012) [constituent quark]

o Ferretti, Galata, Santopinto, PRC 88, 015207 (2013)
& PRD 90, 054010 (2014)

Takizawa, Takeuchi, PTEP 2013, 093DO01.
Takeuchi, Shimizu, Takizawa, PTEP 2014, 123D01.
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BACKUP: polarization for V — pu*p~

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

e the angular distribution W/(cosd, ¢) “a
N v
x ————— (1 + Agcos® ¥
Brag) LT
+ A sin? 1 cos2p + Ay Sin 210 cos ¢ et g (UL Imm)y

Jly

rest frame

+ )\f; sin29sin2p + /\fg]p sin 29 sin )
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BACKUP: polarization for V — pu*p~

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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BACKUP: polarization for V — pu*p~

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

e reflection-odd terms unobservable (parity)
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BACKUP: polarization for V — pu*p~

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)
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BACKUP: polarization for V — pu*p~

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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BACKUP: polarization for V — pu*p~

transversely

@ L: polarized o
longitudinally
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transversely

L: polarized o
longitudinally

R: meas’ frame rotated by 90° .

@ integration over azimuth ¢ —
longitudinal dist” (d) looks like
transverse dist" (a) b)
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BACKUP: polarization for V — pu*p~

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

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

@ integration over azimuth ¢ —
longitudinal dist” (d) looks like

transverse dist” (a) b) z § Lz

@ \y-only measurements m=0 I
(a la TeVatron Run I) —— G
can't be compared without - . = S
assumptions about pol” frame ‘ ‘\y L .

@ experimental acceptance is also
typically a f7 of (Mg, Ay, Ayy)
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BACKUP: polarization for V — pu*p~

@ limited range of (Ay, Ay, Ag,) values allowed
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BACKUP: polarization for V — pu*p~

o limited range of (Ay, Ay, Ag,) 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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