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ATLAS & CMS at LHC
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ATLAS
Preliminary

[]LHC Delivered
DATLAS Recorded

2011,\'s =7 TeV

Delivered: 5.46 fo™'
Recorded: 5.08 fb™

2012, \'s = 8 TeV

Delivered: 22.8 fb
Recorded: 21.3 fo™!
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« LHC brought large amount of data at the highest collision energy

* Providing opportunities to search for new phenomena, including exotic
hadrons
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S Outline

* |ntroduction
« Early spectroscopy results at ATLAS and CMS
e B, observation at ATLAS and CMS

* Observation of B.*(2S) —» B (1S)nr'n at ATLAS
e Search for a new state X, decaying to Y(1S)a'n™ at CMS

* Peaking structures in the J/w¢ mass spectrum in B-decays
at CMS

 Summary
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* High purity muon
identification by the
muon sysiems

25m

Tile calorimeters

: E LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

* Tracking detectors in solenoidal
magnetic field (2T/4T) providing
excellent:

— track momentum resolution
- momentum scale

- vertex reconstruction and
resolution
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Trigger for Heavy Flavour

CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

» Collecting data : EEETE !
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ATLAS Preliminary

EF_Zmud_DiMu

signature:

EF_2mu4_Jpsimumu

EF_Zmud_Bmumu
Y“ S] EF_Zmud_Upsimumu ——

B EF_mudmub_Jpsimumu
Y(28] EF_mudmu6_Bmumu
L Y(33)

—=— EF_mu20

- common di-muon vertex
- muon p; thresholds

- di-muon invariant mass
window 10°*

w(2S)

EF_mu4mu6_Upsimumu

Entries / 50 MeV

10°

op ¢

- CMS approach: special 10°
triggers for different analyses

2
I IIIIIII| I IIIIIII|

fs=7TeV J.Ldt~2.3fb‘1
IIIII| | 1 IIIII| 1 1 IIIIII|

1 10 10°

- ATLAS: more general di-muon
triggers covering several
analyses at once

25.08.2014

HQL 2014, Pavel Reznidek, pavel.reznicek@cern.ch, Prague CU



Early Results

* 7, Observation at ATLAS
1(3P) = Y(XS) + v

o X.* observation at CMS
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PRL 108 (2012) 152001 m@u*py) - m(uw) + m

PRL 108 (2012) 252002

»(3P) expected below BB threshold, — mass and decay width and mode =>
predicted CoG mass 10,525 GeV most likely JP=3/2" state
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? CMS

B.: Observation

* Two different heavy flavours — study heavy quark production dynamics
« B_* lifetime measurement — test B.* decay model (b and ¢ quark decays compete)

» First observed by CDF in 1998, lifetime measured by CDF (2006) and DG (2009) in semileptonic decay
channel including neutrino; LHCb measured relative x-section to B*

« ATLAS/CMS observation in B.* - J/\|I7t— CMS also in B;* —» J/qm T T

* main

selection:

B.* vertex quality,
decay length significance (CMS)

© track d, significance (ATLAS)
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2 [ ATLAS Preliminary det=4.3fb" i
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. ATLAS-CONF-2012-028 i
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Jyn* mass (GeV/c?)
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 CMS also measured relative production and BR

o(BZ) x Br(BZ — J/ym™)

o (B¥) x Br(B* — J/yK*F)

Br(BE — J/ynErntnT)
Br(B: — J/pmt)

— (048 4 0.05 (stat) + 0.04 (syst) T0% (.

— 2.43 4 0.76 (stat) *Y
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Observation of B.*(2S) at ATLAS .57

B.* has been observed in both semileptonic and hadronic decay modes, not excited
states reported previously

« Spectrum and properties of B, predicted by NRQCD and lattice calculations.
Measurement of both ground and excited states provides test of the models

« 1S ground state: both 1'S,, 1°S,; mass difference ~20-70 MeV, transition via soft gamma

« 2P states: soft gamma radiation to 1S; E, ~ 500 MeV

- soft yinvisible => contributes to the ground

e 2S state:
B, (2S) predicted mass in 6835-6916 MeV

25.08.2014

B.(2S,) -

mass difference m

B.,5(1S,) + nw

B.,5(1S,) + nw

( ) ( ) + 'Yinvisible
(2S)-m(1S) ~ 600 MeV

7r from PV should follow B_*(1S) direction
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K B.*(2S) Reconstruction Overview .

« Using 7 TeV and 8 TeV pp collision data (4.9 and 19.2 fb™)

« Optimization of B.£(1S) S/V(S+B) on MC, including various peaking backgrounds;
separated optimization for 7 TeV and 8 TeV analyses

p Km
Kn
* J/y candidates constructed from pw'w” pairs, requiring common vertex

* B/ (1S) candidates constructed combing J/y with a hadronic track using both © and K
hypotheses; forming a secondary vertex

« B.(2S) formed from the B.*(1S) candidate and two oppositely charged hadron tracks from
PV, using both © and K hypotheses

« Wrong-sign B_.*(2S) candidates formed from the same sign charged hadrons; kept for
background control
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B.(1S) and B_*(2S) Reconstruction .o

P Kmr
Kr

« B_(1S) selection (7TeV or 8TeV):

25.08.2014

Jhy vertex quality: x2/NDoF < 15
Hadronic track p; > 4 GeV
p+(B.) > 15 GeV or 18 GeV

Cut on hadron track impact
parameter w.r.t. PV:
do/c6(d,) > 5 mm or 4.5 mm

B *-vertex quality x2/NdoF < 2 or 1.5
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B_.%(2S) selection:

Previously found B, *(1S) candidate
within 3o mass window of the fitted
signal

3 tracks from the B_.*(1S) candidate
and 2 tracks from the PV are fitted
simultaneously; muon pair mass
constrained to J/y mass

B.5(1S) and B, *(2S) must have
significantly displaced vertices

In case of more B_*#(2S) candidates in
an event, keep only the one with best
cascade vertices fit (best x?)
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B.(1S) Candidates

ArXiv:
1407.1032

* Projection of the results of unbinned maximum likelihood fit (Gaussian + exponential) to all
candidates in range 5620-6820 MeV; separating the background component
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B.:(2S) Candidates 14071052

Using mass variable: @ = m(BCiWJFW_) - m(Bci) — Qm(ﬂi)

Projection of the results of unbinned maximum likelihood fit (Gaussian + 3™ order polynomial)
to all candidates in range 0-700 MeV; background component compared to T wrong-sign
charge combinations (normalized to the same yield)

signal significance ~ 3.7c signal significance ~ 4.5¢
% ) L o B B B > L L B B B B
- . [} Z ]
S 18 ATLAS Qg =288*5MeV o = o5f ATLAS Qg =288+5MeV -
& 16 | ; 6y =18t4Mev 3 & - ) Gy =18+4MeV 3
~ - | Ldt=4.91b e 1 =  30F |Ldt=19.21b o
2 14F 7 \s=7TeV - Ng =221 6 = 2 = \s=8TeV Ng rr = 39 £ 13
2 - e Data = g 25— e Dat
L 12 - Wrong-charge . L - Werloig-charge .
10F combinations 3 20 combinations T
5 E 151 E
6 - — C -
- ’, : 10F =
4 }[ - Bl ]
- X 5 =
2 ||| *8 L l - .
0 |l||||T: O_"";1""""""""""""_
0~ 100 = 2000 300 400 500 600 700 0~ 100 200 300 400 500 600 700
m(B_nm)-m(B_)-2m(r) [MeV] m(B_nm)-m(B,)-2m(r) [MeV]
« Significance calculated using pseudo-experiments and accounting for look-elsewhere effect
* New state observed at Q =288.3 £ 3.5 £ 4.1 MeV => m = 6842 + 4 £+ 5 MeV with
significance of 5.2 for combined 7 TeV and 8 TeV datasets; consistent with prediction
« Dominating systematics from B_*(1S) ground state uncertainty and mass-fit procedure
25.08.2014 12
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IZ SearCh for Xb - T('l S)TC+TC_ PLB 727 (2013) 57

* Existence of exotic resonance X(3872) discovered in the final state J/yn'n™ suggest

possible bottomonium counterpart X, decaying to Y(1S)n'n”
JHEP 04 (2013) 154
o CMSNs=TTev |
L=4.8f0" —

« Mass close to the BB or BB* thresholds
10.562 and 10.604 GeV

100
10 < pT <50 GeV +data

* Assume, similarly to X(3872), narrow <tz ol fit

width and sizeable BR

---background
----- signal
10°

80

161

60

14

Candidates / 5 MeV

12

* Look for signal in the Y(1S)n'n" invariant

x10°
40 © :
Mass Spectrum; measure: J k 375 38 385 39 395 4

Candidates / 3.125 MeV

P X X BR(Xp, — Y (1S)ntxn™) 20¢
~ oy@s) X BR(Y(2S) = Y(18)ntx) I W(2§) | X(38721) ]
| 36 87 38 389 4
as a function of the X, mass [10-11] GeV m(Jw ') [GeV]

* Kinematic region covered:
- pr(Y(1S)nw) > 13.5 GeV
- |ly(¥(1S)rm)| < 2.0 ok

D°-D™ “molecule”  Diquark-diantiquark

13
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| (e - > PLB 727
= X, = Y(1S)n'n” Reconstruction &%

 Combine Y(1S) — pu candidates with pion pairs
- Optimize selection by maximizing expected signal significance near Y(2S) mass

* Expect significance > 5¢ if relative BR x cross-section > 6.56% of the Y(2S) —
T(1S)r'n~ value (analogically as in the X(3872) case JHEP 04 (2013) 154 )

* Separate “barrel” and “end-cap” events to better account for varying mass
resolution and background level

* No structure seen, apart from Y(2S) and Y(3S)
> B I L L B A N I ! L T T T T
o : Y(2S) Y(3S) CMS barrel | % Y(2S) Y(3S) CMS endcap
= 8000 | | s=8TeV | i ' =8TeV -
© i L=207f6" 1 £ 4000 L =207 ! _
; I 1 o L p; > 13.5 GeV |
© 6000 - 9 1.2<lyl<2.0
© - © - .
O - i
© - O
< 4000 - S 2000
O : O
2000 —
N T T T e A B R T S B
98 10 102 104 106 10.8 11 98 10 10.2 104 10.6 10.8 11
MY(1S)n+n' [GeV] MY(1S)W+W_ [GeV]
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10%
8%
6%

Upper limit on R

4%

2%

1%

X, Search: Mass Scan PLB 727 (2013) 57

Explore mass range (10.06-10.31) GeV and (10.40-10.99) GeV
« Shift X, expected mass in 10 MeV intervals and evaluate signal significance

Signal modeled by Gaussian (width fixed to MC simulation: (3.8 — 16.4) MeV)

Background as 3" order polynomial )
N)O(bs €Y (29)

For each mass-point evaluate: (assuming same production mechanism & =

. . . . . obs
of X, and Y(2S), both unpolarized and same di-pion mass distribution) N, T(25) ¢X»
(l:MS | | | | | -'J_, 1o Elxpectéd * local p-values calculated using asymptotic approach

/s =8 TeV [ )+20 Expected « combining barrel and endcap results

B \S = * 0 EXp 7 e systematic uncertainties implemented as nuisance
- L 220700 e B56%n ----Median expected ;. parameters
—— Observed 1 o —
- (_3“ 1 — —
& =WV N Voo TN Voo V5
102 — CMS -
. \§=8TeV 7" 35"';_'
10 S L=207f" 4a.. S
10° : ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5,(5,,,;,
00— - .. -
T T T T n e GQ”__
101 - —— Observed =
— ] R Expected for R=6.56% e —
| | | | | | | | | 10'12 :"”"I””I’”]””‘”’;”’"”’r’”I””I””"”‘l’”’I”’I”’I’”’[”"””?Q’I’:
10 10.1 10.2 10.3 104 10.5 10.6 10.7 10.8 109 11 10 10.2 10.4 10.6 108 . V1]1
x, 1€

My [GeV]

« No significant excess observed; 95% CL upper limit on R (@veBRxY- 0 99, — 5.4%

cross-section

» This decay mode possibly suppressed by G-parity violation (not in X(3872) case) ArXiv:1402.6236

25.08.2014
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'Z Peaks in J/wd Mass Spectrum in B-decays

L=6.0 fb™

 New X/Y/Z states challenges the
conventional quark model: origin of these
states is not understood

- If confirmed, would be candidate for an
exotic meson

* CDF reported evidence for a structure
Y(4140) with mass 4143.4%%° ; ,(stat.) *

1.2(syst.) MeV and width 15.4*1%“ . (stat.)
+ 2.5(syst.) MeV

D@ confirmed observation of the state:
M =4159.0 £ 4.3(stat.) £ 6.6(syst.) and
I =19.9 + 12.6(stat.) %4 4(syst.)

 LHCb did not confirm the existence and
have put upper limit on its production

* This is an independent check by CMS
PLB 734 (2014) 261

25.08.2014

N(B") /30 MeV Candidates per 10 MeV/c?

Candidates / 4 MeV

Candidates / 4 MeV

-
CaNWM,UONOOO

-l

CDF Run Il Preliminary

CDF Public
Note 10244

JRRREN IS Y

[

e
I
. £y
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s
-,
- - L

DX Runll, 10.4 fb' 4+ Data (<€)
PRD 89 (2014) 012004 _ 3 (a120)
-..-X(4330)

4.2

43 a4 45
MU/ VKK (GeV)

LHCDb
B'— J/yo K

PRD 85 (2012) 091103 -

(b)
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CMS

B'—J/woK" Decay Reconstruction

CMS,¥s=7TeV,L=521f"
L L AL L AL DAL ENL N LR
1.008 < m(K*K™) < 1.035 GeV

PLB 734
(2014) 261

J/P

2000
1800
1600

-

©

CMS, Vs=7 TeV, L=5.2 fb
[

1400
1200
1000
800
600

b

Candidates / 5 MeV

500

400

300

Candidates / 1 MeV

200

100

’_b_\‘ll|lllI|IIII|IIII|IIII|III

-100

—+— Sideband-subtracted Data

— Fit

| 400

200

2480 + 160 B* events

Am < 1.568 GeV
¢ Data

it

= = Background

%0
(@)

25.08.2014

1.04 1.06
m(K*K') [GeV]

Negligible non-¢ contribution
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5.2 5.25

5.3

] PR TR TR T N SO T T
535 54 5.45
mJYK'K'K") [GeV]

* Largest sample of B* —» J/yoK*
events so far
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[Z J/ o Mass Spectrum in B*=J/yoK* Decays

PLB 734 (2014) 261

+ Investigating Am = m(uuKK) - m(up) , Wt s
- Exclude Am > 1.568 GeV region to reject §25°
background from B, - y(2S)¢ — J/ynnd 5200
* Am spectrum obtained by: 2150

- Dividing the dataset in 20 MeV Am bins 100

7 TeV, L=5.2 fb
T T T T I T T T T | T T T

T Event-mixing (J/y, ¢, K¥) ]
T Event-mixing (J/y, 0 K') -

B I L B

—+— Data

— Gilobal fit

------- Three-body PS (global f|t)
+16 uncertainty band ]

....... 1D fit

- Extract B* signal in each Am bin by fit 50 / """" + + o
Yield Mass [MeV] [ [MeV] o
310470 4148.0 + 2.4(stat.) + 6.3(syst.) 2871 (stat.) + 19(syst.) Mo M TGey]

418 £170  4313.8 £ 5.3(stat.) £ 7.3(syst.) 38Jr s(stat.) £ 16(syst.) |, 100GMSASS7 Tev. L5216

°
= _

« CMS confirmed Y(4140) with significance 8
> 50 and saw evidence for a second % eof
structure in the same mass spectrum A

= -

» Cross-checked with cleaner B* sample (tighter selection sol
— kaon p;, B vertex quality and separation from beam Hf .
spot, tight ¢ mass window cut) « Signal efficiency ~40%, olf

—-— Data

three--body PS
——— 2 BWSs + three--body PS

further background rejection 90%

» Studied possible contribution from reflections

25.08.2014
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Qe Summary

* The excellent performance of the LHC and the CMS and ATLAS
detectors allowed to study exotic states in heavy flavour, resulting in:

- Observation of / evidence for new states: y,, E,*, B.(2S)

- Confirmation of previously observed, but still very rare, states:
B., X(3872), structures in J/w¢ mass spectrum from B* — J/ywoK* decays

- Setting up upper limits on possibly existing states: bottomonium counter
part of X(3872)

... further Run 1 analyses still running, as well as preparation for
spectroscopy measurements in next phases of LHC ...

All ATLAS and CMS B-physics public results are available at:

- https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
- https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
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|Z Investigating Whole Mass Spectrum oz

« Am subtracting B, - y(2S)¢ * Extension of the Am spectrum after
contribution, but including non-B subtracting non-B background
events within 1.5¢ of the B-mass
CMS, Vs =7TeV,L=5.2fb" CMS, IS = 7TeV, L=52 fo"
> 600 O . . > 300__ I L S III T T T T
() — B mass signal region () - —+— Data .
E 500 __ mg-1.56 < m(J/yoK) < mg+1.56 = 2503_ —4— Data minus B I B
« n 2 - —— Global fit | .
@ - = £ A e Three-body PS | ]
L 400 m 200 — - Three-body PS | =
_'8 - : = - extrapolation I .
-c% 300 | : 1501 | -
O - : - .
B ‘+ ‘:’ 100 | —
200 — RN - | ]
: N sof E
100 - \ 3 :F ‘%E
L \ 0 v
L I B ||f?| IR T T N L1 k
0 16 17 18 1.1 . . . . . 1.7
Am [GeV] Am [GeV]

* No strong activity => peaks should not appear due to reflections of other
resonances
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