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» CHARM 2013: The 6th International Workshop on Charm Physics

> Very interesting conference, many new results and much discussion!
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Multiple sessions on broad range of topics within charm physics

vV vV vV vV vV vV VY

Exotic hadron spectroscopy
Charmonium spectroscopy

Open charm hadron spectroscopy
Rare decays

Charm hadron production

Charm mixing

CP violation in charm

Future experiments and facilities

This review:

I'll cover the topics | found most interesting...

(They also happen to span the majority of what was presented...)

>

vV v vy

XYZ Charm Hadrons
Quarkonium production
Rare Charm Decays

The PANDA Experiment
CP Violation in Charm

Section: Introduction
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I5 neutral
cC mesons

5 charged
cc mesons

New ¢¢ Mesons above DD threshold

TABLE 1

State M (MeV) T (MeV) JPC Decay modes 1% observation
neutral ¢¢ mesons
X(3823) 3823119 <24 7y Belle 2013
X (3872) 3871.68+0.17 <12 17% J/grtr, J/yrta— " Belle 2003

DVDORO. DOPYs

o S)vy
X(3915) 30175+19 2045 Belle 2004
Xe2(2P) 3027226 2046 Belle 2005
X (3940) 394272 Belle 2007
G(3900) 304321 52411 BABAR 2007
Y/(4008) 4008730 226497 17 Jjymta Belle 2007
Y (4140) 41445+26 157 70 Jjwe CDF 2009
X(a160) 415673 1305 7 DD Belle 2007
Y (4260) 426315 95414 17~ J/yrmta, J/ur°7®  BABAR 2005

Z.(3000) =
Y (4274) 42744751 32T Tyl CDF 2010
X(4350)  4350.6%15 133154 0/24 J/pé, vy Belle 2009
Y (4360)  4361+£13  T4£18 170 @(28) 7w BABAR 2007
X(4630) 463415 92t4L Belle 2007
Y(4660) 466412 4815 Belle 2007
charged ce mesons
Z7(3900) 3803+5  S1+10 7 Jjuat BESII 2013
ZF(4020) 40218427 57436 7' h(1P)x*, D*D* BESIII 2013
ZF(4050) 40513} 7 xa(IP)rt Belle 2008
Z3(4250) 424871 27 xa(IP) 7t Belle 2008
Z(4430) 443t 107HE 1t g28) Belle 2007

XYZ: Many new charm hadrons, none of them are understood!

Section: The XYZ States

Review of CHARM 2013 Conference

4/ 106



New and recent results on the
X(3872) state

v

The “classic” exotic hadron, over a decay old now...

v

Confirmed by many experiments (B factories, Tevatron and LHC)
We still don’t know what it is!
Several new results could shed more light on this...

Slides from Sebastian Neubert (CERN) and Changzheng Yuan
(IHEP)

v

v

v
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@ X (3872) — J/pmtw™

@ Since its discovery a decade ago by Belle — [PRL 91 262001] in
B* — JaprnK* the X(3872) has been studied at a number of
experiments
@ The existence of the X(3872) is now beyond doubt,
but structure is still unclear:
e Mass and decay mode disfavor c¢ state.
o C=+1 <« X(3872) = J/ipy
Belle s [PRL 107 091803], B4B4R s [PRD 74 071101(R)]
o CDF helicity angle measurement —, [PRL 98 132002] of inclusive X (3872)

excluded all J/© except:
@ J = 27" Nearest in mass to 7, (1'D2)
e /€ =1**: D% D* molecule, Tetra-quark
® BABAR analysis of X (3872) — wJ/i prefers 2~ but does not exclude 1**
-, [PRD 82, 011101(R)]
o Belle analysis of X(3872) — J/n n~ prefers 17F but does not exclude 2~
<, [PRD 84 052004]

Sebastian Neubert | News

ates from Hadron Collider Experiments

> New results from CMS and LHCb on X(3872) production and J*¢
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@ B* — X(3872)K™* at LHCb

1fb~ ! @ 7 TeV: —y arXiv:1302.6269

@ Selection: likelihood ratio classifier, ( xip(h), xi(B), Xt /ndf, cos 8, (h, Jjib)

signal/background shapes from MC, calibrated on B™ — 1(2S)K™ control channel

3 F ) X(3872)
> o
= 1200 20 o s
Q F ook £05 MeV' 60F +0.5 MeV,
<1000 50
3 F 80
S 8o00f “0
2 [ &0 30)
< 600F 40 20)
5 C 20 10)
£ 400 i
3 [ 500 0=—750
200F LHCb ]
C JL 1 1 1 1
600 800 1000 1200 1400
ﬁ =7 TeV, 1fb—1 M(m*mdly) - M(J/y) [MeV]

Yields:
@ 564276 Bt —(28)K”*
@ 313+26 B" — X(3872)K"

Sebastian Neubert | News on X,

Z States from Hadron Collider Experiments

> Recent LHCb measurement of X(3872) spin-parity using B decays
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X (3872) Angular Analysis

Exploit all angular correlations in the B decay — 5D decay model

c {RN\)
\\
S

@ Only w7 P-wave contribution included
@ Decay amplitude constructed in helicity formalism

2 v
A1 = > > AXgpp o Amem X o Ay e (®X0 05 —dx) X
AALETLAL Ay Amm=—1,0,41 /b

0} e, 0(Smemes Oy —bree) X Dlh/w 8L B3/ O3/ =D a/p)

@ Helicity couplings Ay, .., include one complex parameter « for O =27+
No free parameter for J/© = 17

Sebastian Neubert | News on X,Y,Z States from Hadron Collider Experiments

> Full 5D angular analysis
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5D fit using full information of B* decay chain

@ X (3872) angular correlations

<
S all candidates LHCb
§100 -
gt
2 3
2 ]
- @ How important are the angular
3 correlations?
€ ‘) —=— Data 7] . . .
2 1 mulated Fout @ Projections in cos y for all
5 z::::::: j,,c:z* 7 background-subtracted signal candidates
s } R 1 (top) and background-subtracted signal
Icosh, | > 0.6 candidates with | cos 6| > 0.6 (bottom)
+ 7 @ Little discrimination between /¢ = 17+

E (red), S/ = 27 o = (0.671,0.280) (blue)
] without using correlations!

Sebastian Neubert | News on X,Y,Z States from Hadron Collider Experiments

> Data seem to support 1% (red) bye eye...
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Gy Angular Analysis LogLikelihood

S Background subtraction and acceptance correction

Ndata

~2InL{x) = ~25, > Wi

i=1

[M(Qlx) e(2)
1(Jx)
@ Normalization /(Jx) = /dQ\/\/l(QUX)\Z‘(Q)

Monte Carlo integration under the two hypothesis /&~ = 1+ /2% with
@ detector acceptance / selection efficiency ¢()
@ Background subtraction through sWeighting w; (scale factor s,,)

Fitting the 2~ hypothesis for helicity coupling
a = (0.671+0.046,0.280 + 0.046)
compatible with Belle result (0.64,0.27) — [PRD 84, 052004]

Test statistic to determine /™: t = —2 (n[£(277)/£(11)]

Sebastian Neubert | News on X,Y,Z States from Hadron Collider Experiments

> Use log ratio as test statistic
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@ X(3872) 1** vs 2= Hypotheses

LogLikelihood Ratio Test

@ Likelihood ratio t
o t> 0implies ) = 17 favoured
o t < 0implies S/ = 2~ favoured

@ Compared to results for simulated B+ — X(3872)K* candidates

£ 107 T T 7
s F LHCb ]
5 10°0 b
£ F - simuated 2"+ Simulated %=1 3
S 10°p /\\ -
] E
5 F ] PC _ 4++ .
510k y Y @ /™ = 17" compatible
E 3 3 E . .
e / laaa ] @ //© = 27" rejected at > 8¢
h 53
o A 5
F® . " ]
-200 -100 0 100 200

t=-2In[ LE")/L{Y)]

@ Fitting /* = 177 simulated events with 2~ model for « yields consistent result

Sebastian Neubert | News on X,Y,Z States from Hadron Collider Experiments

» Data clearly favour 17", significant constraint on models!
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@ X(3872) Prompt Production Cross Section

Significant fraction of X(3872) found in prompt production at CDF

Triggered discussion on D*°D0 molecule interpretation

< [PRL 103 (2009) 162001]

@ NRQCD factorization explains large production cross section through
rescattering effects and allows to predict doP°™" /dpr in p p and p p
collisions
< [PRD 81 (2010) 114018]

@ Inclusive production cross section measured at LHCb

< [EP) C72 (2012) 1972]

@ New: Differential prompt production cross section by CMS

Sebastian Neubert | News on X,Y,Z States from Hadron Collider Experiments

>
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X (3872) Production at CMS

inppaty/s=7TeV

@

Selection of J/spmtm™ :

(ly| < 1.2) && (10(13.5) GeV < pr < 50 GeV)

Sebastian Neubert | News ates from Hadron Collider Experiments

x10°
. . > [ T T T
@ 2011a(2011b) data taking periods, 2 j00f e a6 E":‘is\ﬁf7wv{
48105 =7TeV w o[ <12 iib’c?t?\kfu .
@ Muons: @ 80 ] T dgna o
g 5 o ]
kel L = 4
4 GeV ifln(p)| < 1.2 S 60 8 ]
prip) > { 3.3GeV  if1.2 < [n(u)| < 2.4 2 % s ]
o [ H 1
401~ 2 b
@ J/ih 2011a(2011b): r S e sy ]
(ly(pep)| < 1.25) && (pr(pap) > 7(10) GeV) 20L J
&& (AmIjp) < 75MeV) [ ]
@ Correlation of () and J/u 86 a7 a8 a5 4
direction m(JAp ') [GeV]
AR = \/(An)? + (A¢)? < 0.55
@ J/ymtr~ candidates: @ (2S) yield: 178 540 + 850

e X(3872) yield: 11910+ 490

> Use relative 1(2S) vs. X(3872) efficiencies to control systematics

Section: New and recent results on the X(3872) state
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@ X(3872) Prompt Production

Differential cross section do/dpr at /s = 7 TeV

@ Prompt/Non-Prompt ratio determined
from a B-enriched sample with
transverse decay-length ¢,, > 100 um

@ Efficiency of this cut as function of £y,

from MC, xchecked on v (2S)

°
T

oS B 7 oV
orys

<12

Nonprompt X(3872) fraction
o o
G
+
. I

A

i 20

"
P (Jhp ) [GeV]

@ Differential ¢(2S) production cross
section from , JHEP 02 (2012) 011]

Sebastian Neubert | News on X

ates from Hadron Collider Experiments

Comparison with D*°D° molecule model

fronet Jdp_- B [nb/GeV]

d

from <, arXiv:0911.2016

S B
CMS \s=7TeV
L=48fb"

Iyl <1.2

t

—LO NRQCD
--LO NRQCD uncertainty 7

!
15 0

applied to CMS phase space

2
p (U

NRQCD curve from P. Artoisenet and E. Braaten

30
) [GeV]

™ (pp — X(3872) + any)B(X(3872) — Jyr 7w ) = 1.06 £0.11 £ 0.15nb

> Data in clear disagreement with molecular model! (red line)

Section: New and recent results on the X(3872) state
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Observation of e*e” >yX(3872)

.\
BESIN
o ~
4] E o 12
S 450; - data S [
© 400 — total it Q 10F
O ss0p — Gaussan | o [
- E [se) [
8 300F S sfF
S 250F =] F
g E g 6
@£ 200F @ r
& 150F s 4 |
> E >
o 100F o,
50 Hidor
F— ) ‘ T BT -
8367 366 369 37 ar1 372 Q8 382 384 386 3.88 39 3.92 3.94
Mt Jly) (GeV/c?) Mt Jhy) (GeVic?)

ISR y’ signal is used for rate, mass, and mass resolution calibration.
N(y’)=1242 ; Mass=3685.96+0.05 MeV; c,,~1.84 £0.06 MeV

BESIII preliminary
N(X(3872))=15.0+3.9 5.3c

M(X(3872)) =3872.1£0.8+0.3 MeV  [PDG: 3871.68 £0.17 MeV]

» NEW: Evidence for radiative decay Y(4260) — X(3872)~
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~¢"1 Observation of e*e- >yX(3872)

V5 (GeV) oBlete™ — vX(3872)] - B(X(3872) — w7 J /1) (pb)

4.009 < 0.13 at 90% C.L.
4.230 0.32 +£0.15+0.02
4.260 0.35+0.124+0.02
4.360 < 0.39 at 90% C.L.

It seems X(3872) is from Y(4260) decays. At 4.26 GeV,

oBlete™ = mtaJ/ip) = (62.941.943.7) pb,

olete™ — yX(3872)] - B(X(3872) — ntw—J/uv)
olete™ = nwta—J/y) N

(5.642.0)x10*

If we take B(X(3872) — nta—J/v) ~ 5%, ( >2.6% in PDG)
% ~11.2% Large transition ratio !

BESIII preliminary

> Excess of X(3872) events at ete™ — Y/(4260) resonance
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Observation of the Z=(3900) states

v

The latest chapter in the XYZ story
Two charged “charmonium-like” states

v

v

Decays to J/¢m®, must contain at least 4 quarks!
Slides from Zhiqing Liu (IHEP)

v
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PR

BESIII + Belle + CLEQO’s data

®
o

60

40

Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

100f

20}

110, 252001 (2013)

—+- Data
C BESIII — Total it
.- Background fit
= -+ PHSP MC
g + [ Sideband
BT ST
i
it
; |
3.7 3.8 3.9 4.0

Muax(tJ/yr) (GeV/c?)

o > PRL 1104—%22002
E ® — Fit
E BELLE — Background

wer PHSP MC

Minax(mdlyr) (GeV/c?)

Counts/10 MeV

Y
o

P D WMCLEQ’s data @

£ - Phase Space
r — Fit
%E arXiv: 1304.3036 | . [4.17 GeV

e
o

Tyt

el
3600 3700 3800 3900 4000

2013) Mol 30) (MeV)
. CLEO’s data: M=3885+5 MeV,

'=34+13 MeV.

Belle: M=(3894.5+6.6+4.5)
MeV; I'=(63£24126) MeV.
BESIIl: M=(3899.0+3.6+4.9)
MeV; I'=(46 £10+20)MeV
Z.(3900)=Z(3900)*. "

> Charged states recently observed by three experiments!

Section: Observation of the Zci (3900) states
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Z,(3900) from BESII|

Very simple and straightforward analysis.
The produced vector charmonium(like) state almost in rest frame.
Y(4260)>n+n-J /v, four charged track detected (n+n-ete- & nt+n—

pH). s

W

> BES perform Dalitz plot analysis of Y (4260) — J/¢m" 7~ decays

Section: Observation of the Zci (3900) states Review of CHARM 2013 Conference 19 / 106



Z,(3900) from BESII|

PRL 110,252001 (2013).

R r 5 ~§ 18 10
RN 45 o 47E 9
> qaf A 3 E .
[ L [ 16
Q 35 O 7
— r — 15
'E r 3 ? 6
e or 25 = 14 5
s 06 : 2 & 13 4
E r i 15 = T 3
F ) e -_: 1 2
2F i 05 " 1
010 16 1 1(:)10 1‘1 1‘2 1‘3 1I4 1‘5 1‘6 1‘7 18 g
M2(1'c hy) ( V/c) M¥(rtJhy) (GeV/c2)?
o " 23900 [ | \ 243900) ¥= | e | o0
S b —eomm| S g _zeme) S 100F ::;m‘fm 0
3 H ﬁ Besoms | § l““"’"’ S w0l o
g ar H I } g & b 8 ’
o o o
S o LHH% EVEE LHﬁl S 2 ols00) M "
] + 3 g 1
w mjﬁ} s 1 a o *;h - _h 20 UJ’HH I “ 1
3233343536373839 4 4142 3233 34 3536373839 4 4142 BZ 04 06 08 1 12 14
M Jly) (GeVic) M(rJiy) (GeVic?) M) (GeVicd)

> Lower mass peaks in M(J/dmi) are reflections of charge conjugate states

Section: Observation of the Zci (3900) states
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[ PRL 110,252001 (2013). —+ paa
100

b r — Total fit

; L +-++ Background fit

8 80~ ,. -.=: PHSP MC

-— [ \ Sideband

S 60 + W=

o F d

w400 | Ik .

I

@ 20 LR

0

3.7 3.8 3.9 4.0
Mmax(mtJiy) (GeV/c?)
1. 1D fit to extract resonant parameters.
2. Divided Dalitz plot by diagonal line; Fit M,_,(n*1/y) mass
distribution.

3. S-Wave Breit Wigner; p*q phase space factor; efficiency applied.
4. M=(3899.0£3.6t£4.9)MeV; '=(46 =101+20)MeV.
5. Statistical significance: >8c, discovery! 0

> Plot Muax.(J/1m) to combine = state vyields, clear structure!
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Z(3900)* from Belle

100 * ol 2 PRL 110,

g - (a) :q porf - «. [ 252002 (2013)

T7ER, u™ ©sl S0 ae
g 60 I | I &m I‘DMM % 15: -‘-‘\; 14 16 18
Q | 135~ %95 5 85| @ [
S A | S G 8 -
5 LH et i <S>
o 20 i m##ﬂ Hﬁ* fH+ W ++ } { S 05 e

03638 4 z|c‘2'4:4 4648 5 5254 ‘ |

Q] 0 12 14 16 18 20 22
M(r*mJhy) (GeVic?) M2(r*Jhy) (GeVic?P

. Full Belle data sample used: Lum=967 fb-L.

. Study the n*n-J/y using ISR photon non-tagged method.

. Y(4260) was observed significantly, agree with BaBar.
.4.15<M(rtn-J/y)<4.45 GeV to select Y(4260) events.

. Dalitz plot shows structures in M(n*J/y) mass distribution.

. Jhy signal: [3.06,3.14]; sideband: [2.91,3.03]GeV &
[3.17,3.29] GeV "

OO WN =

» Similar approach from Belle, same structre observed...
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4+
Z(3900)* from Belle
__wf 2[- PRL 110,
b @) : q b} . o [ 252002 (2013)
> hof 5 P
() N . = 1.5¢
= | & |10 o % L
& | I+ w 135425555 % 1
2 + H f i +: .
< 1 B L
5 b & |
> =051
3y v M i =%
0 L oL
3638 4 42444648 5 5254 10 22
M(r*mJly) (GeVic?) i
O o ,(980) o ZJ(3900) *eg © Z,(3900) =
1\{) 50F — MC } NU asE » l\b p3 :MC
L - \ L o | % o
% debant § 30F idebent 2 30F { { idet
Q o 25p o 25F
2 < 20p T 2of |
2 £ 15F £ 1sf
s 2 1F & 10f
e L _— 5 ST i 5E
02 0.4 06 0.8 1 1.2 1.4 32 3.4 3.6 3.8 4 4.2 32 34 36 38 4 42
M) (GeV/ch) Mizdiy) (GeVic) M) (GeVicd)
13

> Dalitz plots look almost identical, same structures and reflections

Section: Observation of the Zci (3900) states
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s WN R

. Belle use the 1D fit strategy to M
. S-Wave BW, p*q phase space factor, efficiency applied.
. M=(3894.51+6.6 =4.5) MeV; '=(631+:24126) MeV.
. Significance:5.2c. Observation!

Z(3900)* from Belle

D
</l
BELLE

Events / 0.02 GeV/c?
S
o

~+ data

— Fit

— Background
===: PHSP MC

TR EATTI TR L
3.7 3.8 3.9
Myaedy) (GeVic?)

. Belle observed 689 events, with 139 background in Y(4260) region.

max

(m*J/y) distribution.

> Same clear peak in Mpyax. (J/9m)

Section: Observation of the Zci (3900) states
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What is Z,(3900)?

100F «
80 sesi
60

40

Events / 0.01 GeV/c?

204

3.7

38 39
Mmax(J/y) (G

- DD* molecule?

« Tetraquark state?
+ Cusp?

» Threshold effect?

- 0un « Couples to cc

— Total fit .

- mogenen | * Has €electric charge
== PHSP MC . -

S At least 4-quarks

4.0
eV/c?)

« What is its nature?

{or'}

Predictions and more
experimental information
will be essential to
understand its nature.

= A partner below/above Z_.?

30

=> Panel discussions on Monday

> Manifestly exotic! More properties needed to inform understanding...

Section: Observation of the Zci (3900) states
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Theoretical interpretation of the
XY/ states

Many ideas for what the XYZ states could be!
No single model can describe all states!

v

v

» However, certain ideas seem to fit very well for some states...
Slides from Eric Braaten (Ohio)

v
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Models for XYZ Mesons

e conventional quarkonium @

® quarkonium hybrids QgQ

® quarkonium tetraquarks
® compact tetraquark
e meson molecule
e diquark-onium
® hadro-quarkonium

>

Section: Theoretical interpretation of the XYZ states
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Models for XYZ Mesons
quarkonium tetraquarks

® compact tetraquark

ﬁ

%
® meson molecule

diquark-onium
q
hadro-quarkonium

q
Born-Oppenheimer tetraquark! arXiv:1305.6905

@)

>
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Models for XYZ Mesons

Conventional Quarkonium

¢ well-developed phenomenology
based on potential models

® accurate below open-heavy-flavor threshold!
how accurate above?

® spin-symmetry multiplets
S-wave: {0,177}
P-wave: {15,(0,1,2)*"}
D-wave: {27%,(0,1,2)"7}

>

Section: Theoretical interpretation of the XYZ states Review of CHARM 2013 Conference 29 / 106



Models for XYZ Mesons

Quarkonium Hybrids
g

e small wave function for QQ at the origin
QQ in color-octet state = repulsive potential

® suppression of decays into S-wave + S-wave mesons
S-wave + P-wave preferred (if kinematically accessible)
Close & Page 1995, Kou and Pene 2005

® constituent gluon picture

® Born-Oppenheimer picture

Q Q

>

Section: Theoretical interpretation of the XYZ states
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Models for XYZ Mesons
Charmonium Hybrid
Y(4260)
o -

e produced very weakly in e"e” annihilation
= small wavefunction for cc at the origin

® not observed in S-wave + S-wave charm mesons

]

wh - ]

wf o
H How PR T
0 gt b s e

‘ Ll W Wwﬁpnﬁwﬁ

36 38 4 42 44 46 48

identify as
charmonium hybrid

Events / 20 MeV/c?
w
=]

= 1
= IR B AR A B R

>
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Models for XYZ Mesons

Q|

Compact Tetraquark

Ql

® spacially overlapping orbitals q

e 2-body potentials only
= fall-apart decays into meson+meson

unless mass is below all meson pair thresholds
Vijande,Valcarce, Richard

® 3-body and higher potentials?

>
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Models for XYZ Mesons
Meson Molecule

® constituents must be narrow
S-wave charm mesons: D, D¥*, Ds, Ds*
P-wave charm mesons: D, Dy*, Dso*, Ds/, Ds2*

® many XYZ mesons are near a charm-meson-pair threshold

Are XYZ mesons near thresholds just by coincidence?
25 nonstrange thresholds between 3770 and 5150 MeV!

Are charm mesons bound by their interactions?
TT exchange between charm mesons Tornqvist 1993
isospin-0 bound states near threshold
D*D: 0,1
D*D*: 0*,07, 1+, 2**

>
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Models for XYZ Mesons
Definitive Meson Molecule: X(3872)

X(3872)
e extremely close to threshold for D*0 DY

below threshold by 0.3+0.4 MeV
® quantum numbers |**

= S-wave coupling to D*? D?
must be loosely bound molecule

superposition of D*? D?and D? D*0
rms separation of charm mesons: 5 fm

(if binding energy is 0.3 MeV)

5fm

>
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Models for XYZ Mesons

Diquark-Onium

e diquark Qq: color anti-triplet, spin 0 or |

e for g =u,d only
degenerate isospin-0 and isospin-| multiplets
quantum numbers: 0**,0**,0**, 0**

[l R R R
’ ’ ’
2+ 2t
® includeq=s
orbital excitations?

radial excitations?

proliferation of predicted states!

>
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Models for XYZ Mesons

Hadro-Quarkonium

e light quarks bound to color-singlet QQ core
Dubynskiy & Voloshin 2008

® or light meson bound to quarkonium

® motivation: many XYZ mesons observed
though single hadronic transition
to specific charmonium and light meson

20

>
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Lattice QCD for charmonium

Hadron Spectrum Collaboration 2012

charmonium hybrid candidates
fill out 4 spin-symmetry multiplets

{I"%,(0,1,2)*},{0*, 1"}, {2**, (I,2,3)+j}

isoo[ {7 (0.1.2)7} [- o - = =]
. — ==
N 1000} - —_ = = = b5, |
3 L 4
=) =
= —_— pD |
o = |
= 500 _ T |
— — exotic! exotic!|

24
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Conclusions

discoveries of neutral XYZ mesons
bottomonium tetraquarks Zs, Zp’
charmonium tetraquarks Z, Z.'

have revealed a serious gap in our understanding
of the QCD spectrum

none of the proposed models for the XYZ mesons
has yet presented a compelling pattern

new proposal: Born-Oppenheimer hybrids and tetraquarks

33
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Charmonium Production at the
LHC

» Important window on QCD
» Several new results from LHC experiments
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Quarkonium Production Theory
Review

» Still no firm understanding of quarkonium production and
polarisation in hadroproduction

» NRQCD factorisation seems best candidate so far...
» Slides from Mathias Butenschon (Vienna))
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* JEE
Production and Decay Rates of Heavy Quarkonia

Heavy Quarkonia: Bound states of heavy quark and antiquark.

The classic approach: Color-singlet model

m  Calculate cross section for heavy quark pair in physical
color singlet (=color neutral) state. In case of J/y: c¢[3S,["]

Multiply by quarkonium wave function at origin
Leftover IR singularities in case of P wave quarkonia
Mid 90’s: Strong disagreement with Tevatron data apparent

Nonrelativistic QCD (NRQCD):
m  Rigorous effective field theory: Bodwin, Braaten, Lepage (1995)
m Based on factorization of soft and hard scales
(Scale hierarchy: Mv2, Mv << Agcp << M)
m  Not proven yet. Large part of talk: Tests of NRQCD factorization

Further approaches: k; factorization, Color Evaporation Model

M. Butenschon Theory of Charmonium Production 1/21
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" JEE
J/y Production with NRQCD

Factorization theorem: o, = Y oz - (07V[n])
n

m n: Every possible Fock state, including color-octet (CO) states.
® 0.4y Production rate of cC[n], calculated in perturbative QCD

m  <0¥[n]>: Long distance matrix elements (LDMEs): describe cc[n]->J/y,
universal, extracted from experiment.

J

Scaling rules: LDMEs scale with definite power of v (V2= 0.2):

scaling | V3 | v/ (“CO states”) ‘ v
n | 35,1 | 15,181, 38,18, 3P Jol |
= Double expansion in v and a;
m Leading term in v (n = 3S,["l) equals color-singlet model. J
M. Butenschon Theory of Charmonium Production 2/21

Section: Quarkonium Production Theory Review of CHARM 2013 Conference 42 / 106



"

Global Fit to Unpolarized Data

[MB, Kniehl: PRD 64, 051501R]

<O['S,B1]> = (4.97 + 0.44)-102 GeV3

<O[3S,B1]> = (2.24 + 0.59)-10° GeV?

<O[P,81]> = (-1.61 + 0.20)-102 GeV>

J

M. Butenschon Theory of Charmonium Production 4/21
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"

Global Fit to Unpolarized Data

S J
Fit results after subtracting higher charmonia
feed-down contributions from prompt data

(Pp: 36%, yp: 15%, Yy: 9%, ee: 26%): /X

~ <O['S,®]> = (3.04 # 0.35)-102 GeV? \
<O[3S,EI]> = (1.68  0.46)-10° GeV3 |

\ K<O[3Polsl]> = (-9.08 + 1.61)-103 GeV5
= / RSN

[MB, Kniehl: PRD 64, 051501R]

<O['S,#1]> = (4.97 + 0.44)102 GeV®  <O[3S,BI]> = (2.24 + 0.59)-103 GeV3
<O[P,81]> = (-1.61 + 0.20)-102 GeV>

J

M. Butenschon Theory of Charmonium Production 4/21
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* JEE
In Detail: Hadroproduction (LHC, Tevatron)

2| +  CDF data: Run 2

LHGb data

B
02 102 B
s, Lo s, L0
N s===2 CS, NLO 10 == €S, NLO 10
L S C8+CO,LO 7§ ----- C8+CO, LO il N
S —— G840, NLO 1 ——— C8+CO. NLO TE N S e 1
SN TR, TOEOMO 2 NN TN 2 T NN P NLO

Total, NLO §

do/dp(pp—J/y+X) x By—up) [nb/GeV]
5

do/dp.{pP—JpX) x BUy—up) [nb/GeV]
do/dpy(pP—Jhy+X) x BAy—uy) [nb/GeV]
3

. 10 10 F
2 SN
° R . \\\\ - R S0 1
of E=7Tev NS E=196Tev - S V=196 TeV
10 25<y<3 \\'i 107 <06 ) \-\q 10 '4r lyl<0.6 .
R TR T T e Te 18 20 F I R O R VR R R
pr 1G] pr(GeV] pr(GeV]

Color singlet model far below data. CS+CO describes data well.
3P 81 short distance cross section negative at p;> 7 GeV.

m  But: Short distance cross sections and LDMEs unphysical
=) No problem!

m  Hadroproduction data below p;= 3 GeV excluded from our fit.

m  Observation: Change s or rapidity y just rescaling of cross sections:
CO LDMEs describing RHIC or Tevatron must also describe LHC!

M. Butenschon Theory of Charmonium Production 5/21
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" JEE
J/y Polarization

m  Angular distribution of decay lepton /* in J/w rest frame
=) Polarization observables A, y, v: J/;l) 9
rest frame
dr(J/y — 11

production
dcos 6 do plane ——

o 14 A.cos? 6 + 1 Sin(26) cos ¢

Y sin? 0.cos(20)

2

m  Depends on choice of coordinate system:
Helicity frame: z axis | —(py+ Pp)
Collins-Soper frame: z axis || py/|Py| — Bp/|Pp!
Target frame: z axis || —pp

~Zuarget

= In Calculation: Plug in explicit expressions
for c€[n] spin polarization vectors according to

~ doy1 — dogo ~ V2Redoyg Ve 2doy 4
~ oy 1 dos’ M oy rdow’ | dorr t don

2
Ly

JV rest frame

"

m  We use the CO LDME set with feed-down contributions subtracted.

M. Butenschon Theory of Charmonium Production 8/21
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"

J/y Polarization in Hadroproduction

©/+ COF data: Run /Il Helicity frame s/ ALICE/LHCb data Helicity frame /+ ALICE/LHCbdata  Colins-Soper frame
cs,Lo - 08,10
Iyl <06 S, NLO 25<y<4 S, NLO 25<y<4
Vs = 1.96 TeV ---=- CS+CO, L0 Vs=7TeV -===- CS+CO, L0 Ns=7TeV
——— CS4+CO, NLO PP Iy + X = CS+CO,NLO PP Iy + X ——— CS4+CO,NLO pp > Iy + X
1 1 1
08 F 08 08 3
i i | a——
02 02 £ 02
£ 0z 79 b H y
~ 02 < 02 < 02 Pheesterrr s
04 04 04
06 06 06
o8 8 o8
T 10 15 20 25 : T4 e 8 10 12 14
Py 1GeV] p;(GeV]
1 1
08 08
8 8
< 83 < 02
v 0% ]
9 02 ¥ 02
> 0i > 01
06 0
e i 1 SN
5 T e 8 0 12 e T e 8 10 12 1a
prlGeV pr (GeV] prlGeVl

[MB, Kniehl: PRL 108, 172002]

= Helicity frame: NRQCD predicts strong transverse polarization at high pr.
m  Collins-Soper frame: NRQCD predicts slightly longitudinal J/y.

m Disagreement with CDF Run |l data, and with new ALICE and LHCb data.
=) Challenge to LDME universality!

M. Butenschon Theory of Charmonium Production 11/21
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* JEE
LDME Universality Problem: Possible Ways Out

If LDMESs not universal == Problem!
BUT IT MAY WELL BE THAT...

Velocity (v) expansion converges only slowly (Wait for future calculations.)

NRQCD factorization does only hold for exclusive production
(All tests performed for inclusive processes.)

= NRQCD factorization does only hold for p; > M,
(HERA data only up to p,= 10 GeV. Wait for future ep collider.)

m  NRQCD factorization does only hold for unpolarized production
(Orbital and spin angular momentum might decouple strictly only in spin-
averaged observables.)

m  After all: Ongoing effort to prove NRQCD factorization to all orders!
m  Also: Ongoing effort to resum large logarithms p,//,

o
onium *

M. Butenschon Theory of Charmonium Production 15/21
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"
k; Factorization Approach

Apply k; factorization to quarkonium production:

Idea: Scales of quarkonium production much smaller than collision energy:

pr.Mme < /s
=) | ongitudinal parton momentum fractions x small,
transverse parton momenta k; should not be neglected.

Use off shell matrix elements with k; dependence entering via
et (kr) = K& /|Kkr|.
Usually just LO matrix elements used.
Fold with k; dependent, unintegrated PDFs.
Various prescriptions for deriving uPDFs from usual PDFs
in DGLAP, BFKL or “CCFM” approach.
Monte Carlo program CASCADE simulates initial state gluon radiation
within k; factorization framework [Jung, Salam (2001)].

M. Butenschon Theory of Charmonium Production 17/21
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"

k; Factorization Approach: Results (1)

m Baranoy, Lipatov, Zotov (2011); Baranov, Lipatov, Zotov (2012):
Color Singlet Model predictions for various uPDFs:

. == e
0
3
H
N
10°
% T T 5 0 o
¥y (oo wicen .
1o T o' o=
2ey<2s i<ors TABLE L. The polat n parameters of prompt J/ i mesons
s olfE s e calculated in the kinematical region of CMS and ATLAS mea-
§ F § surements [27,28]. The CCFM A0 gluon density is used.
3
i @ ‘i 10! Source Ay (HX)Ay (HX)A (HX)A, (CS)A, (CS)A, (CS)
.:. .:. 102 Direct =0.15 —0.09 0.01 020 -022 -001
3 3 Feed-down 019 014 000 035 009 000
® : 10° N Total =0.07 -0.03 0.01 024 014 001
H X3
R e N 10 rm
Pr [GeV] Py [GeV]
=) No room and no need for color octet contributions.
M. Butenschon Theory of Charmonium Production 18/21
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* JEE
Summary

m 40 years after J/y discovery:
Still no successful description of charmonium production!
m Traditional color singlet model:
Can successfully describe only e*e~ data
Theoretically incomplete due to uncancelled IR divergences
»  NRQCD factorization based on solid effective field theory approach, but
Factorization theorem not yet proven (IR safe to all orders?)

Current NLO analyses in combination with recent polarization measurements
cast doubt on LDME universality.

m  Possible ways out:
NRQCD factorization may not hold in all kinematic regions / for all observables
Resummation of large logrithms p,2/m ? (large p,resummation)
Apply krdependent PDFs.

M. Butenschon Theory of Charmonium Production 21/21
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New ATLAS Charmonium
Production Results

» New results on X, production (+— Birmingham involvement!)
» New results on t(2S) production
» Slides from Lee Alison (Lancaster)
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x10°

X.decay to J/yy
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v*"1<075
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r T
1055 <s0Ga
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<=+ Non-prompt Signal 1,
— PromptSignal 7, 1
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600F-
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'y Candidates / (0.01 GeV)

o\

0.4 0.5 06

o
~

03

07
m(upy) - m'w) [GeV]

2 gL ATLASPreiminary Moz <aocev
w 1s=7TeV “ ["all <YU.75
g + Data
2 10 —Fit 3
£ ... Background
3 10 - Prompt Signal <
& — Non-prompt Signal
o
= 10t
2
g

10°

102

6 4 -2 0 2 4 6 8 10 12 14
Pseudo-proper Lifetime 1 [ps]

Charm 2013 - 01/09/2013

 Ancas [%

8

production measurement

Poster by
Andy Chisholm

¢ Using 4.46 fbt at 7 TeV (2011)

« Atriplet state with large radiative

branching fraction into J/yy

I -yt

- Using di-muons in the barrel region only,
ly| <0.75

Photon reconstructed from y - e*e”

conversions in ID (provides necessary
resolution)

- Soft photons typically < 5 GeV

. X, and x_, have easily identifiable and
well separated signal peaks

X IS Not measured, as inclusive yield
too low for reliable measurements

Lee Allison

p:

ATLAS-CONF-2013-095

npr-i>

> Use photon conversions to reconstruct X — J/1, clear X, signals!
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» Prompt cross-sections are
measured as a function J/g p,
* Inthe region J/Y |y| <0.75

* Assuming unpolarised
production

» Compared to 3 theoretical
models:

* NLO NRQCD
- Good agreement to data

» k, factorisation

- Predicts a larger cross-section
than the one measured

* LOCSM

- Underestimates the data

BN 'FR)K Charm 2013 - 01/09/2013

X., , Prompt cross-section

>
K] ATLAS Preliminary Prompt Iy""| <0.75
2 g seTTev Im:asm‘ Unpolarised x,, =
-
° 1
= 10
3
3
2
& 10
10%E - oata
- - k, Factorsation
10+ B8 monnoco
8 osm
10 20 30
Py [GeV)
=
3 ATLAS Preliminary Prompt |y'" <0.75
g 16 ts= 7TeV |Lat=45m" Unpolarised -
g -
;t‘. 107}
g
5 10°
sl
107 - Data

[ == nonraco

-~ K, Factorisation

“o-Locsm

10

20

Lee Allison

30
P (Gev] @

ATLAS-CONF-2013-095

npr-i>

> Measurements separated in to prompt and non-prompt (b hadron decay)
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« Non-prompt cross-sections are
measured as a function of both
Jp, and X, p,

* Inthe region J/Y |y| < 0.75

* Assuming unpolarised
production

e Compared to
* FONLL

- Good agreement with data

10

”TN,CA§T‘ERJR Charm 2013 - 01/09/2013

X, , NON-prompt cross-section

ATLAS Preliminary  Non-promptly""| < 0.75

Unpolarised 7,

4 Dz,

Bxdof, )/dp, [nb/GeV]

EFONLLL 1 X
EFONLLD - 1, X

10 20

s

T

Bxdo, )/dp, [nb/GeV]
S

ATLAS Preliminary
V527 TeV JLm,Asm‘
Unpolarised 7,

Non-prompt [y""| < 0.75

—4—oataz,
—4oaaz,

= FONLLL - X
S FONLLD 1, X

10

20 30

Lee Allison

ATLAS-CONF-2013-095
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X. Cross-section ratios

ATLAS-CONF-2013-095

« Prompt cross-section ratio x_/X., is a ~ 107 r - -
c2 Acl & ogf ATLASPrelminary Prompt yY|<075
well known puzzle, as there is a lot & opl Ty [Laesn’ 4o :
more X, than Xeo J o7) Uonesr. + cusy”i<10
e
g
«+ Compared to CMS result <
* NLO NRQCD
- General good agreement with data
« LOCSM
10 15 20 25 30
- Underestimates the data Py [GeV]
~ 1 T T T
& of ATLAS Preliminary Non-prompt Iy"¥| < 0.75

0.8E 1577 TeV Im.asm‘ 4 Data
Unpolarised 7, B cor !> 106wy

« Non-prompt cross-section ratio X_,/X.,
is expect to be around 0.191

B,xalr,,)/B

« Compared to CDF result

0. L L L
10 15 20 25

CMS Collaboration, Eur.Phys.J. C72 (2012) 2251
CDF Collaboration, Phys.Rev.Lett. 98 (2007) 232001

30
Py [Gev]
’5”,““‘”’")& Charm 2013 - 01/09/2013 1 Lee Allison

npr-i>

> Prompt cross section ratio sensitive to production mechanism
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§ oof ATLASPriminay | yi<ors '

5 ggh vee7Tov [Lataast’ oy, E
0.7k Uneolasea, 4 owa, E
0.6 -
05f E
04t E
03 E
02

12 14 16 18 20 22 24 26 28 30
P (GeV)

ook ATLASPreliminary ot 1075

08F 1s=7TeV | Ldt=ast’

0.7 Unpolaised, 4 owe

06F 4 LHCD20<y" <45
05f E

04fF
03F
02B+

0.1 &= mowmaco
o L L L L
10 15 20 25

) Py [GeV]
LHCb Collahoration, Phys.Lett. B718 (2012) 431-440
BN 'FR)K Charm 2013 - 01/09/2013

X. fractions

The non-prompt fraction
measurement, shows that the
production of X, , is mostly prompt

« This is opposite to what is seen in J/{
and Y(2S)

« First time measured at the LHC

Fraction of prompt J/{ produced in X,
decays is the sum of x, & X, (Without
X, it is still a good approximation)

» This provides an estimate of the
contribution to prompt J/y ~25%

Measure of the Br(B* - x_,K*) was also
preformed (see backup)

Lee Allison @

ATLAS-CONF-2013-095

npr-i>

> Measurements show ~ 25% of prompt J/1 produced in X. decays
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e Using 2.1 fb* of 7 TeV (2011)

e Y(2S)- /YTt 1T is the highest
branching fraction of Y(2S)
decays

Entries /4 MeV

* Interesting as it is just below the
DD threshold

« No significant feed-down from
higher charmonium states

« Y(2S) studied in the p, range
10-100 GeV & |y| < 2.0

13

ANeAst "J& Charm 2013 - 01/09/2013

Iyezp, (GoV]

P(2S) measurement

Poster by
myself

- Data

— Fit
Background
(28) Signal

ATLAS-CONF-2013-094

883

02 04 06 08 1

T2 4

Lee Aol

> (2S) is a clean probe of the production mechanism - no significant feed-down

Section: New ATLAS Charmonium Production Results

Review of CHARM 2013 Conference

59 / 106



ATLAS preliminary
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’5”,(“?”’")& Charm 2013 - 01/09/2013

W(2S) Yields

ATLAS Fraimnay —— o
o7, [z’ T

Entries / 0.12 ps.

T Promet Sgnal
= = = Prompt Background
B Non Prompt Skl
= = Non Prompt Background

Entries / 0.12 ps

14

Lee Allison

The analysis
had to take
into account
the additional
acceptance
and efficiency
correction

A result of
using pions
as-well as
muons

p:

ATLAS-CONF-2013-094

npr-i>

> Same 2D mass-lifetime fit approach as X, measurement
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P(2S) cross-Section compared to existing

results

= T T3 =~ T T
> 107 ATLAS Proiminay Prompt y(2S) data % 10°F  ATLASPeimnay  Non-prompt w(2S) data
CtE  ermenfuem’ 075 (<109 g 10E ws7Tev, [Laa i’ —e— |y]<0.75 (x10%)

S 105k e —e— 0.75< |y|<1.5 (x10%) = . —e— 0.75< |y|<1.5 (x107)
5 10k 'S —— 15¢<yl<2.0 2 10°F e —— 15¢<yl<2.0
Paiadd - PRl .

T 10°F —— 3 -+ -

% 107k T - § - @}b 10

5 10F - ERE T

= 1 = —— %) ~ o

t 10" e - — %% t

=10k ~ - g2 =

2.3 — 29 2

Tror — £8 1

>10* ~— CMS Jy|<1.2 (x10°) = CMS yl<1.2 (x10%) —_

T 105 — COMS 1.2< lyl<16 (<109 7 107E . oMs 1.2¢ |yl<1.6 (x10?)

@ 1B —— CMS 1.6<|y|<2.4 D 10°E —— CMS 1.6< |y|<2.4

Q10 LHCb 2.0< |y<4.5 E g LHCb 2.0< [yl<4.5 3
3107 s PR I~ 107 T 2 R
o 5678910 20 30 4050 10? o 5678910 20 30 4050 10?

y(2S) transverse momentum [GeV]

» Good agreement with existing LHC result

» Extends on existing results

”fN,CA?T‘ERJK Charm 2013 - 01/09/2013

15

y(2S) transverse momentum [GeV]

Lee Allison

ATLAS-CONF-2013-094

N> -
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Y(2S) prompt cross-section compared to

ATLAS-CONF-2013-094

SOF  ariasiems | Pomptees 1 & o[ Prompt y(es) data: lyl<075 E
Q10 errevfiem —— Iyi075 (x10) i , ey
\5 - T
< 10 —=— 0.75< |y|<1.5 (x10%) ) [ monmaco ek, factorisation 3
‘3‘—10‘ —— 1.5<|yl<2.0 E————— - E
T 18 W e .
2 B 3
2 10° 5 o7 T3
% 1o &\, Prompt v(zs) data: 075clyi<1 5 ) 3
b i L " ]
= 1 ' t E|
E 10" ke, -
[ ‘2 - 3
E10 wh - 4
F10° & -
}% 10 o e 0 H 1ob Prompt y(2S) data: 1.54yl<2.0 3
2 10% [JLONRQCD.. ... i, .
D 100 NLO NRQCD i Lo - T
Q10°F  factorisat - . ATLAS preiminary
107" «factorisation P O e rsf?TeV‘del:Z.Hh'
@ 10 20 30 40 50 60 107 o ) T e ]
y(2S) transverse momentum [GeV] 10 E) 0 40 50 60 70 8090107

LO & NLO NRQCD (NLO NRQCD has good agreement with data, except for
the highest p, region)

« k, factoriastion (Clearly underestimates data )

AN ASV")& Charm 2013 - 01/09/2013 16 Lee Allison @

> Good agreement with NRQCD predictions

npr-i>
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Y(2S) non-prompt cross-section compared

to theory

ATLAS-CONF-2013-094

2 10'F ATLAS Py | Non-prompt v(@S) deta & [ Nomprompt y2s) data: 075

2 10k w7 Tev, [Laai’  —e— yI<0.75 (x10%) H T T —
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!i 10°E —— 15<yl<2.0 L iiiiiﬁi i

Q

° 10 I I

2 1 2 -

;b & 6 -Non-prompt y(2S) data: 0.75<ly|<1.5 N

% 107 H

= L. |

E10? ;

z zwmm@—f

10t ! L

> 10 B NLO with FONLL tragmentation 7:; °I” Non-prompt y(2S) data: 1.5<|y|<2.0 m’

1 100 [ Fonu £ JLATLAS preiminary 4

2 V=7 TeV, fmn:z 1o’

=107 L 2 B

@ 10 20 30 40 50 60 10° |
y(2S) transverse momentum [GeV] 10 ) 30 40 50 60 70 80 %010°

(28) ransverse momentum (GeV)

» NLO & FONLL (Both describing the data reasonably well at low p,, but starts
to diverge at higher p,)

Lﬁ”?“?”‘)& Charm 2013 - 01/09/2013 17 Lee Allison Q%

N> -
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18

The non-prompt fraction is a

useful measurement as some of

the systematic effects cancel
out

The results show that there is
no significant dependence on
rapidity

The majority of events at higher

p, are non-prompt.

Lee Allison

Q

ATLAS-CONF-2013-094

N> -
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Recent CMS Quarkmonium
Polarisation Results

» Recent results on @ and T polarisation
» Rigorous test NRQCD predictions

» Un-expected result

» Slides from Linlin Zhang (Peking)
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Quarkonium polarization: variables and frames

Z <—— Quantization axis z

Quarkonium
rest frame e
X [ + Most general observable
production angular decay distribution:
plane :

N 1 + 4, cos’0
X dQ

+ A, sin’0 cos2¢p
+ g, sin20 cosg

t

Ag = +1 u J,=%1 —> A, =+1: “transverse” polarization

I
do=—1 J,=0 —> A, =-1:“longitudinal” pol.
I

P ion and Polarization at CMS Linlin ZHANG (PKU) 6/ 16

>
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Quarkonium polarization measurements

e CMS measured Ay, Ay, Ay, and Xin b
three frames (HX, CS, PX)

e Data collected in 2011 using dimuon
trigger with Liy = 4.9fb~! o

e As a function of dimuon pr

J/4: 14 < pr < 70 GeV (10 bins)
(25): 14 < pr < 50 GeV (4 bins)

T(nS): 10 < pr < 50 GeV (5 bins) gl T

5
Dimuon mass [GeV]

cms
pp VE=7TeV
L=aom’

o lyl<06
. 06<lyi<12

Counts per 40 MeV
s
8
T

e And dimuon rapidity |y| 5 - ons
3/, C(nS) : |y < 1.2 (2 bins) 20l poeeer L
$(25) : |y] < 1.5 (3 bins) : —om
e For J/v and 9(2S), non-prompt wE " Basand
components need to be taken into I
account !
op fii e i
OO peeulidproperigtme fmm)
Q ium Production and Polarization at CMS Linlin ZHANG (PKU) 9/16

> High statistics data sample, very good m(u* ™) resolution
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T(nS) polarization in the HX frame, |y| < 0.6

3 Y(18) Y(28) Y(38)
ILLY i fgn 8
I
AFCMS pp Vs=7TeV L=49fb" ] HX frame, Iyl < 0.6
oaf ot B umeen sa e Y(1S) 4 Y(28) Y(38)
Tot. uncert., 95.5 % CL.
0.2 Tot. uncert., 99.7 % CL ]
>\L,0 OFRrar "o~ WO N il [ B W e B
0.2 3
04f ]
0af Y(18) Y(2S) Y(3S)
0.2 1
Aﬁ(p”""’""' 7777777 o Ii"'"! ,,,,,,, B lll". 7777777 [
02f ]
0af ]

10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
p, [GeV] P, [GeV] p, [GeV]

Q ium Production and Polarization at CMS Linlin ZHANG (PKU) 12 /16

> All A consistent with zero, T production is ~unpolarised
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T(nS): Comparison to NLO NRQCD

pp\s=7TeV
HX frame.
Iyl <0.6

Y(1S)

+

pp\s=7TeV
HX frame
Iyl <0.6

—e— CMS, L =49 1", total uncert. 68.3% CL

——— NLONRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

-0.5-
—e— CMS, L= 495" tota uncert. 88.3% CL.
™ —— NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748
A s e N A
10 15 20 25 30 35 40 45 50
p, [GeV]
ppNs=7TeV
1] HXframe Y(3)
Iyl <0.6
05 7
A9 o]
0.5

—e— CMS, L =49 ", total uncert. 683% CL

—— NLONRQCD, Jian-Xiong Wang et al., arXiv:1305.0748

10 15 20 25 30 35 40

P ion and

% 50
P, [GeV]

ion at CMS

20 25 30 35 40

A M anans
p, [GeV]

o Color octet matrix elements are fit to
hadroproduction data only

e Theory calculations account for feed-down
contributions to Y(15) and Y(25) states

e Calculations for T(3S) may change once
including feed-down from x;,(3P)

Linlin ZHANG (PKU) 13/ 16

Section: Recent CMS Quarkmonium Polarisation Results
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cms | AXframe |

)\190.:7{#{'9## 8 i 4 1+ “ H " 1%
-057? t -

0.2
)\80 o 4y Loy | * 4
LA A
0.2
Jhy y(2s) |
021
Ao ol tbtiestg 4 bl
Poryrtsf-g +\ 1 ﬂ } H
~lyl <06 *
0.2 06<lyl<1.2
+12<lyl<15
20 30 40 50 60 70 20 30 40 50
p, [GeV]
Q i Production and ization at CMS

Prompt ¢ (nS) polarization in the HX frame

o No signs of strong
polarizations

e The ¥(295) is not
affected by feed-down
from heavier quarkonia
— easier comparison to
theory

Error bars show total
uncertainties at 68.3% CL

Linlin ZHANG (PKU) 14/ 16

> Same story for ¢, no feed-down for 1)(2S) but still no polarisation!

Section: Recent CMS Quarkmonium Polarisation Results

Review of CHARM 2013 Conference

70 / 106



1(nS): Comparison to NLO NRQCD

15] PPNS=7TeV 15] PPNS=7TeV
HX frame w(18) HX frame (28)
o wi<os
)\ os] )\ . L
90 B e 9 s AT I B
T T T
0.5 0.5
] e
e CMS, L 43 ', tota uncort. 88.3% 0L e OMS, L= 43 ", total ncort.68.5% 0L
1,5] —— NLONRQCD, B Kioh! o s, MPLAZ8 (2013 350027 and private comm, 1.5 —— NLONRQCD, . Klehl ot a, HPLAZB (2013 350027 and private comm,
1 20 a0 40 50 e 70 T 15 20 25 30 35 40 45 50
p,[GeV] b, [GeV]

o CMS results disagree with existing NLO NRQCD calculations

o Calculations use a global fit of color octet matrix elements to photo- as
well as hadroproduction data

e Theory predictions are for the polarization of the directly produced J/¢'s,
not accounting for the feed-down from decays of P-wave states

Q ium Production and Polarization at CMS Linlin ZHANG (PKU) 15 / 16

> X, contribution must be an important factor!
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Recent LHCb Quarkmonium Results

v

Recent results on relative X.; and X, production

v

Recent results on J /1 polarisation
Study of J/1 production in pA collisions

v

v

Exclusive charmonium production
Slides from Denis Derkach (Oxford)

v
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Background estimation and integrated results

We fix the shape of the background distribution to the “fake” photons: the energy for them is set to twice
that of e* or e We than subtract this distribution and then perform the fit to the data using Crystal Ball
functions to describe the X. signal

(®)
4<pi¥<20GeVie ]

T LR T
LHCb i | @
| 45 p¥<20 GeVic |

Candidates / (2.4 MeV/c2)
Candidates / (4.8 MeV/c?)

Sog 300 0 o500 o0 %0
M WyM(u'W) [MeVie?]

0 500 600 700
MQwy)»Mp'w) MeVic?
We measure
0(Xe0)/0(Xc2) = 1.19 £ 0.27 (stat) & 0.29 (syst) % 0.16 ( pr model) & 0.09 ( B)
the uncertainties are: statistical, systematics, p. modeling, branching fraction.
This gives the first evidence of x« production at the hadron collider at 4.30 significance
For comparison, we obtain
o (xe2)/o(xer) = 0.787 % 0.014 (stat) + 0.034 (syst) = 0.051 ( pr model) = 0.047 ( B)

5

> X ratio (arXiv:1307.4285): First measurement of o(Xc0)/o(Xc2)
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Results in transverse momentum bins

To compare to theory, we also measure O(Xc1)/T(Xc2) as a function of transverse momentum.

:_;?1.5 ol ~4~ LHCB (commmesions)
2 7o 6 LHCB (CALO)
';a g —4-cus

v 1 _;_ I - coF

o

0.5

%, unpolarised
A e R
2746 8 10 12 14 1618 20

1Y (GeVie]

The statistical and systematic uncertainties
are not correlated to our previous analysis.

the uncertainties are: statistical, systematics,
branching fraction and unknown polarisation

iR

~4-LHCo, 2cy<85 | &

N 3
N\ nLo NRaCD 2
] LonRacD il

LO NRQCD: arXiv:1305.2389

&
T\ N\ 2
N, &\\\\\\\\\\\b\\\\\\ &
05 \\ 5}
g
z
[e]
L A T 3
4 6 8 10 12 14 16 18 20
P2V [GeVic]
3
¥ [Gev/e] o(Xe2) /(1)

1.037 + 0.033(stat) £ 0.060(syst) = 0.062 (B) *339(pol)
0.923 = 0.029(stat) = 0.060(syst) = 0.055 (B) *4%3(pol)
0.795 = 0.028(stat) = 0.048(syst) = 0.048 (B) *4%3(pol)

0.746 % 0.032(stat) = 0.044(syst) = 0.045 (B) *4%3(pol)

003
0.692 = 0.039(stat) = 0.040(syst) % 0.042 (B) *) 0i(pol)
0.699 = 0.044(stat) = 0.041(syst) = 0.042 (B) *335(pol)
0.625 = 0.035(stat) = 0.036(syst) = 0.038 (B) *J 3 (pol)
0.600 = 0.057(stat) = 0.036(syst) = 0.036 (B) *3
0.675 = 0.067(stat) = 0.051(syst) = 0.040 (B) *

0.581 = 0.096(stat) = 0.038(syst) = 0.035 (B) *912

> Some discrepancy between new and old (calo.) LHCb results at low pr...
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Results

We obtain the following results in the Helicity frame:

&£ 1 LHCb (5= 7 TeV | I \
0.8 -LHCD ¥ -
s = >
0.6 E-ONLO NRQCD(2) \\\
E BNLO NRQCD( \\\
g:: -‘am)(s §\\\\M“‘ HHHHH\HH_
%k St é
02F +++‘_+__+——*——:
04F / _:
0.6 25<y<4.0 _;
08F :
-10 ; : 15

10
p,0/y) [GeV/e]
NLO CS and NRQCD I: Nucl. Phys. Proc. Suppl. B222-224 (2012) 151
NLO NRQCD 2 Phys. Rev. Lett. 10 (2013) 042002
NLO NRQCD 3: Phys. Rev. Lett. 108 (2012) 242004,

In addition, we update the cross-section results:
Cprompt(2 < Y < 4.5,2 < pr < 14GeV/c) = 4.88 + 0.01 £0.27 +0.12 b

Oprompt (2 < Y < 4.5, pr < 14 GeV/c) = 9.46 £ 0.04 £ 0.53 7955 pb

Previously, results had high systematic uncertainty due to the unknown polarisation up to 20%)
[l

> J/4 polarisation (arXiv:1307.6379): Again, no strong polarisation!
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PA collisions

opalprompt Jfih;pr < 14 GeV/e, 1.5 < y < 4.0) = 1028.2 + 13.6 (stat.) £ 88.6 (syst.) ub,
pa(JfY from bipr < 14 GeV/e, 1.5 < y < 4.0) = 150.1 £ 4.2 (stat.) £ 12.6 (syst.) ub.

pA Ap
S e, | S *
The analysis was performed using % oot mie ] i
data collected in September 2012. § ™faow 1§ mp e N
N 3 b, <14GeVic F 10m0f p, <14 Gevie
A particular benefit of LHCb E L k| 3? =
detector is again its coverage in e oo
- P
rapidity. 0] E o
T T ]
The full study of production is = 10 F ey = 10 s
N . g . g . -
performed, we extract the differetial H m,_:"",."—:".‘:?.v Oy 13 10,_:."}2‘-:’3’“ b o 1
cross-section and the full cross- E —— 15<y<a0 § Foo s0<y<-28]
N i - - 107) -
section. P P 1 e e ]
H 10f* e 9 g o T T 1
S e -+
—_— 7
e 4 e 1
A S—
¥ » p,[Gevic] o » p,[GeVic]
aap(prompt Jfb; pr < 14 GeV/e,—5.0 <y < —2.5) gm o s 4 iy tromb g"T,m, CoTES, +diyfomb
—1141.9 + 49.8 (stat.) = 98.4 (syst.) ub, 2 A R I o +-prompt ity
7
Gap(Jf) from bypy < 14 GeV/e,—5.0 <y < —2.5) g: By 38O g:: Bysiaonie
=119.7 + 8.3 (stat.) = 10.0 (syst.) ub. e _*—_;— . et =
300} —— 300] +-
P P
100} 00— —e—
2~ 20 e e fsr—rajrtas: —tar~ian

> J/4 production in pA collisions (LHCb-CONF-2013-008)
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Summary of Quarkonia Inclusive Measurements

5 10 T T T T
= 9F LHCb Preliminary E
< gE p,<14GeVlc
LHCb has performed a set of analyses on \5 7E 25<y<4.0(pp,pA)
quarkonia production and polarisation. E‘ of. HosYs 280e) E
Oi 5F E
The production cross-section have got a « E
well pronounced dependence of energy.
3 —— pp (Rescaled)
More results to come. 2 -4 Ap
L TPITTIUNT.. . ;
[} 2 4 8 10
{5y [TeV]

» Evidence for production supression in pA w.r.t pp!
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Exclusive production

P s :
E LHCb 7
¥ 3
8
Jhy 2
2 3
(3
o 3
g 9
B 3
We reconstruct only events with exactly two tracks. E
DiMuon transverse momentum is used to discriminate % 3 = s o

between signal and inelastic background component.

Dimuon P [GeV/c]
Signal distribution is estimated with SuperChic event

generator. o ; . 5
We obtain: z F ]
£
)
Cpprsjg o (2.0 < my= < 4.5) = 307 % 21 % 36 pb, sl J
Opprw(2S)(»pu-u-)(2.0 < nu= <4.5)=7.8+13+1.0pb, ) E
A ]
v ZEUS |
T e || ¢ | Power law fit to HERA data
Moreover we were able to estimate the dependence of 10 o LHCb (W, solutions) ]
the J/Psi production on the centre-of-mass energy of the w  LHCb (W solutions)
photon-proton system,W.The results are compatible to Power Inw Bt iof Bchdute’
that of HI and Zeus 10 10* 10° 10*

W [GeV]

> Observation of exclusive J/1 production (J. Phys. G 40 045001)
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Rare Charm Hadron Decays

» Slides from Benoit Viaud (LAL/IN2P3/CNRS)
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The Rare Charm sector comprises several kinds of physics and
many decays modes, ranging from forbidden to not so rare.

DY 5> pte D, > 7T D"o—)ﬂ'ffV(—) un D" > K"y
D o2 KT zl;" —_: I?*I‘(/f;)(i) ) D' 00 1
DYy - b pte” D' > K #'I'T st

(s)

5 R D’ 54 Vil D} 5> n"g(—> 1)

LFV ,- BNV FCNC VMD Rad.ive

10 10" 10 10" 10" 0% 10® 107 10° 10°  10*

0 10—15
0 + + +
DY > T Pom D orzrr P —>£0/r’V(—>ll)D - 74> 1)
D> 0o D' see Dop it DK VI D 5KV
o x*’”m* p' sk krr D on D' > KV(>1)
- D ¢ I'r

> Many possible decays, from the not so rare to the ridiculous!
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Flavor Changing Neutral Currents

Dy, ># T
Very rare due a strong GIM e R =
0

suppression 107 10"

Ex: D°Duty - D>3h(h')utu - D' >

Dl > KT
D 5p ' D Tt
D' ¢ I'I" D' KK
D* K ' D' > K n' I
D sy

o2 T

[ — \ via intermediate states.

L : al 2-photon
Boy~ 10718 [1] ~ 1012-10° [2,3]

e

D ——e

NP might change the picture, Bsy < 6. 1011 [1]
making the SD contribution measurable

BF at 1079/ 1078 level ? Ex: D*>nptp

Dominated by Long Distance,

In multibody decays, avoid the LD
contribution by measuring BF far from
the m(ppu) resonant regions

[1] G. Burdman et al. PR D66, 014009 (2002)
[2] G. Buchalla et al. EPJC57,309(2008),

dBF/dm(I1)? [GeV-2 ]

FENG |

)

[3] S. Fajfer et al, PRD64 (2001) 114009, 1 2
Phys.Rev. D73 (2006) 054026, PRD76 (2007),074010 m(ll)? [GeV? ]
[4] L.Cappiello et al. arXiv:1209.4235v1

3

~ 108 to 105 [3,4]

4

> The usual motivation: “New Physics” ® “Loops” = Surprise!
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1 £b'! of pp collisions @ Vs=7TeV
arXiv:1305.5059
Phys. Lett. B 725 (2013) 15-24

D°up at LHCb

06 =2Best limit !

No significant signal

g wf ' T 30E i the AM sighal region” .

2 (a) LHCb 7§ > = (b) LHCb

s 100F e :‘;

g £ b H

E 3 }. Signal _E ;3.: ;g . +:

| 40—+,:+_’F+ o 18 sk + ++ E

E ] sy ] 3

8 ok¥ + . DK E 5 12

g ’ ] 750 ° 0 "ls:x) 13'5(& 1900 1950 2000
Am,,. [MeV/c?] m, [MeV/c?]
6{ 1¢  BF(D*—p+p)<7.6x10° @95% CL - BF(DO_)HP) <6.2 (7.6)-10‘9
oBIBDpp) < 6x10-1 TRCh ] @ 90% (95%) CL

04 15 and 2c bands] Belle: B(D"—uu)<14.107 @90% CL

T T

Observed ] . 0 + -7
o Pxported ] CDF: B Dn—),u+,u <2,1-107 @90% CL
] cMs:  B(D” o ity )<54x107 @90% CL
0
0 05 15 =»Still: ~100x SM, ~10x higher NP
B(D - ut )10 T
predictions 12

> Don't be fooled by the bump!
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Phys.Rev. D81(2010) 091102]
D°>11 at Belle [Phys Rev. D81(2010) 091102)

Signal a1 90% C.L. R D'—n'n’ B Combinatorial

o, 25 ;
D' =y D" =efer DV eEpT % 21a) pu
Niokg 31£0.0 1702 26L02 s 15
N 2 0 3 - !
ere[%] 7.024£034 527+£032  6.24+027 !g_ 08
ennl%)] 12424£010 10.74£000 11224£000 o ™% )
FI10°] 4841 +£53%) 647(1 £64%) 548(1+£48%) & *°
UL[10 7] 14 0.70 26 : b) ee
1
Data driven methods are used to minimize 05 H H H
the systematics. s s 186 188 1s
-D'K " to measure n>1 misID rate; 25 : =
-B>J/y (W) X to correct the MC PID eff. 21c) en
Single event sensitivity is~5(1+5%)107° 15 | i
1 H H
In the end, negligible effect on the upper 05 HM H uu"ﬂﬂ H“
limits. 0

182 184 1.86 1.88 19
u.l @ 90% CL MIGeV/c’l

BD® =yt < 14-1077
B(D® = ete)<79-107°
B(D" = e*pT) <26-1077

Babar’s 90% limit (see back-up)

B(D" —>e+e')<1.7-10'7

7
World Best ! 15
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D* 9n+u+u— at LHCb 1 £fb! of pp collisions @ Vs=7TeV
(s) arXiv:1304.6365, Phys. Lett. B 724 (2013) 203-212
No signal found in FCNC regions !
Low M :
(np) High M(pp) )
—— Signal

==== Comb. background:

=== peaking backgrounds: D*s>n*ntn

LHCb ]

- Shapes determined by loosening muon ID
- Then the fit is able to determine the yields

=
Events/ (5 MeVie? )

1850 1900 1050 2000 1850 1900 1950 2000
M(mpp) [MeV/c?]
Limits 90(95%) C.L.: few 10%(10-7) for D*(D,) World best.
Region B(D™>mu'p’) B(DsD>p*p’) ~50-100 times better
than Babar and DO (see
LowM X . -8 R X -8
wM(up) 2.0 (2.5) X10 6.9 (7.7) x10 back-up)
High M(pp) 2.6 (2.9) x10°8 16.0 (18.6) x10°8
Still above the largest
Total -8 -8
7:3 8.3) xao 410 (47.7) x10 NP values (0(10%%)).

For more detail on this analysis:
Ed Greening’s talk, Parrallel lc
“Rare decays and facilities” 17
Monday at 9:00.
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D09ﬂ+ﬂ_u+u_ at LHCb 1 fb'! of pp collisions @ Vs=7TeV
Signal [LHCb-PAPER-2013-50]
No significant signal found Comb.Bkg NEW !
;: S 250 <mup) <525 Mevie2 LHCDb 3 g (7 250 < muw) < 525 MeVie? LHCb 3
3 S 6 3
o AF . @ 3 E 5 Preliminé?g' 3
S Preliminary, v
< 2 3 E
2 2 E =
1
Rl ! T
140 145 1850 1900
Ay [MeWc’] My [MeV/e?]

;: ;_mlu'ui?‘llﬂ(iMeme LHCb : % SF maw) > 1100 Mevie? LHCb 4
= (d) = (d)
o SE =—1) 3
s 4F Preliminary E < 3F E
2 F 3 g Preliminary
s £ . 3
o - LT 11§

ol T ,

140 1850 1900

Ay [MeV/L] Mgy [MeV/c?] 19
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Ratio of branching fractions

Upper limit Bin 90%  95%

1 £fb! of pp collisions @ Vs=7TeV

D'>m*n putu~ at LHCb
[LHCb-PAPER-2013-50]

” NEW!

CL,

B(D° ot
(D= mhn ) high-m(ptp~) 017 021 02

Preliminary

low-m(p*p=) 041 0.51

B(D® = mtn=(¢ = pu7)) Total 096 1.19

Translated into an absolute BF using

B( DDm'm ¢ ( pu)

0

0.5 .l 1.5 2
B(D = ' pu )B(D = w (9—u 1)

)= B(D'Dr'n ¢ (KK)) x B(¢>pu) /B (PDKK)=(5.2+1.1)x1077

From CLEO-c DY>K'KT'n~ amplitude analysis [Phys.Rev. D85, 122002(2012)]

Limits 90(95%) C.L.: few 1077 => World Best !

Upper limit Bin 90% [x1077]  95% [x 1077
low-m(p*p~) 2.3 2.9
B(D°— a7~ ptp~)  high-m(ptpo) 1.0 1.2
Total 5.5 6.7

~100 times better than E791 and CLEO (back-up)
Still 1 or 2 orders of magnitude above NP predictions. 59
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D%yy at Babar

In the SM:

kinematics and inv. mass cuts.

Same analysis applied to D° >7°n°

1/47 0 94

%
a
;

|
165 17 175 18 185 19 195 2 2.05
m(n°°) (GeV/c?)

B(D' > = (8.4+0.1x03)x10”

~4.10"% (Long distance).

Reject y’s that can be used for a n°

470.5 fb! of ete- collisions at Y(4S)
PRD85(2012)091107(R)
MSSM: up to 6.1076.

Use a D* tag and normalize to D°>K.n°.

Selection tuned on MC. Based on standard
Also:

- Bkg from QED rejected by Nenarged & Npewerar > 4-
- n° veto against main bkg: D°>n’z’(main bkg) .

No significant signal.

T
i  y427=1537
Combinatoric

30 Combinatoric + min® E
Combinatoric + 20+ Signal {

Events/ (0.01 GeV/e?)
2

s

q.7 1.115 ]!H 1.1‘45 19 1.95
m(yy) (GeVic®)

B(D" —)yy)<2.2><10’6 @90% CL.

21
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The PANDA Experiment

» New facility to study the XYZ states via hadroproduction
» Fixed target experiment at GSI, Darmstadt
» Slides from Soeren Lange (Giessen)
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Charmonium in pp annihilation
* 2 mechanisms:
Formation  pp - Xcc
Production pp - X + meson(s) @ higher Vs

* In e+e- formation only JPC=1--,
in pp formation any (non-exotic) quantum number

¢

1—— 2 gluons: 0—+, O++, 2++, ...

8 @
7
e- c
3 gluons: 1——, 1+—, ...
7

.
S. Lange (Giessen) [EEZAN[BY

» Can produce any JP¢ along and more high J states than ete™ and B decays
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FAIR gFacnlnty For An'tlbroton and lon Research)
GSI Darmstadt, Germany

Agjtist view 2010 B 7y
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e

FAIR (Facili.tyélg&nt proton a
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> p beam on Hydrogen target, capable of high luminosity and resolution
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9 Central
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Muon Detection
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EM Calorimeter
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Solenoid B, =2T Dipole B:-L<2Tm

- Talk by Kai Brinkmann, helix tracks parabola tracks
Monday 10:00, Session 1c

S. Lange (Giessen) NI 7
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Advantages of PANDA

= Charmonium(-like) states with high masses
beam momentum p<15 GeV/c — m<5.5 GeV

= Charmonium(-like) states with high quantum numbers
(suppressed by angular barrier in B decays or radiative decays)

= High statistics
assume opp - x(3872) = 50 nb — 4.3 x 10° events per 1 day
in high luminosity mode

= Beam momentum resolution 266 keV
in high resolution mode
- resonance scan in FORMATION pp - X(3872)
- measure width I'x3g72)

9
> Unique access to properties un-measureable at the B factories and LHC
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| X(3872) Resonance Scan MC Data | Fit with Constant Plus Convolutiol
of Breit-Wigner and Gaussian
,2 160[— 3 MC Data y2/ndf 30.91/15
§ [ [ Myxas7z) 3.872 GeV +5.263 keV
O WO signalfit I'x(ze72) 86.9 + 16.8 keV
L 9! Background Level 24,51 + 1.80
120 S Background fit A(vS)  fixed @ 33.568 keV
100[—
8o
60—
w0l
20 ; ++ 4 \:'}ﬁ
Fa soopopossesee™y 5 ¢y 4 5 ¢ Teepemaeisicy |
38716 38718 3872 38722 3.8724 3.8726
Vs/ GeV
Natural width of 100 keV can be reproduced
(within the error bars)

"

> Could measure X(3872) width with precision of O(10keV)!
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Challenges for PANDA

= Fixed target

= high boost ,,.20.8

= many tracks and photons in forward acceptance 9<300
= with high p, <10 GeV/c and high E; <10 GeV

= High background from hadronic reactions

* SW(S+B)~107°
= S and B have identical signatures
- hardware trigger not possible
- self-triggered electronics
free streaming data
<20 MHz interaction rate
- data bandwidth 0(200 GB/s)
- complete realtime event reconstruction
(e.g. invariant mass)

S. Lange (Giessen) 12

> Propose to run experiment without trigger!
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Summary

PANDA x2018

= Unprecedented antiproton beam momentum resolution
by cooling

= High statistics for XYZ states, but high background

= Search for yet unobserved states
(high mass, high J7)

= Search for rare decays of XYZ

= New techniques for signal extraction
(e.g. recoil mass)

= New techniques for suppression of background
(e.g. radiative cascade)

Thank you.

S. Lange (Giessen) 43

> Will hopefully shed more light on the XYZ states!
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CP Violation in Charm

» Updated HFAG world averages for CPV in Charm sector

» Slides from Silvia Borghi (Manchester), Matt Charles (Oxford)
and Alexander Lenz (Durham)
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Simplified/popularised summary for the press

Ancient knowledge:

There is no CPV in the charm system
LHCb: 1112.0938 - 175 citations
There is CPV in the charm system
Theoretical (re)considerations
This is a clear indication of NP

NP = New Physics vs. NP = Non-perturbative QCD

LHCb: 1303.2614 - 15 citations
What we actually meant: there is no CPV in the charm system

Theorists: Experimentalists have to work harder!

2013 Manchester A Lenz. Santember rd 2013 -0 &

» CP violation in Charm is a tricky business...
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CP violation in charm

® CP-violating asymmetries in the charm sector provide a unique probe for
physics beyond the Standard Model (SM)

® Inthe SM CP violation is expected to be small
® New Physics can enhance CP violating observables

® CP violation contributions: =

¢ Indecay: amplitudes for a process and its conjugate differ:

A

=1xA,
A,

> direct CP violation aly ~-=A
r 2 A,,: CPV from mixing|

— — q > Ay: from direct CPV/
e Inmixing: rate of DO— D%and D® — DO differ: |- =1z A,
p
. . . _gi io
e Ininterference between mixing and decay diagrams A, = oA e
i

ind m

= indirect CP violation a/p =- 2

ycos¢ + xsing

X,y: mixing parameters
¢: weak phase

Charm 2013 Silvia Borghi - University of Manchester 2
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CP violation

*3 types of CP violation: Direct

(' In decay: amplitudes for a process and its conjugate differ )
* In mixing; rate of D® = D° and D° — D° differ «— Indirect
® In interference between mixing and decay diagrams

¢|n the SM, indirect CP violation in charm is expected to be
very small and universal between CP eigenstates
® Perhaps O(1073) for CPV parameters => O(107°) for observables like Ar

¢ Direct CP violation can be larger in SM, very dependent on
final state (therefore we must search wherever we can)
* Negligible in Cabibbo-favoured modes (SM tree dominates everything)
®In generic singly-Cabibbo-suppressed modes: up to O(1073) plausible
¢ Both can be enhanced by NP, in principle up to O(%)

Bianco, Fabbri, Benson & Bigi, Riv. Nuovo. Cim 26N7 (2003)
Grossman, Kagan & Nir, PRD 75, 036008 (2007)
Bigi, arXiv:0907.2950

Bobrowski, Lenz, Riedl & Rorhwild, JHEP 03 009 (2010)
Bigi, Blanke, Buras & Recksiegel, JHEP 0907 097 (2009)

A CPV in charm not yet discovered| uPmg

Section: CP Violation in Charm Review of CHARM 2013 Conference 101 / 106



LHCb-PAPER-2013-054 (in prep.)

Results

LHCb
Preliminary
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® Measurement of the lifetime for each final state and each D° flavour

— - Secondary
—— Prompt rad. x,
— - Sec.md.,

Entries / (0.02 ps)
2

TS
=
W

=TI

LHCb
Preliminary
D" —a'm

Pull
b o

Pull
b o w

![pSS : ! tlps]
Ar(KK)=(-0.35 + 0.62,) 103  LHcp
A(TrTr)=( 0.33 + 1.06,,,,) 10-3 Prelimnay
" Charm 2013 Silvia Borghi - University of Manchester 16

> New AAcp (mixing and decays) result from LHCb
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CHARM 2013

‘ CPV allowed ‘ CPV allowed
Apri 2013 L |
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no mixing (x,y) = (0,0) point:

For the CPV-allowed plot: Ax?>400 and no mixing excluded at > 14 ¢

Charm 2013 Silvia Borghi - University of Manchester 30

» New HFAG Charm mixing average, firmly established...
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Charm 2013 Silvia Borghi - University of Manchester 31

> New HFAG indirect CP violation average, now consistent with zero :-(
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Conclusion

® Many new results in the charm during last year
@ Mixing well established, no mixing hypothesis excluded at >14 o
® Search of indirect CP violation still compatible with zero

¢ Updated measurements at B factories

¢ First measurement of A;with a precision <10-3 at LHCb

¢ No difference observed for the 2 CP eigenstates

= Results consistent with no CP violation at 2.0% C.L.
® Charm is exciting place where to look for hints of New Physics
® Other new results will appear

¢ soon from many other channels with the full data set collected by LHCb
..and a bit later from Belle IT and LHCb upgrade

Charm 2013 Silvia Borghi - University of Manchester 32

> Back to where we were before 2011...
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Conclusion
» Many interesting results!
» Hopefully many more for CHARM 2015 in Detroit (WSU)
» All slides can be found online:

http://indico.hep.manchester.ac.uk/conferenceDisplay.py?confId=4022

Thank you!
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