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LH
C

b

C
M

S

ATLA
S

𝑒
+𝑒

−
at 10 G

eV

𝑝𝑝
at 7,000-13,000 G

eV

clean environm
ent, low

 cross-section
busy environm

ent, high cross-section
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•
Trem

endous success of the C
K

M
 paradigm

!
–

A
ll available m

easurem
ents agree w

ith it to the 
current level of precision

K
obayashi &

 M
askaw

a
N

obel P
rize 2008

•
The gam

e now
 is looking for B

SM
 physics in 

corrections to the C
K

M
 picture 

Trees:  g, V
ub

Loops:  everything else

S
ee next slide:

ϱ
= r(1-l

2/2)
η

= h(1-l
2/2) U

nitarity
triangle
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•
D

escribed by C
K

M
 m

atrix in Standard M
odel

•
A com

plex phase in 3-generation m
atrix gives a rise to C

P
V. B

SM
 physics likely to 

contribute additional C
P

V phases.
•

W
olfenstein’s param

eterization depicts the m
easured structure of C

KM
 w

ell 
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uct

d          s          b

l=
0.226±0.001 (sinq

C )
A=

0.81±0.02
r,h

depicted on the previous slide

G
ood 

to l
3~1%

012345

10.23
0.051
0.012
0.0026
0.0006

llllll

======
then a bit in V

ts (l
4 )

even less in  V
cd (l

5 )

C
om

plex phase h
m

ostly in V
td , V

ub (l
3 )
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D
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f

C
K

M
 phase

(“direct”)

(“indirect”)

E
xtra phases from

 B
SM

 particles in the loop?



C
P violation and m

ixing in neutral m
esons

H
eavy Flavor P

hysics and H
adron S

pectroscopy, D
IS

 2019, Tom
asz S

kw
arnicki

6

V
td

s
t 

w
d

t 

ds
w

K
0

K
0

V
ts

s
V

us *

u
w

m
ixing

dom
inant decay (lifetim

e)

slow
 m

ixing, sm
all C

P
V

super fast m
ixing, very sm

all C
P

V
  

good place 
to look for 
non-S

M
 C

P
V

large m
ixing, large C

P
V

good place 
to test S

M
 C

P
V

C
P

V
 discovery

K
M

 hypothesis

C
P

V

super slow
 m

ixing, very sm
all C

P
V

long distance diagram
s can com

e into play;
good place to look for large non-S

M
 C

P
V

 
but S

M
 “background” not w

ell predicted
V

bu

c
b 

w
u

b 

uc
w

D
0

V
bc

D
0

c
V

sc
s

w

B
0 b

t 
w

d
t 

db
w

B
0

V
td

V
tb

b
V

cb *

c
w

V
ts

b
t 

w
s

t 

sb
w

B
s

V
tb

B
s
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LH
C

b R
un 2, 6 fb

-1, 13 TeV
[arX

iv:1903.08726]
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LH
C

b R
un 2, 6 fb

-1, 13 TeV
[arX

iv:1903.08726]

P
roduction and 

detection 
asym

m
etries 

cancel (after 
kinem

atical 
rew

eighting)

𝐷
∗+

→
𝐷
0𝝅

+

ത𝐵
→
𝐷
0𝝁

−𝜈𝜇 𝑋

𝐷
∗+

𝐷
∗+

𝐷
0

𝐷
0

𝝁
−

𝝅
+
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V
ts

b
t 

w
s

t 

sb
w

B
s

B
s

V
ts *

V
tb *

V
tb

b s
w

c sc
V

cb

V
cs *

sf, f0 , ...

J/y


m
+m

-

P
hase-difference 𝜙

𝑠
betw

een the tw
o diagram

s, precisely predicted in the SM
 to be:

𝜙
𝑠
=
−
2𝜆

2𝜂
=
−
0.0374

±
0.007

rad
thus, very sm

all. It can receive sizeable contributions from
 B

SM
 particles in the loop.

G
olden m

ode 𝐵
𝑠
→
𝐽/𝜓

𝜙
,𝜙

→
𝐾
+𝐾

−

(analog of 𝐵
0
→
𝐽/𝜓

𝐾
𝑠 ), but requires decay-

tim
e dependent angular analysis to 

disentangle C
P even and odd contributions. 

(subsets of R
un 2)
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(prelim
inary)
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Theoretically very clean. 
O

bservation of 𝑅
𝐾
≠
1

w
ould 

be a clear sign of new
 physics!

𝑒
+𝑒

−, 𝜇
+𝜇

−

𝐽/𝜓
→
𝑒
+𝑒

−, 𝜇
+𝜇

−
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at

first
SM
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M
esons as 

𝑄
ത𝑄

bound states.  

Figure from
 O

lsen,Skw
arnicki,Ziem

inska
R

ev.M
od.Phys. 90, 015003 (2018); arX

iv:1708.04012 

predictedm
easured

𝐿

Ԧ𝑆𝑄

Ԧ𝐽
=
𝐿
+
Ԧ𝑆

𝑟𝑛
Ԧ𝑆ത𝑞

Ԧ𝑆
=

Ԧ𝑆𝑄
+
Ԧ𝑆
ത𝑄

𝑟𝑛

𝑄
ത𝑄

𝑚
𝑒𝑠𝑜𝑛𝑠

P
recision spectroscopy below

 open flavor threshold(s)
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LH
C

b-PA
P

E
R

-2019-005
arXiv:1903.12240

R
un 1 + R

un 2
9 fb

-1

𝑀
=

3842.71
±
0.16

±
0.12

M
eV

𝛤
=

2.79
±
0.51

±
0.35

M
eV

First observation of 
hadroproduction

of y
(3770)

(dom
inantly y

(1
3D

1 ) state) 
Likely 

y
(1

3D
3 ) state

first observation

𝑀
=

3921.90
±
0.55

±
0.19

M
eV

𝛤
=

36.64
±
1.88

±
0.85

M
eV

Likely 
c

c2 (2
3P

2 ) state
𝑀
=

3778.13
±
0.70

±
0.63

M
eV

P
urely hadronic 

final states!

PR
L

96, 082003
(2006)

PR
D

 81, 092003 (2010)

PLB 769, 187 (2017)
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y
(1

3D
3 ) 

added
c

c2 (2
3P

2 )
im

proved 
y

(1
3D

1 )

T. B
arnes, S

. G
odfrey, and E

. S
. S

w
anson

P
hys. R

ev. D
72, 054026

(2005):

3842.71
±
0.16

±
0.12

M
eV

N
R

relativized   

3921.90
±
0.55

±
0.19

M
eV

Γ~
80

36.64
±
1.88

±
0.85

M
eV

Γ~
1

2.79
±
0.51

±
0.35

M
eV

LH
C

b-PA
P

E
R

-2019-005
in preparation

sm
all decay phase-space and L=3 centrifugal barrier!

-----

M
asses of w

ide charm
onium

states are overestim
ated in potential approaches.

𝑐
ҧ𝑐



B
c spectroscopy (𝑏

ҧ𝑐)
•

Like heavy quarkonium
, w

ith m
asses in betw

een 𝑐
ҧ𝑐and 𝑏 ത𝑏, but no gluon or 

photon annihilations, thus states below
 open flavor threshold m

ust all decay to 
the ground state (B

c !) via photon and light hadron (cascade) transitions. B
c

decays w
eakly.

•
C

ontroversy over the only excitation seen up to recently:

H
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B ഥD

-----

g
(undetected)

𝜋
+𝜋

−

[Δ𝑀
∗+Δ𝑀

𝑡ℎ𝑒𝑜𝑟𝑦 (1𝑆)]

S
. G

odfrey
P

hys. R
ev. D

70, 054017 (2004)

𝑀
𝐵
𝑐 +𝜋

+𝜋
−

−
𝑀

𝐵
𝑐 +

[𝑀
𝑒𝑉]

LH
C

b-PA
P

E
R

-2019-007
arxiv:1904.00081

C
M

S
 

arxiv:1902.00571

D
eterm

ine 𝑀
2
1𝑆0

and 
Δ𝑀

∗
=
𝑀

2
3𝑆1

−
Δ𝑀

1𝑆
;

𝑏
ҧ𝑐

O
bservations of an excited 𝑩

𝒄 +
states

Δ𝑀
1𝑆

=
𝑀

1
3𝑆1

−
𝑀

1
1𝑆0

;

8.5 fb
-1

R
un II

>5s
each



C
harm

onium
-like states

•
Tightly-bound tetraquark

(pentaquark) states?
•

M
eson-m

eson (m
eson-baryon) states/interactions? 

•
Interplay of both? 

H
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A lot of “freak” 𝑐
ҧ𝑐𝑞
ത𝑞

(𝑐
ҧ𝑐𝑞𝑞𝑞) states 

above open flavor thresholds 

A
bove the flavor threshold: M

ore exotic states than 𝑐
ҧ𝑐states!



ҧ𝑐
𝑐

𝑢
𝑑

𝑢

Loosely-bound pentaquark

Σ
𝑐 +

ഥ𝐷
∗0 𝑃𝑐 +

W
u,M

olina,O
set,Zou, 

PR
L105 (2010)  232001 

W
ang,H

uang,Zhang,Zou, 
PR

 C
84 (2011) 015203 

Karliner,R
osner, PR

L 115 
(2015) 122001
and others 

𝑑𝑢

𝑢
ҧ𝑐𝑐

Tightly-bound pentaquark
𝑃𝑐 +

L. M
aiani, A. D

. Polosa, V. R
iquer, PL B749 (2015) 289

R
. F. Lebed, PL, B749 (2015) 454

V.V. Anisovich, M
.A. M

atveev, J. N
yiri, A.V. Sarantsev

PL,. B749 (2015) 454
and others 

R
un 1 evidence for 𝑃𝑐 +

→
𝐽/𝜓

𝑝
pentaquarks

in Λ
𝑏
→
𝐽/𝜓

𝑝𝐾
−

H
eavy Flavor P
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adron S
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IS

 2019, Tom
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P
R

L 115, 072001 (2015)

A
m

plitude m
odel fit to 

m
asses and decay angles 

P
c (4450) +

𝑀
=

4450
±
2
±

3
M
eV

𝛤
=

39
±
5
±
19

M
eV

𝐹.𝐹.=
4.1

±
0.5

±
1.1

%
P

c (4380) +
𝑀
=

4380
±

8
±
29

M
eV

𝛤
=

205
±
18

±
86

M
eV

𝐹.𝐹.=
8.4

±
0.7

±
4.2

%

27k Λ
𝑏
→
𝐽/𝜓

𝑝𝐾
−

signal events
5.4%

 background 

R
un 1  3 fb

-1

•
D

ecay by fall-apart:
–

W
ide states?

–
W

hat slow
s it dow

n to m
ake 

P
c (4450) +narrow

? L betw
een 

diaquarks?
–

P
c (4380) +S

=1,L=0 broad, 
P

c (4450) +S
=0,L=1 narrow

•
S

pectrum
 (confining potential)

–
M

any states expected (n,L,S
)

•
D

ecay by heavy quarks changing confinem
ent partners, 

then fall-apart:
–

All states narrow
•

S
pectrum

 (shallow
 potential w

ell)
–

n=0,L=0 betw
een hadron 

–
Very few

 states expected (S
)

–
W

eak binding: m
asses a few

 M
eV

 below
 the related 

baryon-m
eson thresholds

•
O

nly 𝛴
𝑐 +ഥ𝐷

(∗)0
expected to bind:

–
P

c (4450) + =
𝛴
𝑐 +
ഥ𝐷
∗0

m
olecule?

𝛴
𝑐 +
ഥ𝐷
∗0

𝜒
𝑐1 𝑝

𝑢
𝑢 𝑑

ҧ𝑐 𝑐

𝐽/𝜓
𝑝

ҧ𝑐 𝑐
𝑑

𝑢
𝑢

𝐽/𝜓
𝑝

𝑀𝑃𝑐+ = 𝑀𝐽/𝜓 + 𝑀𝑝 + ~400MeV

𝑀𝑃𝑐+ = 𝑀ഥ𝐷∗0 + 𝑀Σ𝑐+ − ~few MeV
Fast fall-apart prevented

G
uo,M

eissner,W
ang,Yang, 

PR
D

92 (2015) 071502

•
P

eaking at Λ
𝑐 +ഥ𝐷

(∗)0,𝜒
𝑐𝐽 𝑝

thresholds possible from
 

triangle diagram
 processes:

–
P

c (4450) + = 𝜒
𝑐1 𝑝

threshold?
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246k Λ
𝑏

signal events 

6.4%
 background

9x m
ore than used in the R

un 1 2015-2016 papers 

R
un 1 + R

un 2
9 fb

-1

Im
provem

ents in the data selection (x 2), integrated lum
inosity (x 3) and cross-section (

𝑠
=

13 TeV
vs 7-8 TeV)  

LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L



•
W

hen fit w
ith the 2015 

am
plitude m

odel, the full data 
sam

ple gives the P
c (4450) +

and P
c (4380) +param

eters 
consistentw

ith the 2015 
results 

•
But…

H
eavy Flavor P

hysics and H
adron S
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IS

 2019, Tom
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6D
 am

plitude m
odel

fit to m
asses

and decay angles

D
ata consistency check

Λ
𝑏
→
𝐽/𝜓

Λ
∗,Λ

∗
→
𝐾
𝑝

Λ
𝑏
→
𝐾
𝑃𝑐 +,𝑃𝑐 +

→
𝐽/𝜓

𝑝

LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L
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 Λ
𝑏
→
𝐽/𝜓

𝑝𝐾
−

data sam
ple
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The 𝐽/𝜓
𝑝

m
ass

resolution is 2.3-2.7 
M

eV
 (R

M
S

) in 4.3-4.6 G
eV

 region

(the excellent m
om

entum
 

resolution, vertexing
and 𝐽/𝜓

and 
Λ
𝑏

m
ass constraints)  

C
oarse binning!

–
narrow

 𝑃𝑐 +
→
𝐽/𝜓

𝑝
peaks

O
bserve narrow

 𝐽/𝜓
𝑝

structures 
w

hich w
ere insignificant w

ith 1/9
th 

of the present Λ
𝑏
→
𝐽/𝜓

𝑝𝐾
−sam

ple

LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L



N
arrow

 𝑃𝑐 +
→
𝐽/𝜓

𝑝
peaks w

ith Λ
∗suppression

H
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E
lim

inates 80%
 of     

Λ
∗
→
𝐾
𝑝

backgrounds

Proper
am

plitude analysis faces new
 challenges: m

ust consider 
m

J/y
p resolution effects, large statistics and sub-percent precision in 

fit fractions required in the am
plitude m

odel –
w

ork in progress 

Pc(4312)+

Pc(4440)+

Pc(4457)+

Pc(4312)+

Pc(4440)+

Pc(4457)+

M
ass resolution s=2.3-2.7 (FW

H
M

 5.4-6.4) M
eV

 

P
c (4312) +

P
c (4440) +

P
c (4457) +

Λ(1520)

LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L



Fits to 𝐽/𝜓
𝑝

m
ass distributions
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N
o need for am

plitude analysis to 
prove that the narrow

𝐽/𝜓
𝑝

peaks are not L
*reflections

[see LH
C

b P
R

L
117, 082002 

(2016)].

P
erform

 one-dim
ensional fits to 

m
J/y

p
to characterize the narrow

 
peaks.

The analysis is not sensitive to 
broad 𝐽/𝜓

𝑝
contributions like 

P
c (4380) +.

D
ifferent com

position of 
L

*
reflections. Tests 

system
atic uncertainties.

LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L

low
-order polynom

ial + broad P
c + as bkg.

E
vent w

eight-function

high m
K

p
low

 m
K

p

high-order polynom
ial

Three narrow
 B

reit-W
igner resonances +

B
est 

statistical 
sensitivity

7.6s
5.4s 

(2 vs 1)
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LH
C

b-PA
P

E
R

-2019-014
subm

itted to P
R

L
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12 −
12
−,

32 −
LH

C
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12 −
12
−,

32 −
LH

C
b-PA

P
E

R
-2019-014

subm
itted to P

R
L

The only
thresholds below

 w
hich 

m
olecular bound states 

are expected in this m
ass range

The near-threshold m
asses and the narrow

 w
idths of

P
c (4312) +, P

c (4440) +and P
c (4457) +

favor “m
olecular” pentaquarks

w
ith m

eson-baryon 
substructure!  

E
xistence of Σ

𝑐 +
ഥ𝐷
0

m
olecule w

ould 
im

ply im
portance of r-exchange  

H
ow

ever, need to m
easure 

J
Ps to confirm

 m
olecular 

hypothesis, 
find isospin partners, …

C
an diquark

substructure separated 
by a potential barrier [M

aiani, 
P

olosa, R
iquer, P

L,B
778, 247 

(2018)]  produce w
idth 

suppression? 
Interplay of such states w

ith 
thresholds?
This hypothesis is not ruled out

P
c (4312) +, P

c (4440) +
not near triangle diagram

 thresholds, P
c (4457) + is.

P
redicted J

P:



N
ear threshold states

•
M

olecular bound states, virtual states or interplay of 
tightly bound quarks w

ith thresholds ?
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Sum
m

ary of recent highlights
•

N
ew

 m
ilestones reached in C

PV
 studies (C

P
V observed in charm

 
system

), but the S
tandard M

odel is holding up:
–

S
om

e m
easurem

ents still statistics lim
ited. B

S
M

 frontier is still open here.
•

Tensions w
ith S

M
 in tests of Lepton Flavor Violation have not increased 

w
ith the new

 m
easurem

ents, but have not gone aw
ay either:

–
Lots m

ore data available to analyze. Tune in. 
•

P
rogress in 𝑐

ҧ𝑐and  𝑏
ҧ𝑐spectroscopy:

–
N

ew
 states have been just observed and fit the expectations

•
P

rogress in exotic hadron spectroscopy:
–

N
ew

 narrow
 𝑐

ҧ𝑐𝑢𝑢𝑑
pentaquark

states observed
–

Their m
asses point to the im

portance of hadron-hadron thresholds in their 
dynam

ics, like m
any previous observations am

ong tetraquark
structures. M

ore 
data needed to pin dow

n exact nature of near-threshold spectroscopy.   
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