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Outline

• Charm physics as QCD laboratory

• Production, spectroscopy, mc

• Testing CKM paradigm with charm

• (Semi)leptonic decays vs. CKM unitarity

• Charming windows to NP

• CPV in D-meson mixing & decays

• Disentangling LD from NP in rare charm decays

• Searches for hidden particles with charm

2

Disclamer: 
Impossible for me to do justice to all aspects of charm physics theory. 

Will give a personal view, emphasizing recent developments.

for Lattice QCD results 
see talks by OKA, VLADIKAS
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Context

• Spectacular exp. progress 
continuously pushing the 
envelope of precision charm 
physics, challenging 
theoretical advances

• Charm remains at the 
forefront of NP searches, 
selected few observables 
still offer ample room for 
improvements
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HFAG World Averages 

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.835 ± 0.155 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2012  1.110 ± 0.220 ± 0.110 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %
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-0.2 -0.1 -0 0.1 0.2 0.3

 A  (%)

World average -0.059 ! 0.040 %

LHCb 2015 KK+ -0.125 ! 0.073 %

CDF 2014 KK+ -0.120 ! 0.120 %

LHCb 2013  0.033 ! 0.106 ! 0.014 %

LHCb 2013 KK -0.035 ! 0.062 ! 0.012 %

BaBar 2012  0.088 ! 0.255 ! 0.058 %

Belle 2012 -0.030 ! 0.200 ! 0.080 %

!!!"#$%&!"#$%&
!! '"$()!*+,-&

New world averages  (http://www.slac.stanford.edu/xorg/hfag/charm/index.html): 



Charm physics as QCD laboratory



Charm spectroscopy

Experimentally very active field 

• All cc states below open c threshold 
experimentally identified 

• New neutral and charged particles 
above threshold

• Some may be charmonia, others   
(in particular charged) not           
(exotica, X, Y, Z)
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22 Esposito, Guerrieri, Piccinini, Pilloni, Polosa

• In the fusion of two quasi-real photons, e+e− → e+e−γγ → e+e−X, where

e+ and e− are scattered at a small angle and are not detected; the signal

events have no tracks and neutral particles but the daughters of X. If the

photons are quasi-real, Landau-Yang theorem holds,19 and J �= 1; moreover

C = + is costrained.

• In double charmonium production, for example e+e− → J/ψX, which con-

strains X to have C opposite to the one of the associated charmonium.

The production in B decays allows X to have any JPC , albeit low values of the
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Fig. 13. Charmonium sector. In the upper panel, we show ordinary charmonia and neutral exotic
states, in the lower panel charged exotic states. Black lines represent observed charmonium levels,
blue lines represent predicted levels according to Radford and Repko,18 red line are exotic states.
The open charm thresholds are reported on the right.

.

Esposito et al., 1411.5997

Exp. charmonium & exotica states
Potential model (hep-ph/0701117)



Models of XYZ Mesons_

quarkonium tetraquarks

●  compact tetraquark

●  meson molecule

●  diquark-onium

●  hadro-quarkonium

●  Born-Oppenheimer tetraquark!   arXiv:1305.6905
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Models for XYZ Mesons
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Decays in specific channels 
could discriminate between 

models

In principle all configurations 
can contribute in (lattice) QCD

6

see E. Braaten @ Charm’13



• Example: X(3872) with I=0

• Testing the relevant ensemble of interpolating fields

• Candidate state found only                                                       
if cc in basis

• [cu][cu] do not seem essential

Disentangling Fock Components on the Lattice

7

7

 3.45

 3.6

 3.75

 3.9

 4.05

 4.2

 4.35

 4.5

E
n
 [

G
e
V

]

 Exp. Lat. Lat. − O4q 

D(0) -D*(0)

J/Ψ(0) ω(0)

D(1) -D* (-1)

J/Ψ(1) ω(-1)

ηc(1) σ(-1)

χc1(0) σ(0)

(a) I = 0 : c̄c(ūu+ d̄d) & c̄c
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FIG. 3. The spectra of states with JPC = 1++ for the cases with u/d valence quarks. The energies En = Elat
n −mlat

s.a. +mexp
s.a.

(eq. (11)) are shown. The horizontal lines show energies of non-interacting two-particle states (1) and experimental thresholds,
indicating uncertainty related to σ width. In each subplot, the middle block shows the discrete spectrum determined from our
lattice simulation from the optimized basis (eq. (9)). The right-hand block shows the spectrum we obtained from the optimized
basis of operators with the [c̄q̄]Ḡ [cq]G operators excluded. The left-hand block shows the physical thresholds and possible
experimental candidates (a) χc1, X(3872) and X(3940), (b) Z+

c (4050) and Z+
c (4250). The violet error-bars for experimental

candidates show the uncertainties in the energy and the black error-bars show its width.
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FIG. 4. The spectrum of states with JPC = 1++ and hidden
strange quarks. The possible experimental candidates shown
are χc1, X(3872), Y (4140) and Y (4274). Rest of the details
as in Figure 3.

can be attributed to the expected two-meson scattering
states, we conclude that our lattice simulation gives no
evidence for Zc(4050)+ and Zc(4250)+.
Our results also do not support charged or neutral

X(3872) with I = 1. There is no experimental indi-
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FIG. 5. The spectrum of states (eq. (11)) with JPC = 1++

and quark content c̄c(ūu+d̄d) & c̄c. (i) Optimized basis (with-
out OMM

17 ), (ii) Optimized basis without c̄c operators (and
without OMM

17 ). Note that candidate for X(3872) disappears
when removing c̄c operators although diquark-antidiquark op-
erators are present in the basis. The OMM

17 = χc1(0)σ(0) is
excluded from the basis to achieve better signals and clear
comparison.

cation for charged X , while the neutral X does have a
large decay rate to I = 1 final state J/ψρ0. One popu-
lar phenomenological explanation for this decay is that
X(3872) has I = 0 and the isospin is broken in the decay

all ops.
all ops. 
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Charmonium production

• (Semi)exclusive quarkonium production powerful tool for testing understanding of 
QCD in hot matter 

• At high-pT, expect factorization in v exp. :

• Proven only at NLO

• Predictions depend on LD matrix elements

• Combine w. L (1/pT4) and NL (mQ2/pT6) fragm. to get dominant effects at large pT

• J/Ψ hadroproduction well described, problems with photoproduction and and 
with ηc hadroproduction

8

σ ≈ (σQ̄Q × pdf)× (Q̄Q → quarkonium)

G. Bodwin @ Charm’15

see also talks by Lewis, Stone, Liu 



• Interference with indirect contribution enhances sensitivity to Hcc 
coupling

• Theoretically very clean; few-percent uncertainties

• Interference gives unique information on sign (phase) of Hcc coupling

!"

!"#$%&'()*+,-.&/(&/"0&1,..2

!"#$%&'(%))*

#$$%&'()%*+%*,&-.Charmonium production in Z & Higgs decays
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Bodwin et al., 1407.6695
Koenig & Neubert, 1505.03870vector mesons, we find

Br(h → J/ψ γ) = (2.95± 0.07fJ/ψ ± 0.06direct ± 0.14h→γγ) · 10−6 ,

Br(h → Υ(1S) γ) = (4.61± 0.06fΥ(1S)

+1.75
− 1.21 direct ± 0.22h→γγ) · 10−9 ,

Br(h → Υ(2S) γ) = (2.34± 0.04fΥ(2S)

+0.75
− 0.99 direct ± 0.11h→γγ) · 10−9 ,

Br(h → Υ(3S) γ) = (2.13± 0.04fΥ(3S)

+0.75
− 1.12 direct ± 0.10h→γγ) · 10−9 .

(45)

In these cases there is an extra source of theoretical uncertainty related to the calculation of the
direct contribution to the decay amplitude. Note that there is an almost perfect cancellation
between the direct and indirect contributions to the h → Υ(nS) γ decay amplitudes, and as
a consequence the resulting branching ratios are roughly three orders of magnitude smaller
than the h → J/ψ γ branching fraction. For comparison, we note that the branching ratios
found in [32] read (2.79 +0.16

− 0.15) · 10−6 for J/ψ, (0.61 +1.74
− 0.61) · 10−9 for Υ(1S), (2.02 +1.86

− 1.28) · 10−9 for
Υ(2S) and (2.44 +1.75

− 1.30) · 10−9 for Υ(3S). We find good agreement with the results reported by
these authors except for the decay h → Υ(1S) γ, where their value is about a factor 7 smaller
than ours. The reason is that we do not neglect the imaginary part of the direct contribution
to ∆Υ(1S) in (42), which prevents

∣

∣1−∆Υ(1S)

∣

∣

2
from becoming arbitrarily small.

Our predictions may also be compared with the upper limits obtained from a recent first
analysis of these rare decays reported by the ATLAS collaboration. They are Br(h → J/ψ γ) <
1.5 ·10−3, Br(h → Υ(1S) γ) < 1.3 ·10−3, Br(h → Υ(2S) γ) < 1.9 ·10−3 and Br(h → Υ(3S) γ) <
1.3 · 10−3, all at 95% CL [20]. It will require an improvement by a factor 500 to become
sensitive to the h → J/ψ γ mode in the SM, while the SM branching fractions for the decays
h → Υ(nS) γ are out of reach at the LHC. Nevertheless, as we will discuss below, these decay
modes allow for very interesting new-physics searches. With 3 ab−1 of integrated luminosity,
about 1.7× 108 Higgs bosons per experiment will have been produced by the end of the high-
luminosity LHC run [11]. If the J/ψ is reconstructed via its leptonic decays into muon pairs,
the effective branching ratio in the SM is Br(h → J/ψ γ → µ+µ−γ) = 1.8 ·10−7, meaning that
about 30 events can be expected per experiment. If also the decays into e+e− can be used,
then ATLAS and CMS can hope to collect a combined sample of about 120 events. A detailed
discussion of the experimental prospects for reconstructing these events over the background
can be found in [9]. Concerning the h → φγ decay mode, a reconstruction efficiency εφγ = 0.75
was assumed for the φγ final state in [10], which appears to us as an optimistic assumption.
In the SM one expects about 400εφγ events per experiment in this mode, meaning that the
two experiments can hope to look at a combined sample of several hundred events. Likewise,
in the SM one expects about 2900ερ0γ events per experiment in the decay mode h → ρ0γ.

In Figure 6 we show our predictions for the ratio of branching fractions (times 1000) defined
in (37) in the plane of the parameters κ̄V /κeff

γγ and ¯̃κV /κeff
γγ . We focus on the most interesting

cases V = φ, J/ψ and Υ(1S). The corresponding plots for V = ρ0, ω would look very similar
to that for V = φ (apart from the overall scale of the branching fractions), while the plots for
higher Υ(nS) resonances would look very similar to that for the Υ(1S) meson. For orientation,
we mention that a value of 0.4 in these plots corresponds to a h → V γ branching fraction of
about 10−6, assuming that the h → γγ branching fraction is SM like. This assumption will be
implicit whenever we quote absolute branching ratios below; otherwise the quoted numbers

19

Bodwin et al., 1306.5770

h h
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Figure 8: Predictions for the h → J/ψ γ and h → Υ(1S) γ branching ratios, normalized
to the h → γγ branching fraction, as functions of κc and κb, respectively, normalized
to κeff

γγ . The SM values are indicated by the red arrows.

We now turn to the more interesting cases of radiative Higgs decays into heavy quarkonium
states. In Figure 8 we show our predictions as a function of the physical parameters κc (not
κ̄c) and κb, again assuming that the CP-odd couplings κ̃c and κ̃b vanish. In the latter case the
impact of a possible CP-odd coupling on the branching fraction can be significant, and in the
case of a measurement of a non-standard rate one should keep this possibility in mind. From
the left plot in the figure we conclude that a 20% measurement of the h → J/ψ γ branching
ratio at the SM value would allow one to constrain −0.51 < κc/κeff

γγ < 3.07, which would
provide quite interesting information on the CP-even charm-quark Yukawa coupling. With
a 10% measurement this range could be shrunk to 0.32 < κc/κeff

γγ < 1.53, and with a 5%
measurement one could reach 0.75 < κc/κeff

γγ < 1.19. Such accurate measurements serve as an
interesting physics target for a future 100TeV proton-proton collider.

The situation with the h → Υ(nS) γ decay modes is different and quite interesting. In
the SM the corresponding branching fractions shown in (45) are so small that these decays
would be unobservable. The strong suppression arises from an almost perfect cancellation
between the direct and indirect contributions to the decay amplitudes, which results from the
fact that in the SM Re∆Υ(nS) ≈ 1 within a few percent, see (43). Thanks to this fortuitous
fact, these decays offer a much enhanced sensitivity to the effects of new physics. For instance,
the SM value of the h → Υ(1S) γ branching ratio of 4 × 10−9 can be enhanced by a factor
of more than 200 for κb/κeff

γγ ≈ −1 or κb/κeff
γγ ≈ 3. The first of these possibilities would yield

a h → bb̄ rate consistent with current LHC measurements. For example, with a hypothetical
25% measurement Br(h → Υ(1S) γ)/Br(h → γγ) = (0.4 ± 0.1) · 10−3 one would conclude
from the figure that −1.21 < κb/κeff

γγ < −0.64, which would be a very significant piece of
information and a spectacular sign of new physics.

One may ask whether the current bounds obtained by the ATLAS collaboration already
have a significant impact on the Higgs couplings. Unfortunately this is not the case. We find

22

SM

Bodwin et al., 1306.5770
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Masses are inputs to theoretical expressions for many observables

•  

Charm quark mass

Γ(h → cc̄)SM[mh = 126GeV] = 0.119(8)αs(7)mc(2)th MeV [LHC Higgs CSWG] 
1307.1347

(using                                         )mc(mc) = 1.28(3)GeV

Projected 500GeV ILC sensitivity (@ 500fb-1):  

ILC TDR, 1306.6352Could test mc(mh) at 2% level

∆B/B(h → cc̄) = 4.6%

11



Masses are inputs to theoretical expressions for many observables

•  

• Determination of |Vcb| from fit to  

Charm quark mass

Γ(h → cc̄)SM[mh = 126GeV] = 0.119(8)αs(7)mc(2)th MeV [LHC Higgs CSWG] 
1307.1347

(using                                         )mc(mc) = 1.28(3)GeV
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bottom case are obvious.
Below 3.73 GeV only u, d and s quarks are produced. To allow for a smooth transition
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Current-current correlator method for mc

from experiment, then

J J

    a power series in             , known through         for first few values of k

e.g. Kuhn et al, 
hep-ph/0702103
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G(t) = a6
�

�x

(amc)2 < 0|j5(�x, t)j5(0, 0)|0 >

Gn =
�

t

(t/a)nG(t)

Rn,latt = G4/G(0)
4 n = 4

=
amηc

2amc
(Gn/G(0)

n )1/(n−4) n = 6, 8, 10 . . .

Correlator time-moments:

(match k = 2, 3, 4 ...)

unknown perturbative coefficients [Eq. (21)] is twice
as wide as suggested by our simulation results (using
the empirical Bayes criterion [19]); we choose the
larger width to be conservative.

(ii) Include more/fewer finite-a corrections: We set
Nam ¼ 30 for our results above. Using Nam ¼ 15
gives results that differ by less than 0:5! for mb

and much less for the other quantities. Much larger
Nam’s can be tested easily using the trick described
in Sec. III B 2. For example, replacing Rlatt

n by !Rlatt
n

[Eq. (18)] with Nam ¼ 80 and !Nam ¼ 30 gives re-
sults that are essentially identical to those above. As
discussed above, taking !Nam ¼ 0 with the same Nam

also gives the same results and is 22 times faster (see
the Appendix for further discussion).

(iii) Change n dependence of finite-a corrections:
Replacing the n-dependent prior for the expansion
coefficients [Eq. (17)] by the n-independent prior
0" 0:5 causes changes that are less than 0:3!. The
width of the original prior is optimal according to the
empirical Bayes criterion—that is, it is the width
suggested by the size of finite-a deviations observed
in our simulation data.

(iv) Add more/fewer "=m"h terms in z: Increasing the
number of terms in the expansion for z from Nz ¼ 4
to 6 changes nothing by more than 0:1!. Decreasing
to Nz ¼ 3 also has no effect. Again the width of the
prior is optimal according to the empirical Bayes
criterion.

(v) Include more/fewer moments: Keeping all moments
4 # n # 18 changes nothing by more than 0:5! and
reduces errors slightly for everything other than mb,
where the errors are cut almost in half: mbð10Þ ¼
3:623ð15Þ GeV or mbðmbÞ ¼ 4:170ð13Þ GeV, both
for nf ¼ 5. We continue to restrict ourselves to mo-
ments with n # 10 because these are the only mo-
ments for which we have exact third-order
perturbation theory. Keeping just n ¼ 4, 6 gives al-

most identical results for mc and #MS, with almost
the same errors, but doubles the error on mb.

(vi) Omit simulation data: The coarsest two lattice spac-
ings (configuration sets 1–5) affect our results only
weakly. Leaving these out shifts no result by more
than 0:5! and leaves errors almost unchanged.
Leaving out the smallest lattice spacing, however,
increases errors significantly (almost double for
#MS), while still shifting central values by less than
0:5!.

(vii) Add large masses: Including cases with am"h
> 1:95

from Table II leads to poor fits. The excluded data,
however, do not deviate far from the best-fit lines.
For example, the points marked with an & in Fig. 1
are for the largest mass we studied, corresponding to
m"h

¼ 9:15 GeV (last line in Table II). Although
am"h

is too large for this case to be included in our
fit, the values of Rn=rn are only slightly below the fit
results.

V. NONPERTURBATIVE mb=mc

It is possible to extract the ratio of quark masses mb=mc

directly, without using the moments and without using
perturbation theory. This provides an excellent nonpertur-
bative check on our results from the moments.
Ratios of quark masses are UV cutoff independent and

therefore the ratio of MS masses

mbð$; nfÞ
mcð$; nfÞ

¼ m0b

m0c
þOð#sa

2m2
bÞ (39)

for any $ and nf, where m0b and m0c are the bare quark
masses in the lattice quark action that give correct masses
for the "c and "b, respectively. We obtain accurate mass
ratios from this relationship by extrapolating to a ¼ 0. We
used such a method recently to determine mc=ms [11].
Here we have to modify our earlier method slightly

because we cannot reach the b-quark mass directly, but
rather must simultaneously extrapolate to the b mass and
the continuum limit. This is most simply done by deter-
mining the functional dependence of the ratio

wðm"h
; aÞ ( 2m0h

m"h

(40)

on the "h mass and the lattice spacing. The ratio of MS
masses is then given by the experimental masses of the "c

and "b and the equation:

mbð$; nfÞ
mcð$; nfÞ

¼ mexp
"b wðmexp

"b ; 0Þ
mexp

"c wðmexp
"c ; 0Þ

: (41)

It might seem simpler to fit m0h directly, rather than the
ratio w; but using w significantly reduces the m"h

depen-
dence (and therefore our extrapolation errors), and also

FIG. 3 (color online). Lattice-spacing dependence of Rn for
masses m"h

within 5% of m"c
and moments n ¼ 4, 6, 8, and 10.

The dashed lines show our fit for the average of these masses,
and the points at a ¼ 0 are the continuum extrapolations of our
data.

HIGH-PRECISION c AND b MASSES, AND QCD . . . PHYSICAL REVIEW D 82, 034512 (2010)

034512-9

ratio to results with no gluon 
field improves disc. errors

extrapolate to a=0 and compare 
to contnm pert. th.

J J

t

Rn,cont =
mηc

2mc(µ)

CP
k

CP,0
k

CP
k

CP,0
K

= 1 +
�

ciα
i
s(µ)

n =
2k + 2

Saturday, 31 August 2013

known through        for first few moments in s α3
s

http://arxiv.org/abs/hep-ph/0702103
http://arxiv.org/abs/hep-ph/0702103
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Set mca
�

GV
4

Z2a2

�1/2 �
GV

6
Z2a4

�1/4 �
GV

8
Z2a6

�1/6 �
GV

10
Z2a8

�1/8

1 0.622 0.5399(1) 1.2162(1) 1.7732(1) 2.2780(1)
2 0.63 0.5339(1) 1.2054(1) 1.7581(1) 2.2584(1)
2 0.66 0.5135(1) 1.1692(1) 1.7081(1) 2.1941(1)
3 0.617 0.5434(1) 1.2223(1) 1.7817(1) 2.2888(1)
4 0.413 0.7586(1) 1.6351(1) 2.3887(2) 3.0952(2)
5 0.273 1.0681(1) 2.2705(2) 3.3454(3) 4.3601(4)
6 0.193 1.4323(3) 3.0397(5) 4.4990(7) 5.8738(8)

TABLE IV: Results in lattice units for time moments of the
J/ψ correlator as defined in eq. (10). We give results for n=4,
6, 8 and 10.

(GV
4 )1/2 (GV

6 )1/4 (GV
8 )1/6 (GV

10)
1/8

(amc)
2 extrapolation 0.18 0.18 0.16 0.16

statistics 0.05 0.04 0.03 0.03
lattice spacing 0.32 0.51 0.43 0.30
sea quark extrapolation 0.14 0.13 0.12 0.12
Mηc tuning 0.15 0.18 0.17 0.16
Z 1.23 0.61 0.41 0.31
electromagnetism 0.3 0.2 0.1 0.05
Total (%) 1.3 0.9 0.7 0.5

TABLE V: Complete error budget for the time moments of
the J/ψ correlator as a percentage of the final answer.

Re+e− = σ(e+e− → hadrons)/σpt [22, 23]. The values,
extracted from experiment by [22] and appropriately nor-
malised for the comparison to ours, are:

(M exp
1 4!/(12π2e2c))

1/2 = 0.3142(22)GeV−1

(M exp
2 6!/(12π2e2c))

1/4 = 0.6727(30)GeV−1

(M exp
3 8!/(12π2e2c))

1/6 = 1.0008(34)GeV−1

(M exp
4 10!/(12π2e2c))

1/8 = 1.3088(35)GeV−1. (12)

Our results from lattice QCD have approximately double
the error of the experimental values but together these
results provide a further test of QCD to better than 1.5%.

C. Γ(J/ψ → γηc)

The radiative decay of the J/ψ meson to the ηc re-
quires the emission of a photon from either the charm
quark or antiquark and a spin-flip, so it is an M1 transi-
tion. Because it is sensitive to relativistic corrections this
rate is hard to predict in nonrelativistic effective theories
and potential models (see, for example, [24, 25]) Here
we use a fully relativistic method in lattice QCD with
a nonperturbatively determined current renormalisation
and so none of these issues apply. In addition, of course,
the lattice QCD result is free from model-dependence.
The quantity that parameterises the nonperturbative

QCD information (akin to the decay constant of the pre-
vious section) is the vector form factor, V (q2), where q2

is the square of the 4-momentum transfer from J/ψ to

0.0 0.1 0.2 0.3 0.4 0.5
(amc)2
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m
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(n
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2)
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n = 10

FIG. 4: Results for the 4th, 6th, 8th and 10th time moments
of the charmonium vector correlator shown as blue points and
plotted as a function of lattice spacing. The errors shown (the
same size or smaller than the points) include (and are domi-
nated by) uncertainties from the determination of the current
renormalization factor, Z, that are correlated between the
points. The data points have been corrected for c quark mass
mistuning and sea quark mass effects, but the corrections are
smaller than the error bars (the value for the deliberately
mistuned c mass on set 2 is not shown). The blue dashed
line with grey error band displays our continuum/chiral fit.
Experimental results determined from Re+e− (eq. (12)) are
plotted as the black points at the origin offset slightly from
the y-axis for clarity.

ηc. The form factor is related to the matrix element of
the vector current between the two mesons by:

�ηc(p�)|cγµc|J/ψ(p)� = 2V (q2)

(MJ/ψ +Mηc)
εµαβγp�αpβ�J/ψ,γ

(13)
Note that the right-hand-side vanishes unless all the vec-
tors are in different directions. Here we use a normalisa-
tion for V (q2) appropriate to a lattice QCD calculation
in which the vector current is inserted in one c quark line
only and the quark electric charge (2e/3) is taken as a
separate factor. The decay rate is then given by [8]:

Γ(J/ψ → ηcγ) = αQED
64|�q|3

27(Mηc +MJ/ψ)2
|V (0)|2, (14)

where it is the form factor at q2 = 0 that contributes be-
cause the real photon is massless. |�q| is the corresponding
momentum of the ηc in the J/ψ rest-frame.

Charm quark mass from lattice

• Lattice quark masses from 
fit to hadronic spectra

• HQ masses indirectly from 
matching to continuum 
(axial) current-current 
correlators

• Possible to test (Lattice) 
QCD at 1% level

13

Lattice QCD works directly with the QCD Lagrangian. 
Can tune bare mass parameters very accurately using 
experimentally very well-determined hadron masses. 

R. Dowdall 
et al, 
HPQCD,
1207.5149
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Lattice QCD works directly with the QCD Lagrangian. 
Can tune bare mass parameters very accurately using 
experimentally very well-determined hadron masses. 
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Charm quark mass

14
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From Lattice
A. Lytle @ Charm’15

see also ETMC, 1411.0484

Both mc, mc/mb and ms/mc known to (1-2)%                                      
⇒ (2-4)% uncertainty in Br(h→cc, ss)



Charming windows to NP



NP in D-mixing

• Complementarity between K and D physics allows to fully exploit 
the constraining power of flavor physics

• Example: light SUSY vs LHC

• splitting 1st & 2nd generation                                                 
squarks significantly relaxes                                                  
LHC bounds

• main constraints coming from                                             
ΔmD and εK

16
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation

squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;

the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The

shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while

the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type

and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the

LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
σ/σlim ∼ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ineffective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
meff cut is not effective: while the background grows
like m6

eff , the signal grows much more slowly, ensuring
that decreasing the meff cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced efficiencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the

200 400 600 800 100010�3
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mq� �GeV�

Σ
�pb�

squark limits

8 squarks

1 squarkCMS razor
CMS ΑT
CMS jets �MET
ATLAS jets �MET

L � 5 fb�1

FIG. 4: Comparison between upper limits on squark pair-

production cross sections with a decoupled gluino and mass-

less neutralino, from 7TeV 5 fb
−1

ATLAS and CMS jets plus

MET searches [15, 30–32]. We use the official experimental

limits, except for the ATLAS search where we use our esti-

mate of the limit, simulating the search with ATOM (solid)

and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the effects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Gedalia et al., 1202.5038
Mahbubani et al., 1212.3328



NP in D-mixing

• CP violation in ΔF=2 
processes is the most 
sensitive probe of NP, 
reaching scales of O(105) TeV

• CPV in D mixing gives best 
bound after εK

• How far can we push it?
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(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
ETMC, 1207.1287



D-mixing theory

D-mixing is described by:

• Dispersive D-D amplitude M12

• SM: long-distance dominated, not calculable

• NP: short distance, calculable with lattice

• Absorptive D-D amplitude Γ12 

• SM: long-distance, not calculable

• NP: negligible 

• Observables:

18

|M12|, |Γ12|, φ12 ≡ arg(Γ12/M12)



D-mixing is 2nd order effect in SU(3) breaking (x,y ~ 1% in SM)

• Several sum rules in U-spin limit 

• Extract size of their violations from exp.

• These contributions (especially 4 body) add up to physical value of yD~1%

D-mixing in SM

Alexey A Petrov (WSU & MCTP) CHARM-2013 meeting, Manchester

Theoretical expectations

!  …this implies for the correlator

! HQ mass dependence drops out for the second term, so for !v(q) = !p
D
(q)/mD 

mass and width difference of a 
heavy meson with mass E

Rapidly oscillates for large mc

!  Thus, a dispersion relation 

Compute "#, 
then find "m!

9
Tuesday, September 3, 13

not captured by inclusive OPE approach, 
leading x, y contributions suppressed by 1/mc6

• Threshold effects -

Reliable SM prediction of CPV in mixing possible?

Gronau & Rosner, PRD86, 114029 (2012)

Alexey A Petrov (WSU & MCTP) CHARM-2013 meeting, Manchester

Do we need full SU(3)?

4

! Since ms provides the dominant source for SU(3) breaking, try U-spin
- U-spin interchanges s- and d-quarks
- ... thus, has the same source of breaking
- ... but the formulas could be simpler 

-the Hamiltonian has three parts corresponding to three components of U-spin vector

! One can follow the same logic as with full SU(3), but tracking U-spin only 
- get several sum rules in the U-spin limit
- GR used experimental data to see how much sum rules are violated
- those contributions (esp 4-body) add up to the physical value of yD~1%

Gronau, Rosner
PRD86, 114029 (2012)

U-spin singlets

U-spin triplets

Tuesday, September 3, 13



GIM ~ SU(3)

• Use CKM unitarity:

• Write LD contributions to |M12| and |Γ12| in terms of U-spin 
quantum numbers

• CPV effects at the level of r/ε ~ 2 10-3 ~1/8o for “nominal” SU(3) 
breaking ε ~ 30%

CPV D-mixing in SM

VcsV
∗
ud + VcsV

∗
us + VcbV

∗
ub = λb + λs + λb = 0

λ2
s(∆U = 2) + λsλb(∆U = 2 +∆U = 1) +O(λ2

b)

∼ λ2
s�

2 + λsλb�

r ≡ Imλb/λs = 6.5× 10−4



Beyond the “real SM”

• CPV contributions to φΓ12 are 1/ε enhanced

• Not the case of δφf

• Can go beyond “real SM” approximation by adding one 
universal phase, fitting for φΓ12 and φM12.

• Expected sensitivity at LHCb upgrade δφΓ12, δφM12 ~ 1o              

⇒ ΛNP > 105 TeV

CPV D-mixing in SM

see A. Kagan @ Charm’15



CPV in D decays

• CPV in SCS D decays suppressed by 

• Need an estimate of P/T to bound SM CPV 
& search for NP (unless ACP>>10-3)

• Alternatively use symmetry arguments to 
cancel dependence on hadronic matrix 
elements

22

D0 K+

K-

D0

K+

K-

λdQd

λsQs

Im(VubVcb/VusVcs)× P/T

“T”

“P”�

r



CPV in D decays

• SM has only ΔI=1/2 P, any CPV in ΔI=3/2 final state can only 
be due to NP (e.g.                 )

• Cannot isolate NP in ΔI=1/2 with isospin - use SU(3)?

• Beyond exact SU(3), all matrix elements generated         
(modulo few sum rules valid to ε2)

• SU(3) might help in identifying hierarchy of amplitudes, 
dynamical info needed to predict CPV

• NP due to chromomagnetic dipole ops.: 

23

D+ → π+π0

D → P+P−γ, ρ0γ,ωγ

Grossman, Kagan & Zupan, 1204.3557

Brod, Kagan, Zupan, 1111.5000
Feldmann, Nandi & Soni, 1202.3795

Brod et al., 1203.6659
Franco, Mishima & Silvestrini, 1203.3131

Hiller, Jung & Schacht, 1211.3734
...

Isidori et al., 1111.4987
Isidori & J. F. K., 1205.3164
Lyon & Zwicky, 1210.6546

Dimou, Lyon & Zwicky, 1212.2242
...

http://arXiv.org/abs/arXiv:1202.3795
http://arXiv.org/abs/arXiv:1202.3795
http://arXiv.org/abs/arXiv:1203.3131
http://arXiv.org/abs/arXiv:1203.3131
http://arXiv.org/abs/arXiv:1212.2242
http://arXiv.org/abs/arXiv:1212.2242
http://arXiv.org/abs/arXiv:1212.2242
http://arXiv.org/abs/arXiv:1212.2242


            d

• LD dominance in SM

• Can be improved with more exp. data

• Current exp. bounds starting to put interesting constraints on 
ΔC=1 Z-penguins 
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Rare charm decays
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Rare charm decays
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• LD dominance in SM

• Access to SD physics in 
resonance tails
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Rare charm decays

               d

• LD dominance in SM

• Access to SD physics in 
resonance tails

• Sensitivity of current Exp. 
searches
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Search for Majorana ν's in LNV D decays

               

• Bounds improved by 2-3 orders 
of magnitude
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Figure 10: Same as Fig. 9 but for |Ve4Vµ4| from M+
1 → e+µ+M−

2 searches.
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Figure 11: Same as Fig. 9 but for |Vµ4|2 from M+
1 → µ+µ+M−

2 searches.

4. Collider Signatures

In this section we study heavy Majorana neutrinos at hadron colliders. The most distinctive
channels of the signal involve like-sign di-leptons. It was first proposed in Ref. [29] in the
context of the left-right symmetric model, and subsequently studied in Ref. [30, 31, 32, 33]
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Search for Majorana ν's in LNV D decays

               

• Bounds improved by 2-3 orders 
of magnitude

• Decays to long-lived ν's can be 
probed in beam-dump 
experiments
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass

range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime

> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’

shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The

(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak

precision data [554]. The contour labeled ‘K → µν’ (black, solid) is excluded at 90% C.L. by

peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,

solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,

dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-

dump experiments. The (cyan, solid) contour labeled ‘K → µµπ’ is the exclusion region at 90% C.L.

from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled

‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].

The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches

in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]

is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino

beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled

‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.

The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded

at 95% C.L. from direct searches at
√
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
√
s = 14 TeV LHC with 300 fb

−1
data [549]. The (light

blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector

with an exposure of 5×10
21

protons on target for a detector length of 30 m and assuming a normal

hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach

of FCC-ee for 10
12 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled

‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].



Conclusions

• Constantly improving experimental results are challenging our 
theoretical understanding of charm physics

• Interesting open problems in charm spectroscopy and 
production could eventually yield deeper understanding of 
QCD dynamics

• New wealth of data from LHCb and other heavy flavor 
factories might provide us with evidence for NP

• Combined theoretical approach to outstanding problems 
(such as nonleptonic D decays) using all possible tools should 
eventually allow us to fully exploit their potential NP sensitivity
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