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First

• Many thanks to the speakers for an excellent set 
of talks

• and to the audience for lively discussion

• and to the organisers for the opportunity to listen 
to the above

• and to the Westin for sustaining us with cookies
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Summary2
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The 7th International Workshop on the CKM Unitarity Triangle

Sunday 30 September 2012

WG VII - Harding (08:30-10:30)

time title presenter

08:30 CPV and Mixing in the Charm Sector at Belle, and HFAG Averages KO, Byeong Rok

09:08 CPV and Mixing in the Charm Sector at BaBar CENCI, Riccardo

09:41 Charm Mixing at Threshold (Quantum Correlations) at CLEO SUN, Werner

10:00 Charm Mixing in the Standard Model: Short Distance Approach BOBROWSKI, Markus

WG VII - McKinley (16:30-18:30)

time title presenter

16:30 Charm Mixing in the Standard Model: Long Distance Approach LIGETI, Zoltan

16:55 CPV and Mixing in the Charm Sector at LHCb PARKES, Chris

17:20 CPV and Mixing in the Charm Sector at CDF MATTSON, Mark Edward

17:40 Direct CPV in Non-leptonic Charm Decays I BHATTACHARYA, Bhubanjyoti

18:00 Direct CPV in Non-leptonic Charm Decays II BROD, Joachim

 The 7th International Workshop on the CKM Unitarity Triangle / Programme
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Sunday 30 September 2012

Monday 01 October 2012

WG VII - Hays (11:00-13:00)

time title presenter

11:00 Direct CPV in Non-leptonic Charm Decays: New Physics KAMENIK, Jernej

11:25 Status and Prospects for Mixing/CPV Using Charm at Threshold BRIERE, Roy

11:45 Prospects for Charm Mixing and CPV at SuperB BRANCHINI, Paolo

12:05 Prospects for Charm Mixing and CPV at Belle II ASNER, David

12:25 Prospects for Charm Mixing and CPV at the LHCb Upgrade SPRADLIN, Patrick

12:40 Charm Mixing and CPV: Measurements We Need GROSSMAN, Yuval

 The 7th International Workshop on the CKM Unitarity Triangle / Programme

 Page 2 

Monday 01 October 2012

• 5 talks on current 
experimental results

• 5 on state of theory

• 4 on experimental 
prospects (next 
decade)

• 1 on where to go 
next

Alarr, Wikimedia

http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
http://en.wikipedia.org/w/index.php?title=File:One_Ring_inscription.svg
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Caveat
or: why experimentalists should not give summary talks

4

Apologies to G. Larson
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Charm physics

5

D0 mixing

Indirect CPV

Direct CPV
Rare decays

(WG III)

Other worthy 
physics
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D0 mixing

• Tremendous advances in the last decade

• ... but still a long way to go

6

D0-D0 Mixing  

October 1, 2012 CKM 2012 - David Asner 6 

Short-distance 

Long-distance 

Boxes and loops in charm transitions 
involve down-type quarks – this gives charm 
system unique new physics sensitivity.  

Long distance effects dominate x, y and 
can be as large as ~10-2 
 

Any CPV clear evidence for New Physics 

SM calculations based on box diagrams alone  
give x~10-5, y~10-7  [ Falk et al. PRD 65 (2002) 054034 ] 

New-physics 

! 

D1,2 = p D0 ± q D 0

D0–D0 transitions observables  

Two state system:  
Mass Eigenstates≠Flavor Eigenstates 

! 
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Mixing: experiment

• No-mixing point now 
excluded at > 10σ

• Sign(x/y) likely positive

• General scale of mixing 
now very clear.

• Individual parameters still 
uncertain (esp. x).
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HFAG average from March shown here.
Several new measurements not yet included.
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New & recent results (1)
• Updates on yCP from Belle & BaBar.

Both use simultaneous fit to Kπ, KK, ππ samples

8
Riccardo Cenci

• Signal: properly normalized 2d conditional PDF (t,σt)
• Lifetime 2d fit in the signal region only

CKM 2012, Cincinnati, Ohio, Sep 30, 2012 

Proper Time Fit Projections

17

791 fb-1

which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322
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FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327

9

which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

!*D
""

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

+*D
""

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

!*D
KK

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

+*D
KK

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

 f
s)

1

10

210

310

410

510 Data
Signal

Comb.

Charm

unt
"K

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

410

510 Data
Signal

Comb.

Charm

±*D
"K

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

410

510 Data
Signal

Comb.

Charm

unt
KK

t (ps)
-2 -1 0 1 2 3 4

P
u

ll

-2

+2

 (fs)#

404 406 408 410 412

"K#

+#

+
#

FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327
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which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322
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FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327

9

which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322
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FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327

9

CP+ eigenstates CP mixed states

which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

!*D
""

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

+*D
""

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

!*D
KK

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

Data
Signal

Comb.

Charm

+*D
KK

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

 f
s)

1

10

210

310

410

510 Data
Signal

Comb.

Charm

unt
"K

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)
1

10

210

310

410

510 Data
Signal

Comb.

Charm

±*D
"K

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

E
n

tr
ie

s 
/ 

( 
6

0
 f

s)

1

10

210

310

410

510 Data
Signal

Comb.

Charm

unt
KK

t (ps)
-2 -1 0 1 2 3 4

P
u
ll

-2

+2

 (fs)#

404 406 408 410 412

"K#

+#

+
#

FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327

9

• CP+ lifetimes
⌧+ = (405.69± 1.25) fs

⌧� = (406.40± 1.25) fs

⌧K⇡ = (408.97± 0.24) fs

• D0 lifetimes

Ko, Cenci, Parkes

Belle preliminary, 976/fb yCP = (+1.11 ± 0.22 ± 0.11)%
BaBar preliminary, 470/fb yCP = (+0.720 ± 0.180 ± 0.124)%
LHCb, 0.03/fb yCP = (+0.55 ± 0.63 ± 0.41)%JHEP 04 (2012) 129

http://dx.doi.org/10.1007/JHEP04(2012)129
http://dx.doi.org/10.1007/JHEP04(2012)129
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New & recent results (2)
• Belle update of time-dependent Dalitz plot 

analysis of D0 → KS π+ π− to 920/fb

• Preliminary results:

9

time-integrated part 

• time dependent 
unbinned ML fit 

• time integrated 
part 

• tried  
    several models 

19 

• best model found to be ; 
    BW(P and D-waves)  
+ K-matrix (ππ S-wave)  
+ LASS (Kπ S-wave)  
    without non-resonant decay 

Belle 
preliminary 

using 920 fb-1 

Time projection of the fit (No CPV) 

• 2nd errors : experimental 

systematics 

• 3rd errors : model 

dependent systematics 

• the most sensitive 

measurements up to date 

20 

• τ=(410.3±0.4) fs 

    consistent with PDG 

result (%) 

x 

y Belle 

preliminary 

using 920 fb-1 

Belle
Preliminary

Ko
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Aside
• Mild tension between yCP & y from these methods:

10

Riccardo Cenci CKM 2012, Cincinnati, Ohio, Sep 30, 2012 

Lifetime Fit Results

18

791 fb-1

• Exclude no-mixing @ 3.3σ 

• Most precise single measurement of yCP

• Favored yCP value similar to prediction w/o CPV 
(HFAG value for y=(0.456±0.186)% from direct 
measurement using D0➝KSh+h-)

• Compatible with previous BaBar results:
• ∆Y=(-0.26±0.36±0.08)%

• yCP =(1.16±0.22±0.18)%
• This result supersedes the previous BaBar results

which are determined from samples of simulated events.289

A small bias on these fit yields is observed in fits to simu-290

lated events. To correct for this, we scale the data yields291

based on the simulated-event fits and vary the mode-292

dependent scale factors as a systematic uncertainty. Ta-293

ble II gives the event class yields plus uncertainties ob-294

tained from the lifetime fit and indicates the yields that295

are fixed.296

TABLE II: Signal and background yields in the lifetime-fit
mass region. Yields with uncertainties are those obtained
directly from the lifetime fit to data. For the tagged modes,
the yields are the sum of the separate D0 and D0 tags.

Tagged Modes Untagged Modes

π−π+ K−K+ K∓π± K−K+ K∓π±

Signal 65 430 136 870 1 487 000 496 200 5 825 300

±260 ±370 ±1 200 ±1 200 ±2 600

Comb. Bkgd. 3 760 653 2 849 165 000 1 044 552

±1 000

Charm Bkgd. 97 309 642 5 477 4 645

The simultaneous fit to all events in the lifetime-fit297

mass region has 20 floating parameters: the seven sig-298

nal yields and three signal lifetimes; the expected yield299

of untagged K−K+ combinatorial candidates; the off-300

set t0; the parameters ft1 and ft2 characterizing the301

weight of the each Gaussian in the signal resolution302

mode; and the proper time error scaling parameters:303

s1, s2, s3, SKK , Sππ, S′
tag. After extracting the three304

signal lifetimes, using their reciprocals in the computa-305

tion of yCP and ∆Y as defined in Eqs. (1) and (2), re-306

spectively, we find307

yCP = [0.72 ± 0.18(stat)]%,

∆Y = [0.09 ± 0.26(stat)]%.

The statistical errors are computed using the covariance308

matrix returned by the fit. The lifetime-fit mass region309

proper time distributions and projections of the lifetime310

fit for the seven different decay modes are shown in Fig. 2.311

VI. CROSS-CHECKS AND SYSTEMATICS312

We have performed numerous cross-checks to search313

for potential problems, in addition to quantitative studies314

that yield the systematic uncertainties given in Table III,315

discussed below. Initially we tested the fit model by gen-316

erating large ensembles of datasets randomly drawn from317

the underlying total PDF, and observed no biases in the318

yCP and ∆Y results obtained. In addition, we have fit319

an ensemble of four simulated datasets, each equivalent320

in luminosity to the data, and found no evidence of bias321

in yCP or ∆Y .322
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FIG. 2: Proper time t distribution for each decay mode with
the fit results overlaid. The combinatorial distribution (in-
dicated as ’Comb.’ in light gray) is stacked on top of the
misreconstructed-charm distribution (indicated as ’Charm’ in
dark gray). The normalized Poisson pulls for each fit are
shown under each plot; “unt” refers to the untagged datasets.
The bottom right plot shows the individual lifetimes (with
statistical uncertainties only); the gray band indicates the
PDG D0 lifetime ±1σ [27].

In fitting the data, we find that the tagged and un- 323

tagged extracted lifetimes for K−K+, and separately 324

for K∓π±, are compatible within the statistical uncer- 325

tainties. We performed a simultaneous fit to the tagged 326

channels, and a separate simultaneous fit to the untagged 327

9

16 May 2012Nicola Neri - Charm mixing/CP violation results and HFAG averages

New HFAG averages for yCP and A!

37

NEW

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

 A
!
 (%)

World average -0.022 ! 0.161 %

BaBar 2012  0.088 ! 0.255 ! 0.058 %

Belle 2012 -0.030 ! 0.200 ! 0.080 %

LHCb 2012 -0.590 ! 0.590 ! 0.210 %

!!!"#$%&!"#$%&

!! '"$()!*+,*&

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

y
CP

 (%)

World average  0.866 ± 0.155 %

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 %

!!!"#$%&!"#$%&

!! '"$()!*+,*&

HFAG average 0.866 ± 0.155 %
HFAG average -0.022± 0.161 %

Including new BaBar and Belle results: significant improvement in the uncertainty 

and lower value for yCP.

BaBar 2012

BaBar 2012

previous value

1.064 ± 0.209 %

previous value

0.026 ± 0.231 %

yCP = (0.720± 0.180± 0.124)%

�Y = (0.088± 0.255± 0.058)%

(value)±(stat)±(syst)No CPV observed

(stat error only)

  NEW 
PRD 78, 011105 (2008)   

PRD 80, 071103 (2009)   

(Opposite sign definition)

Belle 920/fb (preliminary)x = (+0.56± 0.19+0.03
�0.09

+0.06
�0.09)%

y = (+0.30± 0.15+0.04
�0.05

+0.03
�0.06)%

BaBar 470/fbx = (+0.16± 0.23± 0.12± 0.08)%

y = (+0.57± 0.20± 0.13± 0.07)%

My naive average
y ⇡ (+0.38± 0.13)%

yCP from lifetime ratios y from t-dep Dalitz plot:

PRL 106:081803 (2010)

Ko, Cenci

http://dx.doi.org/10.1103/PhysRevLett.105.081803
http://dx.doi.org/10.1103/PhysRevLett.105.081803
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New & recent results (3)
• Mixing parameters extracted with quantum-

correlated decays at CLEO-c

• Updated results with full CLEO-c dataset (818/pb)

11

Fit Results 
!  Fit performed with and without 

external measurements of y, x, y’ 
(standard vs. extended fit). 

!  51 free parameters 
!  NDD & 21 branching fractions 

!  24 K0
Sπ+π� amplitudes/phases%

!  5 Kπ and mixing parameters 

28 Sep. – 2 Oct. 2012, CKM 2012, Cincinnati, Ohio, USA Werner Sun, Cornell University 12 

!  Statistical errors on y and rKπcosδKπ  
3x smaller than 2008 analysis 
(standard fit). 
!  First direct meas. of rKπ

2 and sinδKπ%

!  Impact on HFAG average: 
σ(y) reduced by ~10% 

!  sinδKπ sign ambiguity in standard fit. 

Parameter 
HFAG 2010 
CLEO 2008 

Fit: no ext. meas. 
(standard) 

Fit: w/ ext. y, x, y’ 
(extended) 

y (10-2) 0.79 ± 0.13 4.2 ± 2.0 ± 1.0 0.636 ± 0.114 

x2 (10-3) 0.037 ± 0.024 0.6 ± 2.3 ± 1.1 0.022 ± 0.023 

r
Kπ

2 (10-3) 3.32 ± 0.08 5.33 ± 1.07 ± 0.45 3.33 ± 0.08 

cosδKπ 
% 1.10 ± 0.36 0.81 +0.22 +0.07

-0.18 -0.05 1.15 +0.19 +0
-0.17 -0.08 

sinδKπ% --- -0.01 ± 0.41 ± 0.04 0.56 +0.32 +0.21
-0.31 -0.20 

δKπ (°) [derived] 22 +11
-12 

+9
-11  10 +28 +13

 -53 -0 18 +11
-17 

Average of y and 

y’ = y cosδKπ � x sinδKπ 

2.5σ diff. due to 

fluctuations in  

r2 and y, 

correlated 

with cosδKπ 

External measurements 
used as inputs

CLEO only

Sun
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Indirect CPV: experiment
• Poorly constrained due to 

smallness of x, y.

• Large CPV still allowed.

• New & recent results below

12

|q/p|
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

A
rg

(q
/p

) [
de

g.
]

−60

−40

−20

0

20

40

60

m 1 
m 2 
m 3 
m 4 
m 5 

   HFAG-charm 
  March 2012 

HFAG average from March shown here.
New measurements not yet included.

No CPV

Belle preliminary, 976/fb AΓ = (−0.03 ± 0.20 ± 0.08)%
BaBar preliminary, 470/fb ΔY = (0.088 ± 0.255 ± 0.058)%
LHCb, 0.03/fb AΓ = (−0.59 ± 0.59 ± 0.21)%JHEP 04 (2012) 129

http://dx.doi.org/10.1007/JHEP04(2012)129
http://dx.doi.org/10.1007/JHEP04(2012)129
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Mixing: theory

• Mixing in SM is just plain hard to calculate.

• Short-distance picture discussed by Markus 
Bobrowski

• Long-distance picture discussed by Zoltan Ligeti

13
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assessing the short-distance picture

OPE in charm

the naive prediction for the D

0 � D̄

0 width difference is way too small
(missing a factor of 103)

|y| ⌘ |�12| · ⌧(D0) ' 10�6

. MB, Lenz, Riedl, & Rohrwild (’10)

—> maybe ⇤/m

c

is not small enough to expand in?

maybe QCD does not converge at the charm threshold?

7 / 21 May 16, 2012 Markus Bobrowski – D

0 mixing and CPV Institut für Theoretische Teilchenphysik (TTP)

Mixing (short-distance)

• Operator product expansion in 1/mc

• Naive prediction (D=6) for y is horribly wrong

• ... but this is not because mc is too small. Instead, 
comes from delicate cancellation:

• Cancellation less exact when including higher-
dimension operators => y can be much larger.

14

mixing and SU(3) symmetry

SU(3) symmetry and GIM mechanism

�12 = Im

 !

CKM couplings induce a hierarchy in � ' 0.2255:

�12
�
D

0� = �O ��2� �
�ss

12 � 2�sd

12 + �dd

12

�

m

4
s

/m

4
c

+O ��6� ��sd

12 � �dd

12

�

m

2
s

/m

2
c

+O ��10� �dd

12

⇠ 1

SU(3) amplitudes interfere to (almost) zero in the limit of flavour symmetry

The CKM-leading part scales with the 4th power of the SU(3) breaking parameter m

s

/m

c

.

—> D mesons mix slowly due to residual SU(3) symmetry

14 / 21 May 16, 2012 Markus Bobrowski – D

0 mixing and CPV Institut für Theoretische Teilchenphysik (TTP)

Bobrowski

JHEP 1003 (2010) 009 

http://dx.doi.org/10.1007/JHEP03(2010)009
http://dx.doi.org/10.1007/JHEP03(2010)009
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Mixing (short-distance)

15

Bobrowski

mixing and SU(3) symmetry

Width splitting
SU(3) cancellations softer in the condensate contribution

� �12 = ��2
s

�
�
�ss

12 � 2�ds

12 + �dd

12

�

1.15 m4
s/m4

c

+2�
s

�
b

�
�
�ds

12 � �dd

12

�

�2.75 m2
s/m2

c

��2
b

� �dd

12
1.96

� �12 = ��2
s

�
�
�ss

12 � 2�ds

12 + �dd

12

�

0.43 m3
s/m3

c

+2�
s

�
b

�
�
�ds

12 � �dd

12

�

0.19 ms/mc

��2
b

� �dd

12
0

⇥13 ⇥0.66

flavour symmetry breaking:

�ss

12/ps�1 = 1.908 + 0.036 (+1.9%)

�sd

12/ps�1 = 1.935 + 0.018 (+0.9%)

�dd

12/ps�1 = 1.962 + 0

y = (0.86 + 7.3) · 10�6

⇥8.5

. MB, Lenz, & Nierste

—> additional SU(3) breaking induced from the soft QCD background

18 / 21 May 16, 2012 Markus Bobrowski – D

0 mixing and CPV Institut für Theoretische Teilchenphysik (TTP)• Guess another large factor going to D=12. 

• Another one (non-factorization?) and we’re done!

• Going to D=9:

Was 0.86 x 10−6

Grows by 7.3 x 10−6

Extra is 8.5x base
i.e. overall x9.5
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Mixing (short-distance)

16

mixing and SU(3) symmetry

mass splitting and CPV

M12 = Re

 
c

c̄ū

u
!

�M12 = Re

 
c

c̄ū

u
!

weak phase in the SD-Hamiltonian

� = arg
✓
�M12

�12

◆
' O(1)

Maybe there is some mechanism to break the remaining GIM interference.
(e.g. by cutting the second line, non-factorisable contributions, . . . )

If the effect is able to push x and y up to the observed values, then o| = 10

-3

is within reach (this is pure speculation!)

19 / 21 May 16, 2012 Markus Bobrowski – D

0 mixing and CPV Institut für Theoretische Teilchenphysik (TTP)

• What does this tell us about indirect CPV?

• O(1) weak phase in short-distance Hamiltonian

• So conceivably SM 𝜙 ~ O(10−3) overall

Bobrowski
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Mixing (long-distance)
• Contributions large & hard to calculate

• But not hopeless: SU(3) breaking due to phase-space 
tractable.

• Naturally obtain x, y ~ O(1%)

17

Ligeti

Two-body final states

Final state representation yF,R /s2
1

(PP )s-wave 8 �0.0038

27 �0.00071

(PV )p-wave 8S 0.031

8A 0.032

10 0.020

10 0.016

27 0.040

(V V )s-wave 8 �0.081

27 �0.061

(V V )p-wave 8 �0.10

27 �0.14

(V V )d-wave 8 0.51

27 0.57

Results for lightest multiplets, assuming
no SU(3) breaking in matrix elements

Contribution of PP final states is
“anomalously” small

Widths of vector mesons are important
and taken into account (straightforward)

PV and V V channels effectively
include resonant part of 3- and 4-body
final states

Larger SU(3) breaking expected in
heavier multiplets when some final
states are not allowed at all

Z L — p.11

Multi-body final states

Final state representation yF,R /s2
1

(3P )s-wave 8 �0.48

27 �0.11

(3P )p-wave 8 �1.13

27 �0.07

(3P )form-factor 8 �0.44

27 �0.13

4P 8 3.3

27 2.2

270
1.9

Consider simplest representations only

Smaller representations tend to give
larger effects

Assuming a “form factor suppression” in
the matrix element, ⇧i 6=j(1�m2

ij/Q
2

)

�1,
where m2

ij = (pi + pj)
2 and Q = 2GeV,

changes the results only moderately

For 4P , only consider fully symmetric
final state

• For many final state representations, especially those close to threshold, “large”
effects are possible, i.e., yF,R at the percent level is not unusual

Z L — p.12

Conclusions

• Identified a calculable source of long distance effects, and predicted that y and x

can naturally be at the 1% level in the SM, without ad hoc assumptions

• I would like to see single measurements of y and especially x reach 5�; x/y =?

• Look for CP violation in mixing, which remains a potentially robust signal of NP

• There is still a lot to be learned from future data!

Z L — p.15

2-body final states

Multi-body final states
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Direct CPV: ΔACP

•ΔACP: Is there something there?

• If so, is it SM?

• If not, what could it be?

18

p-value for no CPV: 0.002%

ind
CPa

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

di
r

C
P

a
6

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
 BaBarCPA6
 Belle Prelim.CPA6
 LHCbCPA6
 CDF Prelim.CPA6

 LHCbKA
 BaBar Prelim.KA
 Belle Prelim.KA

�adirCP = (�0.678± 0.147)%

Ko, Mattson, Parkes
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Direct CPV: ΔACP

19

•ΔACP: Is there something there?

• Effect seen by LHCb, CDF, Belle with similar 
central values, significances between 2.1-3.5σ.

• Smells interesting,
but we are not at 5σ.

p-value for no CPV: 0.002%

ind
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C
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0.01

0.015
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 BaBarCPA6
 Belle Prelim.CPA6
 LHCbCPA6
 CDF Prelim.CPA6

 LHCbKA
 BaBar Prelim.KA
 Belle Prelim.KA

�adirCP = (�0.678± 0.147)%

CDF: Phys.Rev. D85 (2012) 012009
CDF: Phys.Rev.Lett. 109 (2012) 111801
LHCb: Phys. Rev. Lett. 108 (2012) 111602
Belle preliminary (976/fb)

Ko, Mattson, Parkes

http://dx.doi.org/10.1103/PhysRevD.85.012009
http://dx.doi.org/10.1103/PhysRevD.85.012009
http://dx.doi.org/10.1103/PhysRevLett.109.111801
http://dx.doi.org/10.1103/PhysRevLett.109.111801
http://dx.doi.org/10.1103/PhysRevLett.108.129903
http://dx.doi.org/10.1103/PhysRevLett.108.129903
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• Is it SM?

• Consensus: it can be accommodated.

• Contributions from penguin & tree:

Bhattacharya, Brod

Definitions

Af ≡ A(D0 → f ) = AT
f

[

1 + rf e
i(δf −φf )

]

,

Āf ≡ A(D0 → f ) = AT
f

[

1 + rf e
i(δf +φf )

]

rf relative magnitude of subleading (penguin) amplitude with relative
strong phase δf , weak phase φf .

Adir
f :=

|Af |2 − |Āf |2

|Af |2 + |Āf |2
= 2rf sinφf sin δf

(Universal) indirect contribution Aind
f cancels to good approximation in

∆ACP := Adir
K+K−

−Adir
π+π−

Joachim Brod (University of Cincinnati) Direct CP violation in D decays 3 / 22

How large can rf be?
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Direct CPV: ΔACP
• Clue: odd pattern of BRs

(e.g. D0 → K+K− >> D0 → π+π−)

• Several papers come to broadly the same answer: 
large penguin amplitude drives BOTH apparent U-
spin breaking in BRs AND large ΔACP.

21

Bhattacharya, Brod

e.g. Feldmann et al, JHEP 1206 (2012) 007

http://dx.doi.org/10.1007/JHEP06(2012)007
http://dx.doi.org/10.1007/JHEP06(2012)007
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Direct CPV: ΔACP

• Bhattacharya et al fit to cocktail of BRs to extract 
Penguin, Penguin Annihilation amplitudes.

• Penguin enhanced by an
order of magnitude compared
to naive estimate.

•ΔACP ~ −0.6% projected

• |A(K+K−)| < |A(π+π−)| likely

22

Bhattacharya
Phys. Rev. D 85, 054014

ACP(K+K−) and ACP(π+π−)

!2.5 !2.0 !1.5 !1.0 !0.5 0.0
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0.1

∆
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P!K! K

#
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!2.5 !2.0 !1.5 !1.0 !0.5 0.0
!0.2

0.0

0.2

0.4

0.6

∆

A C
P!Π! Π

#
"!$"

ACP vs δ using p – δ constraint

68% c.l. band in blue .

90% c.l. band in green ,

U-spin :
ACP(K+K−) ≈ −ACP(π+π−)

U-spin is broken by P + PA!

For a large range of δ:

ACP(K+K−) < 0,
ACP(π+π−) > 0,

|ACP(K+K−)| < |ACP(π+π−)|
To pinpoint δ:
Need to significantly reduce
individual ACP error bars.

Bhubanjyoti Bhattacharya (UMontreal) Direct CP Violation in NL Charm Decays September 30, 2012 12 / 15

http://dx.doi.org/10.1103/PhysRevD.85.079901
http://dx.doi.org/10.1103/PhysRevD.85.079901
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Direct CPV: ΔACP

• Brod et al: posit nominal U-spin breaking

• Then D0 → h+h− BRs demand large penguin amplitude

• Implies large rf => large ΔACP allowed

23

U-spin decomposition – amplitudes

Assume nominal U-spin breaking, originating from ms s̄s,
of order εU ∼ 20% ∼ fK/fπ − 1

Additional assumption: T = O(1), P = O(1/ε′), where ε′ # 1

A(D̄0 → K+π−) =VcsV
∗
udT (1− 1

2ε
′
1T ),

A(D̄0 → π+π−) =− VcsV
∗
us

[

T (1 + 1
2ε1T )− Pbreak(1− 1

2ε
(2)
sd )

]

− V ∗
cbVub(T/2(1 + 1

2ε1T ) + P(1− 1
2εP)),

A(D̄0 → K+K−) =VcsV
∗
us

[

T (1− 1
2ε1T ) + Pbreak(1 +

1
2ε

(2)
sd )

]

− V ∗
cbVub(T/2(1− 1

2ε1T ) + P(1 + 1
2εP)),

A(D̄0 → π+K−) =VcdV
∗
usT (1 + 1

2ε
′
1T ).

Joachim Brod (University of Cincinnati) Direct CP violation in D decays 11 / 22

Brod
Phys.Rev. D86 (2012) 014023

http://dx.doi.org/10.1103/PhysRevD.86.014023
http://dx.doi.org/10.1103/PhysRevD.86.014023
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Direct CPV: ΔACP

• But still room for NP here:

• SM estimates rather uncertain

• We haven’t explained WHY the penguin 
amplitudes are large

• Suppose that central value for ΔACP is correct and 
that SM doesn’t saturate it. What NP could 
contribute without violating existing constraints?

24

Kamenik
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Direct CPV: ΔACP

• Generically, what operators can contribute?

25

Kamenik
Phys.Lett. B711 (2012) 46-51

ΔaCP and New Physics

• Assume SM does not saturate the experimental value

• Parametrize NP contributions in EFT normalized to the effective SM scale

• most general dim 6 Hamiltonian at µ < mW,t

Qq
1 = (ūq)V�A (q̄c)V�A

Qq
2 = (ū↵q�)V�A (q̄�c↵)V�A ,

Qq
5 = (ūc)V�A (q̄q)V+A ,

Qq
6 = (ū↵c�)V�A (q̄�q↵)V+A ,

Q7 = � e

8⇡2
mc ū�µ⌫(1 + �5)F

µ⌫ c ,

Q8 = � gs
8⇡2

mc ū�µ⌫(1 + �5)T
aGµ⌫

a c ,

He↵�NP
|�c|=1 =

GFp
2

X

i

CNP
i Qi

+ Ops. with V↔A

x 5 qq flavor structures
_

• In EFT can be estimated via “weak mixing” of operators

• Important constraints expected from D-D mixing                                     
and direct CPV in K0→π+π- (ε’/ε)

• LL 4q operators: excluded

• LR 4q operators: ajar - potentially visible effects in D-D and/or ε’/ε

• RR 4q operators: unconstrained in EFT - UV sensitive contributions?

_

c u

q q

⇒

W

QiT

n

He↵�NP
|�c|=1 (0),HSM(x)

o

Isidori, J.F.K, Ligeti & Perez 
1111.4987

_

Dipole operators only weakly constrained (edm’s)

ΔaCP and New Physics

Model example:
Da Rold et al., 1208.1499

esp. chromo-magnetic dipole operators

http://dx.doi.org/10.1016/j.physletb.2012.03.046
http://dx.doi.org/10.1016/j.physletb.2012.03.046
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Direct CPV: ΔACP

• What about specific models? Considered:

• SUSY

• Warped extra dimensions

• 4th generation

• Interesting implications/features for each

• See refs in Jernej’s slides for details

26

Kamenik
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Direct CPV: Other results

• Measurements in other modes vital to understand 
what’s going on. Several new & recent results.

27

•   
   = (-0.363±0.094±0.067)% 
• 3.2σ away from zero 
• First evidence for CPV in 

charm sector from a single 
decay! consistent with  

                    CPV in K0 system 
• After the Grossman-Nir 

correction, ACP in intrinsic 
charm decay with neglecting 
doubly Cabibbo suppressed 
decay,   

 = (-0.024±0.094±0.067)% 

25 

PRL 109, 021601 
(2012)  

Direct CPV :               (2)   0SKD
 0SKD

CPA

  0KD
 0KD

CPA Belle PRL 109, 021601 (2012)

Ko, Cenci, Mattson, Parkes

ACP (D
+ ! K0

SK
+) = (+0.46± 0.36± 0.25)%

ACP (D
+
s ! K0

SK
+) = (+0.28± 0.23± 0.24)%

ACP (D
+
s ! K0

S⇡
+) = (+0.3± 2.0± 0.3)%

BABAR preliminary

Time-integrated search for CPV in D0 → KS π+ π−
incl. searches in Dalitz plot distribution
Overall ACP = -0.0005 ± 0.0057 ± 0.0054 CDF Phys. Rev. D 86, 032007 (2012)

Search for CPV in D+ → K− K+ π−
(see next slide)

BABAR preliminary
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Direct CPV: Other results

• Really thorough analysis, wringing out every drop 
of sensitivity.

• Overall ACP

• Model-independent search in big bins

• Model-independent search in fine bins

• Model-independent search w/ Legendre moments

• Model-dependent search (fit D+, D− separately)

28

Cenci
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Cenci

Riccardo Cenci
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FIG. 3: Reconstructed invariant mass distribution
m(K+K−π+) and projection of the fit result. The points
are the data, the solid line is the fit model and the dashed
line is the background PDF. The inset plot is the fit on a
log scale, where the radiative component of the signal PDF
is shown separately as a smooth curve. Lower sideband,
signal and upper sideband regions are defined between [1.83,
1.84] GeV/c2, [1.86, 1.88] GeV/c2 and [1.90,1.91] GeV/c2 and
shaded; the sideband regions are useful for background
subtraction, as well as for various background studies.

order QED physics processes, or detector induced effects216

from our search for CPV in the differential decay rate.217

The introduction of R allows us to confine such effects218

to the total decay rate. A value of R different from one219

could arise from an insufficiently accurate simulation of220

the FB asymmetry with respect to cos(θCM ) produced in221

e+e− → qq or a remaining systematic bias from modeling222

of the detector asymmetry.223

VII. ACP MEASURED IN REGIONS OF THE224

DALITZ PLOT AND IN MOMENTS ANALYSIS225

Model-independent techniques to search for CP viola-226

tion in the Dalitz plot were first used by this collabo-227

ration [18]. The techniques include a comparison of the228

moment distributions and the asymmetry in D+ and D−
229

yields in various regions of the Dalitz plot. We correct230

the D− events with the quantity R described and re-231

ported in Sec. VI. By applying this correction, we re-232

move residual detector-induced asymmetries and decou-233

ple, as far as possible, the search for CP violation in the234

Dalitz plot from the search for CP violation integrated235

over the phase space described in Sec. V. We measure the236

CP asymmetry in four regions of the Dalitz plot: below237

K̄∗(892)0 and φ(1020), within twice the nominal width of238

the K̄∗(892)0 [14], within twice the nominal width of the239

φ(1020) [14], and above K̄∗(892)0 and φ(1020) as shown240
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FIG. 4: (color online) D+ → K+K−π+ Dalitz plot fit pro-
jections assuming no CPV, with the regions used for model-
independent comparisons also indicated as boxes. The data
are represented by points with errors, the fit results by
the histogram. The normalized residuals below, defined as
(NData −NMC)/

√
NMC , lie between ±5σ. The horizontal di-

visions correspond to less than 1σ (green), 1σ to 3σ(yellow),
and 3σ to 5σ(red).

in Fig. 4. We report the fitted yields, average Dalitz plot 241

efficiencies, and CP asymmetries in Table I. 242

Another technique searches for CP violation in regions 243

of the Dalitz plot to measure the normalized residuals 244

of efficiency-corrected and background-subtracted Dalitz 245

plots for D+ and D−. Fig. 5 shows the normalized residu- 246

als ∆ for bins which are approximately equally populated 247

in statistics due to adaptive binning of the Dalitz plot, 248

where 249

∆ ≡
n(D+) − Rn(D−)

√

σ2(D+) + R2σ2(D−)
(4)

for a common set of bins in the D+ and D- Dalitz 250

plots designed to contain approximately equal numbers 251

of events. n(D+) and n(D−) are, respectively, the actual 252

numbers of events that each bin contains, and σ are their 253

uncertainties. 254

We calculate the quantity χ2/(ν−1) = (
∑ν

i=1 ∆2)/(ν− 255

1), where ν is the number of bins in the Dalitz plot. 256

We fit the distribution of normalized residuals to a 257

Gaussian function whose mean and width we find to be 258

consistent with 0 and 1, respectively. We obtain, for 100 259

bins, χ2 = 90.2 with a Gaussian residual mean of 0.08 260

± 0.15, width of 1.11 ± 0.15, and a consistency at the 261

72% level that the two Dalitz plots do not exhibit CP 262

asymmetry.. 263

The angular moments of the cosine of the helicity angle 264

of the D decay products reflect the spin and mass of the 265

intermediate resonant and nonresonant amplitudes [22]. 266

A comparison between D+ and D− of these moments 267

8
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D±➝K+K-π±, model independent analysis (1)
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• (1) Measurement of CP Violation 
in 4 regions of the DP:

• divide DP in 4 regions
• evaluate N(D±) in each region by 

fitting the mass distribution

• correct N(D±) by the 
corresponding ε(D±), and N(D±) 
by R to remove any asymmetry 
due to physics, like AFB

TABLE I: Yields, efficiencies, and CP asymmetry in regions of the Dalitz plot shown in Fig. 4. For the CP asymmetry the first
uncertainty is statistical and the second is systematic.

Dalitz plot region N(D+) ε(D+)[%] N(D−) ε(D−)[%] ACP [%]
(A) Below K̄∗(892)0 1882 ± 70 7.00 1859 ± 90 6.97 -0.65 ± 1.64 ± 1.73
(B) K̄∗(892)0 36770 ± 251 7.53 36262 ± 257 7.53 -0.28 ± 0.37 ± 0.21
(C) φ(1020) 48856 ± 289 8.57 48009 ± 289 8.54 -0.26 ± 0.32 ± 0.45
(D) Above K̄∗(892)0 and φ(1020) 25616 ± 244 8.01 24560 ± 242 8.00 1.05 ± 0.45 ± 0.31

provides a model-independent way to search for CP vi-268

olation in the Dalitz plot and to learn something about269

its mass and spin structure. We define the helicity angle270

θH for decays D+ → (r → AB)C (via resonance r) as271

the angle between the momenta of B and the parent D272

meson in the AB rest frame.273

The angular moments of order l are defined274

as the efficiency-corrected and background-subtracted275

invariant two-body mass distributions (m(K+K−),276

m(K−π+)) weighted by spherical harmonic mo-277

ments Y 0
l (cos(θH)) =

√

1/2πPl(cos(θH)). We de-278

fine weights in two-body invariant mass intervals279

W (l)
i ≡ (

∑

j w(l)S
ij −

∑

k w(l)B
ik )/< εi >, where the280

weights w(l)
ij (w(l)

ik ) are the spherical harmonic moments281

of the jth(kth) event in the ith bin and < εi > is the282

average ANN efficiency in the ith bin. The superscripts283

S,B refer to the signal and background. The error on284

W (l)
i is σ(l)2 ≡

P

j(w
(l)S
ij )2+

P

k(w(l)B

ik )2

<εi>2 . To study differ-285

ences between the D+ and D− amplitudes, we calculate286

the quantities X l
i for l ranging from 0 to 7 in a two-body287

invariant mass interval, where288

X l
i =

(W (l)
i (D+) − RW (l)

i (D−))
√

σ(l)
i

2
(D+) + R2σ(l)

i

2
(D−)

. (5)

We calculate the χ2/NDF over all the 36 mass bins in289

the K+K− and K−π+ moments with290

χ2 =
∑

i

∑

l1

∑

l2

X(l1)
i ρl1l2

i X(l2)
i (6)

where ρl1l2
i is the correlation coefficient between X l1 and291

X l2 :292

ρl1l2
i ≡

〈X(l1)
i X(l2)

i 〉 − 〈X(l1)
i 〉〈X(l2)

i 〉
√

〈X(l1)
i

2
〉 − 〈X(l1)

i 〉
2
√

〈X(l2)
i

2
〉 − 〈X(l2)

i 〉
2
. (7)

NDF is the number of degrees of freedom calculated as293

the product of the number of mass bins and the number294

of moments minus 1 due to the constraint that the overall295

rates of D+ and D− are equal. We find the χ2/NDF in296

the K+K− and K−π+ moments to be 1.10 and 1.09,297

for NDF = 287, consistent with the null hypothesis (no298

CPV) at 11% and 13%, respectively.299

VIII. CP ASYMMETRY IN THE DALITZ PLOT 300

OF D
+

→ K
+

K
−

π
+

301

The Dalitz plot amplitude A can be described 302

by the isobar model which is parameterized as 303

a coherent sum of amplitudes for a set of two- 304

body intermediate states r, each with a com- 305

plex coefficient, i.e., Ar(m2(K+K−),m2(K−π+)) = 306
∑

r MreiφrFr(m2(K+K−),m2(K−π+)) [23–25], where 307

Mr and φr are real and Fr are dynamical functions de- 308

scribing the intermediate resonances. The complex co- 309

efficient may also be parameterized in Cartesian form, 310

xr = Mr cos φr and yr = Mr sin φr. We choose the 311

K̄∗(892)0 as the reference amplitude in the CP sym- 312

metric and CP violating fits to the data such that 313

MK̄∗(892)0 = 1 and φK̄∗(892)0 = 0. 314

Using events from the sideband regions (shown in 315

Fig. 3) of the D+ mass distribution, we model the 316

CP conserving background which is comprised of the 317

K̄∗(892)0 and φ(1020) resonances and combinatorial 318

background. The combinatorial background outside of 319

the resonant regions has a smooth shape and is modeled 320

with the non-parametric k-Nearest-Neighbor density esti- 321

mator [26]. The regions of the K̄∗(892)0 and φ(1020) are 322

composed of the resonant structure and a linear combi- 323

natorial background which we parameterize as a function 324

of the two-body mass and helicity angle. The model con- 325

sists of a Breit-Wigner (BW) PDF to describe the res- 326

onant line shape, and a first order polynomial in mass 327

to describe the combinatorial shape. These are further 328

multiplied by a sum over powers of low-order Legendre 329

polynomials to model the angular dependence. 330

|ABW |2 =
Γ

(mKK,Kπ − mφ,K̄∗0)2 + (Γ/2)2
(8)

P0 = 1 (9)

P1 = cos(θH) (10)

P2 =
3 cos2(θH) − 1

2
(11)

9

ACP ⌘ N(D+)/"(D+)�R N(D�)/"(D�)

N(D+)/"(D+) +R N(D�)/"(D�)

A
B

D
C

No CPV observed

R ⌘ ND+/"D+

ND�/"D�
= 1.020± 0.006

Riccardo Cenci

• (2) Normalized residuals of efficiency-corrected and background-subtracted 
DP for D+ and D- computed using an equally populated adaptive binning

CKM 2012, Cincinnati, Ohio, Sep 30, 2012 
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FIG. 5: (color online) Normalized residuals of the D+ and
D− Dalitz plots in equally populated bins (left) and their
distribution fitted with a Gaussian.

TABLE III: Fit fractions of the resonant and nonresonant am-
plitudes in the Isobar model fit of the data. The uncertainties
are statistical only.

Resonance Fraction (%)

K̄∗(892)0 21.15 ± 0.20

φ(1020) 28.42 ± 0.13

K̄∗
0 (1430)0 25.32 ± 2.24

NR 6.38 ± 1.82

κ(800) 7.08 ± 0.63

a0(1450)0 3.84 ± 0.69

f0(980) 2.47 ± 0.30

f0(1370) 1.17 ± 0.21

φ(1680) 0.82 ± 0.12

K̄∗
1 (1410) 0.47 ± 0.37

f0(1500) 0.36 ± 0.08

a2(1320) 0.16 ± 0.03

f2(1270) 0.13 ± 0.03

K̄∗
2 (1430) 0.06 ± 0.02

K̄∗(1680) 0.05 ± 0.16

f0(1710) 0.04 ± 0.03

f ′
2(1525) 0.02 ± 0.01

Sum 97.92 ± 3.09

In the case of the S-wave resonances in the K+K−
385

system which have small contributions to the model,386

we use instead the Cartesian-form CP parameters ∆x387

and ∆y to parameterize the amplitudes and asymme-388

tries. This choice of parameterization reduces technical389

problems with the fit. For these resonances we there-390

fore have the parameters xr(D±) = xr ± ∆xr/2 and391

yr(D±) = yr ± ∆yr/2. The masses and widths deter-392

mined in the initial fit (shown in Table II) are fixed,393

while the remaining parameters are free in the fit. In394

Table IV, we report the CP asymmetries, i.e., either the395

polar-form pair (rr,∆φr) or the Cartesian pair (∆x,∆y).396

Fig. 6 shows the difference of the Dalitz plot projections397

of the data and the fit between the D+ and D− decays,398

where we weight the D− events by the quantity R de-399

scribed and reported in Sec. VI. It is evident from the400

figure that both the binned data charge asymmetry and401

that from the fit are consistent with zero and with each402

other. 403

IX. SYSTEMATIC UNCERTAINTIES 404

We consider the following sources of systematic uncer- 405

tainty: the event selection, i.e., the LR selection, correc- 406

tions applied to the MC, binning of the data in cos(θCM ), 407

and the Dalitz plot model. 408

To evaluate the uncertainty due to the LR selection, 409

we vary the selection such that the yield varies by at least 410

±1σ and assign a systematic uncertainty from the largest 411

variation from the nominal value of the CP asymmetry. 412

The uncertainty due to our correction of the produc- 413

tion model in the simulation is evaluated by randomly 414

varying the corrections within their uncertainty, account- 415

ing for the change in the efficiency, and repeating the 416

measurement. We take the RMS of 50 measurements 417

to obtain the systematic uncertainty. The uncertainty 418

due to the tracking asymmetry correction is evaluated 419

by comparing the measurement with two different cor- 420

rections, our “Tau31” correction and the correction used 421

in the BABAR analysis of D+ → K0
Sπ+ [20]. The average 422

tracking asymmetry in that analysis was 0.23 ± 0.05%, 423

consistent with ours, keeping in mind also that the dif- 424

fering momentum spectra lead to different averages. We 425

take the difference between the resulting asymmetries as 426

our systematic uncertainty. 427

The integrated measurement results from binning the 428

data in cos(θCM ); to evaluate the effect of binning we 429

change the number of bins and the bin edges, and we 430

also consider measuring the CP asymmetry as the aver- 431

age asymmetry from a single forward bin and a single 432

backward bin. The systematic uncertainty is determined 433

from the difference of the nominal central value and the 434

value determined from alternative methods. We report 435

these uncertainties for the integrated measurement in Ta- 436

ble V. The systematic uncertainties are combined in 437

quadrature. 438

To determine the model-dependent uncertainty on the 439

Dalitz plot CPV parameters we removed a single reso- 440

nance that contributes less than 1% of the total frac- 441

tion and redo the fit. The procedure is repeated for all 442

the smaller-contributing resonances. We change the stan- 443

dard value of the radial parameter in the Blatt-Weisskopf 444

form factors [25] for the intermediate resonance decay 445

vertex from 1.5 GeV−1 to 1.0 GeV−1. We take the maxi- 446

mum variation as the model-dependent systematic uncer- 447

tainty. Systematic uncertainties for the Dalitz fit CPV 448

parameters are listed in Table IV after the statistical er- 449

rors. 450

Finally, we have studied the possibility of systematic 451

effects on the comparison of binned Dalitz data as re- 452

ported in Sec. VII. The nominal probability for the null 453

hypothesis (no CPV) is 72% with 100 bins, while it is 454

42%, 62%, and 73%, respectively, with 25, 49 and 144 455

bins. By comparison changing the LR selection, as de- 456

scribed above, changes this probability to 81%. 457
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µ=0.08±0.15
σ=1.11±0.15

�i =
n2
i (D

+)�Rn2
i (D

�)p
�2
i (D

+) +R2�2
i (D

�)
, ni =

Ni

⇥i

No CPV observed

• (3) Legendre polynomial moment analysis 
• Found K+K- and K-π+ moments to be consistent with null 

hypothesis at 11% and 13%, respectively

PRD 78, 051102(R) (2008)

No CPV observed

Riccardo Cenci

• Isobar model to describe the DP distribution as a 
coherent sum of amplitudes

• Each resonance Ri  is parameterized with a different 
amplitude � and phase φ for D+ and D- (4 pars.):

• CPV parameters:

• Cartesian form: ∆x and ∆y
• Perform a simultaneous fit to the D+ and D- DPs

CKM 2012, Cincinnati, Ohio, Sep 30, 2012 

D±➝K+K-π±, model dependent analysis
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791 fb-1

TABLE IV: CP violating parameters from the Dalitz plot fit. The first errors are statistical, the second are systematic
uncertainties which are determined from taking in quadrature the errors associated with tracking, the production model
correction, the event selection, and the Dalitz model (see Sec. IX).

Resonance r (%) ∆φ (◦)

K̄∗(892)0 0. (FIXED) 0. (FIXED)

K̄∗
0 (1430)0 −9.40+5.65

−5.36 ± 4.42 −6.11+3.29
−3.24 ± 1.39

φ(1020) 0.35+0.82
−0.82 ± 0.60 7.43+3.55

−3.50 ± 2.35

NR −14.30+11.67
−12.57 ± 5.98 −2.56+7.01

−6.17 ± 8.91

κ(800) 2.00+5.09
−4.96 ± 1.85 2.10+2.42

−2.45 ± 1.01

a0(1450)0 5.07+6.86
−6.54 ± 9.39 4.00+4.04

−3.96 ± 3.83

∆x ∆y

f0(980) −0.199+0.106
−0.110 ± 0.084 −0.231+0.100

−0.105 ± 0.079

f0(1370) 0.019+0.049
−0.048 ± 0.022 −0.0045+0.037

−0.039 ± 0.016
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FIG. 6: (color online) The difference of the Dalitz plot projections of data (points) and the fit (blue curve) between the D+

and D− decays. The width of the curve represents the ±1σ error expected for our data sample size.

TABLE V: Systematic uncertainties for the integrated CP
asymmetry. We fit for the yields in the forward region and
backward region as a function of production angle, averaging
the asymmetries to obtain ACP . The difference between the
central value and average ACP after testing for a systematic
shift is reported here.

Average cos θ asymmetry ∆ACP [%]
Event selection 0.07
Single forward and backward bin 0.01
cos(θCM ) binning 0.04
Track asymmetry correction 0.12

In summary, we find that the tracking asymmetry cor-458

rection results the largest systematic uncertainty in the459

case of the integrated measurement. The largest source460

of systematic uncertainty of the Dalitz plot amplitude461

analysis is the model-dependence. The choice of binning462

of the Dalitz plot is the largest systematic uncertainty463

for the hypothesis that the D+ and D− Dalitz plots are464

consistent with each other.465

X. CONCLUSIONS 466

We do not find any evidence for CP violation in the 467

SCS decay D+ → K+K−π+. The integrated CP asym- 468

metry defined in equation (2) is (0.35 ± 0.30 ± 0.15)%. 469

We find also that the asymmetries in four regions of the 470

Dalitz plot are consistent with zero as listed in Table I 471

and that the D+ and D− Dalitz plots are consistent with 472

no CP asymmetry with a probability of 72% according 473

to the analysis of the normalized residuals of the D+ and 474

D− Dalitz plot divided into 100 equally populated bins. 475

Finally, we find no evidence for CP asymmetry in decays 476

through various intermediate states with a study of the 477

two-body mass distributions as seen in Fig. 5, and with 478

a parameterization of the Dalitz plot for which the CP 479

asymmetries in amplitudes are listed in Table IV. 480
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TABLE IV: CP violating parameters from the Dalitz plot fit. The first errors are statistical, the second are systematic
uncertainties which are determined from taking in quadrature the errors associated with tracking, the production model
correction, the event selection, and the Dalitz model (see Sec. IX).

Resonance r (%) ∆φ (◦)

K̄∗(892)0 0. (FIXED) 0. (FIXED)

K̄∗
0 (1430)0 −9.40+5.65

−5.36 ± 4.42 −6.11+3.29
−3.24 ± 1.39

φ(1020) 0.35+0.82
−0.82 ± 0.60 7.43+3.55

−3.50 ± 2.35

NR −14.30+11.67
−12.57 ± 5.98 −2.56+7.01

−6.17 ± 8.91

κ(800) 2.00+5.09
−4.96 ± 1.85 2.10+2.42

−2.45 ± 1.01

a0(1450)0 5.07+6.86
−6.54 ± 9.39 4.00+4.04

−3.96 ± 3.83

∆x ∆y

f0(980) −0.199+0.106
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FIG. 6: (color online) The difference of the Dalitz plot projections of data (points) and the fit (blue curve) between the D+

and D− decays. The width of the curve represents the ±1σ error expected for our data sample size.

TABLE V: Systematic uncertainties for the integrated CP
asymmetry. We fit for the yields in the forward region and
backward region as a function of production angle, averaging
the asymmetries to obtain ACP . The difference between the
central value and average ACP after testing for a systematic
shift is reported here.

Average cos θ asymmetry ∆ACP [%]
Event selection 0.07
Single forward and backward bin 0.01
cos(θCM ) binning 0.04
Track asymmetry correction 0.12

In summary, we find that the tracking asymmetry cor-458

rection results the largest systematic uncertainty in the459

case of the integrated measurement. The largest source460

of systematic uncertainty of the Dalitz plot amplitude461

analysis is the model-dependence. The choice of binning462

of the Dalitz plot is the largest systematic uncertainty463

for the hypothesis that the D+ and D− Dalitz plots are464

consistent with each other.465

X. CONCLUSIONS 466

We do not find any evidence for CP violation in the 467

SCS decay D+ → K+K−π+. The integrated CP asym- 468

metry defined in equation (2) is (0.35 ± 0.30 ± 0.15)%. 469

We find also that the asymmetries in four regions of the 470

Dalitz plot are consistent with zero as listed in Table I 471

and that the D+ and D− Dalitz plots are consistent with 472

no CP asymmetry with a probability of 72% according 473

to the analysis of the normalized residuals of the D+ and 474

D− Dalitz plot divided into 100 equally populated bins. 475

Finally, we find no evidence for CP asymmetry in decays 476

through various intermediate states with a study of the 477

two-body mass distributions as seen in Fig. 5, and with 478

a parameterization of the Dalitz plot for which the CP 479

asymmetries in amplitudes are listed in Table IV. 480
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DP proj: N(D+) - N(D-) for data (points) and p.d.f (blue curve)
No CPV observed

r =
|Mi|2 � |Mi|2

|Mi|2 + |Mi|2
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What next?
• Theory talks identified important modes to probe.

• Several now checked or in progress...

• ... though Murphy’s law in effect: many compelling 
modes are experimentally tough.

29

Isospin-related �I = 3/2 modes

D0 ! K+K0

D0 ! ⇡0⇡0

D+ ! ⇡+⇡0

D0 ! K0K0

D0 ! (X)�

D0 ! (X)l+l�

D0 ! P+P�� (esp. near �, ⇢)

D0 ! ⌘0⌘0 (“not very practical”)

Grossman + more
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Into the future
• Caution: my rough projection!

• Important complementarity 
between hadron & e+e− machines

• Statistical reach of LHCb upgrade 
staggering

30

INTRODUCTION TO LHCb upgrade AN(OTHER) INTRODUCTION TO LHCb

LHC SCHEDULETHE LHC SCHEDULE

3

√

√

√

√

√

~2.5 fb-1

~6.5 fb-1

~19 fb-1

~57 fb-1

Atlas, CMS LHCb

L=4x1032 cm-2s-1

L=4x1032 cm-2s-1

L~1-2x1033 cm-2s-1

L~1-2x1033 cm-2s-1

adapted from M. Nessi, Chamonix 2012
Adapted from M. Nessi, Chamonix 2012 by way of M. Gersabeck, CHARM2012

P. SPRADLIN (GLASGOW) CHARM PHYSICS AT AN UPGRADED LHCb CKM2012 2012.10.01 5 / 17

LHCb SuperBBelle-II
BES-III
ψ(3770)

50 ab−113 fb−1

at 3770 75 ab−1
Charm@threshold has an important 
role to play. Tau-charm factory not 
shown but highly desirable.

Briere, Branchini, Asner, Spradlin

Non-3770
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LHCb upgrade

31

CHARM IN THE UPGRADE D

0 -D0 MIXING

UPGRADE SENSITIVITY TO MIXING PARAMETERS
LHCb-PUB-2012-006

First LHCb mixing measurement on 2010 data set, JHEP 04 (2012) 129,

y

CP

= (5.5 ± 6.3(stat) ± 4.1(syst)) ⇥ 10�3

with a statistical uncertainty on the order of current best measurements.

Systematic uncertainties limited by sample size and will scale.

More mixing measurements in preparation.

Extrapolating to the statistical sensitivity of the LHCb upgrade

Mode Parameter(s) Precision
D

⇤+! D

0⇡+; D

0 ! K

�
K

+, (⇡�⇡+) y

CP

0.004%(0.008%)
D

⇤+! D

0⇡+; D

0 ! K

�
K

+, (⇡�⇡+) A� 0.004%(0.008%)
WS/RS K⇡ (x 02, y

0) O[(10�5, 10�4)]
WS/RS Kµ⌫ R

M

O(5 ⇥ 10�7)
D

⇤+! D

0⇡+; D

0 ! K

0
S ⇡�⇡+ (x , y) (0.015%, 0.010%)
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CHARM IN THE UPGRADE CP VIOLATION

UPGRADE SENSITIVITY TO CPV PARAMETERS
LHCb-PUB-2012-006

Indirect CP violation in SM is predicted precisely and very small,

A� is an almost-clean measurement of indirect CPV

Direct CP violation searches in as many modes as possible to fully
understand its source and properties.

Extrapolating to the statistical sensitivity of the LHCb upgrade

Mode Parameter(s) Precision
D

⇤+! D

0⇡+; D

0 ! K

�
K

+, (⇡�⇡+) A� 0.004%(0.008%)
D

⇤+! D

0⇡+; D

0 ! K

�
K

+, ⇡�⇡+ �A

CP

0.015%
D

+! K

0
S K

+
A

CP

10�4

D

+! K

�
K

+⇡+
A

CP

5 ⇥ 10�5

D

+! ⇡�⇡+⇡+
A

CP

8 ⇥ 10�5

D

+! h

�
h

0+⇡+ CPV in phases (0.01 � 0.10)�
D

+! h

�
h

0+⇡+ CPV in fractions (0.01 � 0.10)%
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CHARM IN THE UPGRADE CP VIOLATION

UPGRADED CHARM CPV

Combining expected statistical sensitivities from Belle 2 and the
LHCb Upgrade for time-dependent and time-independent CP

asymmetry measurements in D

0 ! K

�
K

+ and D

0 ! ⇡�⇡+

Γ
 -A≈ ind

CP
a

-0.01 -0.005 0 0.005 0.01

d
ir

C
P

a
∆

-0.015

-0.01

-0.005

0

0.005
 Belle 2

CP
A∆

 LHCb upgrade
CP

A∆

 Belle 2
Γ

A

 LHCb upgrade
Γ

A

Figure 2: Expected statistical sensitivities for �ACP and A� for Belle 2 and the LHCb
upgrade. The central values are fixed to the current world average. The ellipse shows
the current 1� ellipse of the world average. The circle marks the no CP -violation
point with a radius of approximately 10�4.

pected with the current experiments until 2017. Atlas and LHCb will further exploit
the area of production and spectroscopy measurements.

The LHCb upgrade is mandatory to achieve the level of precision required to
distinguish e�ects from standard model and beyond. Through many complementary
measurements of mixing and CP violation observables the LHCb upgrade will pin
down the underlying theory parameters. Complementary to the area of CP violation,
the search for rare and forbidden decays will make a leap forward.
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Control of systematics 
is going to be the 
name of the game.

Spradlin
LHCb-PUB-2012-006
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Conclusions

• Plenty of surprises since CKM 2010

• Lots more to do on both theory & experiment

• More use of Lattice?

• Charm important in the game of model-killing

• esp. D mixing

• Avalanche of data in the coming decade -- should 
clear up many questions (and surely raise new 
ones)
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