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Outline	

•  The	LHCb	detector	and	its	current	and	
foreseen	datasets	

•  Recent	results	on		
– B0	oscillaJon	frequency	Δmd 

– Semileptonic	asymmetries	asl
s,	asl

d 

– CKM	matrix	element	|Vub| 
– semi-tauonic	B→D*τν decays 

•  Outlook	
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Designed	to	study	b	and	c	decays	
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�(pp ! bb̄X) = (284± 20± 49)µb @
p
s = 7TeV

Phys.	LeT.	B	694	(2010)	209	(obtained	from	semileptonic	decays).	

Large	producJon	of	beauty	quarks:	

All	b-hadrons	produced	
B0,	B+,	Bs,	Bc,	Λb,	…	



Excellent	performance	

•  3/\	collected	in	run	1	at	7-8	TeV.	
•  Expect	to	collect	another	5/\	in	run	2.	Collected	0.3/\	in	2015.	LHC	says	

2016	is	going	to	be	a	“luminosity	year”	
–  Note	that	at	13	TeV	bb	cross-secJon	roughly	doubles.	
–  i.e.	4	Jmes	larger	data	sample	than	current.			
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Large	and	clean	samples	
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[LHCb:	PLB	728	(2014)	607-615]	

[LHCb:	PRL	114,	041601	(2015)]	
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Figure 1: Mass distributions after weighting of (top) D� candidates in the D�µ+ sample and of
(bottom) D⇤� candidates in the D⇤�µ+ sample, with fit results overlaid.

and true momenta of the B0 meson, k ⌘ prec/ptrue. The value of hki depends on the
D(⇤)�µ+ mass and is empirically parameterised by a second-order polynomial. This
parameterisation is used to correct the B0 decay time. After this mass correction, the
k/hki distribution has an RMS of 0.14. The decay time distribution in the fit is described
as a convolution of the decay rates with the k/hki distribution.

The e�ciency as a function of the estimated decay time varies due to the IP requirements
and track reconstruction e↵ects. This is accounted for by multiplying the convoluted decay
rates with an empirical acceptance function of the form (1� e�(t�t0)/↵)(1� �t), where t0
and ↵ describe the e↵ect of the IP requirements, and � describes the track reconstruction
e↵ect. Since � is fully correlated with the B0 lifetime, the latter is fixed to the known
value [11], while � is allowed to vary in the fit.

The decay-time model for the B+ background is similar to that of the signal, except
that B+ mesons do not mix. As the momentum spectra of the B0 and B+ decay products
are nearly identical, the detection asymmetry is the same as that of the signal. The
B+ production asymmetry is taken as (�0.6 ± 0.6)% from the observed asymmetry in
B+ ! J/ K+ decays [17] after correcting for the kaon detection and measured CP
asymmetries [11].

The combinatorial background in the D meson mass is dominated by other decays of
charm hadrons produced in b-hadron decays. Hence, the decay-time model is the same as
for the signal, but setting adsl to zero. The corresponding values for AP and AD are allowed
to vary in the fit.
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Millions	of	B	candidates	available.	



Excellent	vertex	separaJon	

•  Note:	t	=	d	*	mB	/	pB	
•  pB	unknown	in	semileptonic	decays,	due	to	missing	neutrino!		
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Ds 
Bs K+ 

K- 

K+ 

π-	

d	

47	µm	 144	µm	

440	µm	
Primary	vertex	

Decay	Jme	resoluJon	=	40	fs	

σ(τ)	~40	fs	

Example:	Bs	→	Ds	K	
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•  Many	other	parJcles	produced	in	the	pp	collision.	
–  No	possibility	to	use	beam	energy	constraints.	

•  No	kinemaJc	constraints	from	other	(tagging)	B.	
–  Also	b-hadron	producJon	fracJons	poorly	known.	

But…	“dirty”	hadronic	enviroment	



Neutral	meson	mixing	

Mika Vesterinen

Mean lifetimes

Neutral meson mixing

B0(t)

B0
b

d

d

bW

W

B0

Mixing frequency !
ΔMd ≈ 0.3 / lifetime

t

B0(t)

t
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Neutral	meson	mixing	
•  Time	evoluJon	of	

Schrödinger	equaJon	
	
•  “heavy”	and	“light”	mass	

eigenstates:	
	

•  With	different	masses	and	
decay	widths	

•  Probability	to	find	anJ-
maTer	at	Jme	t	in	a	“maTer	
beam”	
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Mika Vesterinen

Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths
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Neutral	meson	mixing	
•  Mixing	asymmetry	
	

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 10	

Precision measurement of �md

• Oscillation frequency measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX

LHCB-CONF-2015-003
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CP	violaJon	in	mixing	~10-4	
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Neutral	meson	mixing	
•  Mixing	asymmetry	
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Precision measurement of �md

LHCB-CONF-2015-003

• Decay time reconstruction

• Background rejection

• Flavor tagging

A(t) =
Nunmix(t)�Nmix(t)

Nunmix(t) +Nmix(t)
= cos(�m

d

t)

• Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX6.

7



Neutral	meson	mixing	
•  Mixing	asymmetry	
	

•  Flavour	tagging	
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Precision measurement of �md

LHCB-CONF-2015-003
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Precision measurement of �md

• Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX

LHCB-CONF-2015-003

• Flavor tagging

PV q_ B0

b → c →s K +

b →X l -
l - OSμ

OSeQvtx

SSK
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b  
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_
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K / π+ + SSπ

same side
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Precision measurement of �md

LHCB-CONF-2015-003

• Background rejection background rejection with a Multivariate 
Classifier                         
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= cos(�m
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• Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX6.
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Neutral	meson	mixing	
•  Mixing	asymmetry	
	

•  Flavour	tagging	
•  RejecJon	of																																background		
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Precision measurement of �md

LHCB-CONF-2015-003
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Neutral	meson	mixing	
•  Mixing	asymmetry	
	

•  Flavour	tagging	
•  RejecJon	of																																background		
•  Decay	4me	reconstruc4on	
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Precision measurement of �md

LHCB-CONF-2015-003
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Precision measurement of �md

LHCB-CONF-2015-003

• Background rejection background rejection with a Multivariate 
Classifier                         

B
μ

K

+

πD

π

νμ
+

+
-

--

π +

B+ ! D(⇤)�µ+�µX
+

• Flavor tagging

A(t) =
Nunmix(t)�Nmix(t)

Nunmix(t) +Nmix(t)
= cos(�m

d

t)

• Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX6.

6

× (1-2ω) + AB+  

-factorkCorrected 
0.4 0.6 0.8 1 1.2 1.4

En
tri

es
 / 

( 0
.0

2 
)

0

2

4

6

8

10

310!

+µ"D
LHCb simulation

• The k-factors  are also used to model the decay 
time resolution:

B decay time and resolutions (         and      )

k =
| ~p

reco

|
| ~p

true

|
1

k
av

(M
B

)

t =
L ·MPDG

|~p| · kav(M)

• The momentum of the B meson cannot be measured 
precisely due to the partial reconstruction of the decay.

• The B decay time is corrected using the factor: 

B mass
3000 3500 4000 4500 5000

k 
fa

ct
or

0

0.2

0.4

0.6

0.8

1

LHCb simulation

Psig = (T (t)�t R(t)�kF (k)) ·A(t)

k = p
reco

/p
true

”L resolution”

        adsl�md

LHCB-CONF-2015-003
 Phys. Rev. Lett. 114 (2015) 041601

8

[	 ]	



]2c mass [MeV/µDB
3500 4000 4500 5000

-f
ac

to
r

k

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2 )2 c

Ev
en

ts
/(0

.0
04

)/(
11

 M
eV

/

0
2
4
6
8
10
12
14
16
18
20LHCb

-factorkCorrected 
0.4 0.6 0.8 1 1.2 1.4

En
tri

es
 / 

( 0
.0

2 
)

0

2

4

6

8

10

310!

+µ"D
LHCb simulation

• The k-factors  are also used to model the decay 
time resolution:

B decay time and resolutions (         and      )

k =
| ~p

reco

|
| ~p

true

|
1

k
av

(M
B

)

t =
L ·MPDG

|~p| · kav(M)

• The momentum of the B meson cannot be measured 
precisely due to the partial reconstruction of the decay.

• The B decay time is corrected using the factor: 

B mass
3000 3500 4000 4500 5000

k 
fa

ct
or

0

0.2

0.4

0.6

0.8

1

LHCb simulation

Psig = (T (t)�t R(t)�kF (k)) ·A(t)

k = p
reco

/p
true

”L resolution”

        adsl�md

LHCB-CONF-2015-003
 Phys. Rev. Lett. 114 (2015) 041601

8

Decay	Jme	reconstrucJon	
•  Using	semileptonic	 	 	 	 	 			decays		

•  The	B	momentum	is	inferred	from	the	reconstructed	on	by	means	of	a	
staJsJcal	correcJon	taken	from	simulaJon	

•  The	k-factor	is	also	used	to	model		
	the	decay	Jme	resoluJon	
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Precision measurement of �md

LHCB-CONF-2015-003

• Decay time reconstruction

• Background rejection

• Flavor tagging

A(t) =
Nunmix(t)�Nmix(t)

Nunmix(t) +Nmix(t)
= cos(�m

d

t)

• Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 ! D(⇤)�µ+�µX6.
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Precision	measurement	of	Δmd	

•  Fit	to	the	Jme	distribuJons	in	four	
bins	of	increasing	mistag	probability	

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 16	

5 10

-0.5

0

0.5 LHCb

(a)

5 10

-0.5

0

0.5

(c)

5 10

-0.5

0

0.5

(b)

5 10

-0.5

0

0.5

(d)

)t(A

 [ps]t

5 10

-0.5

0

0.5 LHCb

(e)

5 10

-0.5

0

0.5

(g)

5 10

-0.5

0

0.5

(f)

5 10

-0.5

0

0.5

(h)

)t(A

 [ps]t

Figure 6: Mixing asymmetry projections in the four tagging categories for (top plots) B0 !
D�µ+⌫

µ

X and (bottom plots) B0! D⇤�µ+⌫
µ

X for 2012 data. The average mistag per category
increases when going from (a) to (d), and from (e) to (h).

11

5 10
0.6!
0.4!
0.2!

0
0.2
0.4
0.6 LHCb preliminary

(a)

5 10
0.6!
0.4!
0.2!

0
0.2
0.4
0.6

(c)

5 10
0.6!
0.4!
0.2!

0
0.2
0.4
0.6

(b)

5 10
0.6!
0.4!
0.2!

0
0.2
0.4
0.6

(d)

A
sy

m
m

et
ry

decay time [ps]

Precision measurement of �md

• Fit to the mixing asymmetry distributions in four bins of increasing mistag probability

B0 ! D�µ+�µX ]-1  [nsdm!
450 500 550

ALEPH (3 analyses)
 19± 6 ±446 

DELPHI (5 analyses)
 11± 18 ±519 

L3 (3 analyses)
 28± 28 ±444 

OPAL (5 analyses)
 15± 18 ±479 

CDF1 (4 analyses)
 27± 33 ±495 

D0 (1 analysis)
 16± 20 ±506 

BABAR (4 analyses)
 4± 6 ±506 

BELLE (3 analyses)
 5± 4 ±509 

LHCb (3 analyses)
 3± 5 ±514 

<0.66) +BABAR (P
 0.25 + 0.26 - 0.25±4.15 

This measurement
 1.3± 2.0 ±503.6 

BABAR (p*>1.3GeV) 
 0.27 + 0.19 - 0.21±4.32 

Average (w/o this meas.)
 3±510 

HFAG
Summer 2014

Bosch, Lange, Neubert and Paz (BLNP)Phys.Rev.D72:073006,2005
/dof = 9.2/11 (CL = 61.00 %)2"

LHCB-CONF-2015-003

�mHFAG 2015
d = 505.5± 2.0 ns�1

�mSM
d = 543± 91 ns�1

�md = 503.6± 2.0(stat)± 1.3(syst)ns�1

A.Lenz, arXiv:1409.6963
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to the PV, the fits are repeated with a k-factor histogram obtained with a tighter cut on299

the IP, and the di↵erence with respect to the default is taken as systematic uncertainty.300

The systematic uncertainties (0.5 and 0.3 ns�1 for B0! D�µ+⌫
µ

X and B0! D⇤�µ+⌫
µ

X,301

respectively) related to the bias are considered as uncorrelated between the channels,302

as they are determined from di↵erent simulation samples and the time-biasing cuts,303

responsible for the systematic uncertainty on the bias, are di↵erent for the two channels.304

The knowledge of the length scale of the LHCb experiment is limited by the uncertainties305

coming from the metrology measurements of the silicon-strip vertex detector. This was306

evaluated in the context of the �m
s

measurement and found to be 0.022% [30]. This307

translates into an uncertainty on �m
d

of 0.1 ns�1. The uncertainty on the knowledge of the308

momentum scale is determined by studying the masses of various well known resonances309

and is found to be 0.03% [31]. This uncertainty results in a 0.2 ns�1 uncertainty in �m
d

310

in both modes. Both uncertainties are considered correlated across the two channels.311

E↵ects due to the choice of the binning scheme and fitting ranges are found to be312

negligible.313

6 Summary and conclusion314

A combined value of �m
d

is obtained as a weighted average of the four measurements315

performed in B0! D�µ+⌫
µ

X and B0! D⇤�µ+⌫
µ

X in the years 2011 and 2012. First,316

the 2011 and 2012 results of each decay mode are averaged according to their statistical317

uncertainties. The combined results are shown in the last column of Table 1. Then,318

the resulting �m
d

values of each mode are averaged according to the combination of319

the corresponding statistical and uncorrelated systematic uncertainties. The correlated320

systematic uncertainty is added in quadrature to the resulting uncertainty. The combined321

result is shown in the last row of Table 1.322

In conclusion, the oscillation frequency (�m
d

) in B0–B0 system is measured in semilep-323

tonic B0 decays using data collected in 2011 and 2012 at LHCb. The B0! D�µ+⌫
µ

X324

and B0! D⇤�µ+⌫
µ

X decays are used, where the D mesons are reconstructed in Cabibbo-325

favoured decays D�! K+⇡�⇡� and D⇤�! D0⇡�, with D0! K+⇡�. A combined �m
d

326

measurement is obtained,327

�m
d

= (505.0± 2.1 (stat)± 1.0 (syst)) ns�1 ,

which is compatible with previous LHCb results and the world average [12]. This is the328

most precise single measurement of this quantity, with a total uncertainty similar to the329

current world average.330

Acknowledgements331

We express our gratitude to our colleagues in the CERN accelerator departments for the332

excellent performance of the LHC. We thank the technical and administrative sta↵ at the333

14

10!

Main sources of systematic 
related to the k-factor correction.  0.35 0.4 0.45 0.5 0.55 0.6 0.65

6md (ps-1)

World average
Summer 2015

0.5055 ±0.0020 ps-1

CLEO+ARGUS
(rd measurements)

0.498 ±0.032 ps-1

Average of 32 above 0.5055 ±0.0020 ps-1

LHCb D(*)µ/OST
(3 fb-1, prel)

0.5036 ±0.0020 ±0.0013 ps-1

LHCb Dµ/OST,SST
(1 fb-1)

0.503 ±0.011 ±0.013 ps-1

LHCb B0
d(full)/OST,SST

(1 fb-1)
0.516 ±0.005 ±0.003 ps-1

LHCb B0
d(full)/OST
(0.036 fb-1)

0.499 ±0.032 ±0.003 ps-1

BABAR D*li/l,K,NN
(23M BB< )

0.492 ±0.018 ±0.013 ps-1

BABAR D*li(part)/l
(88M BB< )

0.511 ±0.007 ±0.007 ps-1

BELLE B0
d(full)+D*li/comb

(152M BB< )
0.511 ±0.005 ±0.006 ps-1

BELLE l/l
(32M BB< )

0.503 ±0.008 ±0.010 ps-1

BELLE D*/(part)/l
(31M BB< )

0.509 ±0.017 ±0.020 ps-1

BABAR l/l
(23M BB< )

0.493 ±0.012 ±0.009 ps-1

BABAR B0
d(full)/l,K,NN

(32M BB< )
0.516 ±0.016 ±0.010 ps-1

D0 D(*)µ/OST
(02-05)

0.506 ±0.020 ±0.016 ps-1

CDF1 D*l/l
(92-95)

0.516 ±0.099 +0.029 ps-10.516 ±0.099  -0.035

CDF1 l/l,Qjet
(94-95)

0.500 ±0.052 ±0.043 ps-1

CDF1 µ/µ
(92-95)

0.503 ±0.064 ±0.071 ps-1

CDF1 Dl/SST
(92-95)

0.471 +0.078  ±0.034 ps-10.471  -0.068

OPAL /*l/Qjet
(91-00)

0.497 ±0.024 ±0.025 ps-1

OPAL D*/l
(90-94)

0.567 ±0.089 +0.029 ps-10.567 ±0.089  -0.023

OPAL D*l/Qjet
(90-94)

0.539 ±0.060 ±0.024 ps-1

OPAL l/Qjet
(91-94)

0.444 ±0.029 +0.020 ps-10.444 ±0.029  -0.017

OPAL l/l
(91-94)

0.430 ±0.043 +0.028 ps-10.430 ±0.043  -0.030

L3 l/l(IP)
(94-95)

0.472 ±0.049 ±0.053 ps-1

L3 l/Qjet
(94-95)

0.437 ±0.043 ±0.044 ps-1

L3 l/l
(94-95)

0.458 ±0.046 ±0.032 ps-1

DELPHI vtx
(94-00)

0.531 ±0.025 ±0.007 ps-1

DELPHI D*/Qjet
(91-94)

0.523 ±0.072 ±0.043 ps-1

DELPHI l/l
(91-94)

0.480 ±0.040 ±0.051 ps-1

DELPHI /*l/Qjet
(91-94)

0.499 ±0.053 ±0.015 ps-1

DELPHI l/Qjet
(91-94)

0.493 ±0.042 ±0.027 ps-1

ALEPH l/l
(91-94)

0.452 ±0.039 ±0.044 ps-1

ALEPH l/Qjet
(91-94)

0.404 ±0.045 ±0.027 ps-1

ALEPH D*/l,Qjet
(91-94)

0.482 ±0.044 ±0.024 ps-1

Heavy Flavour
Averaging Group

World’s best measurement !

respect to the PV, the fits are repeated with a k-factor histogram obtained with a tighter297

cut on the IP, and the di↵erence with respect to the default is taken as systematic298

uncertainty. The systematic uncertainties (0.5 and 0.3 ns�1 for B0 ! D�µ+⌫
µ

X and299

B0! D⇤�µ+⌫
µ

X, respectively) related to the bias are considered as uncorrelated between300

the channels, as they are determined from di↵erent simulation samples and the time-biasing301

cuts, responsible for the systematic uncertainty on the bias, are di↵erent between the two302

channels.303

The knowledge of the length scale of the LHCb experiment is limited by the uncertainties304

coming from the metrology measurements of the silicon-strip vertex detector. This was305

evaluated in the context of the �m
s

measurement and found to be 0.022% [27]. This306

translates in an uncertainty on �m
d

of ±0.1 ns�1. The uncertainty on the knowledge307

of the momentum scale was determined by studying the masses of various well known308

resonances and found to be 0.03% [28]. This uncertainty results in a 0.2 ns�1 uncertainty309

in �m
d

in both modes.310

E↵ects due to the choice of the binning scheme and fitting ranges are found to be311

negligible.312

6 Conclusion313

A combined value of �m
d

is obtained as a weighted average of the four measurements314

performed in B0 ! D�µ+⌫
µ

X and B0 ! D⇤�µ+⌫
µ

X in the two years 2011 and 2012.315

First, the 2011 and 2012 results of each decay mode are averaged according to their316

statistical uncertainties. The combined results are shown in the last column of Table 1.317

Then, the resulting �m
d

values of each mode are averaged according to the combination318

of the corresponding statistical and uncorrelated systematic uncertainties. The correlated319

systematic uncertainty is added in quadrature to the resulting uncertainty. The combined320

result is shown in the last row of Table 1.321

In conclusion, the oscillation frequency in B0–B0 system (�m
d

) is measured in semilep-322

tonic B0 decays using data collected in 2011 and 2012 at LHCb. The B0! D�µ+⌫
µ

X323

and B0! D⇤�µ+⌫
µ

X decays are used, where the D mesons are reconstructed in Cabibbo-324

favoured decays: D�! K+⇡�⇡� and D⇤�! D0⇡�, with D0! K+⇡�. A combined �m
d

325

measurement is obtained:326

�m
d

= (505.0± 2.1 (stat)± 1.0 (syst)) ns�1 ,

which is compatible with previous LHCb measurements and the previous world average [10].327

This is the most precise single determination of this quantity, with a total uncertainty328

similar to the current world average.329
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Figure 6: Mixing asymmetry projections in the four tagging categories for (top plots) B0 !
D�µ+⌫

µ

X and (bottom plots) B0! D⇤�µ+⌫
µ

X for 2012 data. The average mistag per category
is increasing when going from (a) to (d).
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Constraints	on	CKM	UT	

•  High	experimental	precision	somewhat	
“swamped”	by	hadronic	uncertainJes	

Neutral B meson mixing

• Mass eigenstates are superpositions of 
flavor eigenstates:

• Oscillation and decay description:

• Mixing observables
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[ Δmd , Δms] + fB
2 BB ⇔ | Vtb Vtq |

Δmd = (0.510± 0.003) ps−1

Δms = (17.757± 0.021) ps−1
HFAG, arXiv :1412.7515

ξ2 =
f Bs

2 B̂Bs

(1)

f Bd

2
B̂Bd

(1)
⇒ |

Vtd

Vts

|
2 = ξ2

Δmd

Δms

MBs

MBd

Δmq =
GF

2
mW

2
MBq

6π2
S0(xt)η2B| Vtq

*
Vtb|

2
fBq

2
B̂Bq

(1)

•  Recent	results	from	Larce	QCD	
pave	the	way	for	Jghtening	the	
mixing	constraints	on	the	
unitarity	triangle	

New results from FNAL /MILC, arXiv :1602.03560

∘ f Bd

2 B̂Bd

(1) = 0.0526± 0.0041± 0.0011 GeV2

∘ f Bs

2 B̂Bs

(1) = 0.0762± 0.0044± 0.0015 GeV2

∘ ξ = 1.203 ± 0.017± 0.006
omission of the charm sea quarks

ξ2 =
fBs

2 B̂Bs

(1)

fBd

2 B̂Bd

(1)

FNAL/MILC		
arXiv:1602.03560	



Neutral	meson	mixing	
•  Time	evoluJon	of	

Schrödinger	equaJon	
	
•  “heavy”	and	“light”	mass	

eigenstates:	
	

•  With	different	masses	and	
decay	widths	

•  Probability	to	find	anJ-
maTer	at	Jme	t	in	a	“maTer	
beam”	
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Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths
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Neutral	meson	mixing	
•  Time	evoluJon	of	

Schrödinger	equaJon	
	
•  “heavy”	and	“light”	mass	

eigenstates:	
	

•  With	different	masses	and	
decay	widths	
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Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths

• Probability to find B at time t in a B beam:
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Are	they	CP	eigenstates?	
	
	
		



CP	ViolaJon	in	mixing	
•  CP-violaJng	semi-	

leptonic	asymmetry		
	
•  SM	predicJon	
A.	Lenz,	2012,	1205.1444	[hep-ph]		

•  Experimental	status	
before	LHCb	
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Experimental landscape before LHCb

17

A preliminary measurement of asld = (-3.9 ± 3.5 ± 1.9) x 10-3, 
with inclusive dileptons was reported by BaBar at CKM 2014 
(see slides of Chih-hsiang Cheng)
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How	to	measure?	

•  Inclusive	like-sign	dilepton	asymmetry	
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How to measure?

Method A: Inclusive like-sign dilepton asymmetry

asl =
�(B ! B ! f)� �(B ! B ! f̄)

�(B ! B ! f) + �(B ! B ! f̄)

A`` ⌘
�(`+`+)� �(`�`�)

�(`+`+) + �(`�`�)
= asl

15

Semileptonic CP asymmetries @ LHCb

•  Using semileptonic flavor specific B meson decays:         

asl =
N(B̄!B ! f)�N(B!B̄ ! f̄)

N(B̄!B ! f) +N(B!B̄ ! f̄)
B0

B0

f
f

B0

• Untagged charge asymmetry:         

Ameas(t) =
�(f, t)� �(f̄ , t)

�(f, t) + �(f̄ , t)
=

aqsl
2

�
aqsl
2

cos(⇥mqt)

cosh(⇥�qt/2)

No need to know the flavor of the B meson at the production

14



How	to	measure?	

•  Untagged	asymmetry	(used	by	LHCb)	

	à	oscillaJng	asymmetry	as	funcJon	of	decay	Jme	
	à	no	need	to	know	the	flavour	of	the	B	meson	at	producJon	
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Spurious	asymmetries	
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•  ProducJon	asymmetry	(~1%)	

Hadron production asymmetries

AP =
�(B̄)� �(B)

�(B̄) + �(B)

Ameas(t) =
�(f, t)� �( ¯f, t)

�(f, t) + �( ¯f, t)
=

adsl
2

�
⇣
AP +

adsl
2

⌘ cos(⇥mdt)

cosh(⇥�dt/2)

p
p
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Spurious	asymmetries	
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•  ProducJon	asymmetry	(~1%)	

•  DetecJon	asymmetries		

Hadron production asymmetries
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Mika Vesterinen

Detection asymmetries

Dipole !
magnet

B-field

MV, “Considerations on the LHCb dipole magnet 
polarity reversal”, LHCb-PUB-2014-006.
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The kaon asymmetry

Kaon detection asymmetry of ~ 10-2

(P/GeV)
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K.A. Olive et al. (Particle Data Group), 
Chin. Phys. C, 38, 090001 (2014). Kaon	detecJon	asymmetry	of	~	10-2	



Time-dependent	asl	
•  Time-dependent	fit	to	disentangle	

the	CP	violaJng	asymmetry	from	
the	B0	producJon	asymmetry		

•  Independent	determinaJon	of	the	
detecJon	asymmetries	with	control	
samples		
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Hadron production asymmetries

AP =
�(B̄)� �(B)

�(B̄) + �(B)

Ameas(t) =
�(f, t)� �( ¯f, t)

�(f, t) + �( ¯f, t)
=

adsl
2

�
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adsl
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⌘ cos(⇥mdt)

cosh(⇥�dt/2)
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“Simpler”	for	asls	
•  Time-integrated,	untagged	asymmetry	
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Time-integrated: 

• Untagged, time integrated semileptonic asymmetry:       

• Fast       oscillation dilutes second term below precision of this measurement 

⇠ 10�4

B0
s

Ameas =
�(f)� �(f̄)

�(f) + �(f̄)
=

assl
2

+AD�
⇣
AP +

assl
2

⌘ R
e�stcos(⇥mst)�(t)dtR

e�stcosh(⇥�st/2)�(t)dt| {z }

•                             analysis 

assl

assl
2

=
S +B

S
(Ameas �AD)�

B

S
Abkg

• Inclusion of the full KKπ Dalitz region

• Novel techniques to control detection asymmetries

COMING 
SOON ...B0

s ! Dsµ�µX

L = 3 fb�1

18
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Mixing phenomenology

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

B0 B0 ?
CP-violation 

in mixing

9

M(t)!
M(t)

Effect	of	AP	is	
washed	out	by	
fast	oscillaJons		

Mika Vesterinen

Simpler for asls

Effect of aP is washed out 
by the fast oscillations!

< 10-4
Decay time integrated asymmetry

Mean lifetimes

N(B0
s )�N(B

0
s)

N(B0
s ) +N(B

0
s)

ΔMs ≈17 ps-1

34



“Simpler”	for	asls	
•  Time-integrated,	untagged	asymmetry	
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Time-integrated: 

• Untagged, time integrated semileptonic asymmetry:       
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B

S
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• Inclusion of the full KKπ Dalitz region

• Novel techniques to control detection asymmetries

COMING 
SOON ...B0

s ! Dsµ�µX

L = 3 fb�1

18

         Measurement

• Untagged, time integrated semileptonic asymmetry:       

• Fast       oscillation dilutes second term below precision of this measurement 

• Signal yields for each charge extracted from KKπ invariant mass distributions        

• Correct raw asymmetry for detection and background asymmetries

L = 1 fb�1

B0
s ! Dsµ�µX

B0
s

⇠ 10�4

• See Basem Khanji’s talk tomorrow
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asls	with	1\-1		

Mika Vesterinen

Landscape after

40

Mika Vesterinen

Result with 2011 dataset (1 fb-1)

Source δ (%)
Tracking asymmetries 0.26
Muon asymmetries 0.16
Fitting 0.15
Backgrounds 0.10
Quadratic sum 0.36

asls = (-0.06 ± 0.50stat ± 0.36syst)%

LHCb Collaboration, “Measurement of the flavour-specific CP-
violating asymmetry asl

s in B0s decays”, PLB 728C 607-615 (2014).
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•  Measurement	being	
updated	to	3\-1	using	full	
KKπ	Dalitz	region		

Data samples

•                                  decays in Run-I
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•                                  decays in Run-IB0
s ! D�

s µ
+�µX

• Using the full KKπ Dalitz region for 3 fb�1

adsl assl

A factor 6 MORE SIGNAL wrt 1 fb -1
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Measurement	of	asld		
Challenges:	
•  DetecJon	asymmetry	for	the							

μ±π∓K±π∓	final	state	
•  DeterminaJon	of	B	momentum	

à	k-factor	
•  Background	from	charged	B	and	

baryon	decays	

–  NormalizaJon	from	simulaJon	and	
measured	BFs	

–  producJon	asymmetry	from	other	
measurements	
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Figure 1: Mass distributions after weighting of (top) D� candidates in the D�µ+ sample and of
(bottom) D⇤� candidates in the D⇤�µ+ sample, with fit results overlaid.

and true momenta of the B0 meson, k ⌘ prec/ptrue. The value of hki depends on the
D(⇤)�µ+ mass and is empirically parameterised by a second-order polynomial. This
parameterisation is used to correct the B0 decay time. After this mass correction, the
k/hki distribution has an RMS of 0.14. The decay time distribution in the fit is described
as a convolution of the decay rates with the k/hki distribution.

The e�ciency as a function of the estimated decay time varies due to the IP requirements
and track reconstruction e↵ects. This is accounted for by multiplying the convoluted decay
rates with an empirical acceptance function of the form (1� e�(t�t0)/↵)(1� �t), where t0
and ↵ describe the e↵ect of the IP requirements, and � describes the track reconstruction
e↵ect. Since � is fully correlated with the B0 lifetime, the latter is fixed to the known
value [11], while � is allowed to vary in the fit.

The decay-time model for the B+ background is similar to that of the signal, except
that B+ mesons do not mix. As the momentum spectra of the B0 and B+ decay products
are nearly identical, the detection asymmetry is the same as that of the signal. The
B+ production asymmetry is taken as (�0.6 ± 0.6)% from the observed asymmetry in
B+ ! J/ K+ decays [17] after correcting for the kaon detection and measured CP
asymmetries [11].

The combinatorial background in the D meson mass is dominated by other decays of
charm hadrons produced in b-hadron decays. Hence, the decay-time model is the same as
for the signal, but setting adsl to zero. The corresponding values for AP and AD are allowed
to vary in the fit.

4

Plenty	of	candidates!	
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Time dependent fit: the full picture
• Time-dependent binned maximum likelihood fit to:

D+ mass

B decay time

final state particle charge
example of projections (for D+ mode)

• The analysis is performed independently 
on magnet polarity and year datasets

• Main background:                                  external input for the detection asymmetries 
and the B+ production asymmetry

B+ ! D(⇤)�µ+X+
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Backgrounds

• Main background: 

fractions and shapes are taken from simulation and measured Branching Fractions.

corrected by the CP asymmetry (PDG 2014)

• Other backgrounds: ⇤0
b ! D(⇤)�µ+Xn

from production ratio, 
efficiency ratio

B+ ! D(⇤)�µ+X+

fB+(D
⇤�µ+X+) = (8.8± 2.2)% fB+(D

�µ+X+) = (12.7± 2.2)%

f⇤0
b
⇠ 2%

Phys. Rev.D89 (2014) 032001 JHEP 07(2014) 103

Phys. Rev.D85 (2012) 032008

branching ratio of �0
b ! �+

c �
� and �0

b ! D0p��
subtracting kaon and proton detection 
asymmetries

raw asymmetry in �0
b ! J/�pK+

arXiv:1408.0978B+ production asymmetry from LHCb measurement using B+➝J/ψK+ decays

AP(B
+) = (�0.6± 0.6)%

AP(�
0
b) ⇥ (�0.9± 1.5)%
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Detection asymmetries

B
μ

K

+
PV

πD

π

νμ

0

+

-

--

AD = Aµ� +AK�

• Data samples:                             and                           decays collected in 2011 and 2012B0 ! D±µ��µ B0 ! D�±µ⇥�µ

• Detection asymmetry of the final state:

Nsignal = 1.8M Nsignal = 0.34M

AD =
�(µ+K+⇥�⇥�)� �(µ�K�⇥+⇥+)

�(µ+K+⇥�⇥�) + �(µ�K�⇥+⇥+)

9Tuesday, September 9, 2014

1.8M	
Detection asymmetries
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0.34M	

3\-1	
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•  Split	into	
•  Sources	of	asymmetry	

–  Detector	inefficiencies/misalignments/inhomogeneiJes		
–  Different	interacJon	with	detector	material	(nuclear	interacJons…)	

•  Use	control	samples		

DetecJon	asymmetry	
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•  Tracking	efficiencies	depend	on	transverse	momentum	
–  Reweight	data	sample	to	obtain	a	good	overlapping	kinemaJc	phase	

space	between	µ	and	π.	EffecJve	sample	size	reduced	by	factor	~0.8	
•  Muon-ID	and	trigger	asymmetries:	use	tag-and-probe	method	

on	J/ψàµµ	decays	
	

DetecJon	asymmetry:	Aµπ	
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μπ detection asymmetry

• Transverse momentum dependence of the tracking efficiencies

re-weight the data sample to obtain a good overlapping kinematic phase 
space between μ and π . Residual asymmetry (0.00 +/- 0.02)% 

• Muon-ID and trigger asymmetries: A tag-and-probe method is applied to J/ψ→μμ decays 

Few per-mille corrections, depending on run period, magnet polarity. Overall uncertainty 0.04%
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Overall	uncertainty	0.04%	



•  Use	prompt	D+	decays	into	Kππ	and	KSπ	

	
•  Several	kinemaJcal	re-weighJngs	needed		
•  A(KS)	=	(0.054	±	0.011)%	 	[JHEP	07	(2014)	041]		

DetecJon	asymmetry:	AKπ	
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Kπ detection asymmetry

• Using prompt D+ decays into Kππ and K  πS

• Re-weighting needed to map: the Kπ pair of the control sample to match the signal, the D 
kinematics to cancel the D production asymmetry, the pion in the two control samples. 

• Neutral kaon asymmetry :

AK� = (1.15± 0.08(stat)± 0.07(syst))%

• Main contribution: nuclear kaon interaction, the method accounts for all possible 
sources of detection asymmetry

Reweighted (for the D+ mode)

A(KS) = (0.054± 0.011)%

AK� ⌘ �(K+⇥�)� �(K�⇥+)

�(K+⇥�) + �(K�⇥+)

= A(D ! K⇥⇥)

�A(D ! KS⇥)

�A(KS)

JHEP 07 (2014) 041 
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Mika Vesterinen

Measuring the Kπ asymmetry

• Exploit the LHCb’s huge charm signals

52

Need two decay modes of the 
same D species to cancel the 
production asymmetry

• After a weighting of the charm modes:

largest systematic uncertainty on asld

AK⇡ = (1.15± 0.08stat ± 0.07syst)%

e.g., for D+μν mode:



Results	

Mika Vesterinen

Results and checks

• Don’t rely on the polarity 
reversal to cancel 

Final average:!
1. Linear average of polarities: [u+d]/2!
2. Weighted average of 2011 and 2012!
3. Weighted average of D+ and D*+!

(taking into account correlations in the systematic uncertainties)

asld = (-0.02 ± 0.19stat ± 0.30)%Result:

Can make independent with 
up/down and 2011/2012.

60
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Mika Vesterinen

Fit results

Also measure the Bd 
production asymmetry

N(f, t) / e��dt


1±AD ± adsl

2

⌥ (Ap +
adsl
2

) cos�mdt

�

57

ap(Bd, 7 TeV) = (-0.66 ± 0.26 ± 0.22)%!
ap(Bd, 8 TeV) = (-0.48 ± 0.15 ± 0.17)%



Results	
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Results

(assl = (�0.06± 0.50(stat)± 0.36(syst))%)

 Phys. Rev. Lett. 114 (2015) 041601

COMING SOON ...

Phys. Lett. B 728 (2014) 607-615

expected assl = (X.XX ± 0.2(stat)± 0.25(syst))%

adsl = (�0.02± 0.19(stat)± 0.30(syst))%
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Mika Vesterinen

Systematic uncertainties on asl

Source δ (%)
Detection asymmetry 0.26
B plus 0.13
Baryonic background 0.07
Bs background 0.03
Fake D background 0.03
K-factor model 0.03
Decay time acceptance 0.03
Mixing frequency 0.02
Quadratic sum 0.30

58

Many of these are limited by control mode statistics
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Mika Vesterinen

Results and checks

• Don’t rely on the polarity 
reversal to cancel 

Final average:!
1. Linear average of polarities: [u+d]/2!
2. Weighted average of 2011 and 2012!
3. Weighted average of D+ and D*+!

(taking into account correlations in the systematic uncertainties)

asld = (-0.02 ± 0.19stat ± 0.30)%Result:

Can make independent with 
up/down and 2011/2012.

60

Many	of	these	are	limited	by	control	mode	staJsJcs	

SystemaJcs	

Most	precise	single	measurement	to	date.	Consistent	with	SM.	StaJsJcally	limited		



|Vub|	:	tensionTM	
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The problem

15

This has been a problem for a while

9
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Exclusive Inclusive



Measure	|Vub|	at	hadron	colliders?	
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The	Λbàpµν	decay	
•  Baryonic	version	of	Bàπlν	
•  Cleaner	at	LHCb	as	protons	are	rarer	

than	kaons/pions	
•  Λb	not	produced	at	B	Factories,	but	

produced	at	LHC	half	as	o~en	as	B	
mesons	

•  Signature	in	detector:	displaced	
muon-proton	vertex	

•  Event	though	suppressed,	it	is	not	a	
rare	decay	
–  Expect	0.5M	events	a~er	trigger	and	

preselecJon	
–  Only	need	~10k	to	get	good	enough	

staJsJcal	precision	
•  Tight	selecJon	to	control	

backgrounds	and	systemaJc	effects	
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The decay          
• The decay                   is the 

baryonic version of                . 

• Cleaner at LHCb as protons 
are rarer than kaons/pions. 

• Λb baryons not produced at 
BaBar or Belle experiments 
but at the LHC produced half 
as often as B mesons.

18

• Signature in detector: displaced muon-proton vertex.
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Figure 4: Dependence of f
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and (b) ⌘ of the beauty hadron. To obtain this

figure, the ratio of e�ciency-corrected event yields is scaled to the absolute value of f
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from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
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from the semileptonic analysis.

The ⌘ dependence is described by the linear function
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d

(⌘) = a

0 + b

0 ⇥ (⌘ � ⌘) , (6)

with

a

0 = 0.387± 0.013 +0.028

�0.030

,

b

0 = 0.067± 0.005 +0.012

�0.009

,

where the first uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences of f

⇤

0
b
/f

d

on the p

T

and ⌘ of the b hadron are shown in Fig. 4.
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The decay          
• The decay                   is the 

baryonic version of                . 

• Cleaner at LHCb as protons 
are rarer than kaons/pions. 

• Λb baryons not produced at 
BaBar or Belle experiments 
but at the LHC produced half 
as often as B mesons.
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• Signature in detector: displaced muon-proton vertex.
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In the Standard Model (SM) of particle physics,1

the decay of one quark to another by the emis-2

sion of a virtual W boson is described by3

the 3⇥3 unitary Cabibbo-Kobayashi-Maskawa4

(CKM) matrix [1, 2]. This matrix arises from5

the coupling of the quarks to the Higgs boson.6

While the SM does not predict the values of7

the four free parameters of the CKM matrix,8

the measurements of these parameters in dif-9

ferent processes should be consistent with each10

other. If they are not, it is a sign of physics11

beyond the SM. In global fits combining all12

available measurements [3, 4], the sensitivity13

of the overall consistency check is limited by14

the precision in the measurements of the mag-15

nitude and phase of the matrix element V
ub

,16

which describes the transition of a b quark to17

a u quark.18

The magnitude of V
ub

can be measured via19

the semileptonic quark-level transition b !20

u`�⌫
`

. Semileptonic decays are used to min-21

imise the uncertainties arising from the inter-22

action of the strong force, described by quan-23

tum chromodynamics (QCD), between the final24

state quarks. For the measurement of the mag-25

nitude of V
ub

, as opposed to measurements of26

the phase, all decays of the b quark, and the27

equivalent b quark, can be considered together.28

There are two complementary methods to per-29

form the measurement. From an experimental30

point of view, the simplest is to measure the31

branching fraction (probability to decay to a32

given final-state) of a specific (exclusive) decay.33

An example is the decay of a B0 (bd) meson34

to the final state ⇡+`�⌫, where the influence35

of the strong interaction on the decay, encom-36

passed by a B0 ! ⇡+ form factor, is predicted37

by non-perturbative techniques such as lattice38

QCD (LQCD) [5] or QCD sum rules [6]. The39

world average from Ref. [7] for this method, us-40

ing the decays B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫,41

is |V
ub

| = (3.28± 0.29)⇥ 10�3, where the most42

precise experimental inputs come from the43

BaBar [8,9] and Belle [10,11] experiments. The44

uncertainty is dominated by the LQCD calcula-45

tions, which have recently been updated [12,13].46

The alternative method is to measure the dif-47

ferential decay rate in an inclusive way over48

all possible B meson decays containing the49

b ! u`�⌫ quark level transition. This results in50

|V
ub

| = (4.41±0.15+0.15

�0.17

)⇥10�3 [14], where the51

first uncertainty arises from the experimental52

measurement and the second from theoretical53

calculations. The discrepancy between the ex-54

clusive and inclusive |V
ub

| determinations is ap-55

proximately three standard deviations and has56

been a long-standing puzzle in flavour physics.57

Several explanations have been proposed, such58

as the presence of a right-handed (vector plus59

axial-vector) coupling as an extension of the60

SM beyond the left-handed (vector minus axial-61

vector) W coupling [15–17]. A similar discrep-62

ancy also exists between exclusive and inclusive63

measurements of |V
cb

| (the coupling of the b64

quark to the c quark) [14].65

This article describes a measurement of the66

ratio of branching fractions of the ⇤0

b

(bud)67

baryon into the p`�⌫ and ⇤+

c

`�⌫ final states.68

This is performed using proton-proton collision69

data from the LHCb detector, corresponding70

to 2.0 fb�1 of integrated luminosity collected at71

a centre-of-mass energy of 8TeV. The b ! u72

transition, ⇤0

b

! pµ�⌫
µ

, has not been consid-73

ered before as ⇤0

b

baryons are not produced74

at an e+e� B-factory while, at the LHC, they75

constitute around 20% of the b-hadrons pro-76

duced [18]. These measurements together with77

recent LQCD calculations [19] allow for the78

determination of |V
ub

|2/|V
cb

|2 according to79

|V
ub

|2

|V
cb

|2 =
B(⇤0

b

! pµ�⌫
µ

)

B(⇤0

b

! ⇤+

c

µ�⌫
µ

)
R

FF

(1)

where B denotes the branching fraction and80

R
FF

is a ratio of the relevant form factors, calcu-81

lated using LQCD. This is then converted into82

a measurement of |V
ub

| using the existing mea-83
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Determining |Vub|
• Use ratio of differential rates from lattice calculations [1] to 

calculate the ratio of CKM elements squared:

42
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VI. PREDICTIONS FOR THE ⇤b ! p `�⌫̄` AND ⇤b ! ⇤c `�⌫̄` DECAY RATES

In this section, we present predictions for the ⇤b ! p `�⌫̄` and ⇤b ! ⇤c `�⌫̄` di↵erential and integrated decay rates
using our form factor results. Including possible right-handed currents with real-valued ✏Rq , the e↵ective Hamiltonian
in Eq. (2) leads to the following expression for the di↵erential decay rate in terms of the helicity form factors,

d�

dq2
=

G2
F |V L

qb|2
p

s+s�

768⇡3m3
⇤b

✓
1 � m2

`

q2

◆2

⇥
(

4
�
m2

` + 2q2
� ⇣

s+
⇥
(1 � ✏Rq )g?

⇤2
+ s�

⇥
(1 + ✏Rq )f?

⇤2⌘

+2
m2

` + 2q2

q2

⇣
s+

⇥
(m⇤b � mX) (1 � ✏Rq )g+

⇤2
+ s�

⇥
(m⇤b + mX) (1 + ✏Rq )f+

⇤2⌘

+
6m2

`

q2

⇣
s+

⇥
(m⇤b � mX) (1 + ✏Rq )f0

⇤2
+ s�

⇥
(m⇤b + mX) (1 � ✏Rq )g0

⇤2⌘
)

, (84)

where, as before, X = p, ⇤c denotes the final-state baryon, and

s± = (m⇤b ± mX)2 � q2. (85)

Expressions for the individual helicity amplitudes and the angular distributions can be found in Refs. [27, 28, 65]. By
combining experimental data with our form factor results, novel constraints in the (V L

qb, ✏Rq ) plane can be obtained.

In the following, we consider the Standard Model with V L
qb = Vqb and ✏Rq = 0. Our predictions of the ⇤b ! p `�⌫̄`

and ⇤b ! ⇤c `�⌫̄` di↵erential decay rates for ` = e, µ, ⌧ are shown in Figs. 14 and 15. The central values, statistical
uncertainties, and systematic uncertainties have been calculated using Eq. (83); all baryon and lepton masses were
taken from Ref. [1]. Our results are most precise in the high-q2 region, where the form factor shapes are most tightly
constrained by the lattice QCD data. We obtain the following partially integrated decay rates

1

|Vub|2
Z q2

max

15 GeV2

d�(⇤b ! p µ�⌫̄µ)

dq2
dq2 = (12.32 ± 0.93 ± 0.80) ps�1, (86)

1

|Vcb|2
Z q2

max

7 GeV2

d�(⇤b ! ⇤c µ�⌫̄µ)

dq2
dq2 = (8.39 ± 0.18 ± 0.32) ps�1, (87)

and their ratio

|Vcb|2
|Vub|2

R q2
max

15 GeV2

d�(⇤b!p µ�⌫̄µ)
dq2 dq2

R q2
max

7 GeV2

d�(⇤b!⇤c µ�⌫̄µ)
dq2 dq2

= 1.470 ± 0.115 ± 0.104, (88)

where the first uncertainty is statistical and the second uncertainty is systematic. Together with experimental data,
Eqs. (86), (87), and (88) will allow determinations of |Vub|, |Vcb|, and |Vub/Vcb| with theory uncertainties of 5.0%,
2.2%, and 5.3%, respectively. The predicted total decay rates for all possible lepton flavors are

�(⇤b ! p e�⌫̄e)/|Vub|2 = (24.8 ± 2.8 ± 4.2) ps�1 (89)

�(⇤b ! p µ�⌫̄µ)/|Vub|2 = (24.8 ± 2.8 ± 4.2) ps�1, (90)

�(⇤b ! p ⌧�⌫̄µ)/|Vub|2 = (17.5 ± 1.5 ± 1.9) ps�1, (91)

�(⇤b ! ⇤c e�⌫̄e)/|Vcb|2 = (21.1 ± 0.9 ± 1.4) ps�1, (92)

�(⇤b ! ⇤c µ�⌫̄µ)/|Vcb|2 = (21.1 ± 0.9 ± 1.4) ps�1, (93)

�(⇤b ! ⇤c ⌧�⌫̄µ)/|Vcb|2 = (7.13 ± 0.17 ± 0.29) ps�1. (94)

Motivated by the R(D(⇤)) puzzle [14], we also provide predictions for the following ratios:

�(⇤b ! ⇤c ⌧�⌫̄µ)

�(⇤b ! ⇤c e�⌫̄µ)
= 0.3378 ± 0.0081 ± 0.0088, (95)

�(⇤b ! ⇤c ⌧�⌫̄µ)

�(⇤b ! ⇤c µ�⌫̄µ)
= 0.3388 ± 0.0081 ± 0.0087. (96)

QED corrections to the decay rates, which may be relevant at this level of precision, have been neglected here.

which leads to:

Finally, the value of |Vcb| obtained from exclusive decays is 
used to derive |Vub| …

|Vub|
|Vcb|

= 0.083± 0.004(expt)± 0.004(lattice)
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Conclusioni

Selezione eventi

q

2 ricostruibile con ambiguità
doppia e diversa risoluzione:

soluzione corretta 1 GeV2{c4;
soluzione errata 4 GeV2{c4

q

2 ° 15 GeV2{c4 per entrambe:
minimizzare il contributo da bassi
q

2.

Analisi multivariata (BDT): rimozione di fondi con tracce cariche associate al
vertice pµ (reiezione fondo « 90%, efficienza segnale « 80%).
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•  Signal	has	no	addiJonal	tracks	coming	from	the	secondary	vertex	
•  Tight	vertex	rejects	50%	of	background	due	to	Λc	lifeJme	(0.2ps)	
•  Veto	on	charged	tracks	close	to	the	pμ	vertex	—	90%	rejecJon	

for	80%	efficiency		
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Signal	~|Vub|2		 Background	~ |Vcb|2 ~ 100 |Vub|2		
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Massa corretta
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M
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“
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p
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Risoluzione:
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decadimenti totalmente ricostruiti;
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⇤

b

.
Candidati scartati se �

M

corr

° 100
MeV{c2:

⇤
b

Ñ pµ´⌫̄µ: efficienza « 23%.
⇤

b

Ñ ⇤
c

µ´⌫̄µ: taglio non
applicato.

Taglio a M

corr

“ m⇤
b

: dovuto alla
selezione su q

2.
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•  No	constraint	from	beam	
energy	at	a	hadron	machine	

•  Use	constraint	given	by	
measurable	flight	direcJon	

•  Improve	signal	and	
background	separaJon	by	
requiring	low	uncertainty	
on	mcorr 
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the calculation of |V
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198

flight direction and the ⇤0
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to a two-fold ambiguity. The correct solution200

has a resolution of about 1GeV2/c4, while the201
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To avoid influence on the measurement by the203

large uncertainty in form factors at low q2, both204
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decay and 7GeV2/c4 for the206
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decay. Simulation207

shows that only 2% of ⇤0
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decays and208
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! ⇤+

c
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Figure 1: Illustrating method used to reduce

the number of selected events from the q2

region where lattice QCD has high uncer-

tainties. The e�ciency of simulated ⇤0

b

! pµ�⌫
µ

candidates as a function of q2. For the case where
one q2 solution is required to be above 15GeV2/c4

(marked by the vertical line), there is still signifi-
cant e�ciency for signal below this value, whereas,
when both solutions have this requirement, only
a small amount of signal below 15GeV2/c4 is se-
lected.

below the cut values pass the selection require-210

ments. The e↵ect of this can be seen in Fig. 1,211

where the e�ciency for signal below 15GeV2/c4212

is reduced significantly if requirements are ap-213

plied on both solutions. It is also possible that214

both solutions are imaginary due to the lim-215

ited detector resolution. Candidates of this216

type are rejected. The overall q2 selection has217

an e�ciency of 38% for ⇤0

b

! pµ�⌫
µ

and 39%218

for ⇤0

b

! ⇤+

c

µ�⌫
µ

decays in their respective219

high-q2 regions.220

The mass distributions of the signal candi-221

dates for the two decays are shown in Fig. 2.222

The signal yields are determined from a �2 fit223

to the m
corr

distributions of the ⇤0

b

! pµ�⌫
µ

224

and ⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

candidates.225

The shapes of the signal and background com-226

3
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Reduced	q2	dependence	

•  Using	the	Λb	mass	as	a	
constraint	à	quadraJc	
equaJon	for	pν	à	2-fold	
ambiguity		

•  Theory	most	accurate	at			
high	q2	

•  Require	both	soluJons	above	
15GeV2	to	avoid	cross-feed		

Ulrik Egede23 Apr  2015 13/28

Reduced low q2 dependence
● Missing neutrino means that there is 2-fold ambiguity for q2

● Requiring both solutions to be above 15 GeV2 reduce 

contribution from below 15 GeV2 to tiny resolution effect
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Figure 1: Illustrating method used to reduce

the number of selected events from the q2

region where lattice QCD has high uncer-

tainties. The e�ciency of simulated ⇤0

b

! pµ�⌫
µ

candidates as a function of q2. For the case where
one q2 solution is required to be above 15GeV2/c4

(marked by the vertical line), there is still signifi-
cant e�ciency for signal below this value, whereas,
when both solutions have this requirement, only
a small amount of signal below 15GeV2/c4 is se-
lected.
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Ulrik Egede23 Apr  2015 12/28

Reduced low q2 dependence
● The LQCD calculation is most accurate at high q2

● A cut at 15 GeV2 (7 GeV2) is good for Λ
b
→pµυ (Λ

b
→Λ

c
µυ)

arXiv:1503.01421

Nature	Physics	11	(2015)	743	



Fit	to	data	

Ulrik Egede23 Apr  2015 14/28

Normalisation mode

Ulrik Egede23 Apr  2015 15/28

Signal fit

Signal:		17687	±	733		

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 43	

NormalizaJon:		34255	±	571		

Nature	Physics	11	(2015)	743	



RaJo	of	branching	fracJons	

•  RelaJve	efficiencies	determined	from	simulaJon,	with	
correcJons	from	data.	Main	differences	due	to	
–  Two	extra	tracks	for	normalizaJon	
–  Vertex	efficiency	(Λc	lifeJme)	
–  Cut	on	corrected	mass	error	
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Branching fraction broken down

20

• Experimental challenges: 

• Finding 

• Calculating relative efficiency to high precision.

⇤0
b ! pµ⌫

2 Analysis strategy36

The aim of this analysis is measure the following ratio of integrated di↵erential branching37

fractions:38

B(⇤0

b ! pµ�⌫µ)q2>15 GeV

2/c4

B(⇤0

b ! ⇤+

c µ�⌫µ)q2>7 GeV

2/c4
=

|Vub|2

|Vcb|2
G(⇤0

b ! pµ�⌫µ)q2>15 GeV

2/c4

G(⇤0

b ! ⇤+

c µ�⌫µ)q2>7 GeV

2/c4
(1)

where G(⇤0

b ! pµ�⌫µ)q2>15 GeV

2/c4 and G(⇤0

b ! ⇤+

c µ⌫)q2>7 GeV

2/c4 will be evaluated using39

latest Lattice QCD predictions from S. Meinel, which are due to be published early next40

year. The branching fraction measurements will be restricted to regions where the squared41

invariant mass of the µ⌫ pair (q2) is high, as this is where the lattice predictions are most42

precise. The q2 boundaries of the two decays look very di↵erent, however they correspond43

to very similar values of the hadronic recoil, which is the momentum carried by the proton44

or ⇤+

c in the ⇤0

b rest frame. They are chosen as these are in the regions where the lattice45

calculations are most under control. Experimentally, this ratio may be expressed in the46

following way:47

B(⇤0

b ! pµ�⌫µ)q2>15 GeV

2

B(⇤0

b ! ⇤+

c µ⌫)q2>7 GeV

2

=
N(⇤0

b ! pµ�⌫µ)q2>15 GeV

2

N(⇤0

b ! (⇤+

c ! pK�⇡+)µ⌫)q2>7 GeV

2

⇥
✏(⇤0

b ! (⇤+

c ! pK�⇡+)µ⌫)q2>7 GeV

2

✏(⇤0

b ! pµ�⌫µ)q2>15 GeV

2

⇥ B(⇤+

c ! pK�⇡+)

(2)

where the yields (N) and selection e�ciencies (✏) are measured for the decays ⇤0

b ! pµ�⌫µ48

and ⇤0

b ! (⇤+

c ! pK�⇡+)µ⌫ in their respective regions of q2. As both decays have large49

branching fractions (> 10�4) and high trigger e�ciency, the measurement will be limited50

by systematic uncertainties which drives the analysis strategy. For example, the selection51

is mostly cut-based, apart from a BDT which is used to isolate against background with52

additional charged tracks that were not reconstructed. The signal (⇤0

b ! pµ�⌫µ) and53

normalisation (⇤0

b ! ⇤+

c µ�⌫µ) yields are determined with a fit to the corrected mass,54

which is defined as55

Mcorr =
q

M2

Xµ + p2

T

+ p
T

(3)

where M2

Xµ is the visible mass and p
T

is the missing momentum transverse to the direction56

of flight. If only a neutrino is missing from the decay, the corrected mass will peak at the57

⇤0

b mass. The decay ⇤+

c ! pK�⇡+ is used given the availability of a measurement of the58

branching fraction B(⇤+

c ! pK�⇡+) = 0.0684 + �0.0024+0.0021

�0.0027

by Belle [7]. The relative59

e�ciency between the signal and normalisation channels is determined using simulation,60

where the largest di↵erence between the two is the additional reconstruction of the kaon61

and pion for the normalisation mode.62

The blinding procedure is somewhat unorthodox: The signal ⇤0

b ! pµ�⌫µ and ⇤0

b !63

⇤+

c µ�⌫µ yields have already been measured in the relevant regions. The only number yet64

4

Relative efficiency
• Relative efficiency determined using the simulation, 

with corrections from data. 

• Main differences in efficiency due to: 

• Two extra tracks for normalisation. 

• Vertex efficiency (Λc lifetime). 

• Corrected mass error cut on signal.

34

✏(⇤0
b ! pµ⌫)

✏(⇤0
b ! ⇤cµ⌫)

= 3.52± 0.20 Arises from  
systematics 



RaJo	of	branching	fracJons	
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Branching fraction broken down

20
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4

Branching fraction result
• Combine yields and efficiencies to obtain the 

branching fraction ratio.

41

7. Results 11/17

Ratio of branching fractions and B(⇤
b

! pµ�⌫µ)

Measure the ratio of branching fractions to be:

B(⇤
b

! pµ�⌫µ)
q

2>15GeV

2/c4

B(⇤
b

! ⇤
c

µ⌫)
q

2>7GeV

2/c4
= (1.00± 0.04(stat)± 0.08(syst))⇥ 10�2

LHCb-preliminary

Can use theory to extrapolate to a full branching fraction for
⇤
b

! pµ�⌫µ decays:

B(⇤
b

! pµ�⌫µ) = (3.92± 0.83)⇥ 10�4

LHCb-preliminary

LHCB-PAPER-2015-013

Moriond Electroweak 2015 William Sutcli↵e V

ub

from ⇤
b

! pµ�⌫µ

• The negligible size of form factor uncertainties (1%) 
mean that the branching fraction result can be 
safely treated as independent from theoretical input.

Systematic uncertainties

35

34, 255 ± 571, respectively. This is the first302

observation of the decay ⇤0

b

! pµ�⌫
µ

. The303

⇤0

b

! pµ�⌫
µ

branching fraction is measured304

relative to the ⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

305

branching fraction. The relative reconstruc-306

tion, trigger and selection e�ciencies are ob-307

tained from simulated events, where several308

corrections obtained from data are applied.309

These corrections include di↵erences between310

data and simulation in the detector response311

and the ⇤0

b

kinematic properties. The rela-312

tive e�ciency between the ⇤0

b

! pµ�⌫
µ

and313

⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

decays is calcu-314

lated to be 3.52 ± 0.20, where the sources of315

uncertainty are described below.316

Systematic uncertainties associated with317

the measurement are summarised in Table 1.318

The largest uncertainty originates from the319

⇤+

c

! pK⇡ branching fraction, which is taken320

from Ref. [32]. This is followed by the uncer-321

tainty on the trigger response, which is due322

to the statistical uncertainty of the calbira-323

tion sample. Other contributions come from324

the tracking e�ciency, which is due to pos-325

sible di↵erences between the data and simu-326

lation in the probability of interactions with327

the material for the kaon and pion in the328

⇤0

b

! (⇤+

c

! pK�⇡+)µ�⌫
µ

decay. A system-329

atic uncertainty is assigned by comparing two330

di↵erent parametrisations of the ⇤+

c

! pK+⇡�
331

e�ciency as a function of the decay kinemat-332

ics. Uncertainties on the ⇤0

b

! N⇤µ�⌫
µ

mass333

shapes due to the limited knowledge of the334

form factors and widths of each state are esti-335

mated by generating pseudoexperiments and336

assessing the impact on the signal yield.337

Smaller uncertainties are assigned due to338

the following e↵ects: the uncertainty in the339
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~ 8 % uncertainty on branching fraction ratio = ~4% on |Vub|.
Mika Vesterinen

Systematic uncertainties

• Dominated by single 
Belle measurement
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Source
Relative 

uncertainty
B(Λc →pKπ) 5%

Trigger & reco 6%

Λc decay model 3%
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Isolation 1%
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Total 8%
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FIG. 1. The M
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(D(⇤)p⇡) data distributions (points with error bars) for inclusively reconstructed

⇤+
c baryons from the (a) RS and (b) WS samples with superimposed fit results (solid line). The

contributions of signal, combinatorial and missing X background are shown with the dashed, dotted,

and dashed-dotted lines, respectively.

relative to their total electric charge. The WS sample, by definition, cannot contain correctly

reconstructed ⇤+
c candidates so it is used to study properties of the background. We retain

inclusively reconstructed ⇤+
c candidates with 2.0 GeV/c2 < M

miss

(D(⇤)p⇡) < 2.5 GeV/c2.

In 15% of the events, we find more than one D(⇤)p⇡ candidate; in such cases we select at

random a single RS (WS) candidate for further analysis, if only RS (WS) candidates are

found, or a single RS and a single WS candidate, if RS and WS candidates are found in an

event.

Figure 1 shows the distributions of M
miss

(D(⇤)p⇡) for RS and WS candidates. A promi-

nent peak at the nominal ⇤+
c mass is visible in the spectrum of the RS sample, while the

spectrum of the WS sample is featureless. The yield of inclusively reconstructed ⇤+
c baryons

is determined by performing a binned maximum likelihood fit to the M
miss

(D(⇤)p⇡) distri-

bution of RS candidates. The inclusively reconstructed ⇤+
c candidates fall into three cat-

egories: correctly reconstructed D(⇤)p⇡ combinations from signal events (signal); correctly

reconstructed D(⇤)p⇡ candidates from e+e� ! D(⇤)�p⇡+⇤+
c X events, where X represents

one or two additional particles produced in the process of hadronization that are missed

in the reconstruction (missing X background); and all other combinations (combinatorial

background), which also contribute to the WS sample.

The signal candidates are parameterized as the sum of two components a core and an

upper-tail part to describe the contribution of events with an undetected initial state radia-
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|Vub| result	
Using	PDG	exclusive	average	of	|Vcb|:		

	

Ulrik Egede23 Apr  2015 4/28

Comparing to other measurements

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 46	

Nature	Physics	11	(2015)	743	

|Vub |= (3.27± 0.15exp ± 0.17theory ± 0.06|Vcb| )×10
−3

3.5σ	away	from	
inclusive	average	



LHCb	internal	

Measuring	|Vub|:	BsàKµν	

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 47	

Phys.	Rev.	D91	(2015),	7074510	

Error	budget	from	Larce	QCD	more	favourable	for	BsàKµν	than	Bàπµν	

BsàKµν	

Bàπµν	



LHCb	internal	

Measuring	|Vub|:	BsàKµν	

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 48	

•  Use	corrected	mass	to	
disJnguish	between	
background	components	

•  Use	charged	and	neutral	
isolaJon	criteria	in	BDT	

•  Veto	parJally	
reconstructed	
backgrounds	

Laurent Dufour

|VUB| WITH BS ➝ K MU NU

17

M. Artuso, A. Borgheresi, S. Braun, M. Calvi, M. de Cian, B. Dey, M. Gandelman, A. Hicheur, B. Khanji,  
M. Kelsey, M. Kolpin, F. Muheim, B. Souza de Paula, P. Seyfert, I. Smith, M. Veteranen [Latest update]

A fit is done on the corrected mass to distinguish 

between the different background components: a 

good understanding of the backgrounds and their 

shapes in corrected mass is required.

Relative e�ciencies signal vs. norm.

B(B0

s ! Kµ⌫)

B(B0

s ! D�
s µ⌫)

=
N

sig.

N
norm.

· B(D�
s ! K+K�⇡�) · ✏norm.

✏
sig.

⌅ Most e�ciencies should be straight forward (DecProdCut, Trigger, Tracking, etc.)

⌅ Prepared on current MC, updated when correct model is available

⌅ Had first look at PID e�ciencies with PIDCalib

⌅ Need to be evaluated polarity specific

⌅ All PID cuts (including Stripping) will be removed on MC for that

Channel ✏ MagUp ✏ MagDown

B0

s ! Kµ⌫ 50.00% 51.27%
B0

s ! D+

s µ⌫ 22.16% 22.97%

13 M. Kolpin Update: |Vub| from B0

s ! Kµ⌫
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Training an isolation BDT for charged and neutral 

tracks, missed tracks combined: partially 
reconstructed backgrounds (e.g. J/ψ K+) can be 

completed to form a mass-peak and vetoed out.

M. Kelsey LHCb Week December 2015

• Potential to be most precise measurement  
• Challenging measurement due to partially 

reconstructed backgrounds 
• Isolation MVA to reduce backgrounds with 

additional charged and neutral particles 
• Basem's talk on charged isolation 
• Adlene's talk on neutral isolation 

• Stripping frozen for S24 and incremental 
re-stripping 

• Normalize to                    (Michael's talk)

22

b⟶u  and b⟶c transitions

Also considering 
• Possible also for angular analysis  
•   See Michael’s talk

Charged Neutral
Charged

Corrected	mass	[MeV]	



LHCb	internal	

Measuring	|Vub|:	BsàKµν	
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•  Neutral	isolaJon:	Veto	parJally	reconstructed	K*+	
backgrounds	by	looking	at	combinaJon	of	photon	pairs	into	
π0	candidates		

Laurent Dufour 18

|VUB| WITH BS ➝ K MU NU

13

Best CL(g1)+CL(g2) and p0 mass window
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NEUTRAL ISOLATION

An important background is formed by partially reconstructed charged 
K* states, decaying into a Kaon and a π0. Many improvements are done 

on the level of the neutral isolation, where pairs of photons are 

combined to form a π0 candidate. To be released to the public!

Bs ➝ K* µ ν 
Bs ➝ K*(1430) µ ν 
Bs ➝ K*2(1430) µ ν

M. Artuso, A. Borgheresi, S. Braun, M. Calvi, M. de Cian, B. Dey, M. Gandelman, A. Hicheur, B. Khanji,  
M. Kelsey, M. Kolpin, F. Muheim, B. Souza de Paula, P. Seyfert, I. Smith, M. Veteranen [Latest update]



•  Bàlν	measures	ff	x	|Vub|,	sensiJve	
to	NP	at	tree	level	

•  Helicity	suppressed!		
àMeasure	Bàτν		

	à	rather	impossible	at	LHCb	

•  Add	gluons	and	measure		Bàφµν	
•  Look	also	for	Bcàφµν	

•  BR(B+àφµν)/BR(Bcàφµν)	 	 	
	~	|Vub|2/|Vcb|2	!	

•  Analysis	just	starJng	
–  Building	on	work	done	for	BsàKµν	

Ulrik Egede20 Aug 2014 2/13

Why B → µυ ?
● As an annihilation diagram, there is little QCD uncertainty 

in branching fraction

● A good measurement of |V
ub

| within SM

● Sensitive to tree level NP

●

●

●

●

●

●

● Helicity suppression makes SM branching fraction almost 

insignificant

LHCb	internal	

Measuring	|Vub|:	Bàµν	and	B(c)àφµν	
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● Sensitive to tree level NP

●

●

●

●

●

●

● Helicity suppression makes SM branching fraction almost 

insignificant

Ulrik Egede20 Aug 2014 9/13

Cool decay or a measurement of |V
ub

|?

● Clearly prediction of BF(B-→ µφ - )υ  is very uncertain. But 

could we normalise to BF(Bc
- µ→φ - )υ

●

●

●

●

●

●

●

The B
c
 decay has BF |V

cb
|2/|V

ub
|2~100 higher but 

production about factor 200 lower

● And would need a determination of f
Bc

LHCb	internal	

Measuring	|Vub|:	Bàµν	and	B(c)àφµν	
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Measuring	|Vub|:	Bàµν	and	B(c)àφµν	
•  Bàlν	measures	ff	x	|Vub|,	sensiJve	

to	NP	at	tree	level	
•  Helicity	suppressed!		
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	à	rather	impossible	at	LHCb	

•  Add	gluons	and	measure		Bàφµν	
•  Look	also	for	Bcàφµν	

•  BR(B+àφµν)/BR(Bcàφµν)	 	 	
	~	|Vub|2/|Vcb|2	!	

•  Analysis	just	starJng	
–  Building	on	work	done	for	BsàKµν	
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Semileptonic	B	decays	in	D**µν	
•  B	→	D∗∗μν	decays	relaJvely	poorly	measured	
•  Sum	of	exclusive	final	states	falls	short	of	inclusive	Xc	μν	
•  Look	for	B	→	D∗∗μν	with	D∗∗	→	D∗π	by	firng	D∗π	inv.	mass		

•  Hints	for	decays	into	new	
resonances,	previously	
unobserved		

•  Non-resonant	D*π	decays	
merged	with	combinatorial	
background	

O(104)	narrow	resonances	decays:		
Could	also	measure	form	factors!			

LHCb	internal	

3\-1	
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98 4 Fit to Monte Carlo and data distributions
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Figure 4.11. D

⇤
⇡⇡µ⌫µX channel: projections of the bidimensional fit on data of opposite and same charge

log IP

BV
⇡⇤⇤ distribution.
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Semileptonic	B	decays	in	D**µν	
•  Can	also	measure	D*π(π)	

final	states	“inclusively”	
without	looking	at	invariant	
mass	

•  Fit	impact	parameter	with	
respect	to	D*µ	vertex		
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LHCb	internal	

96 4 Fit to Monte Carlo and data distributions

1.835 GeV < m(K⇡) < 1.890 GeV and 2.15 GeV < m(D

⇤
⇡) < 3.20 GeV. The PDF

used to fit the signal and background distributions are the same of the MC, fix-
ing the same 4 parameters of the background distribution to the values extracted
from the individual fit on the Monte Carlo data. The B ! D

0 contribution is fit-
ted fixing all the parameters to the respective values extracted from the previous
individual fit. The total PDF has the following form:

F(log IP⇡⇤⇤) = ND0bkg · BD0
(log IP

BV
⇡⇤⇤ ) + Nbkg · B(log IP

BV
⇡⇤⇤ ) + Nsgn · S(log IP

BV
⇡⇤⇤ ),

(4.15)
where ND0bkg is the number of B ! D

0 events, fixed to the yield obtained from
the integration of the B ! D

0 distribution in the �M signal region; Nsgn and Nbkg

are signal and combinatorial background yields, respectively.
The resulting fit is shown in Figure 4.10 and parameters values are gathered in
Table 4.6. The pull distribution is not optimal, but the average is still around zero,
the error matrix is accurate and the EDM is of the order of 10�6.
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Bà	D*ππµν	X	
3k	events!	

Log(IP_BV)	

Bà	D*	π	µ ν	X	
50k	events!	



Λb	form	factors	

•  In	HQET,	the	parJal	decay	width	is	determined	by	six	form	factors	
•  In	the	heavy	quark	limit	à	“Isgur-Wise”	funcJon	ξ(w) 
•  Parameters	of	this	funcJon	can	be	determined	by	measuring	the	exclusive	

ΛbàΛcµν	rate,	with	Λc → p K π,	in	bins	of	w	
•  Need	to	subtract	feed-down	from	higher	resonances	
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In HQET, the fractional decay width is determined by a single 
function ξ(w), the Isgur-Wise function.  
 
Goal: by measuring the exclusive Λb ➝ Λc µ ν decay rates in 
bins of w, measure the parameters of this function.
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In HQET, the fractional decay width is determined by a single 
function ξ(w), the Isgur-Wise function.  
 
Goal: by measuring the exclusive Λb ➝ Λc µ ν decay rates in 
bins of w, measure the parameters of this function.
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In HQET, the fractional decay width is determined by a single 
function ξ(w), the Isgur-Wise function.  
 
Goal: by measuring the exclusive Λb ➝ Λc µ ν decay rates in 
bins of w, measure the parameters of this function.
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Λb	form	factors	

•  Unfold	the	measured	w	
distribuJon	and	correct	for	
efficiency	
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M. Artuso, S. Ely, C. Hadjivasiliou, M. Kelsey [Latest update]

In HQET, the fractional decay width is determined by a single 
function ξ(w), the Isgur-Wise function.  
 
Goal: by measuring the exclusive Λb ➝ Λc µ ν decay rates in 
bins of w, measure the parameters of this function.
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Λb	form	factors	

•  Unfold	the	measured	w	
distribuJon	and	correct	for	
efficiency	

•  Fit	Isgur-Wise	funcJon	(in	the	
HQ	limit)		

•  Repeat	fit	by	using	form	factor	
parameterizaJon	from	Larce	
QCD	
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In HQET, the fractional decay width is determined by a single 
function ξ(w), the Isgur-Wise function.  
 
Goal: by measuring the exclusive Λb ➝ Λc µ ν decay rates in 
bins of w, measure the parameters of this function.
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•  Access	to	|Vcb|:	need	to	find	suitable	normalizaJon	channel	

LHCb	internal	



TesJng	Lepton	Flavour	Universality	
with	semi-tauonic	B	decays	
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Measurement	of		

•  TheoreJcally	clean,	
cancellaJon	of	form	factor	
uncertainJes	
–  Dominant	uncertainty	due	to	

knowledge	of	helicity-
suppressed	amplitude	

–  SM:	𝑅(𝐷∗)	=	0.252(3)		
	PRD	85	094025	(2012)	

•  Use	𝜏	→	𝜇𝜈𝜈	decays	
–  Same	visible	final	state	

–  Large	well-measured	BF	(17%)		
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What we want to measure

14

𝑅 𝐷∗ ≡
ℬ( ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ)
ℬ( ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ)

oTheoretically clean due to cancellation of 
form factor uncertainties

◦ Poorly-measured helicity suppressed 
amplitudes give dominant uncertainty

◦ SM: 𝑅 𝐷∗ = 0.252(3)
PRD 85 094025 (2012)

oExperimentally nice with 𝜏ି → 𝜇ି�̅�ఓ𝜈ఛ
◦ Results in identical (visible) final state

◦ large, well-measured BF: 

ℬ 𝜏ି → 𝜇ି�̅�ఓ𝜈ఛ = 17.41 ± 0.04 %
◦ Expected (signal)/(normalization)=0.439%

◦ Disentangle from ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ using 
invariant mass of invisible system, lepton 
energy spectrum
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ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ
“normalization”

ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ
“signal”

What we want to measure

14

𝑅 𝐷∗ ≡
ℬ( ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ)
ℬ( ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ)

oTheoretically clean due to cancellation of 
form factor uncertainties

◦ Poorly-measured helicity suppressed 
amplitudes give dominant uncertainty

◦ SM: 𝑅 𝐷∗ = 0.252(3)
PRD 85 094025 (2012)

oExperimentally nice with 𝜏ି → 𝜇ି�̅�ఓ𝜈ఛ
◦ Results in identical (visible) final state

◦ large, well-measured BF: 

ℬ 𝜏ି → 𝜇ି�̅�ఓ𝜈ఛ = 17.41 ± 0.04 %
◦ Expected (signal)/(normalization)=0.439%

◦ Disentangle from ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ using 
invariant mass of invisible system, lepton 
energy spectrum

ത𝐵

𝐷∗ା

𝜇ି

𝐷

𝜋ା 𝐾ି

𝜋ା𝜈

ത𝐵

𝐷∗ା

𝜏ି

𝐷

𝜋ା 𝐾ି

𝜋ା

3𝜈

𝜇ି

ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ
“normalization”

ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ
“signal”



Signal-to-background	separaJon	
Distinguishing 𝑏 → 𝑐𝜏 → 𝜇𝜈𝜈 𝜈 from 𝑏 → 𝑐𝜇𝜈

15

oIn  B rest frame, three key kinematic variables:
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Rest	frame	approximaJon	at	LHCb	

•  B	boost	along	z	>>	boost	of	decay	products	in	the	rest	frame	
•  Avoids	2-fold	ambiguity	when	solving	for	B	momentum	with	

missing	parJcles	
•  18%	resoluJon	on	B	momentum	approximaJon	

Rest-frame approximation at LHCb

oTake 𝛾𝛽௭ ത = 𝛾𝛽௭ ∗ఓ ⟹ 𝑝௭ ത =
ಳ

 ∗ఓ
𝑝௭ ∗ఓ

◦ Inspiration: B boost along z >> boost of decay products in B frame
◦ Equivalent to choosing a decay axis in the rest frame – approximation is 

independent of B momentum 
◦ Small momentum dependence due to momentum dependence of resolution on 

flight direction

29

PV

B vertex
𝑝௭

𝑧

y

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 62	



Reconstructed	fit	variables	
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Reconstructed fit variables

•18% resolution on B momentum approximation gives excellent 
shapes to use for fit

30

𝜇

𝜏
MC Truth

Our 
Approximation

𝐸ఓ∗ ( ⁄MeV 𝑐)𝑚௦௦
ଶ ⁄GeV 𝑐ଶ ଶ 𝑞ଶ ⁄GeV 𝑐ଶ ଶ

𝐸ఓ∗ ( ⁄MeV 𝑐)𝑚௦௦
ଶ ⁄GeV 𝑐ଶ ଶ 𝑞ଶ ⁄GeV 𝑐ଶ ଶ

LHCb-PAPER-2015-025



ParJally	reconstructed	backgrounds	

•  Main	backgrounds	(other	than	normalizaJon):	par4ally	reconstructed	B	decays		
–  D*(*)µν,	D*3πX,	D*D(s)(*)X…	
–  use	isola4on	criteria	(MVA)	and/or	τ	flight	length	

•  Assess	compaJbility	of	every	other	reconstructed	track	with	D*µ	vertex	
–  Vertex	quality	with	PV	and	SV,	change	in	displacement	of	SV,	pT,	alignment	of	track	and	

D*µ	momenta	

•  Build	BDT	to	discriminate	“SV-like”	and	“PV-like”	tracks		
–  Use	cuts	to	select	signal-enriched	and	background-enriched	samples,	to	be	used	as	control	

samples	
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Reducing partially reconstructed backgrounds

32

Track IP

PV

Underlying
Event

oMake use of superb tracking system

◦ Scan over every reconstructed track and compare against 𝐷∗ା𝜇ି vertex

◦ Check for vertex quality with PV and SV, change in displacement of SV, 𝑝், alignment 
of track and 𝐷∗ା𝜇ି momenta

oEach track receives BDT score as “SV-like” (high) vs “PV-like” (low)
◦ Cut on most SV-like track below threshold: get signal sample enriched in 

exclusive decays. Rejects 70% of events with 1 additional slow pion

◦ Cut on most SV-like track(s) being above threshold: get control samples 
enriched in interesting backgrounds

SV



Semileptonic	backgrounds	

•  Sizeable	contribuJons	from	semileptonic	
decays	to	excited	charm	mesons	

•  Study	their	shapes	with	control	samples	
enriched	in	one	or	two	addiJonal	pions		
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Bernlochner et al, PRD 85 094033 (2012)

Semileptonic Backgrounds

oContributions of excited charm states in the 𝐵±, → 𝑐ത𝑞 𝜇𝜈 transition are large

◦ 1P states decaying as 𝐷∗𝜋 known and reasonably well-described by theory (HQET)

◦ 𝐷∗ା𝜇ି𝜋ି control sample sets nonperturbative shape parameters for input to signal fit

◦ States decaying as 𝐷∗𝜋𝜋 less well-understood, fit insensitive to exact composition. 

◦ 𝐷∗ା𝜇ି𝜋ା𝜋ି control sample used to correct 𝑞ଶ spectrum to match data

oDistinguishable by “edge” at missing mass ≈ 2 𝑚గ

33

ത𝐵 → 𝐷ଵା(2420)𝜇ି�̅�ఓ vs ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ

ത𝐵 → 𝐷∗∗ା → 𝐷∗ା𝜋𝜋 𝜇ି�̅�ఓ vs ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ

LHCb-PAPER-2015-025

3. B! D

⇤⌧⌫ (LHCB-PAPER-2015-025) 22/34

B ! D⇤⇤(! D⇤+⇡)µ⌫ control sample

Data
ντ D*→B 

X’)Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatoric
µMisidentified 

• Isolation MVA selects one track, M
D

⇤+⇡ around narrow D⇤⇤ peak !
select a sample enhanced in B! D⇤⇤µ+⌫

• Use this to constrain, justify B! D⇤⇤µ+⌫ shape for light D⇤⇤ states
• Also fit above, below narrow D⇤⇤ peak region to check all regions of

M
D

⇤+⇡ are modelled correctly in data

PRL	115,	111803	(2015)	

Eµ	 m2
miss	 q2	



Semileptonic	backgrounds	

•  Sizeable	contribuJons	from	semileptonic	
decays	to	excited	charm	mesons	

•  Study	their	shapes	with	control	samples	
enriched	in	one	or	two	addiJonal	pions		
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Bernlochner et al, PRD 85 094033 (2012)

Semileptonic Backgrounds

oContributions of excited charm states in the 𝐵±, → 𝑐ത𝑞 𝜇𝜈 transition are large

◦ 1P states decaying as 𝐷∗𝜋 known and reasonably well-described by theory (HQET)

◦ 𝐷∗ା𝜇ି𝜋ି control sample sets nonperturbative shape parameters for input to signal fit

◦ States decaying as 𝐷∗𝜋𝜋 less well-understood, fit insensitive to exact composition. 

◦ 𝐷∗ା𝜇ି𝜋ା𝜋ି control sample used to correct 𝑞ଶ spectrum to match data

oDistinguishable by “edge” at missing mass ≈ 2 𝑚గ

33

ത𝐵 → 𝐷ଵା(2420)𝜇ି�̅�ఓ vs ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ

ത𝐵 → 𝐷∗∗ା → 𝐷∗ା𝜋𝜋 𝜇ି�̅�ఓ vs ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ

LHCb-PAPER-2015-025

3. B! D

⇤⌧⌫ (LHCB-PAPER-2015-025) 24/34

B ! D⇤⇤(! D⇤+⇡⇡)µ⌫ control sample

Data
ντ D*→B 

X’)Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatoric
µMisidentified 

• Also look for two tracks with isolation MVA ! study
B ! D⇤⇤(! D⇤+⇡⇡)µ⌫ in data

• Can control shape of this background

PRL	115,	111803	(2015)	

Eµ	 m2
miss	 q2	



Double-charm	backgrounds	
•  BàD*D(s)X	decays	can	lead	to	very	similar	shapes	to	the	

semitauonic	decay	(e.g.	𝐵	→	𝐷*	𝐷s	(→	𝜙𝜇𝜈)		+	many	others)	
•  Very	large	number	of	decays	modes,	physics	models	for	many	

of	them	not	well	established	
•  Dedicated	𝐷∗𝜇𝐾±	control	sample	used	to	constrain	shapes	
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3. B! D

⇤⌧⌫ (LHCB-PAPER-2015-025) 26/34

B! D⇤DX control sample

Data
ντ D*→B 

X’)Xν l→(c D*H→B 
ν D**l→B 
νµ D*→B 

Combinatoric
µMisidentified 

• Isolation MVA selects a track with loose kaon ID ! select a sample
enhanced in B! D⇤DX

• Use this to constrain, justify B! D⇤DX shape

PRL	115,	111803	(2015)	

Eµ	 m2
miss	 q2	



Signal	region	fit	
•  No additional particles 	
•  3D fit to m2

miss, Eμ, in 4 
bins of q2. 	

•  Simultaneously fit 3 
control regions defined 
by isolation criteria 	

	

•  In agreement with Babar 
and Belle	

•  2.1σ higher than the SM	
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Mika Vesterinen

Signal region fit

• No additional particles

• 3D fit to m2miss, Eμ, in 4 
bins of q2.

• Simultaneously fit 3 
control regions defined 
by isolation criteria
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Figure 1: Distributions of m2

miss

(a–d) and E⇤
µ

(e–h) of the four q2 bins of the signal data with fit
projections overlaid. Below each panel di↵erences between the data and fit are shown, normalized
by the Poisson uncertainty in the data (blue histograms). The red bands give the 1� template
uncertainties.

7

q2

20M.Rotondo KK-FF2015

Results (4 q2 bins)

● Binned 3-D fit in mmiss
2, Eμ and

q2 (40 x 30 x 4 bins)

R(D*) = 0.336 ± 0.027 ± 0.030

● In agreement with BaBar and
Belle measurements 

● 2.1σ higher than SM

PRL115,111803(2015)

PRL	115,	111803	(2015)	

Eµ	 m2
miss	



SystemaJcs	Systematics

39

Will scale down 
with more data

Expected to be reduced
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21M.Rotondo KK-FF2015

HFAG average of R(D) and R(D*)

SM predictions

● Difference with the SM at 3.9σ level 

The 2HDM-II cannot explain this
new source of LFU violation could explain this and other results

More recent lattice calculations of R(D) are
available and are consistent with and more
precise: 1503.07237, 1505.03925

HFAG	average	of	R(D)	and	R(D*)	

Difference	with	the	SM	at	3.9σ	level	
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21M.Rotondo KK-FF2015

HFAG average of R(D) and R(D*)

SM predictions

● Difference with the SM at 3.9σ level 

The 2HDM-II cannot explain this
new source of LFU violation could explain this and other results

More recent lattice calculations of R(D) are
available and are consistent with and more
precise: 1503.07237, 1505.03925

21M.Rotondo KK-FF2015

HFAG average of R(D) and R(D*)

SM predictions

● Difference with the SM at 3.9σ level 

The 2HDM-II cannot explain this
new source of LFU violation could explain this and other results

More recent lattice calculations of R(D) are
available and are consistent with and more
precise: 1503.07237, 1505.03925

SM	predicJon:	

21M.Rotondo KK-FF2015

HFAG average of R(D) and R(D*)

SM predictions

● Difference with the SM at 3.9σ level 

The 2HDM-II cannot explain this
new source of LFU violation could explain this and other results

More recent lattice calculations of R(D) are
available and are consistent with and more
precise: 1503.07237, 1505.03925Experimental	average:	



Other	semi-tauonic	decays	
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LHCb	internal	



Background: 𝐵 → 𝐷∗ି3𝜋

8

𝜋ା

𝜋ି

𝜋ା(𝜋)

𝐷∗ି vertex
≈ 𝐵 vertex

𝐵Primary
Vertex

The three pions originate directly from the 𝐵 vertexÆ
most dominant background Æ suppressed by requiring
"vertex inversion" at 5𝜎 plus other "cleaning" cuts

ℬ(𝐵 → 𝐷∗ି3𝜋) = 14 x ℬ(signal)

𝜋ି
𝜋ି

𝐾ା𝐷

B→D*τν,	with	τ→3π(π0)	
•  Doing	semileptonic	physics	without	leptons	in	the	final	state!		
•  The	B→D*τν	decay,	with	τ→3π(π0)	leads	to	a	D*3π(X)	final	state	
•  Nothing	is	more	common	than	this	final	state	in	a	typical	B	decay	
•  Br(B→D*3π(X)) / Br(B→D*τν; τ→3π(π0)ν)SM~100	
•  Suppress	with	inverted	vertex	topology	
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LHCb	internal	



Signal topology

7

𝜋ି 𝜋ି

𝜋ା

𝜋ି

𝜋ା

𝐾ା

(𝜋)

ഥ𝜈ఛ

𝜈ఛ

𝜏ା

𝐷𝐷∗ି vertex
≈ 𝐵 vertex

𝐵
Primary
Vertex

ℬ(𝐵 → 𝐷∗ି𝜏ା𝜈ఛ) ℬ(𝜏ା → 𝜋ା𝜋ି𝜋ା 𝜋 )(𝑆𝑀) = 0.173 ± 0.005 %

• 𝐷∗ି decay chain: 𝐷∗ି → 𝐷 𝐾ା𝜋ି 𝜋ି
Æ 𝐷∗ି is fully reconstructed

• Tricky part Æ 𝜏 reconstruction (missing neutrino)

B→D*τν,	with	τ→3π(π0)	

A	5	σ	requirement	kills	the	
D*3π(X)	background	by	>104	
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•  Doing	semileptonic	physics	without	leptons	in	the	final	state!		
•  The	B→D*τν	decay,	with	τ→3π(π0)	leads	to	a	D*3π(X)	final	state	
•  Nothing	is	more	common	than	this	final	state	in	a	typical	B	decay	
•  Br(B→D*3π(X)) / Br(B→D*τν; τ→3π(π0)ν)SM~100	
•  Suppress	with	inverted	vertex	topology	

LHCb	internal	



B→D*τν,	with	τ→3π(π0)	
•  Remaining	background	from	B0	decays	where	the	3π	vertex	is	transported	

away	from	the	D0	vertex	by	a	charm		carrier:	Ds, D+	or	D0	(in	order	of	
importance)	

•  Br(B→D*’D’;	‘D’→3π) / Br(B→D*τν; τ→3π(π0)ν)SM~10	
•  LHCb	has		three	very	good	‘weapons’	to	suppress	this	background:	

–  Background	parJal	reconstrucJon	
–  Dynamics	of	2π,	3π	system	
–  Neutral	isolaJon	

•  Use	mulJ-variate	analysis	to	maximize	discriminaJon	
•  Expect	staJsJcal	uncertainJes	at	the	6%	level	
•  Must	keep	systemaJc	at	the	same	level		

–  LimitaJon	due	to	the	large	error	(11%	PDG	2014)	on	the	normalisaJon	
Br(B0→D*3π)	is	now	overcome	by	new	Babar	measurement	at	4%,	shown	
last	Sunday	at	Moriond	EW!		

17/03/16	 C.	Bozzi	-	SL	decays	at	LHCb	 74	

LHCb	internal	



B. Siddi
INFN Ferrara

78th LHCb Week 7-11 December 2015
 hadronicB ! D⇤⌧⌫

 12

Access to the kinematic

Difference	true	
-	reconstructed

True	value
Reconstructed	
value

We can reconstruct * 
and B decays with this  
technique.

q2

* decay time

Signal	Monte	Carlo

|~p⌧ | =
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2
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2
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p
(m

2
⌧ �m

2
3⇡)

2 � 4m

2
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✓

2(E

2
3⇡ � |~p3⇡|2cos2✓)

where ✓ is the angle between ⌧ and 3⇡ direction

RMS = 1.3 GeV2

Access to these distributions with the high purity of our samples can lead to potential observation of deviations from SM not only for the total yield but 
also in these distributions.

Signal	reconstrucJon	

•  Reconstruct	τ	and	B	kinemaJcs	by	exploiJng	vertex	
separaJon	

•  Choose	θ	such	that	argument	of	square	root	vanishes	
•  Good	resoluJon	on	kinemaJcal	variables	
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LHCb	internal	



	Current	status	
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StaJsJcal	uncertainty	on	signal	~6%	

LHCb	internal	



Outlook	
•  The	measurements	of	CP	asymmetries	in	mixing	(asl

s,	asl
d)	and	of	

the	CKM	matrix	element	|Vub|	show	that	it	is	possible	to	do	
precision	physics	in	semileptonic	decays	of	b	hadrons	even	in	the	
harsh	environment	of	LHCb	

•  Decays	with	taus	in	the	final	state	look	promising.	For	B→D*τν:		
–  Leptonic	mode:	same	level	of	precision	(~10%)	as	B	Factories	
–  3-prong	mode:	aiming	at	staJsJcal	precision	at	the	6%	level.		

•  Further	exploit	other	modes	with	taus:	
–  B→D0τν,	Bs→Dsτν,	Λb→Λcτν	

•  Several	tools	and	techniques	are	being	exploited	to	reconstruct	SL	
decays,	suppress	backgrounds	and	disentangle	“ground	state”	
signals	from	higher	“excitaJons”		
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backup	
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ComposiJon	of	SL	width	
•  Even	less	experimental	

informaJon	of	exclusive	Bs	decays.		
•  Final	states	with	D0K	can	be	used	

to	measure	Bs→Ds
**µ ν .	
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ComposiJon	of	SL	width	
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LHCb [PLB 698 (2011) 14] 

(missed	π0	or	γ)	

Significance:	8.3σ	

•  Observed	D0K	spectrum	from	Bs→Ds
**µ ν	

3 pb−1
 

20 pb−1
 



Improving	isolaJon	
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Figure 2. Distributions for pcone
T

(top) and E

cone

T

(bottom). The points are for muons from pseudo-
W data, the yellow (shaded) histograms are for W -MC simulation, while the open histograms are
for muons from QCD background with IP > 80µm from data. All distributions are normalised to
unity.

do not originate from the primary pp interaction. The IP distribution is shown in figure 3

for pseudo-W events, W -MC, and simulated semi-leptonic decays of hadrons containing a

b or c quark. The pseudo-W events and W -MC are in agreement and peak at low values

of IP, in contrast to the heavy flavour background. For the W candidate selection it is

required that IP < 40µm. This cut also removes a large fraction of the background from

W ! ⌧⌫ and Z ! ⌧⌧ decays.

Pions and kaons that punch-through to the muon chambers can be distinguished from

true muons as they leave substantial energy deposits in the calorimeters. Figure 4 shows

the summed energy, E, in the electromagnetic and hadronic calorimeter associated with

– 7 –

•  Transverse	momentum	&	
energy	in	a	cone	around	
muon	in	W	decays	
successfully	employed	in	
measurement	of	inclusive	
W	producJon	

•  Possible	use	in	SL	decays	
as	discriminaJng	
variables		to	veto	decays	
with	extra	“acJvity”.		

JHEP06(2012)058	
Inclusive	W	and	Z	producJon	in	the	forward	region	at	√s	=	7	TeV	
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Semileptonic	publicaJons	

•  CP	violaJon	and	Δmd,s	studies	
–  Semileptonic	asymmetries	
–  CP	violaJon	in	charm	
–  Bs,	Bd	oscillaJons	

•  bb	cross	secJon	at	7	TeV	
•  b-hadron	producJon	fracJons	
•  Bs → Ds

** X µ ν	branching	raJo	
•  Vub	measurement	
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asl
d	[PRL 114, 041601 (2015)] 

asl
s	[PLB 728 (2014) 607] 
ΔACP	 [JHEP 07 (2014) 041] and [PLB 723 (2013) 33] 
AΓ	[arXiv:1501.06777] 

Δmd,s	[EPJC 73 (2013) 12, 2655] 

[arXiv:1504.01568, submitted to Nature Physics] 

[PLB 694 (2010) 209] 

[PRD 85 (2012) 032008] 

[PLB 698 (2011) 14] 



Λb→Λc		form	factor	
•  Use	Λb→Λc µ ν,	with	Λc → p K π.	
•  Add	2	pions	to	observe	of	excited	Λc(2595)	and		
Λc(2625) 
–  Subtract	from	inclusive	Λc µ X 

•  Use	neutrino-reconstrucJon	
to	get	4-velocity	transfer,	w	
–  Use	SVD	method	for	deconvoluJon	

•  Analysis	in	advanced	state.	
–  Expect	uncertainty	on	ρ2 ≈ 0.08 
–  SystemaJcs	from	w	resoluJon,	

detector	efficiencies	and		
Λc

* modeling	

•  Is	there	a	good	normalizaJon		
channel	to	extract	Vcb	?	
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Right-handed	currents?	

The	dependence	on	a	
right	handed	current	
is	different	for	
Λb→pµν as	there	is	
also	an	axial	vector	
current		

Ulrik Egede23 Apr  2015 5/28

Right handed current
● The dependence on a right handed current is different for 

Λ
b
→pµυ as there is also an axial vector current

Right-handed	currents	disfavoured	

8. Implications 15/17

Can new physics explain the puzzle?

L
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Bernlochner, Karbach
Preliminary

contours hold 68% CL

Bernlochner et al.

[arXiv:1408.2516]

Also see Crivellin

[arXiv:0907.2461]

�2/n
dof

= 2.8/1, p-value = 0.1
Fit favours a right handed current over SM (✏

R

= 0).

Moriond Electroweak 2015 William Sutcli↵e V

ub

from ⇤
b
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arXiv:1504.01568,	submiTed	to	Nature	Physics	



Can	we	do	more	at	LHCb?	
•  Exclusive	measurements	are	challenging	
•  First	exclusive	|Vub| using	Λb → p µ ν paves	the	way	for	other	

semileptonic	decays	
–  Λb → Λc µ ν 
–  B → ρ(ππ)µν 

•  Problem:	normaliza4on	to	CF	decay	(as	in	Vub).		
•  NormalizaJon	uncertainJes:	

–  bb	cross-secJon	à	19%	

•  Need	normalizaJon	channel,	or	
•  use	(almost)	fully	reconstructed	OS	tag.	

–  b-hadron	producJon	fracJons		
•  Branching	fracJons	for	Bs	and	Λb	not	well	known.	

•  Precision	on	rest-frame	observables	(q2).	
–  Neutrino	reconstrucJon	
–  Same-side	tagging	
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LHCb:	[PRD 85 (2012) 032008] 

LHCb:	[PLB 694 (2010) 209] 

–  Bs → Kµν and	Bs → Dsµν 
–  Other	opJons:	Bc?	
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–  Bs → Kµν and	Bs → Dsµν 
–  Other	opJons:	Bc?	

Urquijo	[arXiv:1102.1160]	



Separate	higher	Ds	&	Λc	resonances		
2D	fits	to	q2	and	mvis	

§  Use	D	and	D*+	
form	factors	for	Ds	
and	Ds

* 

§  Fix	fracJon		
Ds

*/Ds=D*/D=2.42 

RaJo	Λc(2595)/Λc(2625) fixed	
to	predicJon:		
[Phys.	Rev.	C	72	035201	(2005)]	

[PRD 85 (2012) 032008] 
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[PRD 85 (2012) 032008] 



ComposiJon	of	SL	width	
ComposiJon	of	inclusive	B → Xc l ν	width	not	fully	understood.	
•  Recent	update	by	BaBar	bridges	half	of	the	gap.	
•  8.5%	sJll	unknown.	
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From	F.	Bernlocher,	CKM14	

1 Introduction

Charm meson spectroscopy provides a powerful test of the quark model predictions of the
Standard Model. Many charm meson states, predicted in the 1980s [1], have not yet been
observed experimentally. The expected spectrum for the cū system is shown in Fig. 1
(the spectrum of the cd̄ system is almost identical). The JP states having P = (�1)J

and therefore JP = 0+, 1�, 2+, ... are called natural parity states and are labelled as D⇤,
while unnatural parity indicates the series JP = 0�, 1+, 2�, .... The low-mass spectrum of
the cū system is comprised of the ground states (1S), the orbital excitations with angular
momentum L=1, 2 (1P, 1D), and the first radial excitations (2S). Apart from the ground
states (D,D⇤), only two of the 1P states, D1(2420) and D⇤

2(2460) [2], are experimentally
well established since they have relatively narrow widths (⇠30MeV). 1 In contrast, the
broad L = 1 states, D⇤

0(2400) and D0
1(2430), have been established by the Belle and

BaBar experiments in exclusive B decays [3, 4].
The theoretical predictions are in agreement (within 20–30 MeV) with observations

for the 1S states and the JP = 2+ and JP = 1+ 1P states. In the cs̄ system, the
JP = 0+ and JP = 1+ states (both L = 1) have predicted masses about 100 MeV higher
than the measured masses of the D

sJ

mesons. To quantitatively assess the accuracy of
the quark model predictions, assumptions are needed to formulate a wave equation for
quark-antiquark bound states starting from the QCD Lagrangian [5]. Nevertheless, the

1We work in units where c = 1.
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Figure 1: Modified Godfrey-Isgur mass predictions [1]. The figure shows the cū spectrum in
which the masses have been scaled such that the ground state coincides with the D0 mass.
The 2� states, not shown in the original publication, have been inserted following the splitting
structure of the 1P states.

1



ComposiJon	of	SL	width	
•  LHCb	can	study	for	resonant	B → Xc l ν	structure	

–  Including	radial	excitaJons	D(*)’ 
–  High	staJsJcs	invariant	mass	spectrum	

•  Example:	spectroscopy	from	prompt	samples:	
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LHCb [JHEP 09 (2013) 145]	
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Figure 7: Fit to the total D⇤+⇡� sample. The dashed (blue) line shows the fitted background,
the dotted lines the D1(2420)0 (red) and D⇤

2(2460)
0 (blue) contributions. The inset displays the

D⇤+⇡� mass spectrum after subtracting the fitted background. The full line curves (red) show
the contributions from D

J

(2580)0, D
J

(2740)0, and D
J

(3000)0 states. The dotted (blue) lines
display the D⇤

J

(2650)0 andD⇤
J

(2760)0 contributions. The top window shows the pull distribution
where the horizontal lines indicate ±3�.

this case we compare the distributions with expectations from natural parity, unnatural
parity and JP = 0�. In the case of unnatural parity, the h parameter, in 1 + h cos2 ✓H, is
constrained to be positive and therefore the fit gives h = 0. In both cases, the distributions
are best fitted by the natural parity hypothesis.

Figure 10 shows the angular distributions for theD
J

(2580)0, D
J

(2740)0 andD
J

(3000)0

states. The distributions are fitted with natural parity and unnatural parity. The JP = 0�

hypothesis is also considered for D
J

(2580)0. The results from the fits are given in Table 5.
In all cases unnatural parity is preferred over a natural parity assignment.

9 Fit to the D+⇡� and D0⇡+ mass spectra

The D+⇡� and D0⇡+ mass spectra consist of natural parity resonances. However
these final states are a↵ected by cross-feed from all the resonances that decay to the
D⇤⇡ final state. Figures 3(a) and (b) show (in the mass region around 2300 MeV) cross-
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Same-side	tagging	(Bs2
*)	

•  Narrow	width:	Bs2
*→ B+ K−   addiJonal	constraint	

	

•  Possible	use	for:	
–  B+ → ρ(ππ) µ ν:  Angular	analysis	to	extract	form	factors	and	|Vub| 
–  B+ → D µ ν:    Study	of	D**	states	and	in	D0τν.	
–  B+ → KK µ ν:		ss-popping	in	b→u.	First	measurement	of	B+ → φ µ ν 

•  Extend	to	neutral	B	mesons:	Bs2
*→ B0 K0	
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[Phys.	Rev.	LeT.	110	(2013)	151803]	

~3000	candidates/\	



Big	picture	Big picture

35

ത𝐵 → 𝐷∗ା𝜇ି�̅�ఓ (normalization)

ത𝐵 → 𝐷∗ା𝜏ି�̅�ఛ
(signal)

ത𝐵 → 𝐷∗∗ା𝜇ି�̅�ఓ + ത𝐵 → 𝐷∗∗ା𝜏ି�̅�ఛ
ത𝐵ି → 𝐷∗∗𝜇ି�̅�ఓ + ത𝐵ି → 𝐷∗∗𝜏ି�̅�ఛ
𝐷∗∗ → 𝐷∗ା𝜋 (3 states each, 6 PDFs)

ത𝐵௦ → 𝐷௦∗∗ା𝜇ି�̅�ఓ
𝐷௦∗∗ା → 𝐷∗ା𝐾ௌ, (2 states, 1 free param)

𝐵ା, → ഥ𝐷∗∗𝜇ା𝜈ఓ
ഥ𝐷∗∗ → 𝐷∗ି𝜋𝜋, (cocktail)

combinatorial 𝐷∗ା

combinatorial 𝐷∗ା𝜇ି

ℎ → 𝜇 misidentification

ത𝐵 → 𝐷∗ା𝐻 → 𝜇𝜈𝑋ᇱ 𝑋
+ ത𝐵 → 𝐷∗ା𝐷௦ି → 𝜏ି�̅�ఛ 𝑋

Control sample fits to constrain shapes

LHCb-PAPER-2015-025
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B→D*τν at	LHCb	
•  Experimentally	challenging	due	to	addi4onal	neutrino(s)	
•  Two	tau	decay	modes	being	studied:		

	 	leptonic:	τ→µνµντ 	 	3-prong:	τ→3π(π0)ντ	
•  Main	backgrounds:	par4ally	reconstructed	B	decays		

–  D*(*)µν,	D*3πX,	D*D(s)(*)X…	
–  use	isola4on	criteria	(MVA)	and/or	τ	flight	length	

•  Find	and	fit	distribuJons	which	differenJate	signal	and	background.		

3. Backgrounds 11/29
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• B! D⇤µ⌫ is both the normalisation mode, and the highest
rate background (⇠ 20⇥ B! D⇤⌧⌫)

• Use CLN parameterisation for form factors
• Float parameters in fit ! uncertainty taken into account
• Values from fit more precise than HFAG averages
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G.	Ciezarek,	Mainz	workshop	τ	leptonic	mode:		
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3. Backgrounds 12/29
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• B! D⇤⇤µ+⌫ refers to any higher charm resonances (or non
resonant hadronic modes)

• Not so well measured
• Set of states comprising D⇤⇤ known to be incomplete
• Decay models not well measured

• For the established states (shown):
• Separate components for each resonance (D

1

,D⇤
2

,D 0
1

)
• Use LLSW model, float slope of Isgur-wise function

G.	Ciezarek,	Mainz	workshop	τ	leptonic	mode:		



Toy	data	(leptonic	mode)	
B	rest	frame	
variables	computed	
with	“boost	
approximaJon”:	
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G.	Ciezarek,	Mainz	workshop	

Example	of	templates	
obtained	with	toy	data	

•  B	boost	>>	energy	release	in	the	decay	
•  Assume	γβz,visible	=	γβz,total	
•  Use	B	flight	direcJon	to	measure	transverse	

component	of	missing	momentum	
•  ~18%	resoluJon	on	B	momentum	

2. Fit strategy 7/29

Toy data
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Comb. + Fake

• 3D template fit in lepton energy (B rest frame), missing mass
squared and q2

• Toy dataset show after isolation requirement

• Backgrounds described in detail later

• Signal not large...

2. Fit strategy 8/29
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B ! D⇤⇤(! D⇤+⇡⇡)µ⌫ control sample
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• Look for two tracks with isolation MVA ! study
B ! D⇤⇤(! D⇤+⇡⇡)µ⌫ in data

• Toy dataset shown

• Can control shape of this background



3. Backgrounds 14/29

B ! D⇤⇤(! D⇤+⇡)µ⌫ control sample
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• Isolation MVA selects one track, M
D

⇤+⇡ around narrow D⇤⇤

peak ! select a sample enhanced in B! D⇤⇤µ+⌫
• Toy dataset shown

• Use this to constrain, justify B! D⇤⇤µ+⌫ shape for light D⇤⇤

states
• Also fit above, below narrow D⇤⇤ peak region to check all
regions of M

D

⇤+⇡ are modelled correctly in data

Control	samples	(leptonic	mode)	
Get	templates	
directly	from	data.	
Look	for	events:	
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Comb. + Fake

• Look for two tracks with isolation MVA ! study
B ! D⇤⇤(! D⇤+⇡⇡)µ⌫ in data

• Toy dataset shown

• Can control shape of this background

3. Backgrounds 14/29

B ! D⇤⇤(! D⇤+⇡)µ⌫ control sample
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• Isolation MVA selects one track, M
D

⇤+⇡ around narrow D⇤⇤

peak ! select a sample enhanced in B! D⇤⇤µ+⌫
• Toy dataset shown

• Use this to constrain, justify B! D⇤⇤µ+⌫ shape for light D⇤⇤

states
• Also fit above, below narrow D⇤⇤ peak region to check all
regions of M

D

⇤+⇡ are modelled correctly in data
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Example	of	templates	for	
B→D**(D*π)µν	obtained	
with	toy	data	

•  with	one	or	more	tracks	selected	by	isolaJon	MVA,	
to	get	samples	enriched	in	B→D**(D*π(π))µν	

•  with	a	track	with	loose	kaon	ID,	to	get	a	sample	
enhanced	in	B→D*DX 
	


