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Status so far
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http://ckmfitter.in2p3.fr/

*[Nature Physics 11 (2015) 743]

Inclusive vs exclusive

[HFLAV 2019]
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* First step into the field by LHCb: s E E
[V l/1Vep | with A9 decays* 3.6 - B E
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* Also BY decays can be exploited 28 F m
for |Vub|(BSO — K(*)‘Lﬂ/) and 2'6:_...|....|....|....|....|....|....|....|.F(.X?)|=.7.'7.%.7|_:

[Vep|(Bs — Ds(*)MV) IV, [107]


https://www.nature.com/articles/nphys3415
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/ExclusiveVub/exclVubVcb.html

*[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 101 (2020) 074513]
**[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 99 (2019) 114512]

Interplay with theory

[PRD 101 (2020) 074513]

1.3
* Lattice QCD calculations are promising, | J
will have very good precision on B .
form-factors to extract |V, | (see talk by ™| 7 £
Oliver Witzel) L0y
* Form factors for B — D uv available 09 A <
over full g# spectrum* 0.5} LT
o2 g f3(@)
* Form factors for B - D} v 0T} sz
measured with a good precision at zero- L. .
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513

[JINST 3 (2008) SO08005]
[Int. J. Mod. Phys. A Vol. 30, No. 7 (2015) 1530022]

LHCb performance

e Collected9fb!l@ 7,8and 13 TeVin 6 T T
years of data-taking
e About 102 B? per fb! produced / \
. / / / \\\\\
e 1 kHz of reconstructible B are // B s\

RICH2 M1

interesting for physics

* Selected mainly thanks to the muons,
requiring pr and displacement from
primary vertex

» Results: hundreds of thousands of B
candidates saved on disk and available
for physics analyses

 All of this paves way towards a
measurement of |V, | with BY —

D uv decays
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

*[PRL 118 (2017) 052002, PRL 118 (2017) 052002]
**[PRD 100 (2019) 031102]

Strategy & dataset

X103 g)glt?)ata LHCb
* Imprecise knowledge of the collected AR AR AN R
integrated luminosity and pp = bbX

cross-section™ would limit precision on

|Vcb| at 0(5'8%)
e Systematic uncertainty from this could be

greatly reduced by using a normalisation

channel: B = D™ yv reconstructed in
the same visible final state [KKm|u

[¥002Z0 (020Z) TOT ayd]

Candidates per 2 MeV/c?
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* Need to plug in ratio of hadronization Y N
fractions (f./f,)** 1800 1850 1900 1950 2000 2050
S

[MeV/c?]

* Precision: 5% — 2.5% uncertainty on |V, | MK
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.169901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

*[PRL 119 (2017) 101801]

Separating signal from background

‘ Meorr = \/ m?(Dgpt) + pi(Dypt) + pu(Dy p™)

* Due to unreconstructed neutrino, <10°
cannot have clear BY peak (unlike b- Cagl T ]
factories) = | LHCb ¢ Data
- . D)
 Difficult to separate signal from background S 25+ B> Dty E
* LHCb aIrea.dy overcame this challenge 0L TR | =
by employing the corrected mass™ =L . 12
o5k Physics backg. ||
z o 3
- _ O i . Combinatorial —
T\ p1(Ds 1) = 10k 115
----------- o — Fit =
"""""""" S| JI=
i -
@)

4 5 6 T 8
m,... |GeV/c?]
7

primary vertex
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.101801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.101801

A new approach

* |V.,| obtained from

measurement of decay rate
as a function of recoil w

* Need to approximate it due

to missing neutrino

* New idea: exploit p, (Dy),

which is fully

reconstructed and highly

correlated with w

* Form factors are functions

of w — possible to
measure them

Fabio Ferrari

[PRD 101 (2020) 072004]

w = (mj +m?, — q»)/(2mpmye)

primary vertex

LHCb Simulation

True w
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

*[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 101 (2020) 074513]
**[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 99 (2019) 114512]

Differential decay rate

* Analyse inclusive sample of D; u (D~ partially reconstructed)

e 2D fit of m,,,,- and p, (D, ) to determine |V, | and form factors
* Use 2D templates built from simulation, accounting for efficiency e(mcorr, pl(DS_))

dNobs  _ APVl sy, )
dmCOTT‘ dpJ_ (DS_) dmCOT'T'dpJ_ (DS_)

* Constrain form factors from lattice QCD""" to gain precision on |V, |

g(mcorr» P1 (DS_))

* Factor k contains measured BY reference yields, input branching fractions,
f/f,and BY lifetime


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512

[PRD 101 (2020) 072004]

Results

* Need to choose form factor parameterisation to determine |V, |
* General model from Boyd, Grinstein and Lebed (BGL, PRL 74 (1995) 4603)

Vep| = (42.3 + 0.8 (stat) + 0.9 (syst) + 1.2 (ext))x1073

><.10|3.......... x10°

N F T T L B QO LI R IR BN B
S 35 BoDu, LHCb ] > 2 -. LHCb
8 300 Bg_’\Ds—wvu = QGD) 185 _
= s - /) Phys. bkg. E v 6k 3
S F [l Comb. bkg. ] —  14f = _
- 20;_. Omb- DX SEN: : x%/ndf=276/284
& s 8 10 E p-value = 63%
7] - Qd F 3
QO F 7%} 8: E
5 10f g o =
=R < 4 3
U O b AT N i =t 0 E g WA L Tt R 3
4 4.5 5 55 @) 0.5 1 1.5 2 2.5
Mo [GEV/ 2] p l(D;) [GeV/c]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Comparing different parameterisations

* Perform fit also using Caprini, Lellouch and Neubert parameterisation
(CLN, NPB 530 (1998) 153) = no significant difference found

Vep| = (41.4 + 0.6 (stat) + 0.9 (syst) + 1.2 (ext))x1073

x10° x10°
S o B B B i‘)18:_”|"”|”HIHH*I_H”_:
> ¢f LHCD Bi{—D;u*v, 3 > |6E LHCD B{—>D, p*v, ]
& f+Daa-CLN E 3 4k i E
+ 7F+Data- BGL 3 o4 :
—_— E = — 12F ]
o 5;——Fit-BGL 3 o 10;— —
S 4F 3 o 8F =
(@F o 3 (o C ]
v 3F 3 »n 6F .
O E ] Q r ]
= 2F = = 4F -
:-9 E E ‘-9 L 7]
S 1F . S  2F g
g 0 A BT R RS R % ) Y A A
@ 0.5 1 1.5 2 2.5 @) 0.5 1 1.5 2 2.5
pl(DS) [GeV/c] P, (D) [GeV/c]
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https://www.sciencedirect.com/science/article/pii/S0550321398003502?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Systematic uncertainties and BR measurement

« Dominant uncertainty: external inputs, 3% relative on |V, | (mostly due to f./f,)

e 2nd dominant: knowledge of D(_S) — KKm Dalitz stucture, 2% relative on |V, |

* Additional result of the analysis, first measurement of relative BR

B(B? — D; u*v,)
B(B° - D u*v,)
B(BY —» D utv,)
B(B° — D* putv,)

= 1.09 & 0.05 (stat) £ 0.06 (syst) £ 0.05 (ext)

= 1.06 & 0.05 (stat) & 0.07 (syst) & 0.05 (ext)

B(B, = Dy p*v,)

B(Bg = D;_N+Vu)

= 0.464 £ 0.013 (stat) £ 0.043 (syst)

Fabio Ferrari
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=
=

Compatible within 0.10
and 0.70 with
predictions from
Bordone, Gubernari, van
Dyk and Jung

[EPJC 80 (2020) 347]
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https://link.springer.com/article/10.1140/epjc/s10052-020-7850-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[arXiv:2003.08453]

Complementary measurement: shape of the BY —
D™ u*v, differential decay rate

* Completely independent dataset

* Main challenge: reconstruct the
photonin D~ — DSy in a cone
around the D¢ flight direction

* Fit m(D; y) to subtract
background from random
photons

p—
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) S S o
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https://arxiv.org/abs/2003.08453

*[JHEP 02 (2017) 021]

Building the differential decay rate

* Approximate w employing an MVA based
algorithm™

* Fit corrected mass in bins of approximate
w

* Main backgrounds: B - DX~ 1% v_ and
By — Ds;(2460) u*v,

s data

BN B > D, v,

B 5 oD,
H, > D, X,
combinatorial
B - D_l'v,

Fabio Ferrari Measurement of CKM matrix elements

[arXiv:2003.08453]

L2 4000
% 3500 LHCb

3000 10<w<1.11
-
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https://arxiv.org/abs/2003.08453
https://link.springer.com/article/10.1007/JHEP02(2017)021

[arXiv:2003.08453]

Results

- 351 | T T
= b LHCb E
h: g -
. . . . “gég 2.5;— + ++ 3
* Unfold efficiency and resolution using S LE |
simulated events 2ot Q
. . . . - - [ Fit with BGL paramerrisat
* Fit differential decay rate with both CLN 'E D] it LN prameri E
and BGL parameterisation - 031 iz s 14 i
unf
* Good agreement with form factors N BT
measured in |V, | analysis (coloured 3 F 4 E
shaded histograms) z *F == E
o 2F R ———
= 15F ; —
- 1F — gzi parametrisation arXiv:2001 03225 —
- I|:| CLN pzllranlletri;salioln all‘XiVI:ZOCIll .0I3225I L
0'51 - Il.ll — |1.2 1.3 14
w


https://arxiv.org/abs/2003.08453

Conclusions

e LHCb proved that BY — Dg*)uv decays are a
viable option to measure form factors and |V, |

* First measurement of the shape of the BY —
s~ utv, differential decay rate

* First measurement of |V, | at a hadron collider,
using By = Dy u*v, and B§ = D;

[PRD 101 (2020) 072004]

k —

u*v, decays

Vis|con = (41.4 & 0.6 (stat) & 0.9 (syst) & 1.2 (ext)) x 107
Vis|BoL = (42.3 0.8 (stat) £ 0.9 (syst) & 1.2 (ext)) x 107

e Results are in agreement with both exclusive

and inclusive determinations

Fabio Ferrari

ALEPH [PLB 395, 373 (1997)]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

Thanks for your attention!

Feel free to contact me for any comment or question

Fabio Ferrari Measurement of CKM matrix elements
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Backup
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[PRD 101 (2020) 072004]

Decay rates

* 4-D decay rate for vector case

(14F(B — D*uv) 37”BmD*G “ 9,0 )l A can be decomposed in
{ ./4 U D .
dw dcos 0, dcos 0p dy 16(4 i b X terms of 3 helicity

amplitudes that in turn
depend on 3 form factors

* 1-D decay rate for scalar case

dF(B =7 D/_LI/) - GFmD (TII +m ) 7_2 ’11'2 o 1)3/2|g(u‘)|‘ G can be written as a
duw T 4873 B D) TEW ) ' function of 1 form factor

* w if the 4 -velocity defined as: (m% + mD(*) q?)/(2mgmy»),
where g* is the square of the uv invariant mass

19


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004] N N )
Vw + 142

CLN parameterisation

e Uses dispersion relations and reinforced unitarity bounds based on Heavy Quark Effective

Theory
* In the vector case, the form factors functions depend on three parameters: p%, R;(1)

and R,(1)

s (.u_,,) = ha, (1) [1 - 0% + (550) - 15)2 — (231p) — 91)2)
Ry (w) = @) 0.12(w — 1) + 0.05(w — 1)?,
Rz (w) —0.11(w — 1) — 0.06(w — 1)*.

* In the scalar case, the form factor function depends on one parameter: p2

G(z) = G(0) [1 — €0z + (51p) — 10)2% — (252p) — 84)~

* hy,(1) (often referred to as F(1)) and G (0) need to be calculated. They are external
mputs from lattice QCD (LQCD)

20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004] vw + 1 — \/z
Z
JVw+ 1442

BGL parameterisation

* The BGL parametrization follows from more general arguments based on dispersion relations,
analyticity, and crossing symmetry. Form factors are expressed as series expansions (details in backup).

* In the vector case, 3 series for 3 form factors, which are

1 .
.Z = blj ’l,
& =pemem

N
1=0
z’\‘

1
9(z) = P1-(2)d,(2) ,

N
1 :
Fi(z) = , :
2 = o ,

In the scalar case, 1 series for 1 form factor, which is

A

* The series coefficients are parameters to be determined, either experimentally or from calculations.
Coefficient ay and ¢ fixed from F(1), coefficient dy from G(0). The other parameters need to be

determined

Blaschke factors and outer functions



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Blaschke factors and outer functions

For outer functions and Blaske factors we follow Gambino’s
arXiv:1703:06124 with proper changes for B?

TR 4r ng (14 2)(1 = 2)%?2
OIE = A 3T (0) [+ 1) (1 = 2) + 2v/r(L + 2)]°
65 (2) dr n (14 2)(1 — 2)52
P m 671'\'1 0)[(14r)(1—2)+2y/r(1 4+ 2)]
faj / n, 2’1‘2(1 + 2)%(1 — 2)~1/2
\ 3rRT(0) [(T+ 1) (1 = 2) + 2y/r(1 + 2)]°
& Z—=2p Res. type Mass (GeV) y funcs. in zero
2+ g Z) = F o = A
Pizo-(2) E 1= 22, CF - 6.329(3)
1- 6.920(18) BN S
~.: \/—mp W, ==y 1- 7 020 5.131 - 107* GeV
Vie —mb+ i =t g 7.280
_ 1 6.739(13)
ty = (mg £ mp.)* g 6.750
- it . A -4 le J—2
i Clas 38941070 Gel
Cip)= 2.02159 (2.52733) 1+ 7.150

=26 =

22


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Relation between CLN FFs and BGL series

f(w)
vmpmp+(1+w)’
g(w)

fw)
w—r Fi(w)
)

ha, (w) =

Ri(w) = (w + 1)mpgmp-

Ry(w) =

w—1 mp(w—1)f(w)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Signals and backgrounds in 2D plane

LHCb Simulation LHCb Simulation
= 25 1 s 5 25
= 09 = =
z . wE oz
O D @)
= 07 S =
£ 06 E e
Q 15 22 Q 15
— 05 o —
R, 04 -2 R
1 = 1
0 ¢
0.5 01 & 0.5
g
4 45 5 55 &
Mo [GeV/c?
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2 09 £ 3
% wE 5
. < (D
= 07 £ = % K
N | e y 04 -5 = . "B® cross-feed and
/" Bg feed-down and| - (L 7 semitauonic B?
b-hadrons to 02 2
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| %
4 45 5 55 & 4 45 5 55
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

True cos 6,

Dependence of angles on p, (Dy)

1LHCb Simulation |
0.8 09
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~0.8 0.1

0

0.5 1 1.5 2 2.5

p (D7) [GeVic]
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True cos 6 p
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0
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Complete fit results

CLN parameterisation

BGL parameterisation

Parameter Parameter Value
V| [1073] 414 £0.6 ( +1.2  (ext) V| [1073] 423  £0.8  (stat) £1.2  (ext)
G(0) 1.102 £ 0.034 ( + 0.004 (ext) G(0) 1.097 +0.034 (stat) £0.001 (ext)
p*(D7) 1.27 £0.05 ( + 0.00 (ext) dy —0.017 £0.007 (stat)+0.001 (ext)
p?(D*™) 1.23 £0.17 ( +0.01 (ext) do —0.26 +0.05 (stat) =0.00 (ext)
Ri1(1) 1.34 £0.25 ( + 0.02 (ext) b1 —0.06 +£0.07 (stat) £0.01 (ext)
R2(1) 0.83 £0.16 ( + 0.01 (ext) ag 0.037 4+0.009 (stat)+0.001 (ext)
aj 0.28 +0.26 (stat) +0.08 (ext)
c1 0.0031 + 0.0022 (stat) £ 0.0006 (ext)

Fabio Ferrari
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Summary of uncertainties

Uncertainty

Source CLN parametrization BGL parametrization

V|  p*(D7)  G0)  p*(Di7)  Ri(l)  Re(1) |Veo| dq do G(0) b1 cl ao ai R R*

[1073]  [107']  [107? [1071] (1071  [1071] [10=3] [1072] [107Y] [107%] [107%] [1073] [107%] [1071] [1071]  [1071]
fs/faxB(Dy — KTK~7)(XT) 0.8 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.4
B(D~ - K Ktn™) 0.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.3
B(D*~ — D~ X) 0.2 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.2 0.0 0.3 - 0.2
B( B 9— D_,u+yu) 0.4 0.0 0.3 0.1 0.2 0.1 0.5 0.1 0.0 0.1 0.1 0.4 0.1 0.7 — —
B( B 99— D*_,LL+1/H) 0.3 0.0 0.2 0.1 0.1 0.1 0.2 0.0 0.0 0.1 0.1 0.3 0.1 0.4 — —
m(Bg), m(D™®7) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 - -
NEW 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 - -
hAl(l) 0.3 0.0 0.2 0.1 0.1 0.1 0.3 0.0 0.0 0.1 0.1 0.3 0.1 0.5 — —
External inputs (ext) 1.2 0.0 0.4 0.1 0.2 0.1 1.2 0.1 0.0 0.1 0.1 0.6 0.1 0.8 0.5 0.5
D(_S) — KTK~7~ model 0.8 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.4
Background 0.4 0.3 2.2 0.5 0.9 0.7 0.1 0.5 0.2 2.3 0.7 2.0 0.5 2.0 0.4 0.6
Fit bias 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.4 0.2 0.4 0.0 0.0
Corrections to simulation 0.0 0.0 0.5 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0
Form-factor parametrization - - - - - - - - - - - - - - 0.0 0.1
Experimental (syst) 0.9 0.3 2.2 0.5 0.9 0.7 0.9 0.5 0.2 2.3 0.7 2.1 0.5 2.0 0.6 0.7
Statistical (stat) 0.6 0.5 3.4 1.7 2.5 1.6 0.8 0.7 0.5 3.4 0.7 2.2 0.9 2.6 0.5 0.5

Fabio Ferrari Measurement of CKM matrix elements

27


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

Breakdown of systematic uncertainties for the

[arXiv:2003.08453]

measurement of the shape of the BY — Dﬁ‘lﬁvu

differential decay rate

w bin

1 2 3 4 5 6 7
Fraction of N(‘for;ﬁ,i 0.183 0.144 0.148 0.128 0.117 0.122 0.158
Uncertainties (%)
Simulation sample size 3.5 3.0 2.8 3.1 3.4 3.0 3.7
Sample sizes for effs and corrections 3.6 3.2 3.0 2.8 2.8 2.7 2.8
SVD unfolding regularisation 0.5 0.5 0.1 0.7 1.2 0.0 0.5
Radiative corrections 0.1 0.2 0.1 0.3 0.4 0.2 0.2
Simulation FF parametrisation 0.3 0.1 0.1 0.1 0.2 0.4 0.2
Kinematic weights 2.4 1.0 1.1 0.1 0.2 0.1 0.9
Hardware-trigger efficiency 0.3 0.3 0.0 0.2 0.2 0.3 0.1
Software-trigger efficiency 0.0 0.1 0.0 0.0 0.1 0.0 0.0
D7 selection efficiency 0.5 0.2 0.3 0.3 0.2 0.1 0.3
D:~ weights 0.0 2.3 0.8 2.9 2.0 0.9 0.4
Total systematic uncertainty 5.6 5.1 4.4 5.2 5.0 4.2 4.8
Statistical uncertainty 3.4 2.9 2.7 3.1 3.2 2.9 3.4
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