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Main motivations %
Analysis introduction

L . . See Silvano’s talk!
We have tensions in inclusive/exclusive Vyyp, Ve FIAG2024

determination and combined R(D)-R(D*)
measurement.
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Main motivations

Analysis introduction

We have tensions in inclusive/exclusive Vyyp, Ve
determination and combined R (D)-R (D)
measurement. The study of semileptonic decays
could help shedding light on these discrepancies:

only one diagram, tree-level process
EW transition
e QCD interaction

e sensitivity to New Physics B

Additionally:

e simpler lattice computations with respect to B°
and B (due to s quark)
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A step forward

Analysis introduction

e Previous analysis JHEP12(2020)144 was
published four years ago

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

e That was a 1-d analysis = this is a full angular
analysis

e That used only 1.7 fb~! = here full Run 2 data,
~5.7fb!

Measurement of the shape
of the Bg — D;‘u*uu
differential decay rate
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The decay kinematics %
Analysis introduction
B — D~ 1ty
\—> Dy ~
s ktkn

The analysis aims to measure the
differential decay rate in the space +
given by the variables that describe

the decay kinematics: N

z = pp; /|pp; |
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The decay kinematics

Analysis introduction

The analysis aims to measure the
differential decay rate in the space
given by the variables that describe
the decay kinematics: N

q2

q* = (pgo — po;)?

z = pp; /|pp; |
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The decay kinematics %
Analysis introduction
B — D~ 1ty
\—> Dy ~
s ktkn

The analysis aims to measure the
differential decay rate in the space +
given by the variables that describe

the decay kinematics: N

a®> 6y Oq

a*> = (pgo — bp;)*
0, and 0, are helicity angles

z = pp; /|pp; |
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The decay kinematics

Analysis introduction

The analysis aims to measure the
differential decay rate in the space
given by the variables that describe
the decay kinematics: -

> 6 ba x

q* = (pgo — po;)?
0, and 0, are helicity angles
x angle between decay planes

z = pp; /|pp; |
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The differential decay width %
Analysis introduction

dar
Ii(q°) Zi(6y, 0
dq?d cos 0,d cos O4d Z Zi(0¢, 0a, X)

i
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The differential decay width %
Analysis introduction

ar
Ii(q°) Zi(6y, 0
dq?d cos 0,d cos O4d Z Zi(0¢, 0a, X)

1

e I;(q?) functions encode the hadronic interaction: we use CLN and BGL' models to
parametrise their expressions, or fit them with a model-independent approach

'Caprini-Lellouch-Neubert and Boyd-Grinstein-Lebed
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The differential decay width %
Analysis introduction

dr
Ii(q°) Zi(6y, 0
dq?d cos 0,d cos O4d Z Ei(0e, 04, x)

e I;(q?) functions encode the hadronic interaction: we use CLN and BGL' models to
parametrise their expressions, or fit them with a model-independent approach

* Modifying the I,-(qz) functions and considering a New Physics coupling constant eyp,
different structures for NP can be implemented:

I(q*) = L(q® enp)

'Caprini-Lellouch-Neubert and Boyd-Grinstein-Lebed
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The differential decay width %
Analysis introduction

dr
Ii(q°) Zi(6y, 0
dq?d cos 0,d cos O4d Z Ei(0e, 04, x)

e I;(q?) functions encode the hadronic interaction: we use CLN and BGL' models to
parametrise their expressions, or fit them with a model-independent approach

* Modifying the I,-(qz) functions and considering a New Physics coupling constant eyp,
different structures for NP can be implemented:

I(q*) = L(q® enp)

e =i(0y, 04, x) are known functions of the angular variables

'Caprini-Lellouch-Neubert and Boyd-Grinstein-Lebed
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Event selection

Event selection and background rejection

Events selection :

e Df — KTK~ 7™ selection, ¢ and K*

resonances

e D — Dy reconstruction, soft vy selection
e charge of the identified muon opposite to that

of D

e muon trigger lines

* mu_LOMuonDecision_TOS
* mu_Hlt1TrackMuonDecision_TOS
* Bs_0_H1t2XcMuXForTauB2XcMuDecision_TOS

e cuts on muon pz > 1.2 GeV and PID,, > 2

13/47

S

Particle Variable Cut
Pr > 200 MeV
7wt K* P > 5 GeV
Xip >9
ot DLLgr <4
K* DLLgr >2
mp+ (1920,2010) MeV
Min of daughters py > 800 MeV
Sum of daughters pp > 2500 MeV/
D+ D} min pr > 2000 GeV
s Distance of closest approach < 0.1 mm
Vertex displacement VDx? > 25
Vertex fit x? <10
Direction angle > 0.999
M < 10.5 GeV
Distance of closest approach < 0.5 mm
B Vertex displacement VDx? > 50
Vertex fit x? <15
Direction angle > 0.999
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Background samples %
Event selection and background rejection

Channels

BY — D~ rtu,
We consider several background channels, which are BY — Dy,
rejected with: BO —s Dyyru
s S T
e Plot to evaluate and subtract combinatorial BO _s D+ D)
N

background for the photon emitted by Dj B, D**Dg*_)
N S

Bt — D;*D*°
Ap — DAL
Combinatorial + misID

e cut on dedicated variable to suppress the
doubly-charmed decays (H;, — D;H,)

14/47 F. Manganella | Measurement of the differential distributions of BY — D}~ u* v, decay at LHCb


mailto:federico.manganella@cern.ch

Background rejection: cuts examples

Event selection and background rejection

15/47

o
)

o
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T T

Normalised counts

0.08

Lt B s e

—— Ap— DA,
Combinatorial

Normalised counts

012~ — B% - Diuv
L — B% - Dgtv
L By > Dguv
0.1— B%
L B,
L B?
0.08—
L Combinatorial
0.06/—
0.04—
Control
0.02

~ 98% acc¢epted

Signal region
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Experimental challenge: kinematics reconstruction %
Event selection and background rejection

Regression algorithm gives a rough
N estimate of Do, We resolve the

Py \Q/ ) ambiguity using
; u Ay = (preg - pi)

2
0 flight ~ bv g

Drmiss
p miss

50000(~
40000F

300001~

We assume there is only one missing particle in the
final state and that Mpo is known (see JHEPo2(2017)021)

20000

100001~

= Two fold ambiguity, p+ = p“,lis —at\r &

05 1,45
(-G
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The M,,,, fit

Signal yields extraction

B2 - Diuv
0.00175 B Bg-'D;‘(V

Extract signal yields using =02 Do B

0.001501 " B2-DgTv
1
Meorr = \/ leJ}“M + |prJn_iss|2 + |pmiss|

o BY-DiD*
BY-D;D;
BY-D.D°

0 A= DA
Combinatorial

0.00125

0.00100

0.00075

Normalised events

0.00050

0.00025

0.00000 4
4000 4500

Meorr [MeV/c?]
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The M,,,, fit

Signal yields extraction

0.00175

Extract signal yields using

0.00150

B 5 | T |2 ‘ J_ ’ 0.00125 z E >
Meorr = mp;u + |Pmiss|” T |Pmiss = e
0.00100 Combinatorial

Template binned fit over 4-d space,
extrapolation in three steps:

Normalised events

0.00000 4
4000 4500

Meorr [MeV/c?]

Variable Bin Edges Bins
% [Gev2]  ©o. 1.83 3.67 55 7.33 947 M. 6
cos Oy -1 -05 0. 1. 3
cos 6, - -05 0. 1 3
x [rad] 0. 1.26 2.51 377 5.03 6.28 5
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The M,,,, fit

Signal yields extraction

I
. . . 0.00175 5_? N D;rv
Extract signal yields using = 60
0.00150 B2 Dy Ty
[ BY-DID*
9 N 9 N ) 0.00125 BY»DD;
MCO" = \/ mD§u + |pmiss| + ‘pmiss’ : - i,,:gi
g 00100 Combinatorial
Template binned fit over 4-d space,
extrapolation in three steps:
e preliminary fit in the control
. . Meorr [MeV/c?]
region to constrain backgrounds
Variable Bin Edges Bins
% [Gev2]  ©o. 1.83 3.67 55 7.33 947 M. 6
cos Oy - -0.5 0. 1. 3
cos 04 -1 -0.5 0. 1 3
x [rad] 0. 1.26 2.51 377 5.03 6.28 5

19/47 F. Manganella | Measurement of the differential distributions of BY — D}~ u* v, decay at LHCb


mailto:federico.manganella@cern.ch

The M,,,, fit

Signal yields extraction

[ BY~>Duv

. . . 0.00175 Ef o D;rv

Extract signal yields using =5 D

0.00150 BY DTy

BY-DID*

5 T N joonuzs] 8D

Meorr = /My, + |Pimiss|® + [Pimiss] S enion

g 00100 Combinatorial
Template binned fit over 4-d space,
extrapolation in three steps:
e preliminary fit in the control

Mecorr [MeV/c?]

region to constrain backgrounds

. . . Variable Bin Edges Bins
e simultaneous fit over g2 bins,

. . q? [Gev?] 0. 1.83 3.67 5.5 7.33 9.17 1. 6
integrating the angles cos 0, 4 05 0. 1 3
cos 6,4 - -05 0. 1 3
x [rad] 0. 1.26 2.51 377 5.03 6.28 5
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The M,,,, fit

Signal yields extraction

[ BY~>Duv

. . . 0.00175 B_g N D;rv

Extract signal yields using = s

0.00150 BY DTy

BY-DID*

9 N 9 N , 000125 B¢ ~D.D;

Meorr = \/ mD§u + ’pmissl + ‘pmiss’ : - i,,:gi

g 00100 Combinatorial
Template binned fit over 4-d space,
extrapolation in three steps:
e preliminary fit in the control

Mecorr [MeV/c?]

region to constrain backgrounds

. . 9 1 Variable Bin Edges Bins
e simultaneous fit over q“ bins,
) . % [GeV2] 0. 1.83 3.67 55 7.33 947 M. 6
integrating the angles cos 6 . -05 0. 1. 3
. . . . cos 0, - -0.5 0. 1 3
e second fit over all bins, ﬁxlng X[radd] 0. 1.26 2.51 377 5.03 6.28 5

background templates
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The M, fit: g results in the signal region %
Signal yields extraction

q* [Gev?/c*]  signal [%)

[0,1.83] 82
[1.83,3.67] 73
[3.67,5.50] 81
[5.50,7.33] 83
[7.33,9.17] 87

(9.17,11] 88

Mo i)
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The M,,,, fit: examples

Signal yields extraction
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The M,,,, fit: examples

Signal yields extraction

1
LHCb, 5.7 fb~* LHCb, 5.7 fb™1
q2 € [3.67, 5.50] GeV?/c* ¢? € [9.17, 11.00] GeV?/c*
cos 6; € [-0.50, 0.00] cos 6; € [0.00, 1.00]
cos 64 € [-0.50, 0.00] cos 64 € [-1.00, -0.50]
X € [1.26, 2.51] X€ [2.51,3.77]
3 3
A A
H w
2 S os
g 0.5 _(.5
2 o
] <
S ©
© o
0.1
0.1
2 2
o )
5 o - 2 0 mm—
- S
3.0 35 4.0 45 5.0 5.5 3.0 35 4.0 45 5.0 5.5
Meorr [GeV/c?] Mearr [GeV/c?]
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Okay... then?

Signal yields extraction

Once we extract the signal yield
distribution, we can:

e Unfold the distribution with migration
matrix + efficiency vector to account
for detector effects

q? [GeV?/c*]

e Compare the unfolded distribution
with theory/other experiments

e Use the unfolded distribution to
perform a model-independent fit to
extract I;(q?) functions

Angular bin: cos 6,_cos 04_x
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Unfolded distributions vs predictions

Further studies

s

(1/r)(dr/dg?) [a. u.]
o

26/47

1
LHCb, 5.7 fb™!

CLN HFLAV
e BGL HPQCD.

4+ Unolded distribution

2

Models used: HFLAV averages for CLN, HPQCD predictions for BGL

4 6
q? [GeV2/c*]

(1/r)(dr/dcos @) [a. u.]

1
LHCb, 5.7 fb™*

+  Unolded distribution

0
~1.00 -0.75 -0.50 ~0.25 0.00 0.25 050 0.75 1.00

Visible tension in some bins
Something similar was observed comparing Belle data with HPQCD predictions, but
with different binning and with B — D*

(1/)(dr/dcos8y) [a. u.]

1
LHCb, 5.7 fb~?

_

ESY CLN HFLAV
BGL HPQCD.

+ Unolded distribution

0
~1.00 -0.75 ~0.50 ~0.25 0.00 0.25 050 0.75 1.00

€os 6y

(1n)(dr/dy) [a. u.]

CLN HFLAV
s BGL HPQCD
+ Unolded distribution

NN SN

1

3
X [rad]
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:'° Two symmetric approaches %
‘.. Further studies

Folded fit X2 _ (N’meas - N’pred) g ; (N’meas - N’pred)
C(Nmeas)

where NP =K. my- (AT(F)-E);  (AL(B) €)= ATy(F) - &

AT = expected yields distribution p = CLN/BGL parameters

1
C(Nu”f)

Unfolded fit K = (Nef/e — k- Ar(ﬁ))T (Wer'/g — k- AT(R))

where NU"f s obtained using Bayesian unfolding
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CLN and BGL from differential distribution

Further studies

Q
"o
o

Fit CLN X?/ndof = 1.06

Fit BGLiz1 x?/ndof = 1.06

4 Data
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:° CLN and BGL from differential distribution

Further studies

HFLAV Model-dep.

0 1.122(24)  1.327(54)
Ri(1) 1.270(26) 1.418(42)
Ro(1) 0.852(17) 0.884(47)
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I;(q?) shapes

Further studies

e . = o N = G i -

Z sairecn — seLpaco 100 \ —mawroe | o] \L e
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0 Model-independent I;(q%) determination %
oS Further studies

We can explicitly fit the Ii(qz) functions integrated over the q2 bins, without any
assumption on the hadronic model:

dr
NPred / / / / dq2 d cos 0yd cos Ogdx
K,p,q,r Aq? JAcostyy JAcosbag Jaxe dq?d cos 0,d cos H4d
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0 Model-independent I;(q%) determination %
oS Further studies

We can explicitly fit the Ii(qz) functions integrated over the q2 bins, without any
assumption on the hadronic model:

a2

dr
NPred / / / / dq2 d cos 0yd cos Ogdx
K,p,q,r Aq? JAcostyy JAcosbag Jaxe dq?d cos 0,d cos H4d

2,5 —
& Z/A 2 (1 B mi/qz) ‘ngk (qz)’L(qz) dq2 : / :‘i<6576d7X) 119}
i 4ic

A
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0 Model-independent I;(q%) determination %
oS Further studies

We can explicitly fit the Ii(qz) functions integrated over the q2 bins, without any
assumption on the hadronic model:

a2

dr
NPred / / / / dq2 d cos 0yd cos Ogdx
K,p,q,r Aq2 JAcosyy J A cosbag Jaxe dq?d cos 0,d cos H4d

2,5 —
& Z/A 2 (1 B mi/qz) ‘ngk (qz)’L(qz) dq2 : / :‘i<6576d7X) 119}
i 4ic

A

X Z ]iak(qz) ’ Ci,l(9€7 Oa, X) q2 bins Ii(qz) functions
i

e

where ¢ 1(6¢, 04, x) are analytically computable. We have ~ 6 x 10 free parameters.
After the fit we can extract CLN/BGL parameters from the ],-(qz) shapes.
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Model-independent I;(q?) determination

Further studies

hie |po; | (1= m?/q?)? [GeV®]

Is |po; | (1—m?/q?)? [GeV®]

N
8
8

I
g

w
8
8

g

3
8

g

3
8

g

o

-100

-200

-400
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—— CLN HFLAV ~—— CLN HFLAV dF
—— BGL HPQCD _ 5004 — BGLHPQCD 9 92\ —
4 1ig?) from fit Iy 4 1(g?) from fit T A L K(q ) E Ii(q ):i(027 0, X)
g . dq?d cos 0¢d cos Ogdx ;
b .2 .2
~§3og o [Ils sin® 04 + Ic(3 + cos 204) + Iy sin” 04 cos 20,
1
.2 .2
Ff:f‘“’ + Ipe(3 4 cos 2604) cos 20, + I3 sin” 04 sin” 6 cos 2x
5
f: 100 + I sin 260, sin 26, cos x + Is sin 204 sin 64 cos x
.2
o —1— + Igs sin” O cos Oy + s (3 + cos 204) cos Oy
0 2 a4 6 8 10 0 2 6 8 10
q* [Gev?) q* [Gev?) + I7 sin 260, sin O, sin x + Ig sin 204 sin 20, sin x
150
—— CLN HFLAV —— CLN HFLAV .2 .2 .
— BGL HPQCD . 1001 — BGL HPQCD + Io sin” fg sin” 0 sin ZX}
+ l(q?) from fit kS +  lilg?) from fit
3 50
=)
&~ 0
I s
€
| -100
A
= -150
g —I—
2 200
T 250 +
=300
a4 6 0 2 4 6 8 10
q? [GeV?] q? [GeV?]
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Model-independent I;(q%) determination

Further studies

400

—— CLN HFLAV —— CLN HFLAV
. 3504 — BGL HPQCD 5004 — BGL HPQCD
b +  1ig?) from fit a + Ilg?) from fit
% 300 ?
= S 400
% 250 o
& T
g 200 S 300
! |
o
e < 200
§ 10 §
& n 100
= 50 -
o 0 —L
o 2 a 6 10 o 2 6 8 10
o7 [GeV?] o? [GeV?]
150
1004 CLN HFLAV ~—— CLN HFLAV
—— BGL HPQCD —_ 1001 —— BGL HPQCD
a 1(g?) from fit < 1(g?) from fit
g + iq %3 sof t M9
© 9
o~ & 0
& I so
3 g
I | -100
s} 2
= — -150
T g —|—
=3 = 50
250 +
-300

a 6
q2 [GeV?]

2 a4 6
q? [GeV?]

8

10

dr 9 9
¢ _k L(¢Y)Ei(6s, 64,
dq?d cos 0,d cos 04dx (@ )Z {@)Zi(0e, 04, %)

o [Ils sin? 0a + L (3 + cos 204) + Ips sin? 04 cos 20,

+ Ipe(3 4 cos 264) cos 20, + I3 sin? 04 sin? 0 cos 2x
+ I sin 260, sin 26, cos x + Is sin 204 sin 64 cos x

+ Igs sin? 04 cos 0¢ + Isc (3 + cos 204) cos Oy

+ I7 sin 260, sin O, sin x + Ig sin 204 sin 20, sin x

+ Iy sin’ 64 sin’ 6y sin 2)4

We could extract information about NP,
because we expect some I;(q?) functions
to be zero in SM picture
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CLN and BGL from fitted I;(g?) functions %
Further studies

400
—— CLN model-dep fit —— CLN model-dep fit 1004 — CLN model-dep fit
3504 —— CLN model-indep fit 5009 —— CLN model-indep fit —— CLN model-indep fit

= { Experimental data — ¢+ Experimental data — ¢ Experimental data
3 3007 2400 a

(1 v [ 0+

2 ) il

% 2507 2 300 =

T ey < -100

e | & &

£ 200 € 2001 £

< 150 4 + ) =3

‘_n” E 1004 ZW —200

£ 100 A s s

= - 0 = -3001

501
—100
01 - . . . . . . . . . . -400 L - . . . .
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
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Where:

e Model-dependent shape = CLN/BGL parameters from differential distribution
e Model-independent shape = CLN/BGL parameters from the fitted integrals
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CLN and BGL from fitted I;(g?) functions %
Further studies

HFLAV Model-dep.  Model-indep.

P> 1.122(24) 1.327(54)  1.329(93)

Ri(1) 1.270(26) 1.418(42)  1.423(72)
Ry(1) 0.852(17) 0.884(47)  0.885(80)

Where:

e Model-dependent shape = CLN/BGL parameters from differential distribution
e Model-independent shape = CLN/BGL parameters from the fitted integrals
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Other studies: Arp asymmetry %
Further studies

We can build several observables to evaluate the

contribution of New Physics interaction, for instance the 01 —
forward-backward asymmetry: TV Bxpermentalcats
1 2 0 2
) a’r / a’r dr
= ——d 0 — ——d 00| |
Ar(q) { /0 ddcos 0 %%~ | dqdeoss, 4%/ agz

Aralq?)

_ 3 (163 + 4160)
" 6l + 2411, — 2Ips — 81y

-0.2

-0.4

Compute the asymmetry for each g2 bin
using the fitted I;(q?) values
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Other studies: Arp asymmetry %
Further studies

We can build several observables to evaluate the

contribution of New Physics interaction, for instance the 01 —
forward-backward asymmetry: TV Bxpermentalcats
1 2 0 2
2 ar a-r dr
= — —  _dcosb, — = “
Ar(q) { /0 dq?dcos 0, S /, | Aq2dcos 0, 1% | /4

_ 3 (163 + 4160)
6Ils + 24110 - 2125 - SIZC

-0.4

Compute the asymmetry for each g2 bin i
using the fitted I;(q?) values e

Use the basis n, 7/, d, €, €
arXiv:2104.02094
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Conclusions
Conclusions

e Semileptonic decays are a powerful tool to test Standard
Model

e This work will lead to the first measurement of
B? — Di~ut, differential distributions
e |tis possible to directly test different New Physics

scenarios, with both a model-dependent and a
model-independent approach

Selection
sWeights
Mo fit
Unfolding
CLN/BGL fit

I;(q%) determination
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Measurement of the differential
distributions of BY — Dy~ v, decay
at LHCb

Thank you for listening!

F. Manganella - June 13™", 2025
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The differential width %
ackup

arXiv:1801.10468

Ii(q*) = Ii(q*; Ho, Hs, Hy)
= K(q%) Zli(qz)ai(9€7 04, X) and H; are written using
i CLN/BGL models

dr
dq?d cos 0,d cos Oqdx

2
. m?,
= N,|po: (¢%)] <1 - q;) : {Ils sin? 0y 4 L1c(3 + cos 26,)

+ Ipg sin? 04 cos 260, + I5c(3 4 cos 264) cos 20,
+ I sin? O sin? 0 cos 2 + I sin 204 sin 20, cos x + I sin 204 sin 6, cos y

+ Igs sin? 04 cos 0, + Tec (3 + cos 264) cos by

+ I sin 204 sin675in x + Ig sin 20, si rsiny + Io sin? O, sin® frsin 2)4

zero in SM zero in SM and tensor model

)\1/2(m2 ,m2..q?)
B (%) = ———2 22000 \(x,y,2) = P42~ 2p—2xz—2yz

2/

_ 3GH|Va|*B(Dy — Dsv)
128(2m)*m2,

A
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CLN model

Backup
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Ry (w)
Ry (w)




BGL model

Backup
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New Physics tensor
Backup

Gr _ _
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Fit in the control region
Backup
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Preliminary in the control region

. s;l E : BDT.dbc_reopt < —0.2, that is

R e O = combinatorial and doubly
chamred enriched

- e use results from this fit to

constrain these

components
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