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Semileptonic decays
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e Advantages: e Challenges:
- large data samples - neutrino: partially
- theoretically clean: only 1 reconstructed decays
hadronic current - large amounts of backgrounds
- trigger on muons - huge simulation samples

lepton flavour universality
A

b production: by ¢ production:

fractiong, lifetimeg fractiong, lifetimes

decay properties:

b mixing, form factors

CoV




Overview

e Experiments:

- B factories
- LHCDb

e LFU in b—ctv, decays
- current status
- impact of radiative corrections
« Measurements with semileptonic Bs decays
- form factor measurements W r ESults:
- | Va

« Outlook and conclusion




EXperi ments: LHCb JINST 3 (2008) S08005
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» pp collisions @ LHC Run 1: 2011-2012: 3 fb @ 7-8 TeV

» b quarks produced by Run 2: 2015-2018: 6 fb1 @ 13 TeV
gluon fusion — forward

direction

e boosted CM energy
helps to reconstruct
vertices

e many more b’s, but “3 \
a lot more background '

o all b-hadron species are
produced: B+, BO, B, Bc, Ab



http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta;jsessionid=A532987D2B2CAB4CAFDB89AB5255EE0C.c4.iopscience.cld.iop.org

Is flavour universal?

— definitely not universal, always ‘interesting’



Lepton flavour universality

In the SM there are three families of

fermions:
Standard Model of Elementary Particles
- they have Same gauge Charge three generations of matter interactions / force carriers
. (fermions) (bosons)
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ratios: CKM elements cancel, and
only difference is in lepton mass



LFU in non b decays

Tk —es
o W R 2e% _ (2.488 4+ 0.009) x 102
FK‘—W‘P,I

| u Ve [V Phys. Lett. B 719 326

e Prediction:

- SM 2 2 2
[1{}{ » ] ) (ﬁ] [Mg MEZ]U + boep) = (2477 £ 0.001) x 107
K —um, I MK o Adlu PRL 99 231801
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e Also Z—/{-£+in agreement with SM. Small deviation in W—£-v,?

« Excellent agreement in charged-current coupling to leptons, i.e.
g,/8 = 1.0018 = 0.0014



https://www.sciencedirect.com/science/article/pii/S0370269313000786?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.99.231801

Overview R(D) and friends

B(H, — H.1U.) ¢’ = p (LHCb)
B(Hb — HJ’W/) ¢’ = e/n (B-factories)

R(HC) —
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e Tree-level processes are S nLl. Ay= Lilmmans -
sensitive to new physics: e ——
charged Higgs, leptoquarks °»f | 3% = =
etC. . -_; :‘LH(_‘I::\;\'IE& _..-.

e Predictions are R & I Bejii1s -
theoretically clean. e T T r A
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https://hflav-eos.web.cern.ch/hflav-eos/semi/
spring19/html/RDsDsstar/RDRDs.html



https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

Leptonic T decays

Reconstructing T
e T—11Vy Ve BT —=1vy V) = 17.4%
e T— € VeV B(T—=eVvevy) = 17.8%
Strategy:
« Signal and normalisation channels have same visible final state
/T[ /T[
D" —p0 —m
- 7 K =" “Do ~/17<T*
~~~~~~ —~T ~ ~~~~ o
V ‘\‘\\\.}l ~\\ K
e Vi Vi

 Part of systematics cancels in the ratio.

« Backgrounds from inclusive semileptonic decays, with many
unknowns (form factors, decay rates etc).



Hadronic T decays

Reconstructing T

e Hadronic decays:

Decay B (%)
— —-0
Ty 25.49 + 0.09 1-prong decays, only at B factories
g 10.82 + 0.05
e ) 9.02 & 0.05

S > 3-prong decays, only at LHCDb

Uy 4.49 + 0.05

Strategy:

 Final states are not the same.

« Systematics (at LHCb) do not cancel in the ratio between signal
and normalisation channel.

— measure with respect to another decay with similar final state
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LHCb vs. B-factories

« LHCDb: e B factories:

« use the B flight direction « B momentum is known
to measure transverse
component of missing
momentum

e tag algorithms use the other B
in the event:

e hadronic tag: 0.3%
efficient, very pure: all
backgrounds are fully
reconstructed

e cannot measure
longitudinal component,
SO use approximation to
access rest frame

kinematics: « SL tag: 1% efficient,

e (v8.)B = (V8.) ps less pure

e 18% resolution on B
momentum

L



Discriminating variables for R(D)

« Make the fit templates from most discriminating variables: kinematic

e As an example*, the muonic R(D*) analysis from LHCb: PRL 115 (2015) 111803

: —0 _
. signal channel: B — D*"r ¥, * Other analyses use

different variables

. . —0
- normalisation channel: B~ — D** "7,

2 _ 2 2 — 2
Mmiss = (pB — PD+ _p,u) q- = (pe —|—py) (pB _pD*)
= T 200 2 0.6
g i LHCb Simulation 5 =
5 500 5
g 3 | Z 04
< 0.1 < I Z
0.04
0.05} 000l 0.2
of
E,* (MeV/c?) G2 (GeV/c2)?
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Measurements of
R(D*) in LHCb



R ( D *) le pton IC PRL 115 (2015) 111803

R(D*) = 0.336 + 0.027(stat) £ 0.030(syst)  R(D*) =

o Compatible with SM within 2.10
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

PRD 97, 072013 (2018)

R( D*) hadronic PRL 120, 171802 (2018)

(D" — B(EO — D*Tr7 D, 9 B(EO — D*"r )
BB — D trntm) ) e \ BB = D) )

KC(D*)
Run 1
r K-
t 7T {BO —>D*_‘E+VT}
« Signal and normalisation l/
; Vr
channels have the same 50
final state, such that many - ‘ v,
systematics cancel in the T
ratio. o A do, *
p p thf
« Use topology of the decay @

to suppress backgrounds.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

PRD 97, 072013 (2018)

R ( D *) hadronic PRL 120, 171802 (2018)

B(EO — D** 17, y B(EO — D*t gt rT)
BB D*n 1 717) ) s \ BB = D)) e
K(D*)
e K(D")=1.93+£0.12(stat) £ 0.17(syst)

R(D") = (

e R(D*)=0.280 =+ 0.018(stat) + 0.029(syst)

« Compatible with SM within 1o
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

Radiative corrections on
R(D) measurements

S.Cali, SK, M.Rotondo, B.Sciascia

[ — T




Radiative corrections

B(Hb — HCTfT)

e Generally assumed to cancel in the ratio R(H_.) =

y ( ) B(Hb — Hcflvg/)

« However, last year an article on soft-photon corrections claimed the
following: PRL 120, 261804 (2018).

» Long-distance QED corrections on R(D*) and R(D%) are non-negligible
and can amplify the theoretical predictions by respectively ~5% and
~3%. These corrections are not covered by PHOTOS. Since PHOTOS is
used by LHCb, BaBar and Belle, all results could be influenced.

e SM predictions could be amplified by 5.5% and 3.6%, which is
larger than the uncertainties on the lattice predictions.

« How does this affect our measurements? (Caveat: it does not
contain any corrections on published or ongoing LHCb analyses)

e Could this reduce the tension between experimental and
theoretical values?

18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804

Radiation in simulation: PHOTOS

« PHOTOS is a universal MC algorithm that simulates QED corrections.

« PHOTOS includes both soft and hard photon corrections. The latter are
not included in the study in PRL 120, 261804 (2018), so we cannot
compare this.

« Has successfully been tested for W, Z and B decays, should be tested for
every type of measurements, especially when high precision is needed.

e It does not include Coulomb interactions, which PRL 120, 261804
(2018) does. These are relevant for the D+ (and D*+) mode, but not for
the DO mode:
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881

EPJC 79 (2019) 744

Samples for studying radiative corrections

e Generated 3M events in 4 samples
—0
» B — D'/"v, and B~ — D% 7, ,with {7 =, 7"

» generator level only, no detector reconstruction

» PHOTOS version 3.56, “Option with interference is active”

e Calculate the four-momentum carried away by the radiative photons
as:
Py = PB — (PD + Pe- + D)
» Like in the paper, we only consider radiation from the D and not
of its daughters.

e QED corrections are defined as relative variation of the branching
ratio due to events lost because Ey>FEmax:

Emax
o — Ao NEE,
Jo N(E,)dE,

20


http://dx.doi.org/10.1007/JHEP12(2017)026
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

The EmaX Variable EPJC 79 (2019) 744

10% £

e
60 80 100

E, [MeV]

« Results are shown as a function of Emax: maximum energy that
radiative photons in the event are allowed to have to be considered
signal rather than background.

e Note, the effects of the QED corrections are global, so they are still
there when not applying a cut on Emax.
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

Comparing results £BIC 70 (2019) 744

e Results are shown as a function of Emax, to be able to compare with
the results from PRL 120, 261804 (2018):

§ 4 . 1 T T T T ] b\? 4 . T T — T T ] g 10 —7T1 1 T 1
Y U . —  E = — 9 R(D"), PHOTOS —
a L 2000000000000000000000000000000000000000000000000000000000000000000000 . a n 1 -
2l ISR - z s 1 &= 8F 0 R(D"),PRL 120,261804 (2018) 3
X 0 B = “Q 0 e : a 7 “.‘ R(DO), PHOTOS _E
L— TR PRI C : o 0 3
LE E HE B - R(D"), PRL 120,261804 (2018) =
T z ] 5 3
4 - -4 4
0 — u, PHOTOS ] r — u, PHOTOS ] 3
-6/ o e PRL 120, 261804 (2018) ] 7 2N —— PRL 120, 261804 (2018) ]
R v, PRI 120, 201508 G019 5 B DIV, . PRL 120, 201803 GOI9) 5 >
-8 7, PHOTOS ] -3 7, PHOTOS A
E e 7, PRL 120,261804 (2018) - F e 7, PRL 120,261804 (2018) - 1 E
_ I R SRS R I T S ST S -
100 20 40 60 80 100 1OO 20 40 60 80 100 OO 20 40 60 80 100
E\ax [MeV] E\ux [MeV] E\nux [MeV]

« Differences of 0.5-1% for B- decays, even up to 2% for BO.

e Discrepancies cancel largely, but not completely in the ratios R(D?9)
and R(D+), discrepant by 0.5%.
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

Comparing results Il

EPJC 79 (2019) 744

 When discarding the Coulomb corrections from PRL 120, 261804
(2018), results for BO decay get in closer agreement and corrections
on R(D+) are very consistent.

?4_ T | L — T r3'10 e = Q3-5_ T T T T T T T T T
& 5 = S -
_'Q o B — 9 R(D"), PHOTOS = Q u PHOTOS
2 . & 8F 0 R(DY),PRL 120,261804 (2018) =5 &% 3 PRL 120, 261804 (2018)
R . % 7 R(D"), PHotoS E C% 25E PRL 120, 261804 (2018), no Coloumb
B Iy q4 «©  e6R 00 e R(D), PRL 120,261804 (2018) 5 -
- 5 1 = F -
e 4 no Coulomb 3 A -
F T —— u, PHOTOS . E g 1.5 ]
-6/, I u, PRL 120, 261804 (2018) 3 E = 1
F B %D-‘-l Vl 1 2 ------- o e
-8 Coulomb 7, PHOTOS ] « 1E
no Loulomd .. 7. PRL 120, 261804 (2018) - 1 E
-10 AT IR S (TS R ST R S ] 0 I - . I N R 05k 1 1 L 1 M-
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
E. . [MeV] E. . [MeV] E . [MeV]

« PRL 120, 261804 (2018) gives different results for R(D°) and
R(D+), breaking isospin symmetry, while those are not there in
PHOTOS. This difference disappears when ignoring the Coulomb
corrections that are used for R(D+).
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1803.05881
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

Second part of our study

« What is the effect of mismodelling QED corrections in our MC on
measurements of LHCb?

e Applied LHCb-like selection on generated samples (see next slide).
e Using this, we make a dummy analysis:
» simplified: just signal and normalisation samples
» generate 10.000 toy samples per decay mode with no cuts on Emax

» generate templates with different cuts on Emax

> fit for R(D) using 3D templates (g2, Mmiss, E¢)
(same as in muonic R(D*)) and study the effect PRL 115 (2015) 111803
o This simulates worst-case scenario.

e Done to develop a method to determine the effect on measurements,
does not give corrections to existing/future measurements.
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http://dx.doi.org/10.1007/JHEP12(2017)026
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

EPJC 79 (2019) 744

LH Cb' l.i ke SelECtiO n based on JHEP 02 (2017) 021

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e Simulate vertex resolution by smearing the pp vertex by (+13, £13, £70) pm
and the B decay vertex by (=20, =20, £200) nm

e Simulate LHCb acceptance using the cuts: 1.9 < n < 4.9,p > 5 Ge\,
pr > 250 MeV on kaons, pions and muons and a distance between pp and B
vertex > 3 min.

* Reconstruct B meson momentum and related quantities using the LHCD rest
frame approximation.

& [T ' ' ' ' l T ] @ 01F T ' I ' ' ' ] @\ T T T T ]
= C —0 _ 3 = F —0 _ = C .
50.025 C - B —=D'uv, ] g i - B —=D"u Vu g 0.03 C E
- —0 _ - | —0 _ ] r ]
g oo TEB-DTV g 0.08 = B-D'rV, go.ozs : 3
3 z Z 0ok E
80015 5 0061 B 5 002 ]
- 0.015F =
0.01F 0.04 B 5 ]
C 001 -
0.005F 002 B 0.005F =
0 ] ok - ' 0 :

0 5 10 0 5 10 500 1000 1500 2000 2500
¢* [GeV?] m2.  [GeV’] E, [MeV]

e Distributions look very similar to those from full detector simulation!
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://doi.org/10.1007/JHEP02(2017)021
https://arxiv.org/abs/1905.02702
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

Coulomb corrections in toys ... .. .o. .

o 15— 15— ST
1.045F : 1.045F : 1.045F — B —-D'uv,

1.04F 1.04F 1.04F — B —D'r,
1.035E 1.035E 1.035E

1.03E 1.03E 1.03E

1.025F ] 1.025E ] 1.025F

102 = 1.02F 1.02F

1015F = 1015F 1015F

R T Oy "1 L=~ "To00 1500 2000

m2.  [GeV?] ¢* [GeV?] E, [MeV]

o This does not cancel in the ratios of R(D).

e In our LHCb-like analysis, shift on R(D+) is -0.003 (-1%) when including
Coulomb corrections on toys, but not templates.

« This can and should be studied for each analysis separately, because it
depends on selection, reconstruction efficiency etc.
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://link.springer.com/article/10.1140/epjc/s10052-019-7254-x

Dummy analysis: effect on template

s 102 . . - s -
§ 1 ;ﬁ:ﬁzi—s—_g__g_ S s ——— - § a
2 -, o = ] 7 =
% 098 +++ — S_,C; a
096 T = L —
2 094F "‘++"‘-+-“"‘—+— E 2 =
> 092F Rinal ‘l: E > 092
2 . = —{p— : 8 =
g 09F  cut template/default T | =] g 09 cut template/default

088  —= 1500 MeV « | T L 088FE  —= 1500 MeV 0

C +,,- = . C D + - =

086 —= 500MeVv B —=D'u v, = 086 —= 500MeV B =Dt v,

084 = 100MeV E 084 = 100MeV

0.82 E 20 MeV E 0.82 = —e—20MeV

0.8 : 1 I 1 1 1 1 I 1 1 1 1 : 0.8 : 1 I 1 1 1 1 I 1 1 1 1
0 5 10 0 5 10
[GeV?] [GeV?]

l’IllSS InlSS

 Applying different cuts on Emax: at 20, 100, 500, and 1500 MeV changes
shape of fit templates. Cutting on photon energy probes over- or
underestimation of radiative corrections.

- Most clearly visible on missing mass variable, which is effected strongly in
the 1 decays, barely in the T decay.
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Outcome dummy analysis

~ 0BT o 0B 773
Q o o . Q C . .
& 0325F R(D") = & 0325 F R(D") =
- —=— F . cut values ] - —=— F . cut values .
0.32 —no E,,, cuts = 0.32 —no E,,, cuts =
0315 F ‘ — 0315 —
031F ‘ - 031F l —
0305 — 0.305 F F
03F l - 03F 1
0.295 —] 0.295 —
09— v 11 1] 029 v w11 1]
70 500 1000 1500 “70 500 1000 1500
E.. [MeV] E.. [MeV]

- By including cuts on Emax in the templates, but not toys (or vice versa),
study the effect of over- or underestimating radiative corrections in MC.

* Done for cuts on Emax, at 100, 300, 500, 800, and 1500 MeV.
- Change on R(D) is very similar for R(D+) and R(D?9)

- Largest when applying a cut on Emax around 100 MeV, shifting R(D) by

0.02, or 7%.
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Conclusions and recommendations

« Corrections described in PRL 120, 261804 (2018) are not fully included in
PHOTOS.

« Small corrections largely cancel out in the ratio R(D), but a 1% difference
between R(D%) and R(D+) is due to Coulomb corrections.

« Coulomb corrections affect kinematics of T decays, which impacts shapes
templates, yielding corrections of 1% on LHCb-like analysis.

» Can and should be determined for each analysis separately.

« Mis-modelling QED corrections in a worst-case scenario can lead to a bias
of ~7% in LHCb-like analysis.

» Cuts on photon energy should be studied by analysts.

e Inputis needed from the theory community to make accurate comparisons
of radiative corrections, especially for future measurements with higher
precision. Current studies stop at energies of 100 MeV, while we need also
structure-dependent and high-energy photons.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804

Semileptonic Bs decays



Motivation for Bs decays

« Semiletponic B;s decays offer a great environment to form factors,
CKM matrix elements and LFU, complementary to Bt/B0 decays,
but have not been studied much yet

« Lattice-QCD calculations are easier due to the heavier spectator
quark — more precise predictions

« Different backgrounds than in B—D®) decays, specifically from
excited D states:

o 34 s ; ;
o L=0 L=1 L=1 L=2
E 3.2 - , - - P :
O Js=12 : js=1/2 ¢ js=3/2 | js=5/2
—_ : : : : o
o 3.07 ~ Dy(3040)
© N e
E 2.81 .D},(2860) . D%(2860)
v . :
— D},(2700) ; D5(2573)
—— e Da(2536) DK
24 7 Dsl 2460) DK
10 é é é
D(2317) : :
2.2 pr i :
20- Ds : : —— theory
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® measurement
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Shape of the Bs->Ds*uv
decay distribution



Bs->Ds*uv decays

« Hadronic current in the decay can be described in terms of scalar

functions, called form factors g
 For this decay, there are four form wH v,

factors, but this can be simplified . ) )

to one leading form factor, which B D

is the one that we fit

« Integrate over all angles of the decay

« Then measure the decay rate, as a
function of lepton energy transfer (g2),
equivalent to hadron recoil (w)

2 2 2

PRO - Ppr— mpo + My — ¢

w = = = p— = =
MBO M e 2 mpo mps«-

« Decay rate is used to fit form factor,
with two different parametrisations
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Form factor parametrisations

« Two commonly used parametrisations:

- CLN (Caprini-Lellouch-Neubert):
ha,(w) =hya, (1)1 —8p%z + (53p* — 15)2z% — (231p* — 91)2°]
' 2= (Vo +1-v2)/(Vw+1+v2)

» fit for p2, others FF parameters fixed to the world average from
decays B — D™ and lattice-QCD

- BGL (Boyd-Grinstein-Lebed):

e
1) = 526,

» also fit only 1 form factor, constrain others from fits to B — D~
decays and lattice-QCD; fit parameters a:fand af

f.n
al 2

n=0

»  BGL must be truncated at order n, here n=2
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Signal selection

« Measure the B — DIt pu v, decay, with D** — Dt~

» Reconstruct the D in KT K~ 7" final state
(specifically oz and K*K resonances to reduce backgrounds)

><1O3I

« Reconstruct soft photon,
removing lots of background
by fitting Ds* mass

N

« Remove misID background by applying vetoes — very clean
sample

“a,
"y
~a
ay
-
-
D~
Dy

60
a0 |- -

.mn
* s
— . . —
. .
B .
- . -
. .

Candidates / ( 1.35 MeV/c?)

m(D?y) (MeV/c?)

« Apply u pr cut >1.2 GeV to remove backgrounds from r decays
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Useful variables and tools

Corrected mass:

. . . o o + -

o use flight direction of visible HoxDs
particles to reconstruct missing f
mass - Pruis

___________ e
PT, miss

Mecorr =— \/(mvis)2 + (pT,miss)2 + PT miss

" :
- :
SAY

PT miss — PT,vis

« quadratic ambiguity improved
using MVA based on flight
direction JHEP 02 (2017) 21
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Extracting signal yields

 Fitting the corrected mass using template fits in 7 bins of w, chosen
such that each bin has same amount of (MC) signal.

« Templates are based on MC simulations, except for combinatorial
background, which comes from B — D*~ v, decays (same-sign)

—+— data

B s,-pix, — fixed to expected values
B comb bk

[ B, D_ 2460)uv

[ 1B~ D_2460)v

( fixed w.r.t. Ds;u decays

(negligible)
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Extracting signal yields Il

+ data

Bl 5. D,y
[ B~ Diov
B 5.~ DX,
B comb bkg

B 8. D_2460)v

[J B~ b, 2460yv

LHCb unofficial

1.0<w<1.11

| | | 1
4500 5000

Mo, MeV/c)

+ data

- B,— Dg*uv

[ B~ Dyav

B 1, DX,

B comb bike

B 5.~ D 2460y
[J B~ b, 2460y

LHCb unofficial
1.22<w<1.27

+ data

- B,— Dy*uv
[ B~ Drv
B 1, DX,
- Comb bkg
B 5. D_2460) v
[J B~ b, 2460yv

LHCb unofficial
1.38<w<1.47

3
+ data
3 Bl 5. DAy
) B~ Djav
- H,— DX,
2 - Comb bkg

B 5. D_ 24600y
[J B~ D, 2460yt

Candidates/(233 MeV/c)

LHCb unofficial
1.11<w<1.17

4
= 2
=]
£ 2
=4 e i B | . | I i 1 |
3500 4000 4500 5000
Mo, (MeV/c)

+ data

- B,— Dg*uv
[J B~ Dy
B, DX,
Bl comb bke

B 5.~ D 2460y
[ 8.~ b, 246000y

Candidates/(233 MeV/c)

LHCb unofficial
1.27<w<1.32

4 . L l
— 2
i —_ ———
~ 2
—4 e i | - i | |
3500 4000 4500 5000
Moy (MeV/c)

5 3500
% 3000

@ 2500

Candidates/(2
s @ 8
[} (e} o]
(e} (e} (e)

500

LHCb unofficial
1.17<w<1.22

+ data

Bl 5.~ Dy
B~ Diov
B 5, DX,
B comb bkg

B 5. D 24600 v

[J B~ b, 2460y

Pull
o

Candidates/(233 MeV/c)

| | i | | | 1
3500 4000 4500 5000

Mo, MeV/c)

LHCb unofficial
1.32<w<1.38

- B— Dg*uv
[JB.—~ by
Bl =, DX,
Bl comb big

B 5.~ D, 2460y v

[J B~ b, 4605y

& _(2) —
—4 e i S | 1 - oy 1 i

3500 4000 4500 5000
M., (MeV/c)

- Very little background!
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Data-MC comparison
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« After the fit, data-MC comparisons to check our understanding
of MC in angular distributions, but also soft photon momentum

10° 3
316X""""""""""'"—_ Ag"m---.---.---.
RS . . ] 1~ . .
> 14 LHCb unofficial 3 . LHCb unofficial
5) ] 8
) 12 —F data : S 7
= 10 B . ~ D.u, 2 6
\ B! — D*tv, 9
oY = 3 W, - DX, 5 s
‘&e F_.c; 6 B comb. "é 4
ee =) Bl 5 — Diuv, 5 3
‘, = 4 0 l @,
‘b'% = B, — Ditv, )
O 2 —
1
06 Ix10°
60 00 5 10 15 20 25 00 2 4 6
y p (MeVic) x (rad)
A3‘1-03---.----.----.---- x10’
~ —T1 r 1
~ 10 . o 12 C o
S LHCb unofficial S LHCb unofficial 1
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Correct for efficiencies

« Most reconstruction efficiencies are determined from MC, comparing
generator level with reconstructed MC

e MC is corrected for known inconsistencies:

- trigger using BT — J/y K™ decays, tracking, photon and B;
kinematics

e D; selection efficiency comes from fully reconstructed
BY — D**r~ decays

e Muon PID is taken from J/v — ptp~ decays

S 002IF T T T T T3

T

o Efficiencies are not absolute

total efficienc

0.019F ] E
0.018F l E
0017E ‘ 3
0016 E
0015 :— LHCDb Preliminary + _:
T

1 1.2 14



Fitting form factors

« After normalising, unfolding and correcting the measured yields,
we can fit form factors:

g N UL L -
golap _ LHCb unofficial =
> 0.12F -
o} - I i
£ 01F | T I -
O " ‘ -
2 0.08 . * =
0.06 >

- data N

0.04 :_ BGL parametrisation —:
002 :_ CLN parametrisation _:

_ PR IS T S S N TR S TR T N T SR SR S R SR T

01 1.1 1.2 1.3 1.4

w

« Only small differences between parametrisations, as expected.
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Systematic uncertainties

Study the effect on form factor parameters for:

Source o(p?) o(al) o(al)
Simulation sample size 0.053 0.036 e
Control sample size 0.020 0.016 o
SVD unfolding regularisation 0.008 0.004 0.00
Radiative corrections 0.004 0.000 0.00
Simulation FF' parametrisation 0.007 0.005 0.00
Kinematic weights 0.024 0.013 0.00
Hardware trigger efficiency 0.001 0.008 0.00
Software trigger efficiency 0.004 0.002 0.00
D7 selection efliciency 0.000 0.008 0.00
D%~ weights 0.002 0.014 0.00
External parameters in fit 0.024 0.002 0.00
Total systematic uncertainty 0.068 0.046 o0
Statistical uncertainty 0.052 0.034 o0
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+ We find: p° = 1.16 £ 0.05 (stat) 4= 0.07 (syst) (massive leptons)
e Or: p?=1.12240.015 (stat) +0.019 (syst) (massless leptons)

 Results are in agreement with those from B — D*uv,,
decays (p* = 1.206), as expected from SU(3) symmetry

e In BGL parametrisation:
(results are highly correlated) - .,

T :
a{ = —0.002 £ 0.034 (stat) 4= 0.046 (syst), 0'52_ @ _
a} = 093757 (stat) "5 o

—0.38 (syst).

- . ' -1
N ]
- . ' -
. 1
A ]
[— — . —
. . ]
. '
- N -
.

« Will publish also unfolded spectrum —locomour .
. . . [ 20 contour ~LHCb unofficial 1
with covariance matrix so anyone can  -E... .. L LS
make their own fit d



Measurement of |V using
Bs->Ds")\uv decays



 Inclusive and exclusive measurements of |V | rely on different
theoretical assumptions — complementary measurements

« For the past ~30 years, g ji_ Q'Axmtur_
inclusive and exclusive showed = 44— ,°,. E

. > 4.2 — Spuv Inclusive —
dlsagl‘eements o 4 ;\Vborld Average :Xb: gloGt:z);}Jﬁt inKS =

3.8 =

« Previously thought to be due 36 =
. . 34 —

to form factor parametrisation,  ;,E E

3 _

but no longer true 3 reLAY ]

26 | | | | | ...|....|.F(.xz.)|=.7}7:%.|_:

35 36 37 38 39 40 41 42 43 44

&3
V| [10°]

« Since form factor parametrisations cannot explain the difference
between inclusive and exclusive |V |, could it be
misunderstanding of backgrounds? We can test this with Bs decays!
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Introdu Cti on LHCb-PAPER-2019-041

« Extract |Vu| and branching fractions from ratios of decays:

BBY = Dprwy) . B(BY = Dipt,)

R = =
B(B" — D utv,) B(B — D* utv,)

e Decay rate is proportional to | Ve |

Unlike previous analysis, this one does not reconstruct photon,
and the different variable p,:

LHCb Simulation
1458

5

e the D; momentum in direction
of B; tlight, correlated with w
and helicity angles

-

Truth-level w
Arbitrary scale

D,,. ,//1 ."._...;"_l'i"jlh:;rl'l
’ 1.2 ,
1.15
1.1 |
B, 1.05
e decay ~ 1 s—— )|
- 0.5 1 1.5 2 253
pl'ill'l{l!"\.-' vertex p (D—) [GeV/C]
L 46



Ana lyS i S st rategy LHCb-PAPER-2019-041

« Relies on template fit (mcorr vs. p1) with huge MC samples, except
for combinatorial background, which comes from same-sign data

« Signal templates depend on form factors which are recalculated
each iteration of the fit, so not only sensitive to the decay rates and
| Ve |, but also to form factor parameters

o Fit simultaneously the signal Ds decays and the normalisation D
decays

 Fits performed with both BGL and CLN parametrisations
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Sign al fits LHCb-PAPER-2019-041

 Signal fit using CLN parametrisation:

><10|3|||
35F BY—Dutv, LHCb
30 Bf—)Dj_,quv# :
- 7/Phys. bkg.
- Bl Comb. bkg.

"X

—

1<
[¥¥]

=]
anll
A
i

preliminary 8- ~preliminary

= O
III|II|III|
N
V-

Candidates per 0.1 GeV/c?
7

Candidates per 0.115 GeV/c
o

45 5 55 05 1 15 2 25
Moy [GEV/c?] p L(D;) [GeV/c]

« Background-subtracted distributions of Ds and D;*

x10° x10°
L of L T T T T T "S“J“IS;III‘I—'I(ITIDHlllllll"lll*l_llll_:
% S;LHCb B’—D_u V*”_f > 160 B°—D, uvy, 3
U E —+—Data -CLN 3 8 14 E . = _ E
good agreement o 5+Data-BGL 1 e : ;
— 6F - Fit-CLN 1 = 12F E
between CLN and BGL ¢ s roset F P S o0 o :
S 4- preliminary | g 8- [ preliminary E
5 3 8 ;
< 2F < 4F .
o - =) C ]
= 1f = 2F =
S o=l 1l S ob—rv o
O 05 1 15 2 25 O 05 1 15 2 25

pL(D;) [GeV/c] P, (D) [GeV/c]
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Results branching fractions
LHCb-PAPER-2019-041

« Measured ratios are:
‘B(BUI_> DSI“L VF*)
B(B" = D
B(B° — D*—;L

= 1.093 4 0.054 (stat) £ 0.060 (syst) 4= 0.051 (ext)

Vi)
_|_
+yp’; 1.059 £ 0.047 (stat) 4 0.074 (syst) & 0.053 (ext)

e Measured for the first time!

B(B? — D;ptv,) = (2.49 4+ 0.12 (stat) 2 0.14 (syst) £ 0.16 (ext)) x 1072
B(B] — D pty,) = (5.38 £ 0.25 (stat) £ 0.46 (syst) £ 0.30 (ext)) X 102

* Ds/DS* l‘atiOZ

B(B] — D;p*v,)

— 0.464 + 0.013 (stat) = 0.043 (syst
B(BY — D* 1itu,) (stat) (syst)

« Largest uncertainty comes from fs/fq
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Conclus | on I Veb I LHCb-PAPER-2019-041

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« These are the first exclusive |V | measurements from a hadron
collider and the first using B; decays

« Consistent results with different form factor parametrisations:

Viplorn = (41.4 £ 0.6 (stat) + 0.9 (syst) £ 1.2 (ext)) x 1073
Vilpar = (42.3 + 0.8 (stat) £ 0.9 (syst) + 1.2 (ext)) x 107°

Inclusivel:

IV J: GGOU

IV, ]: global fit in KS
Ay, — p v

e B —>D i v (CLN) -
B D0 b v (BGL preliminary —+‘
4~ [ [[] Old average 68% C.L.
| [ Old average Ay*=1

—B—)D lv
— B —> D]V

b
()|
L | L

2'5 ! ! ! | ] ! ] | 1 |I ! 1 I |

34 36 38 40 42

=
_l-b‘

V| [107 50



Outlook and conclusions



Prospects for LFU measurements

« So far, all LHCb’s LFU measurements are only on Run 1 data. Run 2
is analysed as we speak and new results can be expected, including
an extension of the muonic R(D*) — R(D)-R(D").

« Other channels are also being

0.12——

studied: R(D+), R(AJ), — Eeﬂe_fi z
* 0.10f - 1 ol
R(Ds®™), R(pp), .. g
£0.08F — LHCb Ry, H
o Of course Belle II and LHCb : LCh R
upgrades are on their way - ‘

Projected
=
=
I
o

« Prospects of various decays
modes in the coming years. oozl

0.00 | ' ' | '
2015 2020 2025 2030 2035
Year

J. Phys. G: Nucl. Part. Phys. 46 (2019) 023001
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/pdf

LHCb upgrades

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« LHCDb upgrades are on their way, aiming for a dataset of 300 fb-!

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

M_ Upgradela Upgradelb = | [ Upgrade II P
5

“‘.Q 20—: ™ - = - .: ':e
€ - 300 =
n° W %
B = 2
— 16— 250 &
E E
g 14 — 3
c =
£ = 200
E 12— %
3 - § b2 =
s 10— - 150 £
= = -

8 —

6—: 100

4—

- 50
2]
o;M—r—-‘
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/pdf

Measurement of R(D*)

 Similar precision for Run II as current R(D*)

e Benefit of R(D;) w.r.t. R(D*)

- better understanding of bkg from excited states, which are
also very narrow (easy to constrain) due to isospin

violation.

- looking forward to Stefano’s
thesis! N
o %’ 12000 { LHCb-PAPER-2018-050 -
e In parellel: study R(D>*), = — o -
to study different NP < 8000L :

. . O _
couplings, i.e. to tensors. 5 6000 :
B 4000 -
© 2000F :
0%2500 3000 3500 4000

m(D°K*),. [MeV]
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https://cds.cern.ch/record/2660233

Conclusions

« We can measure form factors, |V | and LFU using semileptonic Bs
decays and the first of these measurements will be published soon!

« There’s lots more data to be analysed, many different decay
channels to study.

« Never forget to check the effect of radiative corrections!
“QED is the new QCD in terms of unaccounted for effects in so many areas.”

« New experiments (LHCb upgrade and Belle IT) will allow us to
(hopefully) finally confirm or rule out LFU breaking.

« Rome is a lovely place to live, with much better flavour than other
places I lived ;-)
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Backup



Belle i

« Belle II has started taking physics data and will soon join
us in these measurements!

10 T T T T T T T T T T T T T T L T T L | B T 60
35— |
x10 ~ : — 2R B EE BE 6 mo shutdown [HEE E oG
Nm ga=m : P : : for RF upgrade : : 50
IE 8 .
=t a0 3
ze i
2 | J30 7
° [ 1 =
4 9
.E| ” 8 mo shutdown assuming we i P O:
= replace PXD and TOP PMT 17 =
—d 2 i "
x | 110
c L ‘ 3
o | : .
e 0 ' — — = = AR AEEELEFELEEEREERIE:
hghes 1/1/2021 1/1/2023 1/1/2025 1/1/202)
1/1/2019 4
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LHCb recorded luminosity
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LHCb Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb

R

S017 (86281 ToVic A7 My » 0,10 ................................... 2018201b

2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb ?
2012 (4.0 TeV): 2.08 /fb ......... 2016 .............. 2017
2011 (3.5 TeV): 1.1 /fb ; :
2010 (3.5 TeV): 0.04 /fb

1.8
1.6
1.4
1.2

|..|.|..|..;..H..l..}..;.{..l..}..}.].. % 7 % 5 O R R B

0.8
0.6
0.4
0.2

(Mar

Integrated Recorded Luminosity (1/fb)

F

.;.;..1..|..;.{.. ..|..}.|..|..|..|.

Month of year
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Experiments: B-factories
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o ete-colliders @ Y(4S) resonance

e b quarks produced from
Y(4S) — B+B- or B0 BO,
— 47 detectors (asymmetric,
boost of Y(4S) )

« very clean environment, little
background ) KLM

« well-constrained kinematics help
reconstruct final states with
neutrinos

BaBar: 1999-2008: 433 ftb-1 @ Y (4S)

HEEE g o0 1 2 8m

Belle: 1999-2010: 711 bl @ Y(4S) e

Nucl.Instrum.Meth. A479 (2002) 117-232

59


https://www.sciencedirect.com/science/article/pii/S0168900201020125?via=ihub
https://www.sciencedirect.com/science/article/pii/S0168900201020137
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e R(J/1) = 0.71 £ 0.17(stat) + 0.18(syst)

« Compatible with SM within 20 R(J /) B — J/yrTu,
. . T 4
« Systematics come from limited B — J/yptyy,
sample simulations, but largest
. —— Data B B, = Jlyutv
from uncertainty on form Mis-ID bkg. B J/ +4 comb. be.
factors (fit from data). Will B J/y comb.bkg. [ B. — JiyH;
. . . . B — x (IP)I'v, [ B; — y(2S)"v,
improve with lattice calculations. B B — Ty,
16000 =
§14000 —§
£112000 LHCb _§
10000 —E

1 1 |||||||||||||||||||||l|||||||
Candidates / ( 0.6 GeV?/c*)

4000

2000

® 5
=0 e e e Tm—
~5 55 1 15 ~ 2 o 1 2z 3 4 5 6 T,
decay time [ps] Z(q".E )
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https://arxiv.org/abs/1711.05623

Coulomb corrections

« The biggest discrepancy between our results and those in
1803.05881 seems to be that common from the Coulomb
interactions, which is not implemented in PHOTOS.

« This correction term can be calculated for our generator level MC
following the equations in the paper:

2T 1
QC:_ _ 2T
Bpe ¢ Fpe — 1
a=1/137
4m2,m? 1/2
BDEI 1 — D2 t 2

(8pe —mp —my)?

spe = (Pp +P£)2

e Using these expressions, we can see the effect of the Coulomb
corrections as a function of our usual fit variables, e.g. g2
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http://dx.doi.org/10.1007/JHEP12(2017)026
https://arxiv.org/abs/1803.05881

« At Moriond EW, new results were presented by Belle,
followed by a conference note: arXiv:1904.08794

« Update of the SL-tagged analysis: from measuring R(D")
to a simultaneous measurement of R(D)-R(D?).

. Using the full Y(4S) data set with 772x106 BB events.

« First SL-tagged R(D): Biag reconstructed using BDT and
B—D®{v decays, where £ = e, 1.

e On tag side: £ = T(—u/e vv) vetoed by applying a cut on

cos 0y (-, - angle between B and D™{ in Y(4S) rest frame.

2 2
2EbeamED(*)£ — Mp — Moy

2\pBllPDpeoe
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cosbOp pp =



https://arxiv.org/abs/1904.08794

arXiv:1904.08794

4 data samples: D¢~ D%~ D*t¢— D*¢~

- DOreconstructed as K~ ntn’, K~ ntrtr™, K nt, Kontn™,
Kon', KKK, KTK—, n—n™ 30% of DO BRs
- D+ reconstructed as K~ nrn~, Kontn’, Kdntntn™, Kon
K -Ktrnt, KK+ 22% of D+ BRs
- D*+reconstructed as D7+ or D+ 7Y

- D*0 reconstructed as D9x9

D candidates are required to be within a mass window around their
nominal mass.

B mesons are required to have opposite flavour to suppress
combinatorial background.
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https://arxiv.org/abs/1904.08794

« Use a 2D fit for these 4 samples B arX1v 1904 08794

—B—D()r
- one parameter 1S EgcL: energy 0.2 —B—=D()Iv ]

deposited in ECL not associated 015 — Background _
with reconstructed particles : -

Arb. units

0.1

- other parameter is class: 0.05}
outcome of a BDT based on e S
B 2 0 0O 02 04 06 08 1 12
Vis» mmiss’ COS B,D(*)E Egc (GeV)

Fit is performed simultaneously on the 4 samples, components are:

- DOty

- DOy result from D*¢ (D*T)
samples is used to estimate
- D7tv, where D™ = D1, D2", D1, Do’ contribution in D£ (DT)

- feed-down from D*fv to Dfv decays —_/
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https://arxiv.org/abs/1904.08794

« Shapes of the templates are based on MC samples with a luminosity
of 10X the total BB luminosity. For the D** backgrounds this was
5X the total luminosity.

« MC samples have corrections applied from measurements on
control samples:

- lepton identification: corrected separately for e and 1 using
ete” —ete ¢4 and J/ip — (¢ decays.

« Backgrounds are fixed in fits, yields are based in mp+-mp sidebands
for fake D’s, and others from MC.

 Yields of signal, normalisation, D** and feed-down are free in the fit.
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Fit results D+l and Dol
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Fit results D**| and Dol
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LFU in B->D#v decays

arXiv:1904.08794
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https://arxiv.org/abs/1904.08794

arXiv:1904.08794

Source AR(D) (%) AR(D*) (%)
D** composition 0.76 1.41
Fake D™ calibration 0.19 0.11
Biag calibration 0.07 0.05
Feed-down factors 1.69 0.44
., ;:Efﬁgféﬁégf R e g 412
Fonton cfficiency and fake Tate " e e
Slow pion efficiency 0.08.............. 0.08
—» MG statistics ... 4.39 v, 2.25
B decay form factors 0.55 0.28
Luminosity 0.10 0.04
B(B — D™ ¢w) 0.05 0.02
B(D) 0.35 0.13
B(D*) 0.04 0.02
B(t— — £ vpvy) 0.15 0.14
Total 5.21 4.94
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° ThlS analysis finds: al‘XiV:1904.08794

R(D) = 0.307 & 0.037 & 0.016 p = —0.53 (stat)
R(D*) = 0.283 £ 0.018 & 0.014 p = —0.52 (syst)

e Most precise measurements of R(D) and R(D") to date!

e Breakdown between muon and electron modes:

electron: muon:

R(D) = 0.281 + 0.042 + 0.017 R(D) = 0.373 + 0.068 + 0.030
R(D*) =0.304 + 0.022 £+ 0.016 R(D™) =0.245 4+ 0.035 + 0.020

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

{ B(B° = D*~e*u,) — see talk by Eiasha Waheed
| arXiv: 1809.03290v3
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https://arxiv.org/abs/1904.08794
https://arxiv.org/abs/1809.03290v3

BGL parametrisation

N N N N

D (g <1, ) (al)’+) (¢,1)?<1, ) (a2 <1.

n=0 n=0 n=0 n=0
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CLN parametrisation

e All form factors:
ha (W) = hy, (1)1 —8p°z + (53p° — 15)2* — (231p° — 91)2°]
(w) = ()—012(w—1)+005(w—1)
Ro(w) = Ry(1) +0.11(w — 1) — 0.06(w — 1)*
(w) 1) — _ﬁ(w—__)—b—().()l(w—__)2 ,
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1D Toy fit
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* Example of 1D toy fit.
 Fit separately on g2, m2 ... and E,.

e Same result on f, and fr of the 3D fit.
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