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Semileptonic B decays at the LHC

* B mesons copiously produced at LHCb: large B production cross-section.

* Also, large number of A,°, B,° and B.* hadrons produced.

v
* High branching fractions, B(B—X#v,;)~10%: tree level transition b W cu
mediated by a W* boson in the SM. q q

* Theoretically clean: only one hadronic current, parameterised in terms

\ of scalar functions (form-factors). j

* Partially reconstructed signal: difficult to reconstruct due to missing neutrino(s).

* No beam energy constraint (as in B-factories).

ﬁemileptonic (SL) B decays provide powerful probes for:

* Testing the SM. SL B decays involving electrons and muons
expected to be free of BSM contributions: Used to measure
CKM parameters |V,,| and |Vgy].

* Searching for physics BSM: decays involving t (semitauonic)
\ sensitive to contributions BSM.




Outline %

 Measurement of the charmed baryons lifetime using semileptonic
decays. [ PRL121, 092003 (2018), LHCb-PAPER-2019-008]

* Determination of |V, |/|V,| and search for the decay B-—u*u-uv,,.
[ Nature Physics 11 743-747 (2015) , arXiv:1812.06004 ]

* Lepton Flavor Universality tests using semitauonic B decays.
[ PRL115,111803 (2015), PRL120, 171802 (2018), PR D97, 072013 (2018), PRL 120, 121801 (2018) ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092003
https://www.nature.com/articles/nphys3415
https://arxiv.org/abs/1812.06004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Charmed baryons lifetimes %

/° Lifetime of charmed baryons are known with less precision than charmed mesons. \
* They can be used to test Heavy Quark Expansion (HQE).

» A lifetime hierarchy is expected: 7(=.*) > 7(A.*) > 7(£.0) > 7 (229).

* Previous measurements consistent with this hierarchy.

- /

%. T LHCb -+ Data
/QCO reconstructed using SL 2, — .Qc"u‘vh = 300~ — Full fit
) i + A0 - :
. S L Q.:—pK K
decays with 2.9 = pK-K-m*. ~ & Comb.
* Measured ratio 7 (£2.%)/t (D*) with D*—= K m*m* ?,200;
()] L
to reduce systematic uncertainties. 3 o +1 hT ¢
xo) I 4115y e MLl T
* Analysisusing LHCrun-1data: 1 fblat7TeV | § 100_+ T AT T4
@) L
and 2 fb1 at 8 TeV. I
 Much larger signal wrt previous experiments: -

L L1 T T I
: 2 27 272
\978 + 60 2.0 candidates. / 2660 2680 00 0

pK K n* mass [MeV/c?]
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Charmed baryons lifetimes

% = -
g— LHCDb Q,—Q%u vX
N S
* Measured lifetime: <
o
7 (2°) = 268 * 21(stat) + 10 (syst) + 2 (D*) fs. | -2
* Four times larger than, and inconsistent with ‘_é’
D
\ world average: TPP¢(£2.0°) =69 + 12 fs. / D 10
i 1 | ! L | L L I | I
0 0.2 0.4 0.6
QY decay time [ps]
/° Same method can be used to measure the lifetime of other charmed baryons: \

e ZtF— pKTtfromZ,

* A’ = pKrtfrom A,° = Alu v, X decays.

0 = Et u v, X decays.

« E0- pKKm from E,- = E%u v, X decays.
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Charmed baryons lifetimes
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[ LHCb-PAPER-2019-008 ]

=0 lifetime 3.30 above WA.

0 lifetime incompatible with WA.

Need to understand better hierarchy of

Kcharmed baryons lifetime.
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Determination of |V, | /| V|

mvub|/|vcb| accessible by measuring the ratio of\

branching fractions:

Va2 B(AL = puv,)

Va2 B(A)— At~

RFF

v,)

\_

(Rge from Lattice)

e Measurement from a 1D fit to the corrected mass:

Mcorr =\/M§‘u+pJ2_ +pJ_
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Search for B"—u*u u v, decay

( Similar method used for B~ = u*u~uv, decays: \

= fit to Mo, -

* Very suppressed decay with BF o<|V |2 .

* Theoretical prediction (vector-meson dominance):

_ B(B- — pwruuv, ) ~ 1.3 x 107 ( PAN (2018) 81, 347y

/ \ 160 LHCb Total Fit
_ ) 140 —+— Data
* Signal normalised to B* — J/yK* . : + 2011-16 Combinatorial
120 Misidentified

Partially reconstructed
------- Prediction from
PAN (2018) 81:347

100
80
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4.7 fb1 of 2011-2016 data.

Candidates / (50 MeV/c?)
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https://link.springer.com/article/10.1134%2FS1063778818030092
https://arxiv.org/abs/1812.06004

Prospects on|V,, | and |V, | e

4 N

* |Vul/|Ve| from the ratio B> — K*uv to B> — D tuv.

Precise form-factors calculation possible due to relatively large s quark mass.
Large B> — D,*uv yield, but ...

Large feed-down from excited D, meson decays with neutrals: D," — D.y.
B, — K*uv signal rate ~1 order of magnitude smaller than A4,° — puv, . /

\_

K Good prospects to perform a differential measurement in many g2 bins with A,° — pu‘vﬂ\
decays. Requires larger data samples.

* Measurements in B.;* — D°uv decays can provide a competitive measurement of |V|:
30,000 events expected at the end of LHCb Upgrade 11 (300 fb1).

k Expected ~1% precision in |V,,|/|V.| with LHCb Upgrade Il dataset. /

23/05/2019 A. Romero Vidal [ arXiv:1808.08865 ] 9
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Tests of LFU using SL B decays %

4 N
* In the SM, amplitudes for processes involving e, 4, T must be identical up to effects
depending on lepton mass: Lepton Flavor Universality (LFU).
e Observation of violations of LFU would be a sign for new physics (NP).
e /
[PRD 85 094025 (2012)]
"[ T T T T T T
b Wb v ? NP&TV 08} 8SR—8SL
C1 D™ b CY ¢
Bq{ 9 q} DO+ Bq‘[ q q} D™ g 0.6/
& 04
 Comparison between semitauonic (t) and semimuonic (J) 0.2
decays is sensitive to NP, which could modify branching 001

ratios and angular distributions. 21GeV?]

0 (%)
R(DW) = BB = D7 rv) T [Ra®  [Re0)

0 ()
B(BY — D™ puv) PRD94 (2016) 9, 094008  0.299 + 0.003

R(D™) very clean SM prediction due to ~ PRD95(2017) 11, 115008  0.299 +0.003 0.257 + 0.003
partial cancellation of form factors JHEP 1711 (2017) 061 0.260 + 0.008
uncertainties in the ratio. JHEP 1712 (2017) 060 0.299 £ 0.004 0.257 £ 0.005
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R(D") with T—pv v, decays

°/ R(D*) measured using B® — D*-t*v, decays with tT—pv,v, and D*~—DO(—Km)m".

e Approximation needed to estimate the B momentum pg.

* B boost along z >> boost of decay products in B
rest frame.

B =B pry = (P)s =

mpe
m(D* u)

(P.) ey

o

» ~8% resolution on pg enough to preserve signal and background discrimination.

* R(D*) obtained from 3D template fit to m?,;s, E,* and g

| R(D*) =0.336 + 0.027 (stat, 8.0%) £ 0.030 (syst, 8.9%) | (2.16 above SM)

": 9..35<q2'< 12.60 GeV/c*' ’?; ‘5.35<q3<'12.60 GeV?/c* ' LHCb
N ‘ = e ] —— Data
S S E I B — D*tv
a P E B B — D*H (— hX)X
S 3 ] B B - D*'lv
5 2 E BN B - D'uv
E © ] Combinatorial
O = " 2 T Misidentified u

a e R R S SRS d:: ........................................................ -

2 0 2

=6 "é"'z'"410 5001000 1500 2000 . 2500
m2. (GeV/c™) E * MeV)

miss

* Largest systematic uncertainties are the size of simulated samples and p«>m mislD.
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R(D") with T—m v, decays o

(. R(D*) measured using B® — D*-1*v, decays with t™—mm*nv, and D*-—DOo(—Km)m". N
* B%—D"nm*mmt* used as normalisation mode.
R(D") = Nsig  Enorm 1 y B(B° » D* mtrntn )
N Nporm  &ig B - ntntn=(n°)v,) B(B° - D*~ut*v,) ext
ﬁ Most abundant background B—D*rt*rnirt*X suppressed by requiring a significant \

displacement between the t and B vertices.
* Main remaining background due to B—D*-DX decays, with D—mttrtrt*X (D lifetime).
* This doubly-charmed background can be controlled using control samples:
e D,—mmn, D-— Kt and DO— Kt

k B—D"-DX decays further suppressed using a BDT (includes kinematic+isolation variables).J

K S200F T T =

™ v [oope . K ) = 180f * Daw E

/ BoDTTy. i T B—D*7'nm'(+N) % 160 = Total model (a) 3

¢ / = 4o pob 3

Do v 0"\_} S F W3- DD E

D — 120 2 B’ — D™D *(2317) E

g g (e ve Y Py ws.. o 100 B - D™"D,(2460) =
\_“', ".:""1;__\' B \\“‘ % 80 - B —» D**'*OD:X 3

z — z g 60 B, > DD} X =
TE+ - -

PV Az>40,, ch-l:+ PV A % a0 [ Comb. bkg. =
L. - P >@< P m* O 20F _ : 3
Ns Ao . ol i E

4000 4500 5000 5500

m(D ) [MeV/c?]
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R(D") with T—m v, decays %

* Signal yield extracted from a 3D fit to g2, T decay time and BDT: N;; = 1296 + 86.

* Normalisation yield from a fit to M(D*-rt*rit*) invariant mass: N,,,, = 17080 + 143,

—~ — T 1 —
- E 2500
S350 LHCb E RS N
N Dat: E B
o 3000 | il Tgtgl model = E 2000
- B' — D"t* ]
~ 2500 F - Df*fwvf = "
3 B — DD *X) E ™ 1500
= 2000 W B — D*D*(X) - el
= g i S BN
g 1500 B8 Comb. bke. E ~ 1000 -
O 1000 [ 2 E
S 500
"c -
g E
o 0 5 10 0 0 0.1 02 03
qz [GeVz/c“] BDT

B(B° » D*mn*trntn~) = (7.21 4+ 0.28)x1073

Using 2017 WA:
B(B® - D*"u*v,) = (4.88 + 0.10)x 1072

= R(D*) = 0.291 + 0.019 + 0.026 + 0.013

Recently, HFLAV provided separated averages for B® and B* semileptonic decays:

B(B® - D*~£*v,) = (5.05 + 0.02 + 0.14)x1072

BUB* & Dr08% ) = (5,66 & 0,07 1 021)x10-2 R(D") changes to = R(D") = 0.280 + 0.018 + 0.029
?) — . T V. T V.

[ New updated result closer to SM prediction (<10) J
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RUJ/Y) with T— v v, decays %

/- Goal: measurement of R(J/v) = ggg{ : j;zw;
: v

* Only possible at LHCb (B.* only at LHC).

using T— v, v, decays. \

* Same reconstruction (pg) method as in muonic R(D*) measurement.

* R(J/Y) obtained from a 3D template fit to B.* decay time, m;> and Z(E,,*,g?). Form-

K factors obtained from a sample enriched in normalisation decays. /

16000 — .

21400() = :Q —— Data BB —Jytv,

212000 4 =2 B B —~J/yu'v, B B, — y(2S)'v,

& 1 © Bl = x (IPl'v, W B —J/yH!

< 10000 E 2 B J/ v +u comb. bkg. J/ y comb. bkg.

~; 8000 = = Mis-ID bkg.

% 6000 34 8

S 4000 3 = =

5 E § R(J/Y)=0.71+0.17 £ 0.18
Iy P (Rem(J/W) ~ 0.25-0.28) (20 from SM)
= =
As A,

-5 :
- M2 [GeVc!]

03 i o |First evidence of the B_.*—J/{tv decay (30)

' !decay timé [ps]
* Main backgrounds:

* B.S—J/Yuv (normalisation), B.*— ¥(2S)uv, B.X — J/YD(—uvX)X.

e Hadron misidentified as a muon.

» combinatorial background (J/1 and p not from same B).
* Systematic uncertainties dominated by knowledge of form-factors and the

size of the simulation samples.
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Summary on R(X_

New R(D)/R(D*) combined measurement by Belle using SL tagging available in arXiv:1904.08794

BaBar (2012), had. tag i
0.332+0.024+0.018 —~ T T T T T T T T T T T T T T T T T T T
H * — —
Belle (2015), had. tag H - 2 —
0.293+0.038 +0.015 —O_ BaBar (2012), had. tog ne‘, | [0 HFLAV average Ay~ = 1.0 contours 7
Belle (2017), (had. tau) i 0440 +0.058 +0.042 —_— — 7
0.270 £0.035+0.0Z7 T Belle (2015), had. tag — LHCb15 -
Bcl]c (2019) o [ag 0.375+0.064 +0.026 : - - :
5, SL. H Belle (2019), sl.
0.283+0.018+0.029 ; 0307003750016 B BaBarl2 .
: A — —
]6?3?1(023531 0.030 L — 0340 £0.027£0013 C 3o 7
) DA - SM pred. average - LHCb18 -
LHCb (2018), (had. tau) 0299 +0.003 E - -
0.280+0.018£0.029 % PRD 94 (2016) 094008 — \ —
Average 0.299 +0.003 = _
0.295+0.011+0.008 Soens 00 1) 115008 C 7
SM pred. average JHEP 1712 (2017) 060 - —
0'25§i 0.005 g 0.299i0.004( ) — BC“CIS —
PRD 95 (2017) 115008 FNALIMILC (2015) C 7
0.257 +0.003 - i HPQCD (2015) i r Bellel7 ]
H . +0. - 7
82161;:)11 i) 7 (} (}8(2017) 061 : 08 02— + Average of SM predictions HFLAV
T g = R(D) = 0.299 +0.003 L_Spring 2019 |+
JHEP 1712 (2017) 060 ; C R(D*) = 0.258 +0.005 PeA)=27% ]
0.257 +0.005 ™ i ; : ! ; : ; C 1 l 1 1 L 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1
i 0.2 0.4
HFLAV s RD 0.2 03 0.4 05
; D) R(D)
1 | | | | 1 1 ' | 1 1 | |
0.2 0.3 0.4
R(D¥*)
@ ") combinati N
* New R(D)/R(D") combination BaBar/Belle/LHCb at 3.10
LHCb R(JAp)
LHCb-PAPER-2017-035 ———
0.71 £ 0.17+ 0.18
SM predictions fro m t h e S M .
PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024 . . .
PRD 74 (2006) 074008
* Previous combination at 3.80.
[ | P [
-0.5 0 0.5 1

RU/) \° Tension with SM reduced. j
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LHCb prospects on R(X,)

°/I_I-|Cb can perform measurements of LFU

not accessible at Belle II:
* R(A), RU/Y), R(DsM)
* Production fractions and efficiencies
used to extrapolate the uncertainties.
of the Upgrade Il.

* Sensitivity to angular observables need

* Precision in R(X.) about 2-3% at the end

Qbe studied. /
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Conclusions ﬁ’ﬁ%

» Study of semileptonic B decays at LHCb very challenging due to the missing
neutrinos and no beam-energy constraint.

* Semileptonic b-hadron decays used to determine charmed baryons lifetimes.

* |Vuwl/|Vep| can be measured using channels and techniques complementary to
those of B-factories.

* LHCb is able to perform measurements on semitauonic B decays using T—uvv
and tt— 1t (n®)v, decays. Different systematics.

* R(J/Y) measured for the first time (first evidence of B.*—J/ytv).
* Measurements of R(A.™), R(J/y) and R(D,")) only possible at LHCb.

e LHCb aim to measure R(D) and R(D*) with 2-3% precision.
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Systematics muonic R(D?)

Model uncertainties Absolute size (x1072)
Simulated sample size 2.0
Misidentified pu template shape 1.6

B —» D** (7= /u~)v form factors 0.6

B —» D*'H_.(— uvX")X shape corrections 0.5

B(B - D*t71,)/B(B — D*u"p,) 0.5

B —» D**(— D*znr)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3

B — D**(— D**z)u~ i, form factors 0.3

B —» D**(D; - tv)X fraction 0.1

Total model uncertainty 2.8
Normalization uncertainties Absolute size (x1072)
Simulated sample size 0.6
Hardware trigger efficiency 0.6

Particle identification efficiencies 0.3

Form factors 0.2

Bz~ -y v,v,) < 0.1

Total normalization uncertainty 0.9

Total systematic uncertainty 3.0
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Systematics hadronic R(D”)

Contribution Value in %
B(t"— 37v,)/B(tt — 3n(7")v,) 0.7
Form factors (template shapes) 0.7
T polarization effects 0.4
Other 7 decays 1.0
B — D*71tv, 2.3
B — D**7tv, feed-down 1.5
Df — 37X decay model 2.5
DY, D" and D" template shape 2.9
B — D* "D} (X) and B — D*~D"(X) decay model 2.6
D* 37X from B decays 2.8
Combinatorial background (shape + normalization) 0.7
Bias due to empty bins in templates 1.3
Size of simulation samples 4.1
Trigger acceptance 1.2
Trigger efficiency 1.0
Online selection 2.0
Offline selection 2.0
Charged-isolation algorithm 1.0
Normalization channel 1.0
Particle identification 1.3
Signal efficiencies (size of simulation samples) 1.7
Normalization channel efficiency (size of simulation samples) 1.6
Normalization channel efficiency (modeling of B® — D*~37) 2.0
Form factors (efficiency) 1.0
Total uncertainty 9.1
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‘Vubl/‘vcb‘ with Abo — pﬂ_v‘u

g 5 . 5 90
KUsmg the A,2 mass and direction of flight, \ .
80 —
9% = (pap- Pp)? can be estimated up to a two-fold o b LHCb smulation
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S 50 - v
. © E -v-
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q2 > 15 GeV? (A fuv,) (both g2 solutions above cut). L
. g ~ C LA
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Kprecise Lattice calculations. / 10 |-
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LHCb prospects on R(X_) %

e LHCb can perform measurements of LFU 0.12 | |
not accessible at Belle II: = DBelle=ll Jip
Belle — II Rp-
0.0 — LHCb Rp
° (*) (*) LHCb Rp-
R(A"), RU/), R(DL) |
s LHCb Rp,
* Production fractions and efficiencies 2 o0l — LHCb By )
used to extrapolate the uncertainties. E
50.04— -
* Precision in R(X.) about 2-3% at the end
of the Upgrade Il. 0.02= ]
e 0.00 ' ' L ' '
* Sensitivity to angular observables need 2015 2020 2025 2030 2035

Year

to be studied.
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