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» The SM predicts equal couplings between gauge bosons and the
three lepton families. This is called Lepton Flavour Universality (LFU)

— Observation of LFU violation — sign of new physics (NP)

» Semileptonic decays show tensions between SM expectation and

experimental results in b = ¢fv, and b — s£¢ (Ricci's talk)
transitions

» LFU can be probed by studying different observables:

— Differential branching fractions

— Very well predicted
— Angular analyses Y
— Cancellation of theoretical and

—- Ratio observables experimental uncertainties in the ratio

(-; %k %k ﬂ

,. dI'B—> D "7'v) [dI'(B— D ~¢"v,)
Rp«(q”) = 102 102 ) 5
. 9 9 y q° = (pPg — Pp+)
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https://indico.cern.ch/event/1252716/contributions/5344730/

Semileptonic b — c£v, decays

BR(Hb —> HCT+I/T) where H, = B, B(Jg), Ag, Bf),

» Test LFU by measuring|R(H,) = BR(H, — HCIM—I_I/,M) and H. = D™, DO, D, A*, Jiy, ..

» Clean theoretical prediction

17 -m,
» R(H_.) deviates from unity due to different lepton masses T {3500'me

» Missing momentum of neutrinos
[HFLAV]

} Diﬁerent Strategies: Q 0.4 _I 1 I I 1 I I 1 1 I I 1 I I 1 1 I I 1 I I 1 1 I I I _
A - m Ay* = 1.0 contours -
z [ x=t :
| Prelim. 2023 _
— Muonic decay of the tau: 035 |- BaBarl2
n Bellel5 -
+ + - O AR .
T > uTyp, : -
03 ! : —
i LHCbH23 LHCb22 -
— 3-prong decays: 3 x -
_ O\ — [ - Bellel9 .
TSt (x W 0.25 | P Belleld T—— i
. B Bellel7 PRD 94 (2016) 094008 veraoe i
» Combined R(D) and R(D¥) 02 Furav svpedeion H i RO-0356 50029, —
: . . i RD)=029840004 1 11000 o e .
measurement In tenSIonS WIth SM B 1 Ly v v ol o0 aa IE;;)(Ili)()il((zz(zl)zz()z)f()%t()l% L 1 |P|(Xi)T2|50/:) L gl ]
. . 0.2 0.25 0.3 0.35 04 0.45 0.5 0.55
predictions by 3.20 R(D)
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Runl3 !

M uonic R(D)_R(D*) measurement arxiv:2302.02886

. BRB’-DOrty)
» Measurement of R(D)) = - with
BR(B" — D®uty,)

+ +
T > Uy,

.
Signal e An Normalisation
» U _0 L
P PO Ll Ya. T S »U, p B 33" -
PV P -A,j_” »(—_PV D
7

» Same final states for signal and normalisation

» BY boost along z axis > boost of decay products in B rest
frame

Mp

» Momentum approximated as (p_)g = (P)p,
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https://arxiv.org/abs/2302.02886

» Separation of 7 and u channels via a 3D binned template fit to data:
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2000
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—— Data (3 fb ™)

B B—D tv

Comb. + misID
B B—=Duv
B 3—-D"uv
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1.96 from SM

[IE(D*) — 0281 +0.018 + 0.02@ [;{(D) — 0441 + 0.060 + 0.066]

p = — 0.43 correlation
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Run 1,3 fb~":LPRP 97 072013 (2018),

Hadronic R(D*) measurement  miaiwims =

» 7 reconstructed with 3-prong 7 decays t* — #tz 2 (2"),

» Measure BR(BY - D" "t™1) w.r.t. the normalisation mode B — D" ntzrn™:
K(D*) . NSig _ Enorm . 1
Noorm  &sig | BR(r+ = nta—a*t(zV)D,) External inputs
BR(B’ - D" ntn ") = (7.21£0.29) - 107
— — O 5 D" ut)=(5.05%+0.149) %
BR(B O > D zntnn +) §§Ef+—>f+nfln+z)) :(?9(.)52 iOO%(L)LS))%
R(D*) — K(D*) ) % BR(t* — 7r+7r_7r+1/1) = (4.49 £ 0.05) %
BR(BY — D"~ ut*v,) T
L . n, K -
» Approximations to estimate B and 7 momenta 1 4

» Largest background channels:

VT
- Prompt B - D"~ 7tz 7" (X) background
suppressed by Az > 4o, Ve
— Doubly charmed B — D*‘D;L( — 371)(X),
treated with multivariate analysis (BDT) njf+
Y ﬂ;+

7Ch A, Gioventu LFU tests with semileptonic b — c£v, decays 12/05/23 6


https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856
http://arxiv.org/abs/2305.01463
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z 2 ; "
NN LHCb . - 1 mmm B—D" v, ] B—D v,
> > fb! N 10000 [ B—>D"D(X) I 3D D(X)
O - =7 i 1l o B-D 3% I B—D" D, (X)
w 0000 ~ [ Comb. B’ @ Comb. D
> 5 | ] Comb. D*
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E wor :: 5000 -
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S I
S -
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q2 [GCVz/C4] t. [ps]
i i i I ' ' ' I ' ' ' I ' [ ] [ ] [ ] (] L[] ]
10000 =ty LHCb 1 » Normalisation yield — invariant mass fit to

2 fb!

m(D 37

5000

» Signal yield — 3D template fit in 7 decay
time, g* and BDT

R(D*) = 0.247 £ 0.015 (stat) £ 0.015 (syst) £ 0.012 (ext)

Candidates / (0.117)

O 1
-0.2 0 0.2 04
Anti-D; BDT output

» Agreement with| R(D*)q\ = 0.254 = 0.005
» Including Run 1 result:

R(D*)011-2016) = 0.257 £ 0.012 £ 0.014 £ 0.012
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http://arxiv.org/abs/2305.01463

Candidates / (0.17)

Candidates / ( 0.6 GeV?/c*)

BR(BF — Jlyt™v,)

R(J/y) =

BR(BF — Jlyu*v,)
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R(J/y) =0.71 £0.17 (stat) £ 0.18 (syst)

BR(A) - At

RAD) = ——- —
BR(Ap — At yﬂ)

with 3-prong 7 decays

Run1
3 fb~!
; —}— Data
= Mis-ID bkg.

3 B J/y comb. bkg.

- BY = y (IP)I'v,
1 B B - Jwtty,

S W B! - Jyutv,
B //v +/t comb. bkg.
Bl B - JyH!
B B! > vy,

[PLB 452 129 (1999)]
[arXiv:hep-ph/0211021]
[PRD 73 054024 (2006)]

567 ~ 20
ATE )
Ex """ RUIw) € [0.25,0.28]

[PRD 74 074008 (2006)]
[PRL 115 111803 (2015)]
[HELAV]

R(AS) = 0.242 £ 0.026 (stat) = 0.040 (syst) = 0.0597 (ext)

. R L1400 F
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- — Total model ) ©1200F 31fb° e
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1000 n Combinatorial 600 = O (_g [ PRD99 (201 9) 055008]
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500F 200 _
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https://www.sciencedirect.com/science/article/pii/S0370269399002737?via=ihub
arXiv:hep-ph/0211021
http://dx.doi.org/10.1103/PhysRevD.73.054024
http://dx.doi.org/10.1103/PhysRevD.74.074008
https://arxiv.org/abs/1506.08614
https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html
http://arxiv.org/abs/2201.03497
https://doi.org/10.1103/PhysRevD.99.055008

Prospects and conclusions

» Perform LFU tests to probe the SM A L A A
a) _!=ZE!I1 ¥~ =10 contours -
R [ [ Prelim. 2023 ]
» In the last months new results from 035 I~ Bellels Babarl2  —
LHCb L : - E
L LHCb23 LHCb22 ~
- R(D)-R(D*) combination with sk e g
Tt 7pv /«ty T [ Bellel? B b World Average -
0.2 __ {-HF(L,;&V SM Prediction II)PIHBP7 (1)11(27(()2](;:72)8 ((16(1 EEBZr):_Oo?’;ng(%?‘? al ——
* - F ROboasisoms D00 o TS
— R(D ™) measurement with 3-prong t  F. 0 T
0.2 0.25 03 0.35 04 045 0.5 0.55
d (D)
ecays R(D
. . Run 2 Run 3 Run4 Run 5 Run 6
» Several measurements ongoing with FEABLY  EBEL . EBEE BE= Fenan
larger data samples 16 | = R(D")
O\o 14: ................. R(D**)
: : = — R(DY)
— Reduce data-driven systematics and £ 12 — R(A)
. L. . L. £ 10k Voo R(AD)
statistical uncertainties 5 R(J/O)
= r N
= [ Yemo
TU 6_ ........... TSl
— Angular analyses s . NN Bis NS SEEes
ol Optimistic SN e
» New results from LHCb and Belle II | LHCD unoffictal = E e
¥ O 9 QO 4 ¥ O 2 Q90 4 »W o o O
" SSTTTSTTISESESS
= new answers on LFU problem Data samplo up to year
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~
Run 1: 2010-2012

The LHCb detector Vs=7 8TV Z=3

[JIN Side View peap HCAL M5 Run 2: 2015-2018

[

Int. J. Mod Phys. A30 1530022 2015)] SPD/PS procmepap——— . \/E =13TeVZ,, =6 fb!

J

2 — \_

[PRL 118 052002 (2017)] Magnet

» Large amount of b and ¢ hadrons produced, 6, = (144 £ 1 £ 21) ub at 13 TeV
» Forward spectrometer for b— and c—hadron decays (2 <7 < 35)

-~ Good vertex and impact parameter resolution (6(IP) ~ 20 um)

— Excellent momentum resolution (6p/p = [0.5 - 1]% p < 200 GeV)

— Excellent charged particle identification (i ID 97% for (u — &) misID of 1-3%)
— Capability for neutral identification
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/10.1142/S0217751X15300227
https://arxiv.org/abs/1612.05140

R(D) and R(D¥*) status

BaBar 2012, had. tag

BaBar 2012, had. tag

0.440 = 0.058 = 0.042 | i . 0332 =0.024 =0.018 | | =
Belle 2015, had. tag | | Belle 2015, had. tag | . o
0375 + 0.064 = 0.026 E E C 0.293 +0.038 +0.015 : :
Belle 2019, sl. tag E E Belle 2017, (hadronic tau) : o :
0307 = 0.037 = 0.016 -® | ?4‘12{7852%%335 (¢h0327  taw) E i
. . , (hadronic tau | |
LHCb 2022 : | N 0.257 £0.012 = 0.018 ¥ :
0.441 = 0.060 = 0.066 | ; |
R ; ; Belle 2019, sl.tag ; .
| ' 0.283 +0.018 = 0.014 |
0.356 = 0.029 | commemms |
| | LHCb 2022 | |
SM Average | 0.281+0.018 + 0.024 . ¥
0.298 = 0.004 : PETETaTE .
PRD 94 (2016) 094008 | 0.284 +0.013 | ——
0299 + 0003 :. SM Average ' !
PRD 95 (2017) 115008 : 0.254 = 0.005 |
0.299 = 0.003 N PRD 95 (2017) 115008 _.
JHEP 1712 (2017) 060 ! 0.257 = 0.003 :
0.299 = 0.004 - JHEP 1712 (2017) 060 i
EPJC 80 (2020) 2, 74 : 0.257 = 0.005 : .
0.297 + 0.003 L g%§272353919)386 i
PRD 105 (2022) 034503 g PRL 123 (2019) 9091801
R ! 0.253 +0.005 e
2 EPJC 80 (2020) 2, 74 |
; 0.247 + 0.006 —i
‘ Prelim. 2023 \ ! ‘ Prelim. 2023 \
| | | l l | | l l l
0.2 04 0.2 0.3

R(D)

R(D*)
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R(D) — R(D¥*)
COMBINATION WITH
MUONIC 7
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Systematic uncertainties

Internal fit uncertainties oR(D*)(X107?)  ogr(po)(x10~?) Correlation

Statistical uncertainty 1.8 6.0 —0.49

Simulated sample size 1.5 4.5

B— D" DX template shape 0.8 3.2

B— D®¢—1, form-factors 0.7 2.1

B— D**pu~ v, form-factors 0.8 1.2

B (B—D*D;(—17,)X) 0.3 1.2

MisID template 0.1 0.8

B (B— D"*r v, ) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty OR(D*)(X107%)  oR(poy(x10~?)

B— D" DX model uncertainty 0.6 0.7

BY— D**u~v,, model uncertainty 0.6 2.4

Data/simulation corrections 0.4 0.8

Coulomb correction to R(D**)/R(D*) 0.2 0.3

MisID template unfolding 0.7 1.2

Baryonic backgrounds 0.7 1.2

Normalization uncertainties OR(D*)(X107%)  oR(po)(x10~?)

Data/simulation corrections 0.4xR(D*) 0.6xR(DY)

T~ — u~ vV branching fraction 0.2xR(D*) 0.2xR(DY)

Total systematic uncertainty 2.4 6.6 —0.39

Total uncertainty 3.0 8.9 —0.43
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HADRONIC R(D*)
MEASUREMENT




» Double charm decays are one of the most important source
of background

» Select D*~D7 sample with exclusive D} — 3z

— - Tt T » Perform a mass fit to DD}

&
= 00T ¢ Dat Total LHCb B
L ata ofa - . . .
> | 50,31 mm B D] - ] distribution
03 B—~D"DiX CB—»DDix 21b
2 B -BZQD*D;* ) ]
= 900 |- B Combinastal | » Obtain relative yields to
P I 1 ] correct MC and constrain the
H [~ = ° °
- I 1 respective parameters in the
< 100 — . .
= i + ¢ ] signal fit
O i i
i B Parameter Fit result ~ (—=%-) Corrected fraction
0 N | For 0.55+0.03  0.992 0.55 + 0.03
500 1000 1500 fou 0.104£0.04  1.077 0.11 % 0.04
- B N 5 o+ 0.37+0.07  1.051 0.39 £ 0.07
m(D™3x) - m(K™ )Eo m(3m) [MeV/c?] 5 bt (x) 0.284+0.10  1.208 0.34 4 0.12
Fposp—ptx) 012004 0.904 0.11 % 0.04
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» Strategy similar to Run 1 analysis — systematic 6, ~ 0.4 %

» Data sample enriched in D" by requiring BDT below a threshold

¢ Data Total @ Non-Dj background
[ Other Dy modes ) Di—{w.p}at(x") B D:—nat(r°)
3 Dz

L S S —
+ LHCb

2000 |

[u—
S
S
(=)

» Simultaneous fit to
data min(m(z*7 7)),

[E—
S
-
-

maX(M(ﬂ+7Z'_)), 500

m(z*tn™) and m(3r)

Candidates / (40 MeV/c?)
%
S
Candidates / (40 MeV/c?)

N
o=
)

o

+ | I4OOI | I6(.)OI‘I I8OOI- ISOOI | | IlOOOI
> DS - 37[(X) mOde min[m(z*m)] [MeV/c?] max[m(ztm~)] [MeV/c?]

fractions as fit

parameters |
400 400

» Contribution to

systematics of 1.0 %

200 200

Candidates / (40 MeV/c?)
Candidates / (40 MeV/c?)

1 1 1 0 1 1 1 1 1 1 1 1
500 1000 500 1000 1500
m(*t) [MeV/c?] m(3m) [MeV/c?]

oL L L L L L |
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Parameter Fit result Constraint
Free
Nsig 2469 + 154
Np+ 20446 + 509
D+ 0.08 + 0.01
fho > 2.10 £ 0.30
Constrained
Np_pe-s-x 2279+ 177 2051 + 200
feopprxy 013£0.03 0.11+0.04
Ip+, 0.36 £ 0.03  0.40 £ 0.07
fp¥ 0.60 4+ 0.02  0.55 4 0.03
fpu 0.06 £0.03  0.1140.04
5 bt (x) 0.61+0.06 0.34 4+ 0.12
Fixed
N, B, 46
Nsame 1051
Nfake DO 468
Nfake D*— 714
5%+, 0.035
Jrt 3nm, 0.780
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