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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)
aSSlgnmentS ss | =22M vI 2 =1280I:/' 2 =173 1(!IIV' 2 0 =124 .97 GeVic?
— same coupling (universality) @O (@O |[[|@® | @
up J charm J top J gluon higgs
- only difference between the 872 (= [ ===
o1 o Y d 1 S 1 b 1 ”
families comes from the Yukawa down || swange || bottom || photon
. . . . / - I S
coup]mgs with the Higgs field, o (s | (S| (e
resulting in CKM and PMNS ‘@ '@ | lzf; |
matrices and different masses
. [-®W |-® || @
o o o electr.on muon taq W boson
- measure lepton unlversahty 11 neutrino || neutrino || neutrino J [ ™ "7

ratios: CKM elements cancel, and
only difference is in lepton mass
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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
Belle' coc. L (fsj L g A

« well-constrained kinematics help
reconstruct final states with
neutrinos

BaBar: 1999-2008: 433 ftb-1 @ Y (4S)
Belle: 1999-2010: 711 fb-1 @ Y(4S)
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https://www.sciencedirect.com/science/article/pii/S0168900201020125?via=ihub
https://www.sciencedirect.com/science/article/pii/S0168900201020137

EXperi ments: LHCb JINST 3 (2008) S08005
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» pp collisions @ LHC Run 1: 2011-2012: 3 fb1 @ 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
a lot more background

o all b-hadron species are
produced: B+, BO, B, Bc, Ab
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta;jsessionid=A532987D2B2CAB4CAFDB89AB5255EE0C.c4.iopscience.cld.iop.org

Overview R(D) and friends

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

R(HC) —

« Tree-level processes are
sensitive to new physics:

. g 0 5 :_ e BallBarl, PR'LIOI9,10I1802I(201I2) ! A ) _ 1I0 Clont;'_)urls - _:

charged Higgs, leptoquarks z T AR
045 :_ Belle, PRD94,072007(2016) io " jm p _:

etc. : PHCh PRLIZ0 178000018 R 2093 005 :

0.4 — I ] Average _:

 Predictions are I 3
theoretically clean. - l ]
03" I

e Large data sets. 0osE [V Tee -
n HFLAY B

« Before Moriond EW 40 02 ey, TR
. . 0.2 0.3 04 0.5 0.6
tension with the SM for R(D)

R(D)-R(D").
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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" —pD0 —m
- 7 K =" “Do=—_ Ig;
~~~~~~ —~T S~ ~~~~ o
ve o n
e Vi Vi

 Part of systematics cancels in the ratio.

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

Reconstructing T

e Hadronic decays:

Decay B (%)
— -0
oy, 25.49 + 0.09 1-prong decays, only at B factories
I 10.82 + 0.05
- — Rt 9.02 + 0.05

b0 > 3-prong decays, only at LHCDb

8 4.49 4+ 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

e 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.)8 = (v8.) b1 less pure

e 18% resolution on B
momentum
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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 _
e signal channel: B — D*"r ¥, * Other analyses use

: : —0 different variables
 normalisation channel: B” — D**u" v, 4

2 2

Miiss = (PB — PD* — D)’ ¢> = (pe +p,)~(pB — PD+)?

=
o
=
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Measurements from LHCb



https://www.travelweekly.com/Hawaii-Travel/Insights/Lawmakers-weigh-heightened-vacation-rental-regulations

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

B - D*tr v
R(D*) = 0.336 £+ 0.027(stat) + 0.030(syst) R(D*) = — -
B — D*tuv,

o Compatible with SM within 2.1c

)
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

16000

e R(J/1) = 0.71 £ 0.17(stat) + 0.18(syst)

e Compatible with SM within 20 R(J /) B = J/yTtTu,
. o ot
e Systematics come from limited B — J/yutyy,
sample simulations, but largest
. —+— Data B B, = Jlyutv
from uncertalnty on form Mis-ID bkg. | LRV comb.l;jkg.
factors (fit from data). Will W J/y comb.bkg. [ B. — JWH;
. . . . B — x (IP)l'v, [ B — y(2S)"v,
improve with lattice calculations. BB iy,
5000;

o
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https://arxiv.org/abs/1711.05623

PRD 97, 072013 (2018)

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

R(D*) — B(EO — D*trU,) y B(EO — D* o)
BB = DH1m 1) fpas \ BB = D) o

K(D*)
o~ K
te 7 [BO —>D*_‘U+VT}
« Signal and normalisation V
channels have the same 5 &
final state, such that many s ‘ v
systematics cancel in the N4 i
ratio. N V. 4(,;\ -
« Use topology of the decay — T

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*t771,) y B(EO — D*t )
BB = D411t 1) ) s \ BE = D00/ erma
C(D™)
e K(D")=1.93+0.12(stat) £ 0.17(syst)

R(D") = (

e R(D*)=0.291 +0.019(stat) + 0.026(syst) + 0.013(BR)

« Compatible with SM within 1o.

;;)\ /‘6\‘ """"""""""" g
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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)

—0 —0
B — D*tr m, B — D*fratn-
R(D*)z( B(B — T U;) ) ><([)’( — T mwT ))
external

B(EO — Dt B(EO — D*Tu~v,)

+ K(D' externalinputs have syst)
.t
e R(D’ recently been uPda € 26(syst) +0.013(BR)
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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

BR(B-> D**pv,)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

« Since this year, D"+ and D** decays are not combined in this average,
excluding inputs from measurements that combined these.

Exclusive Branching Fraction: B > D*'lnu@sing both isospin states)’

Exclusive Branching Fraction: B -> D*Inu

https://hflav-eos.web.cern.ch/hflav-eos/semi/

Experiment BF (rescaled) [%]

ALEPH 5.26 +/- 0.25 +/- 0.30 Experiment BF (rescaled) [%]

CLEO 5.55+/-0.17 +/-0.24 ALEPH 5.56 +/- 0.27 +/- 0.33
OPAL excl 493 +/-0.18 +/- 043 OPAL incl 6.13 +/- 0.28 +/- 0.57
OPAL partial reco  |[5.42 +/- 0.25 +/- 0.52 \ OPAL excl 5.17 +/- 0.20 +/- 0.36
DELPHI partial reco(4.85 +/- 0.13 +/- 0.72 ‘ ‘ DELPHI incl 496 +/- 0.14 +/- 0.35
DELPHI excl 5.27 +/-0.20 +/- 0.37 DELPHI excl  [[5.23 +/- 0.20 +/- 0.42
BELLE 4.51 +/-0.03 +/- 0.26 CLEO 6.17 +/- 0.19 +/- 0.37
BABAR excl 445 +/-0.04 +/- 0.26 BELLE 4.58 +/-0.03 +/-0.26
BABAR D*0 4.90 +/- 0.07 +/- 0.34 BABAR untagged|4.52 +/- 0.04 +/- 0.33
BABAR global fit |4.90 +/- 0.02 +/- 0.19 BABAR tagged [5.26 +/-0.16 +/- 0.31
Average 4.88 +/- 0.01 +/- 0.10 Average 5.05 +/- 0.02 +/- 0.14

https://hflav-eos.web.cern.ch/hflav-eos/semi/

summerl16/html/ExclusiveVcb/exclBtoDstar.html

pde19/html/ExclusiveVcb/exclBtoDstar.html

Also, new Belle measurement is included arXiv:1809.03290y
see talk by Eiasha Waheed, new average: BR(BO—=D*+uv,) =(5.08+0.02+0.12)%
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https://arxiv.org/abs/1809.03290v3
https://hflav-eos.web.cern.ch/hflav-eos/semi/summer16/html/ExclusiveVcb/exclBtoDstar.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/summer16/html/ExclusiveVcb/exclBtoDstar.html

PRD 97, 072013 (2018)

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

R(D") = B(EO — D*Tr7 D, .| B(EO — D*Tr )
B(EO — D*+7T_7T+7T_) meas B(EO — D*+,LL_§M) external

C(D™)
e K(D")=1.93+0.12(stat) £ 0.17(syst)

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

L

« Compatible with SM within 1o

Updated by HFLAV
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e B’ — D't'v,
B — D"t'v_
W B — D™D *(X)
s B — D'D*(X)
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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

Belle’s SL-tagged R(D(")




« 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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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', KKTK—, KTK—, n~n™ 30% of DO BRs
- D+ reconstructed as K~ 7w, Kantn’, Kdntntn™, Kon
K -Ktnt, KKt 22% of D+ BRs
- D*+reconstructed as D7+ or Dtz

- 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

) & _
Fit parameters and components

 Use a 2D fit for these 4 samples ) - ??XiV:1904-08794
¢ BT Seleoe
- one parameter is EgcL: energy 2 02  BaDM v -

<C

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

0.1

- other parameter is class: 0.05}
outcome of a BDT based on e S
E 2 0 0 02 04 06 038 1 1.2
Vis» mmiss’ COS B,D(*)E Egc (GeV)

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

- DOtV

- DOy result from D*¢ (D*T)
s samples is used to estimate

- D™tv, 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 — £T¢ 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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https://arxiv.org/abs/1904.08794

Fit results D+l and Dol
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Fit results D**| and D*ol
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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
., ;:Effféféﬁé} et g 412
Fonton cificiency and fake vate ™™ 7 SR 5
Slow pion efficiency 0.08.............. 0.08
—» MCstatistics ... 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™ — £ Uyvy) 0.15 0.14
Total 5.21 4.94
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https://arxiv.org/abs/1904.08794

° 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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Outlook and conclusions
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New HFLAV averages

https://hflav-eos.web.cern.ch/hflav-eos/semi/springl19/html/RDsDsstar/RDRDs.html

« After the updates from the external inputs from LHCb’s hadronic
R(D*) and the new Belle result, the new HFLAV averages are:

R(D*) = 0.298 + 0.011 £ 0.007
R(D) = 0.349 =+ 0.027 & 0.015

4 4 ~ T I T T T T I T T T T I T T T T I T T T
° p B ]
3 ° 1 O dlfference Wlth the % ~ [ HFLAV avera ge AXZ = 1.0 contours
04 —
Standard Model. - .
N BaBar12 i
035 3 ]
r LHCh18 ]
03 =
025 __ \'I'\”Beﬂe,IQ ___________ =~ Bellel5 —]
E Bellel7 E
02— + Average of SM predictions m
— R(D) =0.299 = 0.003 Spring 2019 |
: R(D*) =0.258 +0.005 P(Xz) =27% :

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1

0.2 0.3 04 0.5

R(D)
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html

Prospects for LFU measurements

« So far, all LHCb’s 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
studied: R(D+), R(Ac),

R(Ds™), R(pp), ... O'm

e Of course Belle IT and LHCb
upgrades are on their way
(see talks Friday by Hulya
Atmacan and Silvia Gambetta).

; Belle—III Rp
Belle — II Rp-
-  LHCb Rp
LHCb Rp-
—— LHCb R;, H
LHCb Rp,
LHCb Ry,

o

o

%)
I

Projected uncertainty
o
o
S
|

0.02

« Prospects of various decays ol 1 . —
. . ' 2015 2020 2025 2030 2035
modes in the coming years. 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

Conclusions

« A lot of things happening in field of LFU!
« Updated R(D)-R(D*) discrepancy with SM is 3.10.

« There’s a lot more data to be analysed, different decay
channels to study, and new experiments on the way.

« Many other interesting variables to study, in particular
angular distributions which also constrain the nature of
possible new physics.

« Upgraded experiments (both LHCb and Belle II) will
allow us to finally confirm or rule out LU breaking.
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http://cds.cern.ch/record/2320509?ln=en
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LHCb recorded luminosity
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Integrated Recorded Luminosity (1/fb)
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LHCb Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb

2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb : :
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): 1.11 /fb
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2010 (3.5 TeV): 0.04 /fb

Month of year

32



