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Introduction

@ SM features Lepton Flavor Universality (LFU): equal electroweak coupling to all
charged leptons. Branching ratios to e, u and 7 differ only due to their mass

@ However, some deviations measured already at LEP
e iy = 1.077 £0.026, 2.8 above SM xvosiicer

@ In this talk, tests LFU in semitauonic decays measuring the following ratios:

B(B — XoTv7)

A(Xe) = B(B — Xeptvy)

, Xo = D" or Jjib

SM predictions:

» R(D*) = 0.258 £ 0.005 priav summer 20181
R(JA) € [0.25,0.28]

[PLB452 (1999) 120, arXiv:0211021, PRD73 (2006) 054024, PRD74 (2006) 074008]
Ratios sensitive to possible NP coupling
mainly to the 3rd generation

@ Only LHCb Run1 data, 3fo™', 2011(12), /s = 7(8) TeV

@ 7' is reconstructed either into v, 7. (muonic) or 37(7°)7. (hadronic) modes

v
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https://arxiv.org/abs/hep-ex/0511027
https://arxiv.org/abs/hep-ex/0511027
https://hflav.web.cern.ch/
http://www.sciencedirect.com/science/article/pii/S0370269399002737?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.054024
dx.doi.org/10.1103/PhysRevD.74.074008

R(D*) muonic [PRL 115, 112001 (2015)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

R(D*) mUOI’]IC (7_+ — /J'+VH'DT) [PRL 115, 112001 (2015)]

B’ > D"z,

- 7

« BB =D*~rtur) o _ _
@ R(D*) = BEBO:Di_MUH; with 7% — p v, bp, B(rT — ptv,ie) = (17.39 £ 0.04)%

@ Normalization mode with the same visible final state
@ 3 neutrinos for the signal mode and one for the normalisation: no narrow peak to fit
@ Separate T and p via a 3D binned template fit, in the B rest frame, on:
@ M, = (P — ph. — p4)? missing mass squared
e E;; muon energy
e ¢ = (P5 — Pp« )2 squared 4-momentum transfer to the lepton system
@ Background and signal shapes extracted from control samples and simulations validated against data
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R(D*) mUOI’]IC (7_+ — /J'+VH'DT) [PRL 115, 112001 (2015)]

@ Signal more visible in the

high g2 bins (red)

@ Backgrounds: feed-down from excited
D states, double charm DD where
one D decays semileptonically,
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@ Dominant systematics: size of
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R( D*) hadronic [PRL 120, 171802 2018], [PRD 97,072013 2018]
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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

R(D*) hadronIC (7_ — 37TV7—) [PRL 120, 171802 2018], [PRD 97,072013 2018]

We measure:
B(B® — D*— 1+ Np- - 1
’C(D*): ( T V‘r): D*rv. « ED*3x « .
B(B® — D*—37) Npsr = epery.  B(rt — 3n(70);)
@ Signal and normalization modes chosen to have the same final state D*~ 3~
@ B(r — 3n(n%)7,) ~ 13.9%
@ 7" reconstructed into 7T 7~ 7, = we have the 7 vertex!
@ A semileptonic decay without (charged) lepton in final state!

= zero background from abundant semileptonic B° — D*~ v, X decays

Np-~3, from an un-binned likelihood fit to m(D*~3)

Np- ... from a 3D template fit (t., g%, BDT)
R(D™) obtained from:
N\ " B(BO — D*737T) [~4% precision, BaBar, Belle, LHCb]
H(D ) = ’C(D ) X B(BO — D*—lﬁyﬂ) [~2% precision, HFLAV 2016]
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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

R(D*) hadronIC (7_ — 37TV7—) [PRL 120, 171802 2018], [PRD 97,072013 2018]

Most abundant background X, — D*~ 37X (BR ~ 100x signal) suppressed
by requiring the 7 vertex to be downstream wrt B vertex along beam direction

= K S
T |B'=D"7',
\ J D
. v, )
D
D@ Ve
B’ T
N
3% Az>40,, 75
b
.

)
<

]
©

LHCb simulation

D*mrrmX
D*DX

o v

@ Az > 40, improves S/B by 160

@ Remaining background due to doubly charmed
decay with non-negligible lifetime:
» X, — D*DfX ~ 10x signal
> X, — D*D"X ~ 1x signal
» X, — D*D°X ~ 0.2x signal

Candidates/ 0.1
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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

R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadronIC (7_ — 37TV7—) [PRL 120, 171802 2018], [PRD 97,072013 2018]

@ 3D template binned likelihood fit results
presented for the 37 decay time and ¢°
in 4 BDT bins

@ Templates extracted from simulation and
data control samples

@ The increase in signal (red) purity as
function of BDT output is clearly seen, as
well as the decrease of

@ The dominant background at high BDT
output becomes the Dt component (blue),
with its distinctive long lifetime

® N(B° = D* rtu,) = 1296 + 86

<— 1ndino | gg BuiseaJoul jo suig

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

0.90 above SM
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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

R(D*) hadI’OﬂIC (7_ — 37TV7—) SystemathS [PRL 120, 171802 2018]

R(D*) = 0.291 + 0.019(stat) 4 0.026(syst) + 0.013(ext)

Breakdown of relative uncertainties:

SR(D*~
Source R((D*i)) [%]
Simulated sample size 4.
Empty bins in templates 1.3
Signal decay model 1.8
D** 7 v and D;* T v feed-downs 2.7
D} — 3n X decay model 2.5
B — D*~ DX, D*~D*X, D*~ D°X backgrounds 3.9
Combinatorial background 0.7
B — D*~ 37X background 2.8
Efficiency ratio 3.9
Normalization channel efficiency 2.0
(modeling of B° — D*~3x)
Total systematic uncertainty 9.1
Statistical uncertainty 6.5
Total uncertainty [ 11.9

Will be improved in the next iteration of the analysis
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

R(J/w ) [PRL 120, 171802 2018]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

Bg— — J/(p 7_+V . FI)J/I/, [PRL 120, 121801 (2018)]

+

MK [B: —1J /wy*vﬂ}

_ BBf—=JrTrs) _
@ R(JW) = m, Tt = ptuo,

@ B decay form factors unconstrained experimentally: theoretical prediction not
yet precise R™°(J/y) € [0.25,0.28]

[PLB452 (1999) 120, arXiv:0211021, PRD73 (2006) 054024, PRD74 (2006) 074008]

@ Low B production rate and short lifetime, but no “flying D background”
and nice J/y

@ Like in R(D*), use m;,, E;; and ¢°. Add information from B¢ decay time
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
http://www.sciencedirect.com/science/article/pii/S0370269399002737?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.054024
dx.doi.org/10.1103/PhysRevD.74.074008

Bg— — J/(p 7_+V . FI)J/I/, [PRL 120, 121801 (2018)]

@ 3D template binned fit % aw

@ Shapes of various components % ﬁ
are represented by a template 2 o
distribution derived from 8
control samples or simulations ~ S-s—

validated against data

. . "é’.‘_uooo -D?"a v
@ Main background is e -, e e

b— J/?/JJr mis-ID hadron S 10000 -ﬁﬂ?sjggg;b-bkg- W Yy comb. bikg.

@ First evidence for the decay
Bf — Jipmtu, (30)

Candidates/ ( 0.3

\ R(JAb) = 0.71 £ 0.17(stat) = 0.18(syst) \
About 20 above SM

Candidates/ (1)

@ Main systematics: form factor
and size of simulation sample

«FE)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

R(D*) and R(J/i) summary

BaBar had. tag
0.332 +0.024 + 0.018
Belle had. tag
0.293+ 0,038 + 0.015
Belled.tag

0.302 +0.030 + 0,011

Belle hadronic tau
0.270 +0.035 + 0.027

LHCb muonic tau
0336 + 0,027 £ 0.030

LHCb hadronic tau
0291+ 0,019 + 0.029
Average

0.306 +0.013 + 0.007
SM Pred. average
0.258 + 0,005

PRD 95 (2017) 115008
0.257 + 0.003
JHEP 1711 (2017) 061

JHEP 1712 (2017) 060
0.257 + 0.005
HFLAV

0.2

0.3

R(‘D*)

LHCb R(J/y)
PRL 120, I7IX()I (2018)
0.71£0.17£0.1

SM predictions

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 2006) 074008
Range 0.25 - 0.2

RQO/V)

-0.5 0

Olivier Leroy (CPPM)
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Tests of LFU with semitauonic b-quark decays

3 experiments, 7 measurements,
different analysis techniques: ALL
R(D*) and R(J/2)) measurements
lie ABOVE the SM expectations.

R(D*) average 3.00 above the SM
prediction [HFLAV]
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https://hflav.web.cern.ch/

BeBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)

Ax? = 1.0 contours

== SM Predictions

R(D) =0.299 + 0.003
R(D*) = 0.258 + 0,005

[Heavy Flavor Averaging

Group, HFLAV]

0.35

0.3

0.25

0.2

[0 Average

A A - A
0.2 0.3 0.4 0.5

Three changes with respect to the old “HFLAV FPCP 2017” plot:
@ R(D*) SM prediction changed from 0.252 4 0.002 (pross, 0s4025 (2012 to 0.0258 + 0.005
[PRD95, 115008 (2017)], [JHEP 1711 (2017) 061], [JHEP 1712 (2017) 060]

@ R(D) SM prediction changed from 0.300 + 0.008 to 0.299 + 0.003

[PRD94, 094008 (2016)] [PRD95, 115008 (2017)], [JHEP 1712 (2017) 060], [PRD92, 034506 (2015)], [PRD92, 054410 (2015)]

@ R(D*) experimental value changed from 0.304 to 0.306, following a tiny change between preliminary and
published LHCb hadronic analysis.

= Overall tension slightly reduced (was 4.10) but still 3.8 away from the SM!

Olivier Leroy (CPPM)
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https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008
https://link.springer.com/article/10.1007%2FJHEP11%282017%29061
https://link.springer.com/article/10.1007%2FJHEP12%282017%29060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008
https://link.springer.com/article/10.1007%2FJHEP12%282017%29060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034506
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510

Conclusions and prospects

>

>

Three b — crv tests of LFU with semitauonic analyses so far in LHCb:
R(D*) muonic, R(D*) hadronic and R(J/i)) muonic.

LHCb average R(D*) = 0.310 £ 0.0155(stat) 4= 0.0219(syst)

1.90 above the SM prediction, dominated by the hadronic mode.

3.80 tension in R(D) - R(D*) when combining BaBar, Belle and LHCb.
20 discrepancy in Bf — J/i7v goes in the same direction.
Measurements presented performed with Run 1. Run 2 will bring a factor
5 in statistics, then Run 3, 4, 5 and plans until 2037!

Many systematics will reduce with larger samples. Other will benefit from
BESSIII and Belle || measurements.
Many more analyses to come:

e b — crv: R(DY), R(D°), R(D{V™), R(NYY), ...

e b — urv: R(N), — prv), R(B — pptv), ...
Interest will then shift towards new observables beyond the branching
fraction ratios, e.g. angular analysis to determine spin structure of
potential NP.

Exciting work-plan in the coming years,
with crucial interplay between experiments and theory.
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Phenomenology
Page  R(D*) muonic
R(D*) hadronic
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More on LFU

G. Isidori — B-physics anomalies: model building & future implications LHCb implications, CERN, 10" Nov 2017

Let's go back ~ 100 years, and suppose we can test matter only with long wave-

length photons...
¥ These two particles seems to be
AAAAA ° . “identical copies” but for their mass ...
U()g et p*

That's exactly the same (misleading) argument we use to infer LFU...

T &W,Z i ® . These three (families) of particles
MANAA-- seems to be “identical copies”
SUB)<SU@)xU(1) € i T but for their mass ...

The SM quantum numbers of the three families could be an “accidental” low-
energy property: the different families may well have a very different behavior
at high energies, as signaled by their different mass

Olivier Leroy (CPPM) Tests of LFU with semitauonic b-quark decays 5 July 2018 20/18



Tantalizing tensions with respect to the SM

Observable Tension | Limited
wrt SM | by

B— D71y /B — D™y, 6 =p,e 3.80 experiment
(g9-2). 3.60 exp. & theo.
B® — K*%uu angular dist., BR 3.40 exp. & theo.
B — ¢uu BR 3.00 experiment
20(W = 1v.)/(c(W — eve) + o(W — pvy)) | 2.80 experiment
BT — KTuu/Bt — KTee 2.60 experiment
B® — K*%uu/B® — K*%e 2.60 experiment
Bf — JprTv/BE — Ty 2.00 exp. & theo.

Many other interesting results exhibit no tension today, but put strong

constraints on NP models.

They remain fundamental for future searches, e.g.: v, B°-D°-K°-mixing, ¢s,
sin24, Bg — up, B— Xsv, Vop, B— 71, CPV in charm, CLVF, K — 7vp, ...
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http://www.slac.stanford.edu/xorg/hfag/semi/eps15/eps15_dtaunu.html
http://pdg.lbl.gov/2015/reviews/rpp2014-rev-g-2-muon-anom-mag-moment.pdf
http://arxiv.org/abs/1512.04442
http://arxiv.org/abs/1506.08777
https://arxiv.org/abs/hep-ex/0511027
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://arxiv.org/abs/1705.05802
https://indico.cern.ch/event/658856/contributions/2686351/attachments/1522412/2379024/talk_LHCb_MFontana.pdf

Flavor Anomalies

° b%séﬁi

<Ql
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Effective field theory

Transition B — f described by an effective Hamiltonian (f|Hex|B), with

4GF * !
’Heff:*ﬁvtbvtqZ( CO; + CiOi )

[ Left—handed Rj ght—handed
Computed by splitting into:

@ C; (Wilson coefficients): short distance (perturbative) effective couplings, can be
computed in terms of fundamental couplings of the SM and beyond

@ (f|O;|B): long distance (non perturbative), computed using QCD at low energy or
extracted by phenomenological analysis. O, are local operators:

b—sy B—puu b—sll

\.i O;/) photon penguin v v

5
b ‘ O,(;) vector coupling v/
>.< 053 axialvector coupling 4 v
s ¢

b 14 y

>‘< Ofs,)P (pseudo)scalar penguin v/
s Y
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Fundamental parameters of the Standard Model

The 28 parameters of the Standard Model are:
@ the 3 coupling constant associated to SU(2), xU(1)y and SU(3).,
@ the 2 Higgs field potential parameters p and A,
@ the six quark masses and the six lepton masses,
@ the four CKM parameters
@ the six MNS parameters
@ the possible QCD CP violating phase fqcp.
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Two front LFU tests

o FCNC b — st¢

o Rare decay forbidden at the
tree level

e Very sensitive to NP
contributions in the loops

v

R(Xc) == B(B — XcTJrV-,—)/B(B — XC:LI’+V,U/)7 XC == D7 D or J/d)

o Treelevel b — cTv-
e Abundant semileptonic decay

Very well known in SM

Possible NP coupling mainly
to the 3rd family
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Two front LFU tests

> R(K®)=B(B— K¥utu=)/B(B— KX ete)

g q
e FCNC b — s¢¢ B 7 K" B K
_)_ o _)_ o
e Rare decay forbidden at the by g S b W 7 s
tree level ~ o _g_ B
e Very sensitive to NP o AN

contributions in the loops

> R(Xc) == B(B — XcTJrV-,—)/B(B — XC:LI’+V,U/)7 XC == D7 D or J/d)

o Treelevel b — cTv- < T
1 U

e Abundant semileptonic decay b H™
U c
e Very well known in SM _ m X
B c
@ Possible NP coupling mainly
to the 3rd family q
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Lepton Flavor Universality in semileptonic decays

While semileptonic /e ratios are tested at 5% level by Belle:
R(D)(u/e) =0.995 + 0.022(stat) + 0.039(syst) [Belle, PRD 93, 032006 (2016)]
R(D*)(u/e) =0.96 + 0.05(stat) 4+ 0.01 (syst) [Belle, 1702.01521]

we observe a ~18% enhancement from the SM in the 7/ ratio.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.032006
https://arxiv.org/abs/1702.01521

Full angular distribution in B — D*(— Dm){i,

[D. Becirevi¢, S. Fajfer, I. Nisandzi¢, A. Tayduganov, arXiv:1602.03030]

The full angular distribution is given by

a*r 3G2| V|2 m\?
= 1— —£ ) /A5(q?) x B(D* — D
dqg2d cos 0,d cos Opdx 256(27r)4mgq2 q2 b(q%) x B(D" = D) x {

2
n
IH: P + [H- ] (1 + cos? 6, + q% sin? ae) sin? 0p + 2[|Hy |2 — |H_|?] cos 6, sin® 6p

m?
+ 4| Ho|? (sin2 0y + q—zzcos2 9@> cos? 95+4|H,| cos 0p
— 282 (R[H4H ] cos 2x + S[H, H™ ] sin 2x) sin® 9,5 sin? 0
- B2 (%[H+H5‘ + H_H{]cos x + S[HyHy — H-Hg]sin X) sin 20, sin 20p
m2
- ZER[H+H0* — H_Hy — qu (HsH; + H,H,*)} cos x sin 6, sin 20p

2
_23 [ng FH_HG - % (HoH — H,H,*)} sin x sin 0, sin 20p

m2 m? _
+8W[H0Hf]?§00592005290}7 Be(d?) = 1—07;7 H(G?) = &"* (D" (e)|JulB)
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https://arxiv.org/abs/1602.03030

B — D*(— Dr)(v,: observables sensitive to NP

[D. Becirevi¢, S. Fajfer, I. Nisandzi¢, A. Tayduganov, arXiv:1602.03030]

What can be extracted from the proposed observables:

2 2
dr/dg® | [IH: "+ [H- " + 1Fol?] (1 + 35) + 3 5 1 HI®

1= Ax, | |HeP+ [H- P + |Hol? + 3| Hi[?

Ags [Hy 2 = \H7|2+2:*2%§R[H0H1*]

R r [Hyl? + |H-[?

A | IHE - IHoP

Cy R[HLH* ]

s | S[H.H] (=0 in the SM)
Ao | SI(H+ HOM — T (Hy — H)H] (=0 in the SM)
A §R[H+—H Y — g(H++H VH:]

Ao | S[(Hs — HOH] (=0 in the SM)
An | R[(H, +H- )H*}
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https://arxiv.org/abs/1602.03030

Best discriminating variable to NP

G _ _ o~ o
Heff = —= V, [+ gv )Cyub+ (=14 ga)Cyuysb+ gs i9,(ch) +-/8,L(cw5b)

V2
+Gri0. (Cio b)) (Ev* (1 — s)ve)

‘ Quantity ‘ av

AL X
AP X —
[D. Becirevi¢, S. Fajfer, I. Nisandzi¢, A. Ar
D=
Tayduganov, arXiv:1602.03030] 'AFB * * %k * % %
*
AE;T X ok
Rt X ok
. As *k *
x: “not sensitive”
« . Cy * Sk
*x % “maximally
e Sy ok k[ ok ok ok X
sensitive
As *% *%
Ay * *k
Aqg *k X
Ai X Sk
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https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/1602.03030

S M eXpeCtatiO n for R( D>|< ) [ S.Fajfer et al., PRD 85(2012) 094025]

dqg? 96m3mZ

2
dry  Gi[Vesl Iplg? (1 - @> y
e

g% = (ps — pp+)? and p is the 3-mom of the D* meson in the B rest frame:

mg, m3.., q?)

lpl = ome

, Ma,b,c) = &+ b° + — 2(ab + bc + ca).

Hmn are the hadronic helicity amplitudes:

Hes(6) =(ms + mo)A0(0) F 202 oIV,

2 1 > > 2 4mglp|? 2

Foo(@) =5 x| (s — o+ q)ma + mo<) A (") = = Ae()
D* *

2mg|p|

JE

Ao.1 g(q qz) are the the form factors.

Ho(q?) =

Ao(qP),
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025

S M eXpeCtatiO n for R( D>|< ) [ S.Fajfer et al., PRD 85(2012) 094025]

To calculate these form factors it is useful to define the kinematical variable:

ma + M. — ¢f

W= Vg- Vpx =
2mgMmpx

vs, Vp« are the four-velocities of B and D*. It is possible to define Ao, 1,2(q?), V(g?) in terms of four variables
ha, (W), Ro,1,2(w):

A(G) = i, (W) 5 W+ DR, 2a)
Ao(@?) = 2 g (), (2)
Aole?) = g (), (20)
vig®) = W, (), 29)

where R = 2,/mgmp~= /(Mg + mp= ). According to the HQET computation of [CLN 1998], the w dependence
of these quantities is given by:

ha, (W) = ha, (1)[1 — 80°z + (53p° — 15)2° — (231p° — 91)2%], (3a)
Ro(w) = Ro(1) — 0.11(w — 1) +0.01(w — 1)2, (3b)
Ro(w) = Ra(1) +0.11(w — 1) — 0.06(w — 1)?, (30)
Ry(w) = Ry(1) — 0.12(w — 1) + 0.05(w — 1)2, (3d)

with z = (vVw + 1 — v2)/(vVw + 1+ V2).
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub

S M eXpeCtatiO n for R( D>|< ) [ S.Fajfer et al., PRD 85(2012) 094025]

2 dr7’/dq2
Rp+(q7) = E

2
= (1 7!1’173, 1+1§ +3m‘2f |H0t|2
G 2¢? 2G% [Hi+|? + |H-— |2 + |Hoo?

where dl;/dg? has been calculated in an analogous way to dr - /dg®.
Integrating over g gives R(D*).

Citing HFLAV: New calculations are available since the 2017. The most relevant input to these new calculations
are: form factors obtained fitting with the [BGL 1995] parameterization the unfolded spectrum from Belle
[arXiv:1702.01521]. These new calculations are in good agreement between each other, and consistent with
the old predictions for R(D™), but more robust. There are differences in the evaluation of the theoretical
uncertainty associated mainly to assumptions on the pseudoscalar Form Factor. The central values of the SM
predictions, and their uncertainty estimates, will evolve as more precise measurements of B — D* (v spectra
are available and new calculations are available. The disagreement on the treatment of the theoretical
uncertaitines can be settled down when calculation of the B — D* Form Factors beyond the zero recoil limit as
well as information on the pseudoscalar Form Factor will be available.

R(D) R(D¥)
D.Bigi, P.Gambino, Phys.Rev. D94 (2016) no.9, 094008 [arXiv:1606.08030 [hep-ex]] 0.299 + 0.003
F.Bernlochner, Z.Ligeti, M.Papucci, D.Robinson, Phys.Rev. D95 (2017) no.11, 115008 [arXiv:1703.05330 [hep-ex] 0.299 + 0.003 0.257 £ 0.003
D.Bigi, P.Gambino, S.Schacht, JHEP 1711 (2017) 061 [arXiv:1707.09509 [hep-ex]] 0.260 £ 0.008
S.Jaiswal, S.Nandi, S.K.Patra, JHEP 1712 (2017) 060 [arXiv:1707.09977 [hep-ex]] 0.299 + 0.004 0.257 £ 0.005
Arithmetic average 0.299 + 0.003 0.258 + 0.005

The arithmetic average is used only for illustration and doesn’t imply consent from the authors of the
calculations. The SM uncertainty is currently subject to debate that HFLAV is following without taking a stance
in this.
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://arxiv.org/abs/1702.01521
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115008
https://link.springer.com/article/10.1007%2FJHEP11%282017%29061
https://link.springer.com/article/10.1007%2FJHEP12%282017%29060

R(D*) and R(D) summary

BaBar had. tag L
Beﬂe;\m ligr
@ Similarly to R(D"), the ratio is defined for D™ mesons: |~ "™~
R(D) = B(B0 — D 7ty,) S
~ B(B® = D~ ttw) pasmcan |
and has been measured by Belle and BaBar SSRGS
@ Theoretical predictions: R(D) = 0.299 + 0.003
0‘.2 ‘ ‘ 0‘.4 ‘ ‘ ‘ 0.6
R(D)
b OSEBISNEEED ac-lommens
- LHCb, PRL115,111803(2015) = SM Predictions
T 045 g::: gfff:;ffﬂfgéf% R(D) =0.299 + 0,003
= ;IJS;EPRLHO‘HISOZ(QOB) R(D*) =0.258 + 0.005

W_/H_,/AUT 04
Srb : c " 035
2} A D) A

0.25

0.2

0.2 0.3 0.4 0.5

@ Combination of LHCb, Belle and BaBar: 3.8 wrt SM!
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Properties of charged leptons

Particle Mass (MeV/c?) Lifetime | Main decay modes
e~ | 0.5109989461(31) | >6.6x10% years None
p~ | 105.6583745(24) | 2.1969811(22) us e Uely

770, (25.5%)

e Tev, (17.8%)

T~ 1776.86(12) 290.3(5)fs | p v, (17.39%)
7~ v, (10.8%)

ot v (9.3%)

Olivier Leroy (CPPM)
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D+ branching ratios

Mode BR
D*(2007)° — D°z° | (64.7 £0.9)%
D*(2007)° — D% (85.3+0.9)%
D*(2010)" — DT | (67.7 £0.5)%
D*(2010)* — D*x° | (30.7 +£0.5)%
D*(2010)* — Dty | (1.6 +0.4)%

Particle

Mass (MeV/c?)

Lifetime

D*(2007)°
D*(2010)~

Dt | 1869.65+ 0.05
D° | 1864.83 +0.05
Di | 1968.34 + 0.07
A¢ | 2286.46 +0.14
2006.85 £ 0.05

2010.26 + 26

(1.040 £ 0.007) ps
(0.4101 £0.0015) ps
(0.504 + 0.004) ps
(0.200 + 0.006) ps

Olivier Leroy (CPPM)
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7 lepton Branching Ratios [PDG 2018]

Olivier Leroy (CPPM)

Mode BR (%)
T > oy, 25.49 +0.09
e Tevs 17.82 +0.04
TT = U Uyl 17.39 + 0.04
TT =S, 10.82 £ 0.05
T sty 9.31 +0.05
T~ s atr 7%, 4.62 +0.05
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R(D*) muonic (77 — pu*v, b,
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R(D*) muonic (7" —

«\ _ B(B°=D*"7tu,)
R(D )_ B(B—D*—ptv,)

with 7+ — ptv, o,

3 1 B0 ¥Fomg,
BY o D uv, N B D17y,
“normalization” ‘signal

Precise SM prediction: R(D*) = 0.258 + 0.005 [HFLAV]
Normalization mode with the same visible final state
B(r* = ptv.p,) = (17.39 £ 0.04)% Meiss
Neutrinos: no narrow peak to fit
Separate T and y via a 3D binned template fit,
in the B rest frame, on:

0 mrzniss = (pg - pg* - p5)2

QE;

Q ¢ = (ot — P’

@ Background and signal shapes extracted from control

a* = (pe +p)°
=ml.

samples and simulations validated against data
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https://hflav.web.cern.ch/

R(D*) mUOI’]IC (7_+ — /J'+VH'DT) [PRL 115 (2015) 112001]

Problem of missing neutrino: no analytical solution for pg.

Approximate B momemtum pg = m”’—ipgu.

mg is the known B mass, mp,, is the reconstructed one.

i.e. we approximate the B momentum by its visible one and we exploit the
measured B flight trajectory.

This leads to ~18% resolution on g, m7,, and E;:, enough to preserve the
discrimining feature of the original variables.
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R(D*) mUOniC (7—+ — ,u,+]/N177_) [PRL 115 (2015) 112001]

o IF 200 2
i< i< i<
5 5 5
g £0.08 g
g g ]
< og <004 <
007 7
Wrssser
0 5 10 500 1000 1500 2000 2500 0 5 10 i, _
M2 (GeV/e?)? Eny (MeV/c}) 2 (GeV/c)? D*rv. D" v,
@ 20, 2 M >0 ~0
s s 5 E* softer harder
g g g
13 Bo.0s B qﬁL 2
H 5 g > m3 >0
< < <
004
005 00d
10 500 1000 1500 2000 2500
I8, (GeV/c?)? Ens (MeV/c) @ (Gevicyy?

Signal(red) and normalization mode (blue) using truth(top) and

reconstructed(bottom) quantities
In the B rest frame:

@ 2 =(of — Py — o2

: missing mass squared
o E;: : muon energy

@ 2= (pg - pg* )2 : squared of the 4-mom transfered to the lepton system
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R(D*) mUOI’]IC (7_+ — /J'+VH'DT) [PRL 115 (2015) 112001]

Model uncertainties Absolute size (x10~2)
Simulated sample size 2.0
Misidentified .. template shape 1.6
B® — D**(r~ /u~)w form factors 0.6
B — D**Hc(— uvX’)X shape corrections 0.5
B(B — D**r~v,)/B(B— D**n"1,) 0.5
B — D**(— D*mm)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**r)u~ v, form factors 0.3
B — D**(Ds — Tv)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (><10*2)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t™ = u vuvs) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0
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R(D*) hadronic (r — 37v;)
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

* * B(B°—=D*~3x
R(D) = K(D°) * gg=0r iy
. «y _ BB =D* "7 v.) _ Npery, *3g 1
with K(D*) = Z5555730 = Nprar ¥ aiﬁfuT X BT S3n(0o,)

Signal and normalization modes chosen to have the same final state
B(rt = ntrato,) = (9.31 £0.05)%

B(rt — ntn nt7'%,) = (4.62 £+ 0.05)%

Np+3. from unbinned fit to D*3x invariant mass

Np+ -, from binned templated fit

B(BO — D*~3m) from (sagar, PRD94 (2016) 091101 (~4% precision)

B(B® — D*~u*v,) from PDG ( ~2% precision)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.091101

R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

< 10* T T E
Q LHCb simulation 3
83 B D* X ]
E 10° D*DX 3
o D*rv ]
S | ]
O 10°

12 16 20
Azao,,

Distribution of the distance between the B2 vertex and the 37 vertex along the beam direction, divided by its uncertainty, obtained using simulation. The
grey area corresponds to the prompt background component, the cyan and red areas to double-charm and signal components, respectively. The vertical line

shows the 4o requirement used in the analysis to reject the prompt background component
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadronIC (7_ — 37TV7—) [PRL 120, 171802 2018], [PRD 97,072013 2018]

K [ N

T LB"—)D*‘r’VJ

v‘(

50

‘7!
-~

7

P ]T*
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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

R(D*) hadronIC (7_ — 37TV7—). Antl'D;_ BDT [PRD 97,072013 2018]

50 0 50
|B(B) I B(D™) IHB(r")]| [GeV/c]

Normalized distributions of (a) min[m( 7~ )], (b) max[m(=

(d) the D* — 37 mass in simulated samples.

Olivier Leroy (CPPM)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

Candidates

0.02

Distribution of the BDT response on the signal and background simulated samples.

Olivier Leroy (CPPM)

LHCb simulation +++
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadronic (1 — 3mv;)

D, D° and D+ control channels emosroraze

8
8
T

: : .
[ LHCh D; F LHCb

8
e
Il

Candidates/ (6 MeV/c?)
g 8
Il Il

Candidates/ (10 MeV/c?)
8 ‘§‘ ‘ ? 8
Il

8
REaat
I

L L 1~ L L [ L L
1000 1500 2000 1600 0 1600 1800 2000

1800 2000
m(rr7 1) [MeV/c] m(K T 7r) [MeV/c?] (K 7) [MeV/c?]

Left: Distribution of the 37 mass for candidates after the detached-vertex requirement.
The D* and D mass peaks are indicated.

£

Center: Distribution of the K~3x mass for D° candidates where a charged kaon has
been associated to the 37 vertex. (anti-isolation)

Right: Distribution of the K~ =™ =t mass for D™ candidates passing the signal
selection, where the negative pion has been identified as a kaon and assigned the
kaon mass. (antiPID)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadI’OﬂIC (7_ — 37TV7—). Neutl’a| |SO|atI0n [PRD 97,072013 2018]

%
3
=
(@)
&
8
®
o
S
8
O

14000 LHCb

12000
10000
8000
6000
4000
2000

— All
— With energy in ECAL > 8 GeV

3000 4000 5000
m(D* ' i 1rt) [MeV/cd

Distribution of the D*~ 37 mass (blue) before and (red) after a requirement of finding
an energy of at least 8 GeV in the electromagnetic calorimeter around the 3= direction.
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

Olivier Leroy (CPPM)

LHCb simulation

[ From other b hadrons
B From B°

Tests of LFU with semitauonic b-quark decays

Composition of an inclusive simulated sample where
a D*~ and a 37 system have been produced in the
decay chain of a bb pair from a pp collision. Each
bin shows the fractional contribution of the different
possible parents of the 37 system (blue from a BO,
yellow for other b hadrons): from signal; directly from
the b hadron (prompt); from a charm parent D;r, DO,
orDt meson; 37 from a B and the DO from the other
B (B1B2); from T lepton following a D;’ decay; from
a 7 lepton following a D** +1 v decay (D** de-
notes here any higher excitation of D mesons).

(Top) After the initial selection and the removal of spu-
rious 37 candidates.

(Middle) For candidates entering the signal fit.
(Bottom) For candidates populating the last 3 bins of

the BDT distribution.

50/18

ly 2018


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadI’OI’]IC (7_ — 37TV7—) COﬂtrO| Sample [PRD 97,072013 2018]

5 200F 3 5 100F =
RIS o Daa 3 % ]
%16 — Total model (a)7 < gl h
= of WWe DD 1 8t ]
N Ele - DD 1 < T 1
= 1 B’ - D™Dy, *(2317) E S 60— -
5 100 B° . D'"D(2460) = - r ]
& 80 B B - D"-9D% X E ?8 o B
S w0 B2 - DDI X 4 5 F ]
g 40 I Comb. bkg. = g 20F .

2 é r ]

0 00
m(D 7 T ) [MeV/c?]

~ 180
m 1
=% = 3]
£ 160 971 3
5 140 4 =
S E 8
=2 E I
g 10 E:
g o 1k
E 60 E
O 4 E

2 —

0,

o,

15

2
t; [ps]

Results from the fit to data for candidates containing a D* — D;r pair, where D;r — 3. The figures correspond to the fit projection on (a) m(D* ~ 37),
(b) q2, (c) 37 decaytime t and(d) BDT output distributions.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(D*) hadI’OI’]IC (7_ — 37TV7—) D;_ deCay mOdel [PRD 97,072013 2018]

Candi dat:sl(@ M evhﬂ c?)
8§ 8 8 §
T T T T

NO

—+ data

Eo: - rmae
WMo - e
[Jother o; decays
[ on-0; background

00 300 400 500 600 700 800 900 1000 1100 1200
min[m(rr* )] [MeV/c?]

Candidates/(40 MeV/c?)
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N w s G o@
E88888¢8

o
8

400 600 800 1000 1200 1400 1600 1800
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LA -
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=
3

400 600 800 1000 1200 1400 1600 1800 600 800
m(rr* ) [MeV/c?]

+

1000 1200 1400 1600 1800
m(rr* ) [MeV/c?]

The 4 distributions are fitted simultaneously with a fit model obtained from MC. Sample enriched in 8 — D™ ~ D" (X) decays, obtained by requiring the BDT output below a certain threshold.

07 decays with at least 1 pion from 1 (red) or 7 (green): 1 (/) e, (/) o

D" decays with at least 1 pion from an intermediate state (IS) other than 77 or 1) = w or ¢b (yellow)

D:' decays where none of the 3 pions come from an IS, backgrounds originating from decays not involving the Dj' meson: K°37r, n3m, 77/37r , w37, 37, non-resonnnt (blue).
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R(D*) hadI’OI’]IC (7_ — 37TV7—) D;_ deCay mOdel [PRD 97,072013 2018]

P
RS L (a) -4 data
; 2000 [~
éJ K - Non-D} background
g 1500 :— Other Dy decays
NG B - o
$1000 . . L
z - B o - e mp
= X
o L
= 500
< L
O

0
200 300 400 500 600 700 800 900 1000 11001200
min[m(z*77)] [MeV/c?]

The T lepton decays through the a4 (1260)+ resonance, which leads to the p07r+ final. The dominant source of po resonances in D;r decays is due to
n' — po—y decays. It is therefore crucial to control the =’ contribution in D;r decays very accurately.

Atlow min[m(7 7 )], only 1 and 1’ (red, green) contributions are peaking:  — =7~ 70 and n’ — nw 7. Atthe p0 mass where the
signal lives, only n’ contributes: n’ — po'y. The shape of this »’ contribution is precisely known since the n’ branching fractions are known to better
than 2%. The precise measurement on data of the low-mass excess, which consists only of n/ and 7 candidates, therefore enables the control of the 7’
contribution in the sensitive p region.

Fits results used to describe the D; — 3w X model in the final fit for Ny,
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R(D*) hadI’OﬂIC (7_ — 37TV7—) D;_ decay mOdel [PRD 97,072013 2018]

Results of the fit to the D7 decay model. The relative contribution of each decay and
the correction to be applied to the simulation are reported in the second and third

columns, respectively.

DI decay Relative Correction
contribution to simulation
n (X) 0.156 + 0.010
np* 0.109 £+ 0.016 0.88 + 0.13
nut 0.047 + 0.014 0.75 + 0.23
7 (X) 0.317 £ 0.015
n'p* 0.179 £ 0.016  0.710 £ 0.063
n'mt 0.138 +£ 0.015  0.808 + 0.088
T (X), wr T (X) 0.206 + 0.02
opT, wpt 0.043 + 0.022 0.28 + 0.14
o, wrt 0.163 + 0.021 1.588 + 0.208
n3m 0.104 £ 0.021 1.81 £0.36
n’'3m 0.0835 + 0.0102 5.39 + 0.66
w3 0.0415 £ 0.0122 5.19 + 1.53
K°3m 0.0204 + 0.0139 1.0+ 0.7
¢33 0.0141 0.97
(= 3n(N)T, ). 0.0135 0.97
X 37 0.038 + 0.005 6.69 + 0.94
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

Summary of fit components and their corresponding normalization parameters. The first three components

correspond to parameters related to the signal.

Olivier Leroy (CPPM)

Fit component

Normalization

B - D*~ 77 (= 37, ),
B = D* 7t (= 37’7, ),
B— D**rtu,

Nsig X f‘r~>37r1/
Nie x (1 = fr370)
Nsig X fpr=x -,

B— D~ DX

B — D*~ DX different vertices
B — D*~ D°X same vertex

B - D*~Df

B —» D*~D:t

B° — D*~ D% (2317)*"

B® — D*~ Dy (2460)*

Bt — D**Df X

BY - D*~Df X

f9+v>< ND5
fD}? 2 x N5
Npo
X fD;r/k
x 1/k
X fost /K
o
X
D;q/
NDS X fD;'X/k
Npg x f(D;r)()s/k

B — D*~ 37X Np_s p*3rx
B1B2 combinatorics Ns1g2
Combinatoric D*~ Naotp*
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

Fit results for the three-dimensional fit. The constraints on the parameters fD+, fDH, fD+ s fD+X and f(D+X) are
s s0 s1 s s7)s
applied taking into account their correlations.
Parameter Fit result Constraint
Niig 1296 + 86
fr sa3ru 0.78 0.78 (fixed)
ks 1 0.11 0.11 (fixed)
N, 445 + 22 445 + 22
fh? 0.41 +0.22
Np, 6835 + 166
o+ 0.245 £+ 0.020
N5_, D*3rx 424 + 21 443 + 22
fot 0.494 + 0.028 0.467 £+ 0.032
S
0.010 0.042
"D;OJr Otvooo Otvooo
fot 0.384 + 0.044 0.444 + 0.064
1
fDiX 0.836 + 0.077 0.647 £+ 0.107
S
)‘(D;X)s 0.159 + 0.034 0.138 £+ 0.040
Ngig2 197 197 (fixed)
Nyoro* 243 243 (fixed)
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R(D*) hadronIC (7_ — 37TV7—) [PRD 97,072013 2018]

R(D*) = 0.291 + 0.019(stat) &= 0.026(syst) + 0.013(ext)

List of the individual systematic uncertainties for R(D*):

Contribution Value in %
B(rt = 87w, )/B(rT — 3n(x0)7,) 0.7
Form factors (template shapes)

Form factors (efficiency)

T polarization effects

Other 7 decays

B — D**rtu,

Bg — DE*+ v, feed-down

D;" — 37 X decay model

DF, DO and D template shape

B — D*~ DF(X)and B — D*~ DO(X) decay model
D*~ 37 X from B decays

Combinatorial background (shape + normalization)

Bias due to empty bins in templates

Size of simulation samples

Trigger acceptance

Trigger efficiency

Online selection

Offline selection

Charged-isolation algorithm

Particle identification

Normalization channel

Signal efficiencies (size of simulation samples)

Normalization channel efficiency (size of simulation samples)
Normalization channel efficiency (modeling of B0 — p*— 3m)
Total uncertainty

[ N e S e e F- e E= RSB Y R SR - By
“lo oNoOwoooOoOM=wN®E ® © o wohroN
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R(D*) hadronIC (7_ — 37TV7—) DW< [PRD 97,072013 2018]

e B° — D**rv and Bt — D**rv constitute potential feed-down to the signal
@ D**(2420)° is reconstructed using its decay to D** =+ as a cross-check
@ The observation of the D**(2420)° peak allows to compute the D**3r
BDT distribution and to deduce a D** v upper limit with the following
assumption:
e D**%7y = D**(2420)°rv (no sign of D**(2460)°)
e D"**rv=D"%p
@ This upper limit is consistent with the theoretical prediction
@ Subtraction in the signal of 0.11 4+ 0.04 due to D**rv events leading to an
error of 2.3%

LHCb Preliminary

30F r :
F LHCb Preliminary

153
S
T

— D**°(2420)
—D**°(2460)

—D**’(2420)

Events / (20 MeV/c?)
3
1

Events / (20 MeV/c2)

10F

b v

%0 o300 500 E
m(D™7+)-m(D") [MeV/c?] m(D"1*)-m(D™) [MeV/c?]
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R(D*) hadI’OﬂIC (7_ — 37TV7—) SystemathS [PRL 120, 171802 2018]

R(D*) = 0.291 + 0.019(stat) & 0.026(syst) + 0.013(ext)
Breakdown of relative uncertainties:

Source % [%] | Future

Simulated sample size 4.7 Produce more MC !
Empty bins in templates 1.3

Signal decay model 1.8

D** 7 v and D;* T v feed-downs 2.7 Measure R(D**(2420)°)
D — 3w X decay model 2.5 BESIII

B — D*~ DX, D*~D*X, D*~ D°X bkgs 3.9 Improves with stat
Combinatorial background 0.7

B — D*~ 37X background 2.8 Kill with |zr — zD| > 50
Efficiency ratio 3.9 Improves with stat
Normalization channel efficiency 2.0

(modeling of B> — D*~3x)

Total systematic uncertainty 9.1

Statistical uncertainty 6.5

Total uncertainty [ 11.9 [
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R(D*) hadronic (7 — 3wv,) Improvement of

systematics in the future ea o e zom

R(D*) = 0.291 + 0.019(stat) & 0.026(syst) £ 0.013(ext)

@ Shape of B — D* DX background (2.9%): scale with statistics

@ D} — 37X decay model (2.5%): BESIII future measurement will help to significantly reduce this
uncertainty.

@ Branching fraction of normalisation mode B® — D*3x can be precisely measured by Belle II.

@ B — D*~ 37X background can be easily removed by a strong cut on the distance significance between
the = and the D° vertices.

@ With more stat, measure R(D** (2420)°) and constraint D** feed-down
@ Efficiency ratio: will improve with more stat.
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Bg— — J/(p 7_+V . FI)J/I/, [PRL 120, 121801 (2018)]

@ Generalization of R(D*) to Bf

B(Bf — Jhprrvs)
)= BBE = dpouv,)

@ B{ decay form factors unconstrained experimentally: theoretical prediction not
yet precise 0.25-0.28

@ Reconstruct signal with 7 — pv, v, (17%)

@ Like in R(D*), use m2;,, E;; and ¢°. Add information from B{ decay time

@ Imperfect reconstruction due to missing neutrinos. The broad shapes of the
distributions are smeared but their discriminating power is preserved

Smeared
value

M2niss (GeV?) E, (GeV) 92 (GeV?)
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Bg— — J/lp 7_+V . FI)J/I/, [PRL 120, 121801 (2018)]

Systematic uncertainties

Model uncertainties Size (eff. corrected) (x1072)
Uncertainty due to finite size of simulation data 8.0
B — J/p form factors 12.1
B — v(28) form factors 3.2
Bias correction 5.4
B;r — J/yp He X cocktail composition 3.6
Z binning strategy 5.6
Misidentification background strategy 5.4
Combinatorial background cocktail 4.5
Combinatorial J/+ sideband scaling 0.9
Empirical reweighting 1.6
Semitauonic (2S) and x. feed-down 0.9
Fixing Az(q?) slope to zero 0.3
Efficiency ratio 0.6
B(r — pvv) 0.2
B/ lifetime included in stat.
Total systematic uncertainty 17.7
Statistical uncertainty 17.3
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For each fit variable (save the mostly unaltered decay time), the distributions of the quantity calculated using the simulated true B;r momentum and the
approximated momentum are shown. In each plot, the normalization B:f — J/p p*uu decay is shown in blue, while the signal B:f — J/p o is

shown in red. The smearing induced by the rest frame approximation does not wash out the discriminating power of these variables.



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

BC — J/(p TU . RJ/I’ [PRL 120, 121801 (2018)]

Trick to make a 3D fit with 4 variables: the Z variable merges information from
g? and E;;

¢2 (GeV?)

10.12

7.15

.......... . .
1 L}
[z=4] :
—————————— 1. -+ +

1 1 L} 1

] 1 1 1

] 1 1 1

] 1 1 1

= [ :

] 1 1 1

] 1 1 1

] 1 1 1
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Olivier Leroy (CPPM)

Tests of LFU with semitauonic b-quark decays

5 July 2018

66/18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

BC — J/(p TU . RJ/I’ [PRL 120, 121801 (2018)]

Charmonium feed-down background

Virtually all the feed down comes from

Eanlts hadronic Y(2S) and radiative xc(1P) decays
4700 X(4660) )
Ignoring contributions of DD threshold (e.g.
4600 w(4415) W(3770), X(3872), etc.) and assigning
Thresholds: —X(4360) appropriate systematic uncertainties
4300, X(4260) ]
77113 5 S —W (@160) | | 7o
4100 (4040)
- 2P
2900 ke X(3872) xcz_()
_ (3770) @)
3700 Al 7, (25) w35
xn 3 x,,(1P)
3500 n
3300 nn
141 n°
n _—

3100 Radiative decays

7, (1) Jly (1S)
2900

= oo T - 0 i i

Olivier Leroy (CPPM)

Tests of LFU with semitauonic b-quark decays

5 July 2018

67/18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

By — JfpTv : Ry, About the form factors e e i sy

The templates are derived from simulation for the signal and the normalization modes,
which requires knowledge of the Bf — J/iy £ v, form factors. These have not yet been
precisely determined and the theoretical predictions, e.g. those from Kiselev, Ebert,
Faustov, and Galkin have be tested against data. Thus, for this measurement, the
shared form factors for the signal and normalization channels are determined directly
from the data by employing a z-expansion parametrization inspired by [BCL] to fit a
subsample of the data excluding events with missing mass greater than 1 GeV?/c*. In
this expansion, the form factor V(q?), Ai(G%), A1(G%), and A2(g?) (following the
convention of [Ebert] are fit by functions of the form

f(g%) = z(q

(q ) q2/ pole g &
where z(g?) is defined in [BCL]. The pole mass Mo is the mass of the excited B
state with quantum numbers corresponding to the form factor: the J© = 1~ state for
V(g?), taken to be 6.33 GeV/c?; the 0~ state for Ay(g?), which is the B} mass itself;
and finally the 17 state for A;(g?) and Az(g?), taken to be 6.73 GeV/c [Ebertz,Kiselev].
The form factor Ay(g?) is fit to K = 0 order, while the others are fit to the linear K = 1
order. The parameters obtained from this procedure contain the effects of the
reconstruction resolution of the kinematic parameters and cannot be directly compared
with existing theoretical predictions.
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LHCb and future plans
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LHCb: general-purpose detector

in the forward region at the LHC s e erys a0, 1550022 o)

LHCb is a forward spectrometer installed on the LHC
with a broad physics program continually expanding:

CKM and CP violation in b and ¢ hadrons

@ Rare decays of b and ¢ hadrons

Heavy quark production

Spectroscopy including tetraquarks, pentaquarks, ...

Kaon physics

Electroweak, QCD, exotica, ...

Higgs and top

Heavy ion physics (p-Pb, Pb-Pb), fixed-target collisions (He, Ne, Ar).

Examples of publications, well beyond b-physics:

[Search for Majorana neutrinos in B~ — 7t T decays, PRL 2014],

[Search for dark photons produced in 13 TeV pp collision, PRL 2018],

[Measurement of forward top pair production in the dilepton channel in pp collisions at /s = 13 TeV, 1803.05188],

[Measurements of long-range near-side angular correlations in , /Sy = 5TeV proton-lead collisions in the forward region, PLB 2016],
[Limits on neutral Higgs boson production in the forward region in pp collisions at /s = 7 TeV, JHEP 2013]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.131802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://arxiv.org/abs/1803.05188
https://www.sciencedirect.com/science/article/pii/S037026931630572X?via%3Dihub
https://link.springer.com/article/10.1007%2FJHEP05%282013%29132

Th e L H C b d eteCTO r [Int. J. Mod. Phys. A 30, 1530022 (2015)]

» Advantages:

@ Excellent vertexing, tracking
and PID

@ Trigger also on low momentum
hadrons

@ Enormous data sample from
LHC high bb cross section

@ All type of b-hadrons, including
B} and A

» Challenges:

@ Missing neutrinos — unconstrained kinematics
@ High track multiplicity — significant amount of background
@ High particle momenta — significant Bremsstrahlung for electrons

In this talk: ONLY Run1 data, 3fb~", 2011 (12), /s = 7(8) TeV
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LHCb plans

@ Run2 (2016-2018): 6fb~" at /s = 13 TeV, improved trigger

@ Some major experimental measurements (e.g. v, B2 — ¢¢ ) are not yet at the
level of theoretical prediction

@ Above a luminosity of ~ 4 x 10%2cm~2s~", LHCb efficiency to trigger hadronic
modes saturates, because of the LO-trigger bottleneck which can not cope with
more than 1 MHz output rate.

= upgrade 1 of the LHCb experiment in 2019:

@ Full software trigger: read all detector at 40 MHz — x2 efficiency for hadronic
final state.

@ Luminosity up to 2x10%3cm~2s~", new challenges: high pile-up, large
occupancies, radiation damages

@ Detector upgrades: VELO (pixels), tracker (Silicon strips and scintillating fibers),
RICH (multi-anode PMTs), CALO& MUON (new electronics), ...

@ Aim to collect ~50fb~". Annual yields wrt published analyses:
%10 for muonic final states and x20 for hadronic modes.
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Expected performances of LHCb upgrade 1 weruszouo

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
BY mixing 4)5(5 — J/ ) (rad) 0.049 0.025 0.009 ~ 0.003
$s(8) — J/w 10(980)) (rad) 0.068 0.035 0.012 ~ 0.01

Ag(89) (10—3) 28 1.4 0.5 0.03

Gluonic o (BY — ¢o) (rad) 0.15 0.10 0.018 0.02
penguin ¢Lff(50 — K*0kg*0y (rad) 0.19 0.13 0.023 < 0.02

2/36“(50 - ¢K0) (rad) 0.30 0.20 0.036 0.02

Right-handed #<M(BY = ¢) (rad) 0.20 0.13 0.025 < 0.01
currents T¢ .(Bs — qb'y)/-rBO 5% 3.2% 0.6% 0.2%

S

Electroweak 387 — K*0uF =1 < ¢ < 6Gev/c?) 0.04 0.020 0.007 0.02
penguin @@ Arp(BY — K*0ut ) 10% 5% 1.9% ~ 7%
AKpTp—i1 < ¢ < 6Gev2/ct) 0.09 0.05 0.017 ~ 0.02
BBY - xtutu=)/BBY - Ktutu™) 14% 7% 2.4% ~ 10%

Higgs BB - ptu=) (1079 1.0 05 0.19 03
penguin BB = ptpu)/BBY = utu) 220% 110% 40% ~ 5%
Unitarity (B — D(*) k(%)) 7° 4° 0.9° negligible
triangle — Dq:Ki) 17° 11° 2.0° negligible
angles B% — Jp K° 1.7° 0.8° 0.31° negligible

Charm A,—(D0 — KTk~ )(10 5} 34 22 0.4 -

CP violation DA (10739) 0.8 05 0.1 -

#S(B2 — ¢¢) with a precision of 0.018
@ ~ with a precision below 1°
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https://cds.cern.ch/record/1748643

Planning LHC 2035

2015 2016 2017 2018 2019 2020 2021 |
a1]az]a3]a4]a1]a2]a3]a4|a1]a2]a3]a4]a1]a2]a3]as]a1]a2]a3]a4] a1 [a2]a3]as]a1 [a2]23] 04

. ] [l
= 4 LHCb Run 2 et
njectors [ | 1

LHC PHASE |
2022 2023 2024 2025 2026 2027 2028
a1]az]a3as QJ]QZ]Q3|04 a1]az]a3]a4[a1]az]a3]a4|a1]a2]a3]as|a1 2]z a4]a1 [a2]a3]as
[njemrs LHCb Upgrade I(@) BE LS 3 B LHCb Upgrade I(b) #
» ’ &= | HC PHASE Il (HL-LHC) =
2029 2030 2031 2032 2033 2034 2035

a1]c2 125 Jas]a1]az[a3] 04 |ai]az]a3]a4 a1 [a2]a3]a4 |a1]az Tu3]w4 a1 [a2[a3]a4 [a1 [az[a3]as

LHC
Injectors LHCDb Upgrade I

S
>

» Schedule till 2020 reasonably firm —
* GPD main upgrades (phase Il) scheduled for LS3 %
* HL-LHC upgrade in LS3
+ Belle Il finishes ~ 2025 —

Physics
Shutdown
Beam commissioning

Technical stop

I
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Planning LHC 2035

LHCb Current —— Upgrade | ——» Upgrade I—
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The LHCb detect JINST 3 (2008 S08005)]

@ Single-arm forward spectrometer:

e Tracking system =
IP resolution ~ 15um (at high pr) il
sp/p ~ 0.45%

@ RICH system
Very good K —  identification for
p~2—100GeV/c

o Calorimeters
Energy measurement, identify 7°,~,e

sctromagnatic calorimatsr

+ trigger
o Muon detector
muon identification + trigger

@ Integrated lumi 1fb~" (2011), 2fb~" (2012)

Instantaneous lumi ~ 1 — 4 x 10%cm—2s~'
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LHCb: general-purpose detector at the LHC

LHCb is a forward spectrometer installed on the LHC, with a broad physics
program, continually expanding:

@ CKM and CP violation

@ Rare decays

@ Charm physics

@ Kaon physics

@ Spectroscopy in pp interactions

@ Heavy quark production

@ Exotica searches (tetraquarks, pentaquarks, dark sector, ...)

@ Electroweak and QCD measurements in the forward region

@ Higgs and top

@ Heavy ion physics (p-Pb, Pb-Pb), fixed-target collisions (He, Ne, Ar).

Examples of publications, well beyond b-physics:

[Search for Majorana neutrinos in B~ — 7 T decays, PRL 2014],

[Search for dark photons produced in 13 TeV pp collision, PRL 2018],

[Measurement of forward top pair production in the dilepton channel in pp collisions at v/s = 13 TeV, 1803.05188],

[Measurements of long-range near-side angular correlations in \/m = 5TeV proton-lead collisions in the forward region, PLB 2016],
[

Limits on neutral Higgs boson production in the forward region in pp collisions at /s = 7 TeV, JHEP 2013]
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https://arxiv.org/abs/1803.05188
https://www.sciencedirect.com/science/article/pii/S037026931630572X?via%3Dihub
https://link.springer.com/article/10.1007%2FJHEP05%282013%29132

The LHCb Trigger in 2011-2012

40 MHz bunch crossing rate

X b I

@ LO hardware trigger: Lo Hardware Trigger : 1 MHz
e Find lepton, hadron with high pr readout. high Er/Fy sg"atures ‘
e Reduce the rate from 40 MHz to i Dz SELSE
1 MHz - - A 1 A g
@ HLT1 software trigger: (Sotomace High Lavel Triooer 1
e Finds vertices in VELO 29000 Logical CPU cores
o TraCkS Wlth hlgh |P & ,Or Offline reconstruction tuned to trigger
time constraints
@ HLT2 software trigger: Mixture of exclusive and inclusive
selection algorithms

@ Reconstruct all tracks in event
@ Select inclusive/exclusive b-hadrons
e Output rate = 5kHz

~>

5 kHz Rate to storage

2 kHz
Inclusive/

1 kHz

Exclusive Huonjand
DiMuon

Charm

2 kHz
Inclusive
Topological
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Trigger in 2015

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/Hp e/y

:. Software High Level Trigger .:
Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz Rate to storage
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LHCb upgrade trigger (2020)

Olivier Leroy (CPPM)

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate,
event building at full rate

LLT: 15-30 MHz output rate,
select high Er/pr (h*/p/y)

Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Run-by-run detector

calibration

Add offline precision particle identification
and track quality information to selections

. . .
2-10 GB/s rate to storage
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LHCb Vertex detector

21 (+2) Silicon disks (42 +4 modules).
8.2 mm from the beam axis. 300 um thick. Strip pitches 37—97 um
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Some LHCb expectations on R(X;)
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@ Above are only crude estimates, to be refined soon.

@ Other observables than R(X;) available to study NP: angles, BR(g?),
polarization, ...

@ Samples with high signal purity can be obtained, in particular using
hadronic 7 decays
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BaBar 2012 result

[PRL 109, 101802 (2012)]

Decay Nig Nicen Eae B R(DY) BB— D)%) Squ S

B~ =D 7, 314 = 60 1995 + 55 0.367 = 0.011 0.429 = 0.082 = 0.052  0.99+0.19 =0.13 55 4.7
B~ =Dt 5, 639*62 8766 =104  0.227 £0.004  0.322 £ 0.032 = 0.022 .71 £0.17 £0.13 113 9.4

B> D1 p, 177 £ 31 986 * 35 0.384 £ 0.014  0.469 = 0.084 + 0.053 1.01 £0.18 £0.12 6.1 52
B'—D""7r 5, 245%27 3186 = 61 0.217 £0.005  0.355 = 0.039 = 0.021 1.74 £ 0.19 £ 0.12 11.6 10.4
B— D, 489 + 63 2981 = 65 0.372£0.010  0.440 = 0.058 = 0.042 1.02*£0.13 £0.11 8.4 6.8
B— D77, 888 + 63 11953 =122 0.224 £0.004  0.332 = 0.024 = 0.018 1.76 = 0.13 £ 0.12 16.4 132

N(B® — D*~r+y,) = 245 4 27
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Belle Il

Belle Il Projections
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Belle 0.7 ab1 14 6 16 6 3 7 e Projections based or} ?elle +
T . 4 8 5 M 4 assumed R(D)sL precision
e SLbackground modelling will
Bellell50abt 2 3 3 1 2 2 dominate error @ 50 ab'.
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LFU prospects using semitauonic decays at LHCb

@ More statistics: Run 2 will bring a factor 5 in stat with respect to Run 1.
Then very large samples expected with Run 3, 4, 5 and until 2037.
Many systematics will reduce with larger samples. Other will benefit from BESSIII
and Belle Il measurements.

@ More observables: In the future, interest will shift towards new observables beyond the branching
fraction ratio: angles, R(X;)(?).
Angular analysis would allow to determine spin structure of potential NP contribution.

High purity samples (> 50%) already achievable using hadronic mode.

0.07F
0.06 F LHCb Simulation
0.05
0.04
0.03
0.02
0.01

0.12

LHCB Simulation LHCh Simulation

0.08
0.06
0.04
0.02

Arbitrary units
‘Arbitrary units

3 -3 -2 -1 o 1 2 3
X resolution (rad) 6, resolution (rad) 6, resolution (rad)

Angular resolution for simulated 8 — D* j11/ (black) and B — D* 71 (red) decays, with 7+ —» vpvr

@ More channels:
e b — crv: R(D*), R(D°), R(D; ™), R(AY), ...
e b — urv: R(N) — prv), R(B — ppTv), ...
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