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Introduction



What is Lepton Flavour Universality?

e The Standard Model features
Lepton Flavour Universality (LFU): equal electroweak couplings
to all charged leptons.

— Branching fractions to e, p and 7 differ only due to their masses

e However, a deviation measured already at LEP:
B = 1.077 +0.026, 2.80 above SM

o(W—eve)+o(W—puvy,

[https://doi.org/10.1016/j.physrep.2013.07.004]

e Some BSM models predict enhanced coupling to the 3rd generation (e.g.
Leptoquarks) — LFU violation
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Testing Lepton Flavour Universality at LHCb

this talk: b— clv,: e.g. R(D*)
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SM predictions:
0 *— 4
R(D*) = B(B = D7) R(D*)su = 0.258 + 0.005
B(B® — D*—ptv,)

[HFLAV Summer 2018]
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer18/RDRDs.html

R(D*) with — 37, at LHCb

[PRL 120, 171802 2018], [PRD 97,072013 2018]


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

How do we measure R(D*)?
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How do we measure C(D*)?
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unds (1/2): X, —» D* 37X

e 37 directly from the B°
e (O(100) larger than the signal

g 104 T T T T 3

3 . L”Ebs""‘;'a“"" ] e Vertex displacement cut

= 103 :m‘m N )

% - ] Az > 4op, improves S/B by
S 1 160

e Remaining background:
B— D*D(X)
(double-charm decays)
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unds (2/2): X, — D*~ D(X)
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e charged (neutral) isolation: Hunt down
non-signal tracks forming “good” vertices with

the signal-candidate tracks:
e impose Particle Identification (PID) K x (s
requirements | «
D" o
e Exploit Multivariate Analysis: a Boosted 22 O\~K
. . . . W Az> 40, 7
Decision Trees used (kinematics, resonant P &
structure, neutral isolation)
. . ,‘% 0] LHCb smlation A‘ +++ ]
e Also use these techniques negatively: select 3 it
§ 0.08F tsw@ K o 4
bkgs to have a handle on them — validate & oosf QN R
S +
correct simulation o S
002 .- ‘* - v 3
e
BDT response
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R(D*) final fit

e 3D template binned likelihood fit: 37 g g LHCh
decay time, g> = (Pg — Pp~)? and BDT E% %:ﬁ
e Templates extracted from simulation 8 = §
and data control samples ool :
o w
e Increase in signal (red) purity as a 3 a
function of BDT & decrease of the D =k g“
component (orange) e §
e Dominant background at high BDT: ol &
the D™ component (blue), with its = §
distinctive long lifetime j:i 0
o N(B® = D*"7tu,) = 1296 + 86 o E

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

0 05 10 15

20
telps]

0.90 above SM
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Updating R(D*) with 7— 37v,
using 2015-16 data at LHCb



The R(D*) 2011-12 bottleneck: systematics

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

e The goal of my analysis is to reduce the systematics: the highlighted
contributions will be improved in my PhD:

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™ 7 v feed-downs 2.7 Measure R(D**(2420)°%)
D} — 37X 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*7 37X background 2.8 Kill with |z — zD| > 50
Efficiency ratio 3.9 Improves with stat
Normalization channel efficiency 2.0

(modeling of B® — D*~37)

Total systematic uncertainty 9.1
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Improving charged track isolation

e Charged track isolation: no non-signal track forming a “good” vertex
with a signal candidate track

- et p N
T K d B° - D"D°K*(X)
] 7 D7 K'mfngr(x)

< o
©
TTT T T

—e— Dst_pion_IsoMinBDT
—e— DO_pion_IsoMinBDT
—e— DO_kaon_IsoMinBDT
—e— tau_pion0_lsoMinBDT
tau_pion1_IsoMinBDT
—e— tau_pion2_IsoMinBDT

o
IS

LI e B

Background rejection
o
>

T I

I | I |

0 0.2 0.4 0.6 08 1
Signal efficiency

o

e 2011-12 analysis: cut-based
e My PhD: applied BDT based on geometry and kinematics of the tracks

e Preliminary study (waiting for MC) shows signal efficiency increase
from 70% to 80% and background rejection increase from 90%
to 95%

e Meanwhile developing a data-driven BDT
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Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb”
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

PV

P . p
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https://export.arxiv.org/pdf/1810.10362

Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb”
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

any
underlying
p tracks !!!

e
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Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb”
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

any
underlying
tracks !!!

e
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Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb”
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

T K+ B> Dty

any
underlying
tracks !!!
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Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb”
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

T
B> D" t'v,

14

K+A A

T

any
underlying
tracks !!!

e

Tests of LFU in semitauonic decays at LHCb Dawid Gerstel 19



https://export.arxiv.org/pdf/1810.10362

Fast simulation with ReDecay — how it works?

“ReDecay: A novel approach to speed up the simulation at LHCb"
D. Miiller et al. — Submitted to Eur. Phys. J. C arXiv:1810.10362v1

o Produce Noyiginas x 100 (“ReDecayed”) events in a datasample

e 10-20 times faster, depending on mode
e Caveat: Events in 1 block may be correlated — Poisson errors not
applicable — block-bootstrapping
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Validation of ReDecay for R(D*)

unofficial LHCb Simulation

0.03 L

S e Agreement of full (“slow”)
Py 0.02 fi - . .
5 M simulation (orange) and fas
3 Hﬂ‘% lat g d fast
S ool ﬁ‘hﬁﬁ‘ H simulation (ReDecay) for a

L L nl] u,\ . . .

gt charged-isolation variable

— : IsoMinBDT for the normalisation
z f--'#*n‘r#- -'-‘“‘-r-“-nﬁ“-‘rr'-'w"-ﬁ mode

B 0 Yos 1

IsoMinBDT(z* 1 from 7)
Orange histogram: full MC. Black points: ReDecay.
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All R(D) & R(D*) measurements done so far

B<B°—>D*’-ur>

Rp- =

B <BO—>D** ,LL+ ”/t>

B<B°—>D*-uf

Rp =

— ———————————
X F ' ——— BaBar, PRL109,101802(2012) =
[a} 05 F- ——— Balle PRD92072014(2015) Ax? = 1.0 contours B
[hd - LHCb, PRL115,111803(2015) — -
0.45[- —— Belle PRDI4,072007(2016) === Averageof SM predictions 1
L —— Belle, PRL118,211801(2017) R(D) = 0.299 £ 0,003 3
o — LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 1
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Combined

R(D*) / R(D)
world-average
from BaBar Belle
LHCb shows

the Standard Model!



The papers “shrinking down” the R(D)-R(D*) anomalies

e J. E. Chavez-Saab et al.
[https://doi.org/10.1103/PhysRevD.98.056014]
“[...] longitudinal degree of freedom of the off-shell D* [helps
reduce the tensions between SM and the world average of
R(D*)] from 3.70 to 2.1¢"

e A. Yaouanc et al. [arXiv:1806.09853 [hep-ph]]
“[...] although the D* is very narrow (one hundred of keV), the
difference between the full D* contribution to B— Dzr and its zero
width limit [...], is surprisingly large: several percent.”

e S. de Boer et al. [arXiv:1803.05881 [hep-phl]
Long-distance QED contributions: “[...] We find theoretical
predictions for R(DT)™/# and R(D°)"/# can be amplified by ~
4% and ~ 3%, respectively, for the soft-photon energy cut in the
range 20-40 MeV"
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Conclusions and prospects



Conclusions and prospects

e Interesting deviations suggesting Lepton Flavour Non-Universality
observed in R(D)/ R(D*) and R(J/V), 3.80 and = 20 away from
SM

So far, Runl only. Run2: 5 x more statistics. Run3,4,5 planned!

More analyses to come:
e b— cTv: R(D"), R(D°), R(D{7), R(AL), ...
e b— urv: R(N) — ptv), R(B — pptv), ...

New observables to consider, e.g. angular analysis — NP spin
structure

Theoreticians are feverly cooking up various New Physics models.
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Backup
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R(D*) Run2 and beyond



R(D*) and R(J/V) in Upgrade Il

Physics case for an LHCb Upgrade Il

= M LHCb
S
° 0.1 .
2 ¥
2 v
0.01 H .
x X=D'7" = pu i,
X=D"17 71 rtn v, 3
v X = I T o p B
0.001
3 23 50 300

Integrated Luminosity [fb™]
Figure 5.3: The projected absolute uncertainties on R(D*) and R(.J/v) (see Sect. ) from
the current sensitivities (at 3fb™") to 23fb~", 50fb~, and 300fb~".
e Assuming systematics scales down with [ £

e Possible doing without the normalisation mode


https://arxiv.org/pdf/1808.08865.pdf

Treatment of statistical errors in ReDecay

Adapted from D. Miiller's thesis (CERN-THESIS-2017-257)
Bootstrapping:

e Start with a sample of size n
e Make a pseudo-sample of n’ random entries from the original sample
e n’ is drawn randomly from a Poisson distribution with mean n

e Non-independence of ReDecay events requires sampling whole
‘blocks’

e Make many pseudo-samples and bin in histograms

e Take the mean n * and standard deviation O’ * of each bin / across
all histograms j to form the the bootstrapped distribution

N

R SR E' I S
J

J

N
bs § ] bs ] bs
corr = —— —n ) ( —n )
k,l O—ESU;)S N - ( k k ! !


https://cds.cern.ch/record/2297069

More Monte Carlo — fast simulation

To address this “need for speed” there exist following solutions:
e Simplified detector (as Geant4 takes up 95-99% of CPU time),
e.g. R(D*) muonic removed the RICH’es.

e Parametrisation, e.g. Delphes: replacing the Geant4 with
parametrisation (Benedetto Siddi).

e Shower libraries of hits in ECAL and HCAL.

e ReDecay: redecaying given “mother” particles multiple times from
the same pp collision — reducing CPU time by a factor of 10-15.

Only ReDecay is available immediately.

Note, other solutions are complementary and may be added once ready.



Flavour anomalies in general




Tantalizing tensions with respect to the SM

Observable Tension | Limited
wrt SM | by

B — D(*)TI//B — DMy, ¢ = 1L, € 3.80 experiment
(g —2), 3.60 exp. & theo.
B% — K*%uu angular dist., BR 3.40 exp. & theo.
B? — ¢uu BR 3.00 experiment
20(W — 7v:)/(o(W — eve) + o(W — pvy)) | 2.80 experiment
B" — Ktuu/BT — Ktee 2.60 experiment
B® - K*uu/B® — K™ ee 2.60 experiment
Bf — Jrprtv/BE — Jpputy 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.: 7, B%-D%K°-mixing,
¢s, sin203, Bg — up, B — X5y, Ve, B — 7v, CPV in charm, CLVF,
K — v, ...


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

Two front LFU tests

> R(K) =B(B = KW putu=)/B(B — K*ete™)

e FCNC b — st¢

e Rare decay forbidden at the
tree level

e Very sensitive to NP
contributions in the loops

> R(X:)=B(B— X.7tv.)/B(B — Xcptv,), Xc= D, D* or Ji

o Tree level —» cTv,
e Abundant semileptonic decay

e Very well known in SM

e Possible NP coupling mainly to
the 3rd family



Two front LFU tests

> R(K) =B(B = KW putu=)/B(B — K*ete™)

e FCNC b — st¢

e Rare decay forbidden at the
tree level

e Very sensitive to NP
contributions in the loops

> R(X:)=B(B— X.7tv.)/B(B = Xcpv,), Xc=D, D* or J
e Tree level —» cTv- < -
e Abundant semileptonic decay 4 Uy

e Very well known in SM -
e Possible NP coupling mainly to

the 3rd family



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) + 0.0l(syst) [Belle, 1702.01521]

we observe a ~18% enhancement from the SM in the 7/u ratio.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.032006
https://arxiv.org/abs/1702.01521

B — (— Dm){;: observables sensitive to NP

[D. Beirevi¢, S. Fajfer, I. NidandZi¢, A. Tayduganov, arXiv:1602.03030]

What can be extracted from the proposed observables:

dr/dg? | [IHLl+ |H_[ + [Hof] (1 + 25) + 3 75 Hel?

L= Ax, | [He P+ [H=? + [Hol* + 3[H:[?

App |Hy|? — \H_\2+2:—2%8%[H0Hﬂ
Rur | IHeP +1H_P
As |Hy > — [H-?
Cy R[HyH" ]
Sy S[HyH* ] (=0 in the SM)
Ao | S[(He+HO)Hg — T (H. — HO)H;] (=0 in the SM)
Ao | RI(Hy — HO)HG — T8 (He + HO)H]

Ao S[(Hy — Ho)HE ] (=0 in the SM)
An R[(Hy + H-)H;]


https://arxiv.org/abs/1602.03030

Best discriminating variable to NP

G ) .
Heff = == Ve [(1+ gv )yub+ (=1 +[8A)Vusb + [B81i0,:(b) + [EBiOn (1)

V2
+EHi 0 (100 b)] (7" (1 — 7y5)ve)

’ Quantity ‘ 8gv

A X
.AL;T X - -
[D. Betirevi¢, S. Fajfer, I. -
ALL * * K K * Kk K
Nigandzi¢, A. Tayduganov, .
D
X X *k
arXiv:1602.03030] 'AXT
RiT X X *%
As * ok *
. C' 2 s
x: “not sensitive” x <
* %% “maximally Sx Kok ok |k ko X
sensitive” Ag *k *% st
Ag * * *k
Ao * *k X
A1y X X ok



https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/1602.03030

1\ expectation for R( D*) [[S.Faifer et al., PRD 85(2012) 094025]

2
dry  GE |Vl Ipld? m; 2 2 2 mj
ek 7kl B (T2 x [(1H H__? + |H il oL
dd = G2 i (14 1 P [Heol®) (14 505

q* = (pg — pPp* )2 and p is the 3-mom of the D* meson in the B rest frame:

N, 1 )

3m?
TP ?2[ H0t|2:| )

Ip| = S A a, b, ¢) = a* 4+ b* + ¢® — 2(ab + bc + ca).
mp

Hpp, are the hadronic helicity amplitudes:

2m3
Ha s (62) =(ms + mp )A(6®) F —25 |olV(a?),
mp + mpx
1 4m> p 2

Hoo(@®) =———— x |(m = mbe — ¢)(ms + mpm )Ay(a?) — 2Pl

2mpx /G2 mg + mpx

2mg|p
Hoe(a?) =228 ao?),

\/qj

Ao,1,2(4%), V(¢?) are the the form factors.

Ax(d)]


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025

1\ expectation for R( D*) [[S.Faifer et al., PRD 85(2012) 094025]

To calculate these form factors it is useful to define the kinematical variable:
m3 + mhe — q°
W=Vg:Vpx = ——————,
2mpmpx
vg, vp* are the four-velocities of B and D*. It is possible to define Ao_lﬁz(q2), V(g?) in terms of
four variables ha, (w), Ro,1,2(w):

A() = ()3 (w + DR, (22)
aaf?) = 2 ), (26)
() = 2y (W), (20)
V() = B, ), (24)

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

hay (W) = hay (1)[1 — 8p°z + (53p° — 15)2° — (231p° — 91)2°], (3a)
Ro(w) = Ro(1) — 0.11(w — 1) + 0.01(w — 1)*, (3b)

Ro(w) = Ry(1) 4 0.11(w — 1) — 0.06(w — 1), (3¢9)

Ri(w) = Ri(1) — 0.12(w — 1) 4 0.05(w — 1)%, (3d)

with z = (vVw + 1 — \/5)/(\/W+1+ \/5)


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub

expectation for R( D*) [[S.Faifer et al., PRD 85(2012) 094025]

O A VA |Hoe |
- P2 2% ) T 22 [Hit |2+ [H——2 + [Hool?

where drg/dq2 has been calculated in an analogous way to dr.,./dqz.

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™ fv 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
D.Bigi, P.Gambino, S.Schacht, JHEP 1711 (2017) 061 [arXiv:1707.09509 [hep-ex]] 0.260 -
S.Jaiswal, S.Nandi, S.K.Patra, JHEP 1712 (2017) 060 [arXiv:1707.09977 [hep-ex]] 0.299 4 0.004 0.257 -
Arithmetic average 0.299 & 0.003 _ 0.258



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

e Similarly to R(D*), the ratio is defined for D~ e | T
mesons: Amxr”, a
5 e
R(D) = Has—s prin] i |
B(B® — D~ +we) -
and has been measured by Belle and BaBar
e Theoretical predictions: R(D) = 0.299 -+ 0.003 D Y S

R(D)

BeBar, PRL100,101802(2012) | N !
Belle, PRD92,072014(2015) Ax" = 1.0 contours

= SM Predictions

LHCb, PRL115,111803(2015)

T Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017) R(D) =0.299 + 0.003
LHCb, PRL120,171802(2018) R(D*) =0258:+ 0.005

W—/H—/gi U,
Hrb 2 c %
B, 99, 10W

e Combination of LHCb, Belle and BaBar: 3.80 wrt SM!



Properties of charged leptons

Particle

Mass (MeV/c?)

Lifetime

Main decay modes

e~ | 0.5109989461(31) | > 6.6 x 10% years None
4~ | 105.6583745(24) | 2.1969811(22) s e el
7~ 7%, (25.5%
e vy (17.8%
- 1776.86(12) 200.3(5) fs

7 v, (10.8%

)
)
p vy (17.39%)
)
7ot vy (9.3%)




D* branching ratios

BR

64.7 +£0.9)%

30.7+0.5)%
1.6 +0.4)%

( )
(35.3+£0.9)%
(67.7£0.5)%
( )
(

Particle

Mass (MeV/c?)

Lifetime

Dt
DO
DS
N
D*(2007)°
D*(2010)~

1869.65 £ 0.05
1864.83 £ 0.05
1968.34 £ 0.07
2286.46 +0.14
2006.85 £ 0.05

2010.26 = 26

(1.040 £ 0.007) ps
(0.4101 4+ 0.0015) ps
(0.504 £ 0.004) ps
(0.200 = 0.006) ps




7 lepton Branching Ratios [PDG 2018]

Mode BR (%)
= > 7 1, 25.49 +0.09
T — e Dely 17.82 +£0.04
R VR 7 7 17.39 + 0.04
T =T U, 10.82 + 0.05
T sty 9.31 +0.05
7~ s a atr 7O, 4.62 4 0.05



R(D*) hadronic (7 — 37v;)



R(D*) hadronic (7' — 37TI/T) [PRD 97,072013 2018]

R(D*) _ ’C(D*) > BB(BO%D*73W)

(B°—=D*~ptv,)

. «\ _ BB =D*"1v.) _ Np=,, Ep*3 1
with K(D*) = “5073m = Nprae X s X BF=37(705)

e Signal and normalization modes chosen to have the same final state
o B(r" —» ata wt;) =(9.31+0.05)%

o B(rT = T n T r%0,) = (4.62 +0.05)%

e Np+3, from unbinned fit to D*37 invariant mass

e Np+«,,_ from binned templated fit

o B(B° — D*73m) from (sagar, PrDS: (2016) o1101] (~4% precision)

o B(B® — D*~p'tw,) from PDG ( ~2% precision)


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' — 37TI/T) [PRD 97,072013 2018]

— 10* — T T 3
2 LHCb simulation 3
8 - b 1
* X
g 0’ D*DX El
° [ % 3
% 4
O 10?

8 -4 0 4 8 12 16 20
Azjo,,

Distribution of the distance between the BO 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


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

R(D*) hadronic (7 — 37

[PRL 120, 171802 2018], [PRD 97,072013 2018]

K¢
T *.
4 B’ =Dt ‘
Vr
B
D" Ve



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 — 37v,). Anti-D BDT

Candidates/ (32.3 MeV/c?)

Candidates / (5.66 GeV/c)

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

[PRD 97,072013 2018]
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signal hypothesis, and (d) the D* ~ 37 mass in simulated samples.

4000 5000
m(D"~ ) [MeV/cg

)], (c) approximated neutrino momentum reconstructed in the


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

R(D*) hadronic (7' — 37TI/T) [PRD 97,072013 2018]

% 0.1/ LHCb smulation +++ K
© - i i
=] i A t + ]
& 0.08 +sSomd . b
) | % Background ..-_."- - ]
006" i

L o e + ]

0.041 . 4 ’

B . + I. + ]

0.021 . JC . ]

i - o fa e ]

0 it geee®e | | Emg, e

-0.4 -0.2 0 0.2

BDT response

Distribution of the BDT response on the signal and background simulated

samples.


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

Main R(D*) backgrounds: X, — D*~D}(X)

Rejected with a Boosted Decision

Tree usi g fp o T T
using _«g 0.1F LHCb simulation . +++ B
: t |
e the resonant structures of the '% oo + s 4 ' ++ ]
77 = 370, and D} — 37X O b eagom T , ]
0.06F * . 7
decays f . . ++ ]
. 0.041 . + B
e energy of neutral particles F . + o +
. . F - + - B
around the 37 vertex deposited in 002¢ . ] .t
the calorimeter Olumensiissatele 6BDT oo
response

e kinematics
200 T =
% 18 E
Different X, — D*~ D} X contributions S 3
determined from D} — 37 decays g . E
(simulation + data). é 3
Clear separation between D;, DI and © E

ok 5000 5500
D; m(D7r* i 1) [MeV/c?]

Fit to data for candidates containing a D* ~ D" pair, where

+
D — 3m.



R(D*) hadronic (7 — 37v;)

DSJF, DO and DJr control channels [PRD 97,072013 2018]

£

Candidates/ (10 Mev/c)
8 &8 8 8
T T T T
| I I I Y B
Candidates/ (6 MeV/c)
8
L

1600 1800 2000
(K72 ) [MeV/c?)

1500 2000 1600 15‘00 2000
(T ) [MeV/c] (KT ) [Mev/c]

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

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

Right: Distribution of the K~ 777" mass for D candidates passing the signal
selection, where the negative pion has been identified as a kaon and assigned
the kaon mass. (antiPID)


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

R(D*) hadronic (7' — 37TI/.,—). Neutral Isolation [PRD 97,072013 2018]

%
3
=
o
&
8
©
)
=
&
O

140001 LHCb

12000
10000
8000
6000
4000
2000

—All
— With energy in ECAL > 8 GeV

3000 4000 5000
m(D"-rr* i 1Y) [MeV/c?

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 37 direction.


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

R(D*) hadronic (7' — 37TI/7—) [PRD 97,072013 2018]

LHCb simulation E
[ From other b hadrons

B From B°

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,
DO, or DT meson; 37 from a B and the D®
from the other B (B1B2); from T lepton fol-
lowing a Dz’ decay; from a 7 lepton following
a D** 7T v decay (D** denotes here any
higher excitation of D mesons)

(Top) After the initial selection and the removal
of spurious 37 candidates.

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

bins of the BDT distribution.


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

trol Sample [PRD 97,072013 2018]

o 200 = 100F ™
E 180 .;E [ ]
2 10 3 8o ]
S 140 ° r 1
Q12 B - DD "(2317) o eof 4
3 B° - D'D(2460) Z r ]
] B . DOD% X Q 40 5
° By - D"DI X g L 7]
g I Corb. bkg. S »f b

° L 4

)

5000 5500
(D7t ) [MeV/c?]

Candidates/ ( 0.075 ps)
Candidates/ 0.025

15

2
t; [pd]

Results from the fit to data for candidates containing a D* — D: pair, where D;r — 37r. The figures correspond to the fit projection
on (a) m(D* ™ 3x), (b) g2, (c) 37 decaytime t, and(d) BDT output distributions.


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

R(D*) hadronic (7— — 37 /T). D:_ decay model (pro o7.072013 2018

g2000- —+ dam &
> . >
g Eo: - nmre g
315007 WMo - e <Q
ﬁlow 3 [Jother o; decays ﬁ
k] [ vvon-o; background k]
= ;
900300 400 500 600 700 800 900 1000 1100 1200 900" 400 600 800 1000 1200 1400 1600 1800
min[m(rr 7)) [MeV/c? max[m(rr 1r)] [MeV/c?]
gmE g
g g
s00F-
g g
8 8
T g
T 200F k<1
8 wof- 3
90 400 600 800 1000 1200 1400 1600 1800 0% 600 800 1000 1200 1400 1600 1800
m(rr ) [MeV/c?] m(rr T ) [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. :

0t decays with at least 1 pion from 7 (red) or ’ (green): n(/) T, n(") ot

D:r decays with at least 1 pion from an intermediate state (IS) other than 7 or n’: w or ¢ (yellow)
Dj’ decays where none of the 3 pions come from an IS, backgrounds originating from decays not involving the Df meson:

K937, m3mw, n’/3m, w3m, @3, non-resonnnt (blue)


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

R(D*) hadronic (7’ — 37 decay model [PRD 97,072013 2018]

Py
N
)
S~
>
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8
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+ data

- Non-D; background

2000

1500 Other D; decays

o - o
B ;> s mpt
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(=)

Candidate_s / (40 Me
[}
(=]
(=}

TT T T[T T T T[T T T T[T T T T [TT
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min[m(z*7)] [MeV/c?]

The T lepton decays through the a7 (1260) T resonance, which leads to the pO7 T final. The dominant source of pC resonances in D

decays is due to 'r]’ — pow decays. It is therefore crucial to control the 'r,' contribution in D5+ decays very accurately.

At low min[m(7 7 )], only 1 and 1’ (red, green) contributions are peaking: 7 — 7+ 7~ 70 and n/ — nxtw . At the p0
mass where the signal lives, only "7, contributes: 71’ — po'y. The shape of this "7' contribution is precisely known since the 71/
branching fractions are known to better than 2%. The precise measurement on data of the low-mass excess, which consists only of 7’ and
7 candidates, therefore enables the control of the 7’ contribution in the sensitive p region.

Fits results used to describe the D;r — 37X model in the final fit for Ng;o


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

R(D*) hadronic (7’ — 37TI/T). D:_ decay model [PRD 97,072013 2018]

Results of the fit to the DS 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.

D/ decay Relative Correction
contribution to simulation
nmt(X) 0.156 + 0.010
np* 0.109 + 0.016 0.88 + 0.13
nmt 0.047 £ 0.014 0.75 + 0.23
n'm(X) 0.317 £ 0.015
n'pt 0.179 + 0.016  0.710 + 0.063
n'mt 0.138 + 0.015  0.808 + 0.088
prt(X), wrt(X) 0.206 + 0.02
opT, wpt 0.043 + 0.022 0.28 + 0.14
¢t 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 4+ 0.66
w3 0.0415 + 0.0122 5.19 4+ 1.53
K37 0.0204 + 0.0139 1.0 £ 07
¢3m 0.0141 0.97
(= 3n(N)T, v, 0.0135 0.97

Xnr3m 0.038 £ 0.005 6.69 + 0.94



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

R(D*) hadronic (7' — 37TI/7—) [PRD 97,072013 2018]
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Projections of the
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3 20F
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R(D*) hadronic (7' — 37TI/T) [PRD 97,072013 2018]

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

components correspond to parameters related to the signal.

Fit component

Normalization

B = D* 17 (= 377, ),
B® —» D* 77 (= 377’0, v,
B — D**rtu,

Nsig X fr 370
Nsig X (1 — fr 5370)
Nsig X fpx=ry,

B— D" DX

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

B® — D*~ D}

B® — D*~ Dt

B® — D*~ D}, (2317)*"

B® — D*~ D4 (2460)"

B>* — D**DfX

BY — D*~ DX

B — D* 731X

fD+ X NDs
V]V, 5
fDE% 2 x NZ%
s
NDS X fD;'/k
I\/D5 X l/k
Nog X fioui /K
s
NDS X FDJrl/k
B
NDS X fD:X/k

No, X o, /K

Ng_sp*37x

B1B2 combinatorics
Combinatoric D*~

Np1g2
Nnotp*



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

R(D*) hadronic (7' — 37TI/T) [PRD 97,072013 2018]

Fit results for the three-dimensional fit. The constraints on the parameters f ¢, fwt, frr, frt
o "ozt Iodr Todx

and f,

+ are applied taking into account their correlations.
(D5"X)s

Parameter Fit result Constraint
Naig 1296 + 86

fr3m 0.78 0.78 (fixed)
fpwnry 0.11 0.11 (fixed)
N2 445 £+ 22 445 £ 22
fr0 0.41 +0.22

Np, 6835 & 166

fot 0.245 £ 0.020

Ng_p*3mx 424 £ 21 443 £ 22
o 0.494 £0.028  0.467 % 0.032
fos 0*% 560 075 500
ozt 0.384 £0.044  0.444 +0.064
fotx 0.836 £0.077  0.647 +0.107
f ot 0.159 £0.034  0.138 £ 0.040
(Dd X)s

Neg1g2 197 197 (fixed)
Niotp* 243 243 (fixed)



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

R(D*) hadronic (7' — 37TI/T) [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 = 375,)/B(rT — 37(x0)v,) 0.7
Form factors (template shapes)

Form factors (efficiency)

T polarization effects

Other T decays

B — D¥*rtu,

BY — Di* 7t feed-down

Dj — 37X decay model

D7, DO and D* template shape

B — D**D;r(x) and B — D*~ DO(X) decay model
D*~ 37X 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)

NHERrRrRREROOR RS Rflowo O NRrMRroR o
OO NOWOOOONKN®LOowokroN

Normalization channel efficiency (modeling of B0 — D* — 37)


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

R(D*) hadronic (7 — 37v,;) Improvement of systematics in the

future [PRL 120, 171802 2018]

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

e Shape of B — D™ DX background (2.9%): scale with statistics

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

e Branching fraction of normalisation mode B® — D*37 can be precisely measured by Belle
1.

e B — D*73mwX background can be easily removed by a strong cut on the distance
significance between the 7 and the D° vertices.

e With more stat, measure R(D**(2420)°) and constraint D** feed-down

e Efficiency ratio: will improve with more stat.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

R(D*) and R(J/

)

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 lau

0270 + 0,035 + 0.0:
LHCb muonic tau
0336+ 0,027 0,030
LHCb hadronic tau
0291+ 0,019+ 0029
Average

0306 + 0,013 0,007
SM Pred. average
0258+ 0,005

PRD 95 (2017) 115008
0257+ 0003

JH EP 1711 (2017) 061

JH P 1712 (2017) 060
0.257 + 0.00%
HFLAV

0.2

0.3

| R(‘D*)

LHCb R(J/y)
PRL 120, 1*1«01 me
0.71£0.17

SM predictions

a 3
Pl I(L) 7 3 KZUDM U‘V4UZ4
PRD 74 (2006) 074008
Range 0.35 - 0.28

R(I/V)

-0.5 0

1

3 experiments, 7 measurements,
different analysis techniques: ALL
R(D*) and R(J/i)) measurements
lie ABOVE the SM expectations.
R(D*) average 3.00 above the SM
prediction [HFLAV]

"

Vr

B X. = D*, Jjp
q

Possible NP contributions ?

Tt

+ T
T i I< "
H™ ¥
<«
B LQ X. B X,
q q


https://hflav.web.cern.ch/

B° — D*~r*r~ 7" normalisation yield

—~ T T
N r ]
S S0F 4 paa LHCb
Qoo — Total Model (s=7TeV 1
% Eoo- Gaussian ]
™ anof - Crystal Ball E
Z I — Background ]
B @ 7
g 200 3
=} L ]
'g 100 =
O C A . ]
5150 5200 5250 5300 5350 5400

m(D" ' 1 1) [MeV/c?]

e Obtained: Nporm = 17660 £ 143 (stat) + 64 (syst) & 22(sub) events
e Signal fit: Gaussian + Crystal Ball (to account for radiative photons)



Longitudinal effects on R(D*)

J. E. Chavez-Saab et al.
[https://doi.org/10.1103/PhysRevD.98.056014]

The complete four-body amplitude, on the other hand, is
given by

M = M3, D" Ms,,

where D" is the D" propagator that, upon considering
the absorptive correction (dominated by the D7 mode as
discussed before), can be set in terms of the transverse and
longitudinal part as follows [15-17]:

—iT i

D — (4
Ppe —mp. +ilmll,;  mp. —ilmll, @

with the corresponding projectors

oo 0oy
Dy Dy Py Y.
Tﬂb*gﬂt/,’l’jb and L‘”’*JDZ]D )

D Pp


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.056014##
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.056014##

Main R(D*) back

Challenge: D-mesons may live long enough to be mistaken for the 7

» X, = D* DX ~ 10x signal
» X, —» D* " D'X ~ 1x signal

> X, — D" D°X ~ 0.2x signal

b D,*/D*/D° .




R(D*) muonic




R(D*) muonic (T — /1 Z/LI ) [PRL 115, 112001 (2015)]

0_, p*—
o R(D*) = BB—=D*~rtur) n

with 7
B(BO—D*— ptuy)

— wtv, ., B(rt — ptv,r) = (17.39 £ 0.00)%
e Normalization mode with the same visible final state

e 3 neutrinos for the signal mode and one for the normalisation: no narrow peak to fit

e Separate 7 and p via a 3D binned template fit, in the B rest frame, on:
1L omi = (ph — o = pu) missing mass squared
P
2. EM muon energy
3. ¢ = (pg — pg* )2 squared 4-momentum transfer to the lepton system

e Background and signal shapes extracted from control samples and simulations validated
against data



R(D*) muonic (T+ — /,1,+Z/HI_/T) [PRL 115, 112001 (2015)]

e Signal more visible in the

5 oo I e T
high ¢ bins (red) ] Pl
5 g
5 E ‘Combinatorial 3 i 1000
e Backgrounds: feed-down from B, e 1 310,
iE 2 :
excited D states, double charm DD __ = ° ~ * meend T 7 7 Tl
where one D decays § o it
semileptonically, combinatorial, g 3 ER:
iE . -
N K .f‘m(eaeﬁ/c‘; _ e
3 BleF<omEae IR § 1ol P0<@LomGaE  Lhch]
3 El 3 E
g e ]
R(D*) = 0.336 + 0.027(stat) + 0.030(syst ]’ ]
| R(D*) = 0.336 £ 0.027(stat) + 0.030(syst. e
- (MeV)
1.90 above SM P g S ]
3 £
[ 3
. . . E &
e Dominant systematics: size of :, )
e - 2

simulation sample — will be
improved in the next iteration



R(J)




_ B(B:—>J/w‘r+1/7-) + —
R(J/’L/J) = 7B(Bi—u/1/)u+u“)' T = ‘u,'*'l/,ﬂ/‘r

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

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

Low BJ production rate and short lifetime, but no “flying D background”
and nice J/i

Like in R(D*), use m?.s, E;; and g°. Add information from B/ decay

time


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

B:_ — J/l/‘ T+I/ . R [ PRL 120, 121801 (2018)]

components are represented
by a template distribution
derived from control samples
or simulations validated
against data

e Main background is
b — J/ip + mis-ID hadron

e First evidence for the decay
Bf — Jprtu, (30)

] R(JAb) = 0.71 + 0.17(stat) + 0.18(syst)

About 20 above SM

e Main systematics: form
factor and size of simulation
sample

o

Candidates/ (

Candidates/ (1)

4000 LHCb
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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