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Standard Model and CKM matrix
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In the Standard Model (SM), quarks and leptons are divided in 3
families (or generations).

Interactions described by the exchange of gauge bosons:
photon (EM), W/Z (weak), gluon (strong).

d

Flavour Physics: study of transitions
between quarks of different flavour.
» described by the CKM matrix
= mediated by a W boson in the SM.

U Vud

Transitions between quarks of different families suppressed:
|Vib|~1, [Vcb|~0.04, |V,p|~0.004 .

However, SM does not account for:
« Matter/antimatter asymmetry in the Universe.
« Dark matter.
« Dark energy.

The SM must be a low-energy effective theory.
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Search for NP: direct vs indirect approaches

High precision (indirect) approach

« Energy in particle collisions large » Precision of the measurements high

enough to create new real particles. enough to detect New Physics (NP)
effects due to virtual particles.

High energy (direct) approach

» Particles appear as “peaks” in a
given distribution. « Indirect measurements can access

higher energy scales.
» Approach followed by ATLAS and

CMS. » Approach followed by LHCb and B-
factories.

- ) - )
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Flavour physics in the past: GIM mechanism

» In the past, flavour physics lead to several indirect discoveries:

» Branching fraction of leptonic K decay BR(K°—yu*u~) very suppressed .

V
+ 2 + -
u\\/ “\/“ cancellation between loop diagrams

W BRK® >ty 107 - :
— EW ( +—>,u+,u):7>< ~1078 not a:Z"% KO
BR(K™ — u'v,) 0.64 ;

allowed /\ /\\forbidden
u / K+ S d KO B

* 1970: Glashow, lliopoulos and Maiani proposed a solution (GIM
mechanism, only 3 quarks (u,d,s) known at the time) [ PRD 2, 1285 cosbc W~

(1970) J:

* Flavour Changing Neutral Currents (FCNC) forbidden in the
SM at tree level .
 FCNC suppressed: only through loop diagrams.

[ PRL 33, 1404, (1974) & PRL 33, 1406(1974) ] | massless quark Iimit)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1404
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1406

Flavour physics in the past: CPV and B mixing

* 1964: observation of (indirect) CP violation (CPV) in kaons : - 9 [ B
KO (CP=-1)—nm*r(CP=+1) [ PRL 13, 138 (1964) ] g8 9
. . g3 f Y(1S)— i
= 1973: Kobayashi and Maskawa demonstrated that this could $ 3 J {} {}} | mass ~ 9.5 GeV/c2
be explained if there are at least 3 generations of quarks [ PTP R hrl }Thr H“ B
49, 2 (1973) 652-657 ] = bottom quark discovered in 1977 e il 1 fif
[PRL 39, 252 (1977)] . Wg H [ R
E & 6

m(GeV)

* 1987: Observation of B-B? meson mixing (property for which a neutral meson (B?) transform (oscillates) into its
antiparticle (B?) over time) [ ARGUS collaboration, PLB 192, 1-2, 245-252] .

\" A\ V \%
qb qd gb qd

b > q=t,-C:,U - d b | W_ o d

BO W W B BO g=t.c,u g=t,c,u B
a - C-]:f,ié,ﬁ - l_) c_l - W+ . B
2
ARGUS measured An. ~0.00002- ¢!~ -1 high frequency = first hint of the high
s [Ge V/c? ) P 0.5ps mass of the top quark, discovered in 1995.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.138
https://www.sciencedirect.com/science/article/abs/pii/0370269387911774?via%3Dihub
https://academic.oup.com/ptp/article/49/2/652/1858101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.252

Present: B anomalies

o In recent years, some interesting set of tensions with the SM predictions have arisen:

1. In b—s£*£~ transitions (loop, FCNC):
* Branching fractions of b—su*u~ decays.
« Angular observables of b—su*u~ decays.
« Lepton Flavour Universality (LFU) tests in u/e ratios.

2. In b—cf*v, transitions (tree, FCCC):

* Lepton Flavour Universality tests in 7/u ratios.

o In this talk: experimental situation.
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Lepton Flavour Universality

In the SM, couplings of the gauge bosons to charged leptons are universal (Lepton Flavour
Universality, LFU).

Branching fractions involving e, u and 7 differ only due to their different masses (phase space and
helicity suppressions)

Some extensions of the SM predict new particles that can break LFU, i.e. Z’, W’, leptoquarks ...

—

+ ,,+ = = .
c i, € 1, € L, 1,

9z gw 9, ,(/’,/j,,
€ HH Ve, Vi, e U,

Any significant deviation of LFU is a clear sign of NP.
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Testing LFU

o Thoroughly tested in the past: [PDG, PRD98, 030001 (2018)]
« Electroweak sector: Z—£+£~ and W+—£*v, . S/ —ee/ T — pp p
* Pseudoscalar mesons: semileptonic decays of 7, K - _ PVeVr [ — Vel t Gr/ Gy n
and I mesons.  [A Pich, PPNP 75 (2014) 41]

* Purely leptonic decays: t—puv,v. and tT—e VeV, . T = €Vlr/[L = eVeliny  Gr/ Gy B
* Quarkonia decays: Jiy—e*e |, JlYy—utu- .

W — 1v, /W = pu, | .

o W coupling to v, in tension with SM at 2.60 level (precision
needs to be improved).

W — tv, /W — ev,

W —ev, /W — v, l—o—i
o Inrecent years, some interesting set of tensions with the
SM predictions have arisen in the B sector: Z = TT]Z — ee it
* In b—s?*f~ transitions (Rk , R+, BR’s, angular Z = pp/Z — ee *’*
distributions ...) I T | .. |
0.85 0.90 0.95 1.00 1.05 1.10

* In b—ctv, transitions (Rp , Rp+ and Ryy)
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The LHCDb detector

« In pp collisions b/b pairs produced with
very small opening angle. LHCb
o e Mo, I detector is a forward spectrometer.

/

« \Vertex detector (VELO):
» Excellent vertex resolution: 20pm
resolution on impact parameter.
* Decay time resolution ~45ps.

« Tracking system (plus a 4T magnet):
*  Momentum resolution Ap/p~0.4%-0.6%

) * RICH detectors:
» Excellent K/n/p separation.

.+ Calorimeter systems:
\ « Energy measurement (i.e: n% v ) .

* Muon system:
» Very high efficiency for muons.

11/07/19 A. Romero Vidal 10



LHCDb designed to run at lower instantaneous

Detector operation

luminosity £ than ATLAS and CMS.

Mean number of interactions per bunch crossing ~1.

pp beams displaced to reduce L.

10

Instantaneous Luminosity [10%2 cm2 s°7]

—_
o
N

LHC Fill 2651

ATLAS & CMS

|
5 10 15 20
Fill duration [h]
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb
- 2017 (6.5+2.51 TeV)y: 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
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

N w B w (o} ~l o {{e]
|l|l||lIlIIlIIIIIIlIIlIIIIIIIIlIIIIlIIIIlIIII

Integrated Recorded Luminosity (1/fb)

3 A B N N
2010 2011 2012 2013 2014 2015 2016 2017 2018

Year

« 3 fb! of pp collisions at 7-8 TeV in Run 1 (2011+2012)
« 6 fb! of pp collisions at 13 TeV in Run 2 (2015-2018)
« 9 fb!in total at the end or Run 2.
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Measurements of loop b—sf*f-
transition

{+
y,C°

A. Romero Vidal

12



Flavour Changing Neutral Currents: b—su*u~

(

* Flavour Changing Neutral Currents (FCNC) suppressed
in the SM:

1. only occur at loop level. b
2. GIM suppressed.
3. left-handed chirality.

* This is not necessarily true in a NP scenario. ;

« Important to study different kind of observables (BR’s,
angular observables and LFU tests) with different

sensitivities to NP.
b

11/07/19 A. Romero Vidal 13



dB/dq? [10® x ¢*/GeV?]

b—su*u~ branching fractions

Several measurements performed in different b-hadron decays: B*—K*u*u~ , BO—K*0u*u~, A,%—A%u*u-,
B.—d¢utu, by different experiments.

EN].CSR Lattice —e-Data

L LA R B B e 1.5 —T T T T
B'—=K'u*u - T [ Bk uu
LHCb = 8 LHCb [JHEP 11 (2016) 047] 3 fb! i
3ot = 1ff CMS [PLB 753 (2016) 424] 205b" —
: S |
o s S osf- L - CMS
1 k [t =
[LHCD, .IJHEP 140.6 (2014) I133] . . i
00""5""10""15""20" 00..IISI...‘IIOII.IIISII..2O
g [GeV?/c4 g [GeV ¥c*] _ .
1o ' | ' w - ye—————————————————= * Branching fractions
14 - -~ £ 3 .
o 1077 Gev) _ R S 3 consistently below the SM
o TE 3 T -
Lo} S A%ty s 6__1_ o 3 prediction at low gq?=m>?(£*£")
08 F :\._4 5;_ =
- —I~ ,‘BR O3 + e _*j for several processes.
= 3 3E '—+—' =
0.4 . - 3 F —}— E
S T 2F ERR : i i
W 2 [LHf.nggfz‘;ﬁ%T(‘;’&‘g} - [LHCb, JHEP09(2015)179] Considerable uncertainty in
0 : ) = N the SM prediction.
¢ [GeV ] ¢? [GeV?¥c*]
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BY—K™ u*u

BO—KOu*u~ is a b—su*u~ transition:
excellent place to search for NP in FCNC
process.

Rates, angular distributions and asymmetries
sensitive to NP.

Experimentally very clean signature.

Decay described by three angles and di-
muon invariant mass squared g2 (with
parameters depending on g2: F, Afg, S; ) .

Many observables with clean theoretical
predictions (i.e. P’y 5 g : partial cancellation of
hadronic uncertainties) [JHEP 1204(2012) 104] .

LHCDb finds in P5’ a deviation from the SM
prediction at the level of 3.4¢0 .

A 1 E

e LHCb data © ATLAS data ]

. . = 1— = Belle data © CMS data ]
Optimized observables: ¢ sk] e L
) S 158 ;f V] SM from ASZB .
Piss = of . ]
V(11— F) - -

- ]
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angular analysis

1 d'T+T) 9
AT +1)/dg* dg2dQd 327

[%(1 — F1)sin? O + F, cos® O

i(l — Fy,)sin? g cos 26,

cos? O cos 20; + S3 sin? Oy sin’ ) cos 20

| S

+.54 sin 20 ;¢ sin 20, cos ¢ + S5 sin 20 sin 6, cos ¢

—i—%AFB sin? @y cos 6, + S- sin 26 sin 6, sin ¢

+ Sy sin 20 sin 26, sin ¢ + Sq sin? O sin’ 6, sin 2(;5}

(o) e

_1 1 N 1 1 1 1 1 1 | 1 1 "
qZ=mA(u*p") 0 5 5
q? [GeV?/c4]
[JHEP 02 (2016) 104] 10
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Theoretical framework: Effective Field Theory

« Effective Field Theory (EFT) can describe b—s#*¢- transitions in terms of an effective Hamiltonian
that describes the full theory at low energies (u) .

« Ci(u) - Wilson coefficients (perturbative, short-

distance physics, sensitive to E>pu).
Heer ~ Y Ci(1)Oi(p)
()

* 0Oi(u) : Local operators (non-perturbative, long-
distance physics, sensitive to E<u).

(+

ey C'7.9.70 (1)

b Or910

« Contributions from NP will modify the measured values of the Wilson coefficients present in the SM or
introduce new operators.

11/07/19 A. Romero Vidal 16



Global fits to b—su*u~ observables

« Alarge number of measurements performed in b—s#*£- and [ JHEP 06 (2016) 092 ]
b—sy transitions are used as input in a global fit. 3

Branching Ratios

Heff s Z C,L (,u) OZ (N) ) u ::gular Observables (P))

« Wilson coefficients split as C; = C;SM + C;NP with i=7,9,10,7°,9’,10".

Primed C;’: right handed currents, suppressed in the SM. 1

» Best fit prefers a non-zero value for the vector coupling CoNP (or § 0
CoNP and axial-vector CoNP )

-1

» ... could QCD effects mimic vector-like NP contribution?
-2
&) | el ) -
> =4 -3 -2 -1 0 1 2

CNP
9
[W. Altmannshofer et al. Phys. Rev. D96 (2017) 055008,

B. Capdevila et al. JHEP 01 (2018) 093, T. Hurth et al. Phys. Rev. D96 (2017) 095034,
G. DAmico et al. JHEP 09 (2017) 010, L.-S. Geng et al. Phys. Rev. D96 (2017) 093006,
M. Ciuchini et al. Eur. Phys. J. C77 (2017) 688,

S. Jager and J. Martin Camalich, Phys. Rev. D93 (2016) 014028 and many others]

A. Romero Vidal 17
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https://link.springer.com/article/10.1007%2FJHEP06%282016%29092

Lepton flavour universality in b—su*u~ decays

» Ratios of muons/electrons are extremely well predicted in the SM:

« Hadronic uncertainties of 0(104) ([ JHEP 0712 (2007) 040 ]). BR(B+ - K+,u+,u_) SM
Ri = =
. QED uncertainties of 0(10-2) ([ EPJC 76 (2016), 8, 440 ]). k BR(Bt — Ktete™)

( similar definition for Rk )

* Any significant deviation from 1 is a clear sign of NP.

o= 20 — 20
LHCb 260 = F 21250
15 | | | = 15 | per bin ﬁBABAR
LHCb | '[ : - f 3 {
Run 1 (3fb1) o e Lo Bt —T D
B = BaBar 0.5 ~ - BELLE
. A Belle B
L C ® LHCh A Belle
i LHCb Run 1 B LHCb M BaBar ¥V Belle2019
0.0 I T T 0.0 111 T TN TN W (N TN TN NN AN TN MO S
0 5 10 15 20 0 5 10 15 20
7 [GeV?/c4] g% [GeV?/cl]

[LHCb, PRL 113 (2014) 151601] [BaBar, PRD 86 (2012) 032012] [Belle, PRL 103 (2009) 171801]

[LHCb, JHEP 08 (2017) 055] [Belle, arXiv:1904.02440]
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https://iopscience.iop.org/article/10.1088/1126-6708/2007/12/040
https://link.springer.com/article/10.1140/epjc/s10052-016-4274-7

New measurement of Ry at LHCb

* In total, this update uses ~twice as many B’s as previous analysis. A
Bt — K+ J/¢(18)(4+0)

« Re-optimized analysis of Run 1 dataset (3fb-1). 5 ‘% K+(28)(¢+)
« Added 2015 and 2016 datasets from Run 2 (2fb-1).

» Details of the analysis: g2

» Electrons and muons behave very differently in the LHCb
detector due to larger Bremsstrahlung for electrons. BT — KTt

L)

« Worse mass and g2 resolution.

 Lower reconstruction efficiency. [4m(€)?] — ¢
+—>
« Measurement performed as a double ratio between [1.1, 6.0] GeV2/c?
B-—K*¢~ and B~—— K J/Y(—¥¢*#~) modes to cancel most
systematics.
B(BT — Ktutu™) B(BT — KTeTe) (Ryp=1)
RK Jh)

B(BT — KTJ/¥(utu=))/ B(BT — KtJ/Y(ete))
11/07/19 A. Romero Vidal [PRL 122 (2019) 191801] 19



Bremsstrahlung

: : ECAL
Electrons lose a fraction of their energy through Bremsstrahlung Magnet
radiation.
Y
Bremsstrahlung recovery procedure to improve momentum Upstream e D ownstream
measurement for electrons. brem - brem
» Look for photon clusters in the calorimeter (Et>75 MeV) . J
compatible with electron direction. E, \
Air

Even after bremsstrahlung recovery, electrons still have degraded
momentum and mass/qg? resolution.

Very different trigger signatures: lower trigger
efficiency for electrons.
* Muons identified by muon detectors.
* Electrons rely on signal in the calorimeters:
higher occupancy = higher trigger thresholds.

q* [GeV?/c4]

Critical aspect of the analysis: get the differences  sg&
between electrons and muons fully under control.

0

0 46 48 50 5.2 54 56 58 60 !
m(K*u*u-) [GeV/c?] m(K*e*e”) ggeV/czl

50 52 54 56 58 60
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Rk systematics and cross-checks

(a: angle between leptons)

0.30¢
0.25F
C 1PN
‘..\\S\'\v N

Efficiencies computed using simulation carefully calibrated using control
channels selected from data:

=)
£
O _ \8\\% simulation
: : : : : : . 2 020F TS
« Applied corrections due to B* kinematics, particle-ID, trigger efficiency... T ¢ M\
0.15F B AN
. . ) ] r RN
- Small systematic due to good cancellation in double ratio. 010k \
0.05F

Numerous cross-checks to ensure good understanding of the efficiencies, i.e :

4.0 45 50 55

L _ BB = KT J/wTu) log, (max(p(1), p(I))
I T B(BT = Kt J/y(ete)) ~ &
xs 1.1-— LHCb
ryp = 1.014 £ 0.035 (stat + syst) R
S +
Checked that efficiencies are understood in all kinematic regions = 1.0_{ ] '++ ~ ++++ ++
R, flat for all variables examined. i + f +
0.9-—
Cross-checks done independently for Run 1 and Run 2 samples and L

excellent agreement found. L2 3 e s 67 9 0D s g
max(p(l™), p(I")) x a(l*, ") bin number

11/07/19 A. Romero Vidal [ PRL 122 (2019) 191801] 21



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

W W
S W
oS O

250
200
150
100

Candidates / (7 MeV/c?)

W
S
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Rk simultaneous fit

Partially reconstructed B-—K-J/y(—e*e~) constraint
background, mainly B—K*e*e- from the fit to resonant mode

Expectation from observed
B-—K-e*e™ yield and Rx=1

LHCb

—4— Data
—— Total fit

------------ Total Ry =1
______ B+é K+M+H_
Combinatorial

»
-----

Candidates / (24 MeV/c?)

5600

Leakage from

~

LHCb
100 ' —— Data

—— Total fit
----------- Total Ry =1
------ B*— KT e*e-
B B — J/ y(ete)K?
B Part. Reco.
Combinatorial

60

N
(@)

(\®
)
T

‘e
a0
~
.

-

m(K*ete~) [MeV/c?]

» Different signal shape between muons and electrons (different x-scales!):
« worse mass resolution (recovered photons)
» longer radiative tails (bremsstrahlung)

A. Romero Vidal
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

« 20

1.5

1.0

0.5

0.0

New Ry result

« Using Run 1 (2011+2012) data:

Rk = 0.745 73990 (stat) + 0.036 (syst)
compatible with SM expectation at 2.60.

* Re-analysing 2011+2012 data and adding 2015+2016:

Rk = 0.846 T5g54 (stat) To 07 (syst)

compatible with SM expectation at 2.5¢.

. LHCb

: |

3 I

:_ BaBar

u s Belle

e LHCb Run 1 +2015 + 2016

q? [GeV?/ ¢4

11/07/19

- Systematic small due to good cancellation in double ratio:

« Uncertainty on the model shape.
« Calibration of B* kinematics and trigger efficiency.

A. Romero Vidal [ PRL 122 (2019) 191801] 23



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

bspup
10

C

Impact on global fits

model independent fit fit assuming LFU and Cq=—C4,

Rl\' & Rl\"
b — spup

» Best fit point still in tension
with the SM.

flayio /" 0.0 4 flavio

1.51 —— global

* Worse compatibility between
Rk (Rk+) and other b—su*u~
observables.

1.0 1

: * Muonic NP: best fit closer to
the SM, Cq=—C still

0.0 1

[ ¥€¥01L 06 L:AIXJe “"|e 18 Jayosiqay ]

preferred.
—1.0 1
—0.5 —— Rk & Rg- . .
I [ « Adding LFU NP: slight
. . . | . ——_ g ) | | | preference for universal shift
~1.5 ~1.0 ~0.5 0.0 0.5 15 1 05 . 5 .
C:)’-"/'l' : H Csl)gli\'. 00 0 In Cg.

............................... Before new RK measurement.
After new Rx measurement.

[ M. Alguero et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617,
M. Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438, and more ]
11/07/19 A. Romero Vidal 24



Prospects on b—sf*f-

LHCDb full Run 2 dataset ~4 times number of B’s available in

Run 1. : .
Evolution of uncertainties vs year
. 0.30
- Updates of R¢ and Rg- and other LFU ratios: Rg, Ry ... ' ! ! — Bale_1 Ax
_| Belle — I Rpg.
. p- " 0.25 — LHCb Rx I
* Angular analyses of b—s#*¢~ transitions also underway LHCL 7
K
0.20 ‘ —— LHCb R, |
CMS has collected a sample of ~101° B decays. \ — LHCb Ry

« With an effective low pt electron reconstruction, should get a
very competitive number of B*—K*e*e~ candidates.

=
—_
)
[
l

Projected uncertainty
o
—_
@)
I
|

« Expected systematics will be different to those at LHCDb, 0.05
i.e. no trigger effect and very different material distribution.

0.00 | ] | |
2015 2020 2025 2030 2035

ATLAS pursuing a similar strategy. Year

Belle Il already started data-taking this year.

N

5

11/07/19 A. Romero Vidal [ J.Phys. G46 (2019) no.2, 023001 ]


https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de
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Measurements of tree b—crtv,
transitions

v

v

Ve
Ve
Ve
7
b~
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LFU In semitauonic B decays

In some NP scenarios, new particles couple preferentially to the third family = important to study semileptonic B
decays into this family (7).

[ PRD 85 094025 (2012) ]

Comparison between semitauonic (7) and semimuonic (1) decays

sensitive to NP, which could modify branching fractions and
angular distributions. 08 8sR=8sL
T 06|
— o I
W_/H_//:/ vr & 04
=Y —>—— < C (*) [ - = SM
B{ J — % - Q§’; §< q }D 027 NP scenario 1
0.0 NP scenario 2

BO D(*)
Perform LFU test through: R(D™)) = gEBO : DI )TV;

R(D™) very clean SM prediction due to partial cancellation . |RDsw  ROJw

FlGeV?]  Q2=m2(Tv,)

of hadronic form-factors uncertainties in the ratio. Deviation ~ PRD94(2016)9,094008 0.299 £ 0.003

from 1 due to the different lepton masses (i.e. phase space...) PRD95(2017)11,115008 0299 +0.003 Uz = e
JHEP 1711 (2017) 061 0.260 £ 0.008

Observation of violation of LFU would be a sign for NP. JHEP 1712 (2017) 060 0.299 + 0.004 0.257 +0.005

11/07/19 A. Romero Vidal 27


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

Reconstruction of tau decays

Leptonic decays Hadronic decays
. N )

* No background from inclusive semileptonic decays.

« Signal and normalisation channels share the

same visible final state. - Visible final state is not the same. Systematics

signal normalisation (at LHCb) do not cancel in the ratio = measure with
. = __— respect to other decay with similar final state.
DO D* ~ T \ y,
v T " BR(%) Used by
ve " Vu leptonic
_ _ _ T DUV, V, 17.39 £ 0.04 B-factories and LHCb
* Part of the systematics cancel in ratio. eV, 1782 £ 0.04 B-factories
« Important background from inclusive hadronic
semileptonic decays ( B—D**#v(X) ), with many T o, 25.49 +0.09 Belle
unknowns (form-factors, BR’s...) TV, 10.82 £ 0.05 Belle
T TV, 9.02 £ 0.05 LHCb
" /' rormtmn®, 4494005 LHCb
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Semitauonic B decays at B-factories

* At B-factories (Belle(ll) and BaBar), e*/e” collisions producing
Y (4S)—BB. e* and e~ with different energies to produce
boosted B’s. T .
K
- B-tagging allows to constrain the momentum of the B-signal: \ I . [ v
] _ -

- Hadronic B-tag: precise measurement of pg jq. Good
determination of g2 and my,ss? (eff. ~0.3%)

- SL B-tag: weaker constraint on pg (eff. ~1%)

« The missing mass (neutrinos) can be measured with high
precision. 250

¥ Data
LB o
B’ pv
B—-X,tv
N 55

N
o
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es/(0.10 GeV?/¢?)
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B-factories vs LHCb
.

(. N

« B momentum is known (Y(4S)—BB) « Use the B flight direction to measure transverse
component of missing momentum.

« B-tag algorithms use the other B in the event:
« Cannot measure longitudinal component, so use

« Hadronic B-tag: 0.3% efficient, very pure: all some approximation to access rest frame

backgrounds are fully reconstructed. variables.
- SL B-tag: 1% efficient, less pure.

« Charm mesons reconstructed in multiple decay  Until now only used D*~— D%~ with D9—K-r* for
modes: R(D*) measurements.

e D*—DO07z~, D*rO.

¢« D*0—DOr0, « Studies using A4,°, B.* and B hadrons only
¢« DK tnl Krtntn, K-n*, KsPtmr~, KO, possible at the LHC (not produced at B-
KKK, K*K-, *™. (30% of DO BR’s) factories).
o DY — Krtn~, KsOr*n0, KOt nrt, Ko™,
K-K*rr*, Ks°K*. (22% of D* BR’s) o )




Status of R

BaBar had. tag
0.440 = 0.058 = 0.042

Belle had. tag
0.375 £ 0.064 = 0.026

Average
0.407 = 0.039 = 0.024

SM Pred. average :
0.299 = 0.003 £

PRD 94 (2016) 094008 |
0.299 = 0.003 |

PRD 95 (2017) 115008 '
0.299 +0.003 hd

JHEP 1712 (2017) 060
0.299 = 0.004

FNAL/MILC (2015)
0.299 = 0.011

HPQCD (2015)
0300 = 0.008
HFLAV

| | 1 i

and R(D*) measurements

02

0.4
R(D)

BaBar had. tag
0.332 0024 = 0018

Belle had. tag
0.293 +0.038 £ 0.015

Belle sl.tag
0.302 £0.030 £0.011

Belle hadronic tau

0.270 = 0.035 = 0.027

LHCb muonic tau
0.336 £ 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
0.260 = 0.008

JHEP 1712 (2017) 060
0.257 = 0.005
HFLAV

1 1 1 1

BaBar (2012), had. tag
0.440 +0.058 £ 0.042

Belle (2015), had. tag
0.375+0.064 £ 0.026

Belle (2019), sl. tag

0.307+£0.037+£0.016
Average

0.340+0.027 £0.013 —

SM pred. average
0.299 +0.003 *

PRD 94 (2016) 094008
0.299 +0.003 T

PRD 95 (2017) 115008
0.299 +0.003 T

JHEP 1712 (2017) 060
0.299 +0.004 *

FNAL/MILC (2015)
0.299 £0.011 -

HPQCD (2015
0.3(%¢o.(()os ) T
HFLAV
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R(D)

BaBar (2012), had. tag
0.332+0.024 £0.018

Belle (2015), had. tag
0.293 £0.038 £0.015

Belle (2017), (had. tau)

0.270£0.035 +£0.0Z7

Belle (2019), sl.tag
0.283£0.018 £0.029

LHCb (2015)
0.336£0.027 £0.030

LHCb (2018), (had. tau)

0.280+£0.018 £0.029

Average
0.295+£0.011 £0.008

SM pred. average
0.258 £0.005

PRD 95 (2017) 115008 .

0.257 £0.003

JHEP 1711 (2017) 061

0.260 +£0.008

JHEP 1712 (2017) 060
0.005 -

0.257 £0.
HFLAV

1 1 ] 1 1

0.2

< Summer 2018 =

 Old measurement of
R(D*) by Belle using
SL B-tagging.

* Tension with SM 3.80

& Spring 2019 =

* New (simultaneous)
measurement of R(D)
and R(D*) by Belle

R(D¥)
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0.3
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= Belle, PRD92,072014(2015)

LHCb, PRL115,111803(2015)
— Belle, PRD94,072007(2016)
e Belle, PRL118,211801(2017)
e | HCb, PRL120,171802(2018)
[ Average

AX2 = 1.0 contours

=== Average of SM predictions

R(D) = 0.299 = 0.003
R(D¥) = 0.258 + 0.005

.
IIIIIIIIIIIIIIIIIIIIII

N
L1l

iy

ol

>
i
L1111 N

ymme 018
PO2) = 74%

(@)
o
o
W
(@)
~

0.5 0.6
R(D)

T
[ HFLAV average

LHCb15

T T T T T T T T T T

Ay* = 1.0 contours

30
LHCb18

BaBarl2

using SL B-tagging.
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R(D*) =0.258 +0.005
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Semitauonic measurements at LHCDb

Muonic tau decays Hadronic tau decays

) :
g Measurement using tT™—u"v,v, decays. i Measurement using T~—mn*n~(n°)v, decays. A
« 3 neutrinos present in BO—D* ~7*v, * Only 2 neutrinos present in B— D* t*v,
* Important contributions from exclusive B>— D*- « tau vertex is known (3 vertex). This gives
p*v, (normalisation) and inclusive B—D* u*v, X access to the tau decay time, which can be used
decays, i.e. (D**—D*rm). to discriminate between signal and background.
« Important contribution from doubly-charmed B— « No contamination from semileptonic
D*-D(X) decays with D—Xu*v,,. B—D*u*v,(X) decays.
* R(D*) directly measured from the same data « Large contribution from doubly-charmed
sample (D*~u*). B—D*"D(X) decays with D—r*r~*X.
~ o « Measure BR(B°—D*~t*v,) with respect to, i.e.
B—D*rn*rr*. Then, use WA BR(B°— D* u*v,)
Published analyses use only Run 1 data (3fb-1) 9 to obtain R(D*). y
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R(D*) at LHCb using 7~—u"v,v, decays

« Atthe LHC, B momentum cannot be
constrained from beam energy (no Y (4S)—BB

009020560 %6%6%626%6%2:%:%:5% NN\

3900000000000 0 0 0009000 % AN
0000000 00 0000 00 % AN

. . 2] 1F £10.08 @
decay as in B-factories). | E = 06
: MC truth ! g o
z z z
0.5 0.04 §E§§
00 BN
—p PO RIS
z I — ANNEREEEES
0 5 10 0 5
P m2,(GeV/c?)?
« Approximation used to estimate B momentum: B
boost along z >> boost of decay productsinBrest £ | g . £ £ 00 7
frame: g 50,06 5| Z
m g £ | £ 04 S
B < < t < <
(yﬁz )B = ()//')))D*‘u — (pz )B = % (pz )D*M 0.04' 3 §§§§ z%
m(D* u) : o NN
0.02) i NN
- ~18% resolution on pg still good enough to LR AN
1 1 mi 1 0 5 10 0 5
preserve signal and background discrimination. I b eV

« 3D template fit to m?,;ss , E,* and g2 (=m?(z7v;)).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Muonic R(D*): Fit model

Control samples fits to constrain background shapes

B>—D* u*v,. Normalisation mode.

B®—D* t*v,. Signal.

Inclusive semileptonic B—D* v, X

(and B—D*t*v_X).

Doubly-charmed
B—D*"D(—Xu*v,)X".

Combinatorial D%z~ and D*~u*

background.

h—u mis-identification.

11/07/19

—— Data
B B — D*tv
B B — D*H (— WX")X
I B - D**lv
Il B — D*uv
Combinatorial
1 Misidentified u

Candidates / ( 0.3 GeV¥c*)

Candidates / (0.3 GeV?/c*)

2500F T T T

2000F
1500F
1000F

500F

pointing to B vertex.

* MC re-weighte

™
mZ, (GeV/c?)

"6 8 10
m?,  (GeV/c™)
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dtom

Candidates / { 75 MeV )

Candidates / (75 MeV )

Control samples created adding extra pions and kaons

atch data.

1400
1200F
1000}
8005
600L
a0of

Candidates / ( 3.25 GeV¥c*)

1000 1500 2000 250
E,* MeV)

) 1500 2000 . 230
E,* (MeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

Muonic R(D*): results

Projections of (left) m?,ss and (right) E,* in bins of
increasing q? from top to bottom.

Signal clearly visible in highest g2 bin. Note different
y scales, most signal actually in second-highest g bin.

Systematics dominated by the size of simulation
sample and h—u mis-ID. Expected to be reduced in

future analyses.

3D template fit to m? s, E,* and g2 gives:
R(D*) = 0.336 * 0.027(stat) £ 0.030(syst)

Result is 2.10 above SM (R(D*)gy = 0.26).

11/07/19 [ Phys. Rev. Lett. 115, 111803 (2015) ]
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-0.40 < q> <2.85 GeV?/c* LHCb

—— Data

I B — D*tv

B B — D*H(—> MX)X| 3

B B - D*v -

Il B — D*uv ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803

R(J/y) at LHCb using T™—u™v, v, decays
B(Br — J/¢yTv)

LFU test through the measurement of: R(J/w) —
B(BS — J/¢uw)

This measurement only possible at the
LHC (B.* not produced at B-factories).

B.* form-factors not known precisely = Theoretical Bt —=JYtty,
prediction not precise. R(J/y) predicted to be in
range [0.25,0.28] (PLB452 (1999) 129], [arXiv:hep-ph/0211021],
[PRD73 (2006) 054024], [PRD74 (2006) 074008] )

Improvements in form-factors calculation needed.

Same reconstruction method as in muonic R(D*) analysis: t—puv,v, decays. = (pa,)-

Main backgrounds:
« B —Jputv, (normalisation mode), B.*—y(2S)u*v, and B*—JYD(—Xu*v, )X’ .
« Hadron mis-identified as a muon.
« Combinatorial background (J/ ¥ and u not from same B)
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R(J/Y) results

B.* decay time used in addition to q%, mpss? and E,* in fit model (g% and E,* combined in a single variable, Z) in a
3D template fit.

Form-factors constrained from a control sample enriched in normalisation decays.

Systematics dominated by the knowledge of the form-factors and size of simulation samples.

First evidence of the decay B.;* —=J/yt*v, (30).

—+— Data B B, = Jyt'y,
B B —Jyu'v, Bl B! — y2S)l'y,
B = x (IP)I"v, W B —J/yH!

= R(JIY) = 0.71 + 0.17(stat) * 0.18(syst) (compatible with SM at ~1.70 level) M J/ 1 comb. bke. [ J/ 3 comb. bc.

Mis-ID bkeg.

16000 T ~ ~ -~ ~ 1~~~ 1 1T — F ' ' 7 —
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212000 — © 4000 — — ) =
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— - < 3000 — — 7 =
~, 8000 3 = C - o E
) . ~ - — < =
- ] |7%] o T =) =
S 6000 — 2 2000 [~ g S
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S 4000 = S - ] e
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decay time [ps] m; .. [GeV7/c ]]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

R(D¥) using hadronic t——n n*m™v, decays

—0 —0 -
. B(B — D*tr7U,) B(B  — D*tn~xwtmx™) \ ~4% precision
R(D") = B EO Dbt X 3 FO Dt -3 ~2% precision
( — nTnn ) meas ( — H V:“) external
\ J
\
K(D*)
Signal and normalisation share same visible final state (D* n*n~r*). -~ K

Most of the systematic uncertainties cancel in the ratio (PID, trigger ...).

Use topology of the decay to suppress large B—D* n*n "X (“prompt”) o &

background (where the 3 pions come from the B vertex). ) ‘ -
D“ T

Minimum distance Az between B? and t vertices >40: 35% efficient on B o

signal and reduces prompt background by a factor >100. o zp 40: 7

Possible due to the excellent LHCb vertex resolution. P ’ b T
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Candidates / 0.1

[S—
1

Selection

After Az>40 cut, most of the remaining background is due to
doubly-charmed B decays (comparable lifetime of the charm D
mesons and the tau).

« B—D*D:*X: ~ 10 x signal

« B—D*D*X :~ 1 xsignal

- B—D*DX :~0.2 x signal

| ' | ' | ' | | I ' |

LHCDb simulation

Prompt (D*waxX)
B Double-charm (D*DX)
B Signal (D*7v)

IIllIII | lIlIIIll | lIIIIIIl

T [ lIIIIIII I IIIIIII| I IIIIIII|

« Largest background due to B—D*"D,*X decays with inclusive
D;*—n*n~n*X’ decays.
« Use a multivariate analysis algorithm (Boost Decision Tree,

o0
AN
)
N
oo
p—
[\
[a—
(@)}
\®]
)

Az/o,,
| - BDT) to suppress them.

g;j 0.1 LHCb simulation +++ ] . R(()amalnln+g baf:kground still large: modelling of the Ds* (and
= B 4 ; DC and D*) using data control samples.
= 008 ¢ Siena S
E [ Rt nd] ] « BDT trained with background MC vs signal MC, including:
S 006 + - : ) "~
g . . ++ . «  3m dynamics (i.e. m(r*n) ...),

004 S ++-' - « D*3m dynamics (i.e m(D*-3m) ...),

0ol . R *e to « Deposit energy in the electromagnetic calorimeter.

. B ’0 ’* 0’ ¢-"?
ohﬂ_ﬁo'jum_:o*;'x S ’513»»16  BDT cut applied to suppress main B—D*"D¢*X background.

0 ;
11/07/19 BDT response A. Romero Vidal [ PRL 120, 171802 (2018) , PRD 97, 072013 (2018)] 39



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

Signal reconstruction

Due to the presence of 2 neutrinos in the final state:

(m3, +mZ)|pPax| cos @377 \/(mg —mj3,)? — 4m2|ps,|? sin” 6
2(E§7r o |ﬁ37r|2 cos? 0)

+ 2 solutions for |p,| due to the missing neutrino |p;| =
from the tau decay.

2 2 \|7 2 2 )2 2 |7 2ain
. . . m m | COS i/ (Mh —Mp,. )" —4m «r|%sin“ 0
* 2 solutions for |pg| due to the missing neutrino |5 (Mbur + M) P O D’\/( B0~ MDur) polPDr|

o] =

from the B decay. 2(E}, — |Ppar|? cos?6)
- D*1
> 4foldambiguity . B~ 9. .
Approximation: Set the argument of the 2 squared roots to zero: \\
AV
2 2 2 2
. [mi—m , M%Ho — M
Omaz = arcsin ( — 3”) 9! = arcsin | —B— 2T
2m; |p37r| szO |pD*T|

Possible to reconstruct rest frame variables such as tau decay time and g2.

These variables have negligible biases, and sufficient resolution to preserve good discrimination between signal
and background.
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The D,*—n*r~n*X decay model: low-BDT fit

Events removed by the BDT cut are used to model the
inclusive Dy*—n*n™n*X decay.

Low BDT region (not used for signal extraction) is used to
measure the Dg composition.

« Dg decay modes with 3 pions + neutrals not very
well measured.
« Dg—3mis only 1/15 of the inclusive Ds—31TX.

Model obtained from simultaneous fit to:
«  Min[m(tr*m)], Max[m(tr*m)], m(rtt) and m(3).

Fit components:

1.  nm*, np?,
2. ns.n.+, rI’P+,
3. Other components including: wtr*, wp*, ¢117,

dp*, K31, n31T, n’'3™, w3, ¢3.
4. Non-Dg component.

Fit results are used to describe the D; model at high
BDT (signal sample).

11/07/19 A. Romero Vidal
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The B—D* DX control samples

o 1000 T — 1 ]

_ | o s [ LHCb D f—3m ]
Different control samples are used to improve the description of o 0 7
background B—D*~DX components: 2 F \ i

g 600 _— —_

) DS+_)3TC (3% 400 |- _

« D%—K3x (kaon recovered by isolation tools) A i

 D*—K-rn'n* (mis-ID kaon/pion) 200 |- —

. . o R S :1"“"

Monte Carlo corrected using data-driven approach. 500 1000 N
S 200F T T T T T T T T T T T
A pure B—~D*"D X control sample obtained by selecting exclusive % jgof * Daa m E
D,—3n decays T 160f " Toulmodl @) 3
S . 2 E_ B’ — D*_D: _E
N 0L mmp - o ]
Allows to measure the different B—D*"D¢*X contributions from a fit — 138 3 B' — DD, (2317) + E
- = B° — D"~ D7,(2460) =
to m(D* Ds+)- % 80 E_ - B — D**_OID;" X _:
2 60 - By — D™D} X =
Uncertainties in the fit parameters propagated to final analysis. S 40f [ Comb.bke. =
O 20F 3

o

Similar strategy followed for B—>D*"D*X and B—D*"D%X decays. 5000 5500
m(Drwtm a*) [MeV/c?]
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3D template fit

3D binned fit to data in (g2, T decay time, BDT) with (8,8,4) bins.

E‘ 35005— LHCb (a) —i
Model: S 3000 - ® Total model =
1. Signal B’ >D*t*v;: v —nn*n v, and t—nntr v, (ratio < aswf — E}}‘fg; E
constrained according to known BF’s). Free in the fit. £ 2000 - ]
Fixed to the expected yield, 11% of signal (assign g 1500 |- B O i bie ) =

syst. uncertainty). © 1000 [—

3. Doubly-charmed B decays: 200

a) B—-D*D.*X. Includes B>—>D™-D*, BO—»D™"D™, % 0.5 1 1.5 2
BO—D*Dy™*, BO>D"Dgq, BLL—D"D*X, B—>D"Dg*X. "< [ps]

Shape constrained from control sample.
b) B—D*D%. Yield constrained from control sample.
c) B—D*D*X. Free in the fit.
Yield constrained from control sample.
5. Comb. background. Yield constrained from control sample.

2500 F
2000 [

1500 |

10005
= BR(B°—D* tv) = (1.42 + 0.094(stat) + 0.129(syst) + 0.054(ext))% :
= R(D*) = 0.291 + 0.019(stat) + 0.026(syst) + 0.013(ext)

500

Candidates / ( 1.375 GeV?%/¢*)

0 5 10
1 2
16 agreement with the SM (R(D*)sy = 0.26). q* [GeV/ct]
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Candidates / (0.25ps)

Fit projections in BDT bins

« Quality of the fit good in all bins of BDT.

* Plots ordered from lowest BDT (bin 1) to highest BDT (bin 4)
« High signal purity at high BDT.
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[ 800 [— N BDT bln 4 — Total model
1000 = C 40 F SOF mmB — D7 v,
u B X B—D"t"v
— 600 |- . .
h: i 30f “F mB— DDk
600 - N : 30 EMB— DTD'(X)
u 400 [~ i B — D*‘375X
400 = N - 20F WWB— D"D(X)
i i Comb. bkg
200 200~ 10 10

) 0 0.5 1.0 15 20 O > 4 6 8 10
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Systematic uncertainties

Source OR(D*™)/R(D*7)[%)]

Simulated sample size 4.7

Empty bins in templates 1.3 .

Signal decay model L8 :-ehdeusc?egr\:\%ﬁ Vn\glcljlrzedata
D**1v and D**7v feeddowns 2.7 '
D} — 31X decay model 2.5

B— D*"DfX, B— D*"D*X, B— D*" DX backgrounds 39

Combinatorial background 0.7 New external

B — D*~3r X background 2.8 measurements can
Efficiency ratio E help to reduce this
Normalization channel efficiency (modeling of B — D*~3r) 20 uncertainty!!

Total uncertainty 9.1
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BaBar (2012), had. tag
0.332+0.024 £0.018

Belle (2015), had. tag

0.293 £0.038 £0.015
Belle (2017), (had. tau)

0.270+£0.035 £ 0.0Z7

Belle (2019), sl.tag
0.283 £0.018 £ 0.029

LHCb (2015)
0.336 £0.027 £0.030

LHCb (2018), (had. tau) |}
0.280 +0.018 +0.029

Average
0.295 £0.011 £0.008

SM pred. average ;
0.258 +0.005 bl

PRD 95 (2017) 115008
0.257£0.003 -

JHEP 1711 (2017) 061
0.260 £ 0.008

JHEP 1712 (2017) 060
0.257 £0.005 T

HFLAV

-

—_—

——

0.2
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0.3 0.4
R(D*)

LHCb R(JAp)
LHCb-PAPER-2017-035
0.71 £ 0.17+ 0.18

SM predictions

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (20006) 074008
Range 0.25- 0.28

T S B T

0.5 0

Summary on R(X,

BaBar (2012), had. tag
0.440 £0.058 £0.042

Belle (2015), had. tag
0.375+0.064 £ 0.026

Belle (2019), sl. tag
0.307£0.037 £0.016

Average
0.340£0.027 £0.013

SM pred. average
0.299 +0.003 t

PRD 94 (2016) 094008
0.299 +0.003 T

PRD 95 (2017) 115008}
0.299 0.003 T

JHEP 1712 (2017) 060
0.299 +0.004

FNAL/MILC (2015) .
0.299 +0.011 —-

HPQCD (2015)
0.300 £ 0.008

HFLAV

1 | 1 1

———

0.2

R(D)
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R(D¥*)

0.35

0.3

0.25

0.2

[ HFLAV average

Ax* = 1.0 contours

| LHCb15 ]
N BaBarl2 ]
— 30 ]
N LHCb18 ]
I b Bellel9 ~ Bellel5 _
B Bellel7 7
— 7 Average of SM predictions HFLAV

= R(D) = 0.299 +0.003 pring 2019 |
B R(D*) = 0.258 +0.005 PO)=27% ]

1 I 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1
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R(D)

 R(D)/R(D*) combination
BaBar/Belle/LHCDb at 3.1¢0 from the

SM.
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Future: Angular analyses

Resolutions using leptonic tau reconstruction:

LHCb Simulation

£ 0.045 2 007F
S 0.04 F Lucb Simulation S5 0.06
>0.035 e - F
© E © -
5 0.03F = -
0 r o) r
00250 < 004
0.02 0.03
0.015 - -
0.01F 002
0.005 |- 0.01F

o E L H

3 3 0—13

%, resolution (rad)

0, resolution (rad)

Arbitrary units

0.12

o
—

LHCb Simulation

2 3
0, resolution (rad)

» Afuture step is to look at the angular distributions in BO—»D*t*v, , very sensitive to NP contributions.

» Resolution in the D* polarisation angle good enough to measure D* polarisation.

« Resolution in ¥y and 8, not so good, but some sensitivity is expected. This is compensated by the huge

amount of statistics (to be) collected by LHCb.

» Prospects on the precision of angular analyses still to be studied.

11/07/19
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LHCDb prospects on R(X,)

* Production fractions and efficiencies used to
extrapolate the uncertainties.

0.12
« LHCb can perform tests of LFU not | | | —— Bello—1I Iy
accessible at Belle |l: Belle — I Rp-
0.101= — LHCb Rp
* R(A."), R(JAY), R(D,M). LHED fip:
( [ ) ( l/}) ( S ) 50.08— e LHCDb RJ/q/) ||
S = LHCb Rp,
* Precision in R(X,) about 2-3% at the end of : — LHCb Ry,
the Upgrade Il. = g
- Sensitivity to angular observables need to be £ 0-04 7
studied.
0.02} _
0.00 | | | | |
2015 2020 2025 2030 2035

Year
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de

O

Conclusions

Intriguing anomalies found in measurements of B-hadron decays:

* loop-level b—s#*£~ transitions.
» tree-level b—c#*v, transitions.

Lepton Flavour Universality tests are theoretically clean probes for New Physics.
Precision in measurements still needs to improve to provide a definite picture.

Upcoming measurements using Run 2 full statistics will help to resolve the current
situation.

Ongoing and future experiments upgrades and the start-up of Belle Il open the door to
many improvements in precision, so interesting times are ahead.
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Future: R(D) vs R(D*) with hadronic tau decays

» Hadronic R(D*) measurement performed
using B>—D*-3 as normalisation mode.

« B9—D*=3m branching fraction measured with Decay Branching
~4% precision (PDG). fraction (PDG)

For R(D) { (B-— D) B0 — D3rm (6.0 £0.7) x 10-3 11.7%
* For measurement (B-——D%*v,), an
(VA 0 - + -
alternative normalisation mode needed: B® = DD (7.2+0.8)x 10 1%
B0 — D™-3m (7.21 £ 0.29) x 10-3 4.0%
« B~—D%3x poorly measu_red (37%) N B0 — D*-D.* (8.0 1.1) x 103 13.8%
« B~—D%D.* measured with 10% precision. ) . 5 .
In addition, Ds*— 371 measured with 5% B-— D3 (5.6+2.1)x 10° 37.5%
precision. B- — DODg* (9.0+£0.9) x 103 10.0%
* Need wpprovem_ents in these B- — D*037 (1.03 + 0.12) x 103 11.6%
branching fractions: Belle Il, BES Ill.
B- — D*0Dg* (8.2+1.7)x 103 20.7%
* Inthe LHCb Upgrade-l, the use of software Dst — 31 (1.09 £ 0.05) x 102 4.6%

trigger will allow to measure R(D™)
combining muonic and hadronic tau decays.
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R(D*) muonic: fit projection

ST0000FTTITTTTTTT R o T T TR o 20
& ] 2 30000F 4 & 200
= 60000 —— Data 1 Z x 1 2 10

O Il B > D*tv . ™~ 25000F - @)
2 50000 B B - D*H (— vX')X| 3 Z v 160
S B B - D*lv 1 £ 20000F 1 < M0
'z 40000 I B - D*uv 1 = . 1 I 10

= Combinatorial . eS| C ] 2

< ] - —] et
% 30000 [ Misidentified p - S‘ 15000; . 3 100
= ] C . '—é 80
S 20000 3 10000F ER A
10000 - 5000 = 40
] C . 20
0 P v o 0 e o S e . o 0

-2 0 2 4 6 8 ) 410 500 1000 1500 2000 250
m2. (GeV7/cY) E * (MeV)
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The normalisation mode

Normalization channel as similar as possible to
the signal > BO—D™m 1.

This cancels production yield, BR uncertainties % ok ' 3
and systematics linked to trigger, PID and 2 E
selection. = o E
In PDG 2014, BR(B°—D™mr*1mr1m*) known with 8 _ _
11% precision. k. E

0 4?5(50 I I I I 50IOO I I I . ;(_)0 :
New BaBar measurement 4.3% (stat+syst) o

precision. [Phys. Rev. D94 (2016) 091101]

In this analysis ~17000 events (1% precision)
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|solation

« Signal candidates are required to be well isolated.

Candidates / ( 6 MeV/c?)
B

« Events with extra particles pointing to the B and/or tau vertices are
vetoed.

|
=
|

L L L 1 L L L
1600 1800 2000
m(K3r) [MeV/c?]

14000

6000 3

a C e
> F ]
2 12000 LHCP 3
9 10000 ;_ — All candidates _;
w C d
= 8000 L~ —— Candidates with neutral energy i
=

2

5

4000 -

2000 |- 3
- _._'_q’—l—’-_'_'-\_'u‘_\-'-"‘-‘—"H_\_‘_\_ -

oL N e
3000 4000 5000 .
Mass (D*3x) [MeVicT]

Missing (neutral) energy
in a cone around the 31T
direction
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DO control sample

« X,—D*D%X decays can be isolated by selecting exclusive D’—K3r decays (kaon
recovered using isolation tools).
« A correction to the g2 distributions is applied to the Monte Carlo to match data.

N F ' ' l @ 200 — - - - | . . . . —
(S] ™ - 3
> 10 LHCb § 180 = LHCb preliminary =
= n - E
© Mo 0 M 160 E e dua -
é 120 | D _)K3 e 140 E_ — Total model _E
§ 100 E— 120 E_ D D'X _E
8 af 100 == ) comb. bkg. -
© P 80 =
43 60 [ E
“E wof E

20 fr 20 F =
L N B o =

00 5 10

1600 1800 2000
m(K3r) [MeV/c?]
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Fit projections on M(D*3m) and min[M(2m)]

» Important variables in the BDT.

® Data

2 1o S RIEN: ]
< - . < 1200 — b —— Total model —
A S -
> 1000 - = = 1000 = LHCb BB —-D"tv,
o - . v - I B—=D'"D*X) 7
v - B 800 W0 —
= 800 . — - B—D3nX ]
a - . ~ 600 - —
&C; 600 . . § E I Comb. bkg ]
= 400 4 8 400f
= 1 B 200f

200 - -
@) E S g

0 400 600 800 1000 0 3000 4000 5000

min[m(z*x)] [MeV/c?] m(D"a*n xt) [MeV/c?)

« Excellent agreement with data.
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Candidates / ( 10 MeV/c?)

Candidates / ( 11 MeV/c?)
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Control samples

Candidates / ( 6 MeV/c?)
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Different control samples are used to study background
components:
* DS—3m
 D'—-K3n (kaon recovered by isolation tools)
 D*—>K-ata* (mis-ID kaon/pion)
Monte Carlo corrected using data-driven approach.

A. Romero Vidal 57



Additional cross-checks: B—D**tv

low BDT

B'—D**tv and B*—D**%tv constitute potential feed-down to
the signal.

D**(2420)° is reconstructed using its decay to D**n- as a cross- ' 1
check. 4 E A 4 *

The observation of the D**(2420)° peak allows to compute the mT R e
D**3n BDT distribution and to deduce a D**tv upper limit. This
upper limit is consistent with the theoretical prediction.

o2
o

Candidates / (20 MeV/c?)
3

o

high BDT

Subtraction in the signal of 0.11+0.04 due to D**tv events
leading to a systematic uncertainty of 2.3%.

Candidates / ( 20 MeV/c?)

AR

600
m(D*r) [MeV/c?]
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[arXiv:1808.10567]

Belle |l prospects on R(D) and R(D*)

Improve the precision on R(D) and R(D*) to the 2-3% level.

Better control on backgrounds like B — D**{v, very important for these measurements.

: . ~ 05— 7
* Perform measurements of T and D* polarisation. o
o

Belle Il Projection

045 —— Belle Combination
Belle Il projection: e
. LHCb
—— World Combination
0.4 - SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

5 ab~ ! 50 ab—!

Rp  (£6.0+3.9% (£2.0+25)%  °%
Rp-  (£3.0+25)% (£1.0+2.00% 03
P.(D*) £0.184+0.08  #0.06 & 0.04

—

0.25

1 o contours

IIIIIII I
0.2 025 0.3 035 0.4 045 0.5 055 0.6

R(D)

11/07/19 A. Romero Vidal 59

(First uncertainty statistical and second systematic




