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Lepton Flavor Universality

* In the SM, gauge bosons have universal coupling to leptons,
independently of their family. This is called Lepton Flavor Universality

(LFU). ]
e w T » /,<
v, v, Vv, NP'/ Vi
b . c
u C t
d S b
* Tensions between experiments and SM predictions found in:
» Charged currents ( b—clv ) ]
« Neutral currents ( b-sll ) <
o . . . NP? 1
* A violation of LFU would require the existence of new particles L7
outside the SM (H-, Z’, W™, leptoquarks...). b ‘ .
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LHCb detector

* High b-quark production:
g HCAL 20 * Runl (2011-2012, 7-8 TeV):
SPD/PS M3 __250mrad ~ 72 pb
Mg - * Run2 (2015-2018, 13 TeV):
' - ~ 144 ub
* Excellent vertex and impact
parameter resolution (~ 25 um)
* b-hadrons highly boosted, giving
large values of the impact
parameter (~ 800 um)
* Excellent PID performance for
charged particles (muon efficiency
of ~97%)

[PRL 119 169901 (2017)]
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https://arxiv.org/abs/1612.05140

LFU tests at LHCb: charged currents

* b-clv decays:

Hp, = B°,B*,B2, A} ...

B(Hp—>HcTV,) H, = DXO DO+ D+ AT 1/ ..

, where
B(Hp->Hcouvy,)

R(H,) =

e In SM: tree-level decays mediated by a W boson.
» Sensitivity to NP contributions at tree level.

* Partial cancelation of form factor uncertainties.

* High rate of charged current decays: B(B - D*tv;) = 1.2%. -~ v

Systematic uncertainties cancel in the ratio R(H,)

. . : + +5 ~ 0
et eermel: B(T —H V“VT) 17.39% - Presence of inclusive H;, — Cuv#(X) decays
- Onl tri
e Hadronic channel: Bt -t nt(x°)v,) ~ 13.51% YOl MEUnG -
- T vertex reconstruction
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PRL 115 111803 2015

sk .
R(D”) muonic

: Runl
~ B Both channels selected, and then disentangled SE— ( ' ) , S
wy _ B(B°>D""777y) using a multidimensional fit to: © [ 235 < a7 < 1260 GVt LHCD 3
R(D ) - 50 x4, —= ’ S N 3
B(B°->D**u~v,) . 3 3000 =
* E, (B rest frame) < : ]
. 2 . 2 g 2000 =
Mg Miniss = (pB — Pp* — pu ) % - ]
08)s = — Preco) : 5 1000 :
« 2 — _ S - .
PB)z Myeco Preco)z qc = (pB pD*) = - :
S o =
—0 *+ - = Q:: _2 .. P e AR PP~ A=
R(D*) o N(l_3 — D™ t7v) 1 €norm Y A AT
monte N(BO - D*+M_17M)B(T+ - ,u+vu171) €sig ~ : : s (.Gev )
E 4000 935 <q? < 12.60 GeV/c* LHCb -
w3000 . =
R(D*)muonic = 0.336 + 0.027 + 0.030 Bl B — D*tv 3 . .
B B — D'H(—= VX)X 2 00 =
B B — D*'lv O i .
2.10 above SM prediction I B — D*uv . E ]
R(D*)sy = 0.252 £ 0.003 Combinatorial E %_ e e ool
\ j Misidentified u T A beoneiiiiiiin L P P =
500 1000 1500 2000 2500

E,* (MeV)
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https://arxiv.org/abs/1506.08614

[PRL 120 121801 (2018)]

R(]/l/) muonic

% 5000 2 2 S0 ' ' ' l ' ' ' ar ar
% é g 7000 R(,/lp) — B(BC _)]/I,DT V‘L’)
5521 b v)
= i Similar to R(D*) analysis, fit using:
% 5000 E- O Imilar to ( ) dnalysis, 1t using.
= F
2 100 7 — 2
O : * Mypiss = (pB T p]/1p — p/,t )
2 5 2
=X 2 = -
n.-(s)_ * q = (pB p]/tj)) } Z(qz E*)
- )
_ - E; (B rest frame) g
~16000 = .
14000 —+— Data B B! = Jyputv, ° Bc deCay fime
zflzooo Mis-ID bkg. = Jhy +u comb. bkg.
- Jhp comb. bkg. B! — JyH
s Iyt L=
= muonic + + + + — )
5 6000 N(BT — v, )BlTT = v,V €
5 4000 +Systematic bias in the fit( ¢ ]/I’b a ,u) ( KV T) L
2000 f \
“ 5
=0
F-s T 20 above SM prediction
05 I 15 ~ 2 —
decay time [ps] R(]/l/))muonlc = 0.71 i 0.17 i 0.18 RU/lp)SM € [025,028]
(Run1) \_ J
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https://arxiv.org/abs/1711.05623

% [PRD 97 072013 (2018)]
' [PRL 120 171802 (2018)]
R(D ) hadronlc PRL 120 171802 (2018

0 = .
B(B°->D* mtrn~nt)  Nporm €sig Bat-ntrn ntv)+B(rt-ntrn-ntnlv;)
VT

O o (external inputs)
! § B(BO—>D*_7I+T[_7I+) . \ B(zr* - 3nv,) + Bzt - 3nn’¥,) = (13.81 + 0.07)% v

- [— - 1 T
| R(D* haa = B(BO=Drvy) K(D*): B(B® — D*31) = (7.21 + 0.28)x10~2
1

1
) B(B® - D*~u*v,) = (4.88 + 0.10)x 1072

____________________________________________

The presence of only one neutrino allows the 7 and B® momenta to
be determined up to a two-fold ambiguity.

Ni;4 obtained from a binned fit in these variables:

« Squared transferred momentum, g

* 7 decay time, t;

» Output of a BDT, which takes as input 18 variables (kinematic
variables of the decay chain and neutral isolation properties)

n0’s ...

N, ,-m Obtained by fitting the invariant mass distribution of the D*"3rx
system around the BY mass.
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https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856

PRD 97 072013 2018
PRL 120 171802 2018

hadronic
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https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856

Combined measurement of R(D) and R(D")

(Ongoing analysis with Run2 data)

We aim to measure R(D) and R(D*) via three-prong tau decays, using
the data: 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 : ‘5

e D3m with DY - K7

. ; ) ; _ SM Pred. average :
This data sample includes contributions from B~— D%tv, 0,299 +0.003 *

- PRD 94 (2016) 094008 E
BO - D*(—) DOTL')TV, B~ - D*O(—> DOTL'O,]/)TV 0,299¢o,(003 : t
PRD 95 (2017) 115008 |
0.299 +0.003 |

« D37 with DT - Knmw JHEP 1712 (2017) 060 |
0.299 +0.004 ]

FNAL/MILC (2015)

| _ L o 29920, +
This data sample includes contributions from B~ = D™ tv, ;’;,22;2315) f

B° - D*(-» D n%tv ... 0300 0.008 -!-
HFLAV i

The analysis of these samples will provide two independent | S |

measurements of R(D) and R(D¥). 02 . R(D)
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Uncertainty projections

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 0.12

| | | |
— _| N 2018 (6.5 TeV): 2.19 /fb e Belle — I Rp
2 gE| *  2017(65:251 Tevy 171 b+ 010/ Belle — II Rp-
= = « 2016(6.5 TeV): 1.67 fb 0.10k \ |
> 8:— 2015 (6.5 TeV): 0.33 /fb —— LHCb Rp
’5 - - 2012 (4.0 TeV): 2.08 /fb LHCb Rp-
o — B . / >
= 7E 2011 (3.5 TeV): 1.1 /fb 2 0.08L — LHCb Ry, |
= = 2010 (3.5 TeV): 0.04 /fb =
— . | He—— ——— m—— — S . W . S———— £ LHCb Rp,
%i = ; = LHCb R,
8 5 :._.,\\,, S s 2 AR AR AP P j (),()(j -
<SR IS NN NN S 5= ) N N B AU SN z
Q = 5
(7] - L
o e o L R . R e S 0.04
© = A
2 = _
S 2.:_ ............... \ \ ...................... , ..................... , ..................... .....................
| = — S T SO S | — S S S— 0.02}
< =
- 0E— i i | | | i I i
2010 2011 2012 2013 2014 2015 2016 2017 2018 0.00 | | | i 1
Year ' 2015 2020 2025 2030 2035
Integrated luminosity: bb pairs produced: ~527% statistical uncertainty reduction
Runi: ~ 3.2 fb™1! e Runi: ~ 2.5x10'! Runi: Oppsy = 0.019
. -1 . 11 )
Runl+Run2: ~ 9.2 fb Runl+Run2: ~ 11x10 Runl+Run?2: glgg%t*) ~ 0.0091
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/meta

|HFLAV R(D) and R(D*) averages|

Moriond Talk by G.Caria (2019

Conclusions and prospects

BaBar had. tag
0.332£0.024+£0.018 T g ———

Belle had. tag
0.293 £0.038 +0.015

2.30 difference in R(D), 3.00 in R(D"), 3.780 combined. —
New Belle preliminary average compatible within 20,

0.2 7(| (l lﬂ ()(l 7

27 +
LHCb hadro!

decreasing the global average to 3.10 away from SM. gw;mg;

0.306£0.013 £0.007 I
SM Pred. average
0.258 £0.005 b

PRD 95 (2017) 115008
0.257 £0.003 E

Potential for NP? we need smaller uncertainties! e 1 @06 [

JHEP 1712 (2017) 060
0.257 +0.005 T

I | I
0.3

With Run2 data:

R(D*)
* Updated measurements with reduced uncertainties B 042- ewar LTI
E C = Belle 2019 SL BTag, T — v v (Preliminary) _:
C —— Belle Combination'2019 (Preliminary) ]
: 0.38F . supredcion o =
» Hadronic R(J/y) S ]
034
e Muonic and hadronic measurements of R(D*1), R(D°),R(DJ), R(A,) =
03F" * (
Staa tuned! 0.26f .

- Tl R(D) gy = 0,209+ 0.003 E
0220 | R(D) sy = 0258+ 0.005

0.2 025 03 035 04 045 0.5
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer18/RDRDs.html
http://moriond.in2p3.fr/2019/EW/slides/6_Friday/3_YSF/1_gcaria_moriond2019.pdf
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R(D*) muonic. systematic uncertainties

Model uncertainties Absolute size (x107%)
Simulated sample size 2.0
Misidentified p template shape 1.6
B — D** (7~ /p~)v form factors 0.6
B — D**H,(— urX')X shape corrections 0.5
B(B — D" v,)/B(B — D*u~v,) 0.5
B — D**(— D*rnm)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**7)u~ v, form factors 0.3
B — D**(D, — 1v)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x10°?)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t™ = pv,w;) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0
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R(D*) muonic: signal discrimination

Arbitrary units

Julian Lomba Castro
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R(] /1/)) muonic. systematic uncertainties

Source of uncertainty Size (x107?)
Limited size of simulation samples 8.0
B — J/i form factors 12.1
B — (2S) form factors 3.2
Fit bias correction 5.4
Z binning strategy 5.6
Misidentification background strategy 5.6
Combinatorial background cocktail 4.5
Combinatorial J/i) sideband scaling 0.9
B — J/ib H.X contribution 3.6
Semitauonic ¥ (2S) and . feed-down 0.9
Weighting of simulation samples 1.6
Efficiency ratio 0.6
B(rt — ptv,w;) 0.2
Total systematic uncertainty 17.7
Statistical uncertainty 17.3
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R(D*) hadronic: systematic uncertainties

Source OR(D*7)/R(D*)[%]
Simulated sample size 4.7
Empty bins in templates 1.3
Signal decay model 1.8
D**tv and D}*7v feeddowns 2.7
D} — 371X decay model 2.5
B — D* DX, B— D*"D*X, B— D* DX backgrounds 3.9
Combinatorial background 0.7
B — D*~ 37X background 2.8
Efficiency ratio 3.9
Normalization channel efficiency (modeling of B® — D*37) 2.0
Total uncertainty 9.1
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R(D¥) hadronic: detached vertex cut

10 E I l | I — | = 1000 | , —
- LHCb simulation - ! ]
B — 7 —~ __ __
10° & Prompt (D*rrnX) ] b 800 i i
— = B Double-charm (D*DX) = s i :
2 B B Signal (D*7v) ] E 600 N
O : - |
= EREI: :
2 . 5 400[ .
Q B - B i
10 g | i
200 |
]. O 1 | | | | L \ L | | , , , , ]|LI"‘_'

-8 -4 0 4 8 12 16 20 500 1000 1500 2000

Azls,, m(w* ) [MeV/c?]

Prompt background reduced by three orders of magnitude
40% of signal retained
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R(D™) hadronic: BDT

T T T | T T T T T T
I ] 0.3 -
R @ F ¢ (b)
s ++ 1 < oasf ‘ E
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