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{484  Lepton Flavour Universality

In the Standard Model (SM) quarks and leptons exist in 3 generations of 2 members
each. SM assumes Lepton Flavour Universality (LFU):

* the equal gauge couplings for all 3 generations

* difference is only due to mass

LFU is established in the decay of light mesons, e.g. m — £v, K —» ¢, J/U - £4

LEP measurements of decays W — £v and Z — £4 confirm LU, however there is
some tension in W — tv

Some SM extensions include particles that can cause LUV and/or LFV (e.g. LQ, Z')

Processes with 3™ generation of quarks and leptons (B and t) are prominent for
LFU violation search:

* Lower experimental constraints

* Stronger couplings to 3" generation predicted by BSM theories foreseeing
LFU violation



e LFU in b decays

Ve

b —ctv
Tree-level decays b — cfv /
* abundant ot
* very well known in the SM Fﬁ
* BSM theories predict enhanced b ¢
B { } D/D*
coupling with 3rd generation — q q
— interested in testing T against p / e
d - d
H_f"_
Loop-level decays b — s€7¢" B o N K
/ i,e,t 11
* forbidden at tree-level in SM p———e - -
* sensitive to NP contributions in loops = )
b —stl ’
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LHCb performance

Acceptance: 2<n<5

Momentum resolution: 0.4 — 0.6% at 5 — 100 GeV

Muon ID efficiency: 97 % with 1-3 % 11— 4 mis-1D probability

Electron ID efficiency: 90% with 4% h — e mis-ID probability LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

S Sy

LO Hardware Trigger : 1 MHz

Kaon ID efficiency: 95% with 5 % 11— K mis-ID probability

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 219 /fb
- 2017 (6.542.51 TeV): 1.71 /b + 0.10 /b
- 2016 (6.5 TeV): 1.67 /b

2015 (6.5 TeV): 0.33 /fb

readout, high Et/Pr signatures
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K% LFU in semileptonic b decays

Ve

/ dl’
. + (B s be') X G%*|Vcb|2f(qg)2

- T -
dq?
Fﬁ;:= (Pg— Pg)z \
b ¢

B { } p/D* q? = transferred
q q momentum from the W

Measurement of ratios of branching fractions allows to

e cancel |V | dependence

* partially cancel out model uncertainties

* reduce experimental systematic uncertanties
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e SM prediction of R_,

T

Y
»
Y

b 3 c
R0 *++—i5._) SM S
Rp« = B(B—=D*t+ ;)

= gEoop,. 5, — 0.258£0.005 v
HFLAV average
I_

— Hadronic uncertainties cancel to large extent in the ratio

— Difference from unity due to different lepton masses

* First deviation from SM was observed by BaBar and Belle

* LHCb performed two independent measurements using
- T = wvy  [PRL115 (2015) 111803]

— T = gy [PRD 97 (2018) 072013]



o R_. in muonic t decays

* T reconstructed by v - w v, v,
* Both channels have the same final state (Kmttw)

* Separation using three kinematic
parameters:

-E° =E_ in B rest frame
g mzmiss . (pBO_pD*_pM)Z

g q2 = (pBO_pD*)Z

e Approximate p, using
- B flight direction
g (p BO)Z - mB/mreco (preco)z
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Candidates / (0.3 GeV*/c™)

Pulls

Phys. Rev. Lett. 115, 111803 (2015)

R.. In muonic Tt decays

* Yields are extracted with a 3D binned ML fitin E°, m? ., g

* Templates for the signal, normalization and backgrounds are
obtained on MC and checked against control samples

9.35 < ¢ < 12.60 GeV/c* LHCb_:
2 O % W 6 Bl
m-. (GeV°/c")

miss

Candidates / (75 MeV)

—— Data

B B > D*tv

B B —» D'H.(— X)X

B B > D" lv

B B > D'uv
Combinatorial

= Misidentified u

e
500

spmsysafenguansogeemeadinapoapiap
1000 1500

..z,’t.}l.[.m..}...-“. .2_5{}0
E,* (MeV)

* R,. = 0.336 = 0.027 (stat) £ 0.030 (syst) 20 above SM

* Main background: Partially reconstructed and mis-ID decays
* Main systematic: Size of the simulated sample

Runl: 3.0 fb! o




e R_, in hadronic T decays

T reconstructed by T — mwww” v_independent from R, muonic

4% Drecisi
R B(BO — D*_T+IJT) B(BD — D*_?YW) (BABpﬁg,I%Z?Ie,LHCb)
D*x — .
B(B® — D*~3r) B(B— D* i v,
N\ e——
measured ratio /IC(D* ™) external inputs

~2% precision, HFLAV

* Partial cancellation of experimental systematic uncertainties

* Main background:

* B’ - D'mnX, suppressed with t decay time, t_

*B - DD X, suppressed with BDT
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o R.. in hadronic t decays

Yields are extracted by a binned ML fit on q°, BDT and t_

LHCb

60F 4 Data

r —— Total model
SOF mmB > D 1V,
405_ B—=D"tv,

30 F . B - D" DI(X)
' 30 EMB — D D(X)

20k E BB — D7 3xX
. 20 W@B —> DD (X)

I Comb. bkg

S

Candidates / (1.375GeV?/¢%)

Candidates / (1.375(}&\/%’ ch)

10f

0 0.5 1.0 1.5 2.0 0 2 4 6 8 10
t [ps] g2 [GeV*/ 4]
*R,. = 0.291 = 0.019 (stat) £ 0.026 (syst) = 0.013 (ext)
lo above SM

* Main systematic: Size of the simulated sample

Runl: 3.0 fb-l Phys. Rev. Lett. 120, 171802 (2018) 11



R_. results

g\ I | | | | I I | I I I I | I I I I | I I I ]
e, |~ [] HFLAV average sz = 1.0 contours
0.4 — —
| LHCbIS5 _
i BaBarl2 q
0.35 = —
i LHCbI8 al
0.3 = =
0.25 — T Belle19 N
I Bellel?7 1

02— -+ Average of SM predictions HFLAV
B R(D) = 0.299 +0.003 | Spring 2019 |
I R(D*) = 0.258 +0.005 PO =27% |

1 | 1 1 1 1 | | 1 1 1 | 1 1 1 1 | 1 1 1

0.2 0.3 0.4 0.5

R(D)
* LHCb average: R, = 0.310 = 0.016 + 0.022 2.2c above SM
* Measurements of R, and R, are consistent with each other

* Combined result is 3.1 ¢ above SM prediction



s SM prediction of R,

Test of LFU in b - cfv decays ¢ . c
with a different spectator quark Bj

using large B*_sample available b ) ‘\\ 4 C
at LHCb s

B(Br—J/vr v

- ) SM
Rije = BBt ) " 1025, 0.9

Interval is due to form factor uncertainty [PLB 452 (1999) 129]
[arXiv:hep-ph/0211021] [PRD 73 (2006) 054024] [PRD 74 (2006) 074008]

Lattice calculation is in progress
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S R, results

T reconstructed by T - w v, v,
Analysis strategy as in R, + t_as 4" discriminating variable

r::; SGDUE— .- —
O 4000
‘%SGDDE—
LE zunni—
;':% mnuf—
5 100
E_D: ______ZIIIII"'IIZZ:::::""ZIIZZZIZZI____:IIIII::I_:
B ’ !?]Zmiss [Gvec"]ﬂ o 1 'Edeca}r time [ps]
—}— Data
Main backgrounds: B — J/Ap + mis-ID hadron Mis-ID bkg.
Systematic: MC sample, B* _ Jap form factors ¥ comb b
y y ple, b - P B: — x (IP)"v,
R, = 0.71 + 0.17(stat) = 0.18(syst) = g{ *»ﬂ%f"f
[ _) JLL-'-VJH
Phys.Rev.Lett. 120 121801 (2018) - /411 comb. be.
First evidence (30) of B* - JAp " v_ B 5. — J/yH.

Runl: 3.0 fb B B - yRsIy,



s LFU tests in b - ste

b — s€7¢ are FCNC processes B ( K
that can only occur at loop-level o \ o
in SM b t ;S
‘. . ‘I{_I/_ ) ’ B
Measure RK(*) in bins of g°= m*(u*w) 1LL"L< s
B(B— Ku™ ,u+
— Kp™p— ) SM — —
RK = B((B—:~ Kiﬁri—)) — \(-9—(13-—3-2“ ?_({9_22 [EPJC76(2016)8,440]

neglect my QED effects

Use double ratio to reduce systematic effects:
B B(B— Kutpu) B(B— K (J/{—ete™))
0 “B(B— K(J[voptu)  BBoKee)

R

15



o R, measurement

Phys. Rev. Lett. 122 (2019) 191801
Combination of K* with 2 opposite-sign leptons

Bremsstrahlung correction for electrons
Veto b - c¢ by requiring m(K* I) > m(D°)

Selection using Boosted Decision Tree with 13 kinematical variables

— 257 100 —25 10°
% ; L | LHCb
’ > [
L - | 4
3 20, 10 i 20¢ 10
g oY
15 10° I5E 10°
10 10° 10 10?
B i 10 5 10
0 S SRy SRl | L | sl )
50 52 54 56 58 6.0 46 48 5.0 52 54 56 58 6.0

m(K* 1) [GeV/e?] m(K*ete") [GeV/cY] 1



e

Qo 350 =5 ~
= LHCb RS
2 300 — Data >
= ssob — Total fit =
- o O Total Ry = 1 =
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s - 4
S 100F =
& B S
SO0E @)
0 ----- | — P+
5200 5300 5400 5500 5600
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Decay Mode Event Yield
BT — Ktete~ 766 = 48
BT — Ktutpu~ 1943 £ 49

Bt — Jhp(— eTe")KT 344100+ 610
Bt — Jip(— ptp~)K+ 1161800 1100

Runl+Run2: 3.0 + 2.0 fb!
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R, fit results

LHCb

—4— Data

—— Total fit

wnnn 'TOtAl Ry = 1

...... B Ktete

BB —>Jyee )kt
B Part. Reco.
Combinatorial

e
ta
-
LT

---------

5000 5500 6000
m(K"ete™) [MeV/c?]

Simultaneous unbinned maximum

likelihood fits:

 Signal: Gaussian core with power-law
tails

« Combinatorial background: exponential

« Partially reconstructed background from
simulated B — K* [*|

Phys. Rev. Lett. 122 (2019) 191801 17



R, result

= | LHCb
1.5 — L
1.0 } ----------------------
[ —
— —
- = BaBar Using 2011 and 2012 LHCb data, Rk was:
0.5 — a Belle
i Rk = 0.74570079 (stat.) & 0.036(syst.),
B e LHCb Run1 + 2015 + 2016
0.0 oo v v b v by 1y s sl ~ 260 from SM (PRL113(2014)151601).
0 5 10 15 20
7 [GeV/ A

Rk = 0.846 T30 (stat.) 90 (syst.) | ~ 2.5 from SM.

Dominant systematic uncertainties:

Fit shape, trigger calibration, B™ kinematics.
Runl+Run2: 5.0 fb! Phys. Rev. Lett. 122 (2019) 191801 18



Measurement of RK*

5 ' = 1
P o 21(; LHCb
- >
2 Q 16
O O 1
= N 1

!

10

e . -t P T . T e I s |
4500 500 53500 6000

m(K*mete”) [MeV/c?]

LHCb i LHCb
...... B' =K ut - 30 . T
Combinatorial 25 Combinatorial
20 B—Xe'e"
15 ] BU—’KKDJ/’L}J

1.1<q?<6.0 [GeV/ Y] [.1<g?<6.0 [GeV?/cY

al IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Pulls Candidates per 34 MeV/c?

Pulls Candidates per 10 MeV/c?

2
N l l =
s g e B e e e e O [ e e T N
5400 5600 53{]{)__ _4?5(—)0 5000 5500 6000 }
m(K* - u*u) [MeV/c?] m(K*me+e~) [MeV/c?]

Runl: 3.0 fb'! JHEP 08 (2017) 055 19



R.. results

o | = 15} T .
E |_ | | n |
- ® LHCb LOF i | { B
041 v CDIMY . g4 -
- EOS . 0.5 @® LHCb
0.2 ;— LHCH : féav,lo—; ; LHChH [ | gziar E
RS T
¢ [GeV? /e ¢ [GeV? /']
B 0.661 0 37(stat) 4 0.03(syst), at low g° (~ 2.20 below SM)
K* =
0.6970-53(stat) £ 0.05(syst), at central > (~ 2.40 below SM)
BIP [EPJC 76 (2016) 440]
* Most precise measurement to date v CDHMV [JHEP 04 (2017) 016]
EOS [PRD 95 (2017) 035029]
* Compatible with BaBar and Belle § i ERIE O LG Bl

¢ JC [PRD 93 (2016) 014028]
m BaBar [PRD 86 (2012) 032012]

* Statistically limited by the electron sample %2 [PRL 103 (2009) 171801]

Runl: 3.0 fb? JHEP 08 (2017) 055 20



% Prospects for LFU tests at LHCDb

LHCD aims to perform complementary LFU tests:
*b - clv transitions:

~ R R R and others

Ac(*y’ T D(¥) ? T Ds(*)
*b - udv transitions:
- R = B(B* - ppt v) / B(B* - pppv) and others
*b - sf? transitions:

- R ,R

K*+ b

R _,R ,R R, direct fit to AC "¢ and others
TUTC pK [0) AN 9

= Update of R

improvement on both statistical and systematic uncertainties.

= Rp. and Ry with Run 2 data is currently on-going. Expected

21



%Z_\a Conclusion

~ Tests of LFU in heavy flavour physics present a tension with the SM
predictions on ratios of branching fractions in both b - cvand b - s8*¢-

e 3.1o tension in R and R, when combining BaBar, Belle and LHCb

 2.50 below SM prediction in R_ . at central g

K(*)

~ Anomalies in both b - cfv and b - s€78€- decays could be described with same
New Physics models.

~ Looking forward for contribution from theory community.

> LHCD continue testing the LFU hypothesis. Please stay tuned!
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% Efficiencies and corrections

* Efficiencies calculated from simulation corrected with data:

B* kinematics corrected with B* - Jhp[u*u] K*

Trigger efficiency corrected with tag-and-probe B* - Jhp[¢*] K*
Particle identification calibrated with data [EPJ T1 (2019)6:1]

g2 resolution corrected based on m({+£) of the Jhp peak

6 6
o 65 o 55EL0
~ = E
JQ 6o LHCD — Before calibration :\\ 6o LHCDb — Before calibration
D 55 = ; — After calibration X ssE — After calibration
o I E
N soF Pl (1] =
] N SE
S E T L e B -
T 40F — S 40F T—
- g O ey g S e b i
Q 35F +  35F
2 - <o -
30 e = 30 =
25 3 N N L | . 1 L N | 1 1 L i i L L f 25 3 L 1 L N | L L L L | N . L L | 1 L N
0 5000 10000 15000 0 5000 10000 15000
p(B") [MeV/c] p(B") [MeV/c]

Overall effect of corrections on R, ~0.02 24



Cross checks

_ BEoJ/putuKY)
b = BE o) moete k) = 1.014 £ 0.035 (stat + syst)

< 4L LHCb simulation s s LHCb simulation
g 7 hh B*— K'e*e s [ - B*— K*ete”
g + e
.-§ _____ B+—) K+ﬂ+ﬂ_ % : .,..B+_)K ﬂ ‘Li b
R — B* > J/y(e*e)K* g 1r g,
< 05 s = B*"= J/y(uu)K
0 —B*> J/y(u'uw)K* O 3
% 05[) |
0 ol
ek L1 PR P
= 2
o LHCb 3 LHCb
~ 105 < (e
g- E‘l 0s i
— S : ‘
1 + +__T' T s ) e e R R 1
+ ‘}' s ] TS
0.95- 0.95-
0-9_III.I..'IIIIIIIIIIIIIII' _lllllllllllllll.llllllll
0 0.1 0.2 0.3 0.4 0.5 09571000 2000 3000 4000 5000

dilepton opening angle [rad] min(pT(l+), pT(l‘)) [MeV/c]



Cross checks

Dependence of R, on kinematical variables (2D)

AN _’E‘ 030_ = \
S S i LHCb
S 11 LHCb = 0.25F m e lati
i = : Q\\E\ simulation
IV X
1.0 ?’— YWeliele SRS NS00 AR + ...... _.I_, ........................... + ........ 0.15 _
I + ++ + + + O.IOE- \
! : NN
0.9 0.05F ¢
-II2I3I4I516I?I819I10111I12I13114I15116 OOO— 4'0 S 4I5 = SIO o SIS
max(p(!"), p(I")) X a(l*, I) bin number log (max(p(l"), p())
Double ratio of Branching fractions:
B(B* > p(2S)(- pu*u”)K') B(B* - P(25)(—> eTe™)K™)
Rooer = = 0.996 + 0.01
V@) = BB I KT | BB S I e IKT) | e
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% Angular analysis of B® - K®u*w

NP models which explain the observed discrepancies in the measurement
of R(K(*)) w.r.t SM predictions, foresee anomalous behaviors also in the

angular distribution of the decay B° - K™ u*u

Decay amplitude can be
described using g* and

three angles: 0, 6., ¢:

27



% Decay amplitude of B° - K®u*

1 d4(r+r) — 1 — F 0 9 9
d(r—l—r)/dqz dﬂdq 327:' [ ( )Sln k + F | COS k

+Z(1 — F;)sin? 6, cos20, — _ cos® ), cos 20,

+ 55 sin? B sin® 0, cos 2¢ + Sa sin 20, sin 20, cos ¢
+ 55 sin 20, sin By cos ¢ + i~ o sin® 0, cos @

+ 57 sin 2f9k sin By sin @ + 55 sin 20, sin 20, sin ¢
—I—..;f"f»}ﬁ sm Qk SII‘I2 Qg Sin 2:;35],

Phaot: a1 e
cnhanceme thr an ('7)

. T T r | T T T I
s | |E g
: =2 - J hs (28] Broad charmoninm
= 3: TG : resonances [above the
— e apen charm threshold)
-
Pak

C

Sensitivity to
(. 'I_] i]“ll { r].[|
—>
CKM suppresssd

" ]igllt—qllurli FeSOTLAaLLCeS

Sensitive to €7 (7% phas "‘l"\

SUppPression

interference
- ¥
l 4 s L 4 | A L 4 A l

0 5 10 15 20
< ncr 'el:iillu hadronic recol q2 [Gev 2] 28

ncreasing dimuon mass =




iy

* Angular observable:

- n

R,

* LHCb measurement
differs by 3.40 from
the SM prediction

* Can be explained by
- SM charm-loop

1

0.5

effects (cannot explain g 5

tension in R )
- New Physics

The P_." anomaly

P = Ss/+/FL(1— Fr)

JHEP 02 (2016) 104

SM from DHMV
® LHCb Run 1 analysis

1T

SRS S
L1 i 1 | L1 1 1

| | | | | | |
10 15

g2 [GeV?*/c4
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{48%  ATLAS and CMS results on P,

- Ly | 1 I 1 | I I I I I I I I 1 I | I I I | I ]
O 2 ATLAS {s=8TeV, 203 b
- Preliminary —o— ATLAS .
15 —s— LHCDH -
= —— Belle -
- SFFMPSY it ]
1= [ theory DHMYV
B theary JG ]
05— l —:
0 -
~0.51— -
—1= =
[ N T NN N TR TR KNS SO TR SN N R T SN N R TR NN |

0 2 4 b 8 10

q? [Ge V]

ATL-PHYS-PROC-2017-233
arxiv:1710.11000 [hep-eX]

- 15 CMS Preliminary 20.5 b~ (8 TeV)
Q. B ] ( SM-DHMV )
C [ ] ( SM-HEPfit )
1= —a— CMS
7 —e— LHCb

—— Belle-preliminary

=

i

0.5

0

-0.5

1

III!|IIII|lIII[III

- 1 1 1 I L1 1 | 1 1 1 | L1 1 | | B 1 1 1 | 1 1L 1 1 | L1 1 | 1 1 1 I 1
1'50 2 4 6 8 10 12 14 16 18 20
g2 (GeV?)

CMS-PAS-BPH-15-008

ATLAS measurement differs by 2.7c0 from the SM prediction
CMS results are consistent with SM prediction and other

measurements
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e

B factories
e*e - Y(4S) -~ B'B(B°B?)
* Reconstruction of other B

* Clean signal but low efficiency

LHCb
* Large boost, flight direction
determined by PV & SV

* Huge B production

Measurement of RD*

31



e R_, in hadronic T decays

Main systematic uncertainties due to:
* Size of simulated sample

* Shape of the background B - D™D "X

* D, X decay mode. BESII future measurement will

reduce it. Improvement as well of the upgraded ECAL
* Branching fraction of normalisation mode B° —» D" m*mrnt* known
with ~4% precision. Belle II can measure it precisely

(o)
o
o)

180 ® Data T
160 === Total model (a)
B° > D" D;

140
120
100

B 3> p" D
B° — D" D**(2317)
B° s D* D} ,(2460)
B** —» D™ OD; X

o0
)

Candidates / ( 24 MeV/c?)

60 B, > D" D; X
40 Comb. bkg.
20

o

5000 5500
m(D* ) [MeV/c?]
Phys. Rev. Lett. 120, 181802 (2018)

4000 4500

2

2

2

2

Candidates / (10 MeV/¢?)
=

— — —
-~ LHCb 2 | I
[ Dt ]
:— Dominated by —:
- D jf-»mmmX 1

. . . . ° l . . . . | . . . . III."";

900 1000 1500 2000

m(wta ) [MeV/c?]
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