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Testing the lepton flavour universality

The University of Manchester
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Intrinsic to the SM

The only difference here should be the masses of the leptons
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LFU anomalies in B meson decays



LFU in b—sll

The University of Manchester

e Theoretically very clean Ry = 1 + O(1072)

e Experimentally very clean:
e Measured as a double ratio using B¥ — K™ J/w( — £7¢7) decays
BB — K'uu™) 1 BB — K Jly(— (uu))
B BB+ > Ktete™) ! BB+ - KtJ/ly( — (ete))

K

e (Observation of non-LFU would be a clear sign of new physics

Nature Phys. 18 (2022) 3,277-282
|| I | | | | | | | | ! | | | | | | | | I | | | |

- ' . BaBar
: 0.1 <¢q2<8.12 GeV?/c*
[PRD 86 (2012) 02]

E* , Belle
: 1.0 < ¢ < 6.0 GeV¥c*
0,044 [JHEP 03 (2021) 105]
Ry = 0.84670 041 |
e | LHCb 9 fb™
: 1.1 < ¢*< 6.0 GeV¥/ct
[LHCb-PAPEE%-2021-004]
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Lepton Universality in b—clv transitions

The University of Manchester
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Combination ~3.3 standard deviations away from SM prediction
THE

ROYAL
SOCIETY

Evelina Gersabeck, Tests of lepton flavour universality with (semi-)leptonic decays of charmed mesons



LFU tests and tensions

The University of Manchester Image credit Patrick Koppenburg

https://www.nikhef.nl/~pkoppenb/anomalies.html
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What about LFU in charm meson

decays?

Precision tests of LFU in charm decays will be
essential in understanding the nature of these
anomalies

THE

ROYAL
SOCIETY

Evelina Gersabeck, Tests of lepton flavour universality with (semi-)leptonic decays of charmed mesons



MANCHESTER

1824
The University of Manchester

What about LFU in charm meson

decays?

We can probe LFU in charm meson
decays at the BESTT experiment
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About 500 members from 72 institutions in 15 countries.
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Experiment downtown Beijing
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BEPCII @ IHEP (Beijing, PRC)

The University of Manchester

ete~ central collider

CM energy: 2 - 4.95 GeV
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BEPCII @ IHEP (Beijing, PRC)

The University of Manchester

ete~ central collider

CM energy: 2 - 4.95 GeV
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The University of Manchester

time resolution O¢ (barre ps
O¢ (endcap) ~ |10 ps, (65 ps after the 2015
upgrade)

BESIII @ BEPCII

NuclInstrumMeth.A6 14 (2010) 345-399

Muon ID: Muon counters
9 layers of RPC

Spatial resolution 6r¢ = 1.4 cm -1.7 cm

RPC: 9
layers

SC
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

gas: He/ C3Hg 60/40
43 layers
spatial resolution Oy (1GeV/c) ~ 130 um
momentum resolution dp/p (1GeV/c) = 0.5%

Electro Magnetic
Calorimeter

RPC: 8
ayers
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hermetic
barrel lcosBl <0.83
endcap 0.85 < IcosBl < 0.93

Electromagnetic Calorimeter
Csl (Tl) scintillating crystals 6240
energy resolution dE/VE (I GeV) = 2.5%

Spatial resolution Ox (I GeV) = 6 mm

13




Charm meson production

The University of Manchester

- . e DD pairs @ 3.770 GeV
e . C
¢ e (Can produce Dst*Ds- @ threshold but
® Ds+Ds_*(_'Ds_Y or DS_T[O) haS d
e c higher cross section @4.160 GeV
08 | 'BzPDSS o I _
= osf P l _
% 0.4 B L ¢ _
T ,yﬁY B
. Y YV Vv ¥ il
3.90 3.95 4.00 4.05 410 415 4.20 4.25
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Tagging method for charm@threshold

The University of Manchester

e Single tag: fully reconstruct the signal Ds): typically a clean mode
e Double tag:

e Fully reconstruct the tag D(s)taking advantage of kinematic constrains

e Search for the signal mode in the recoil system

@ threshold = full kinematic constraint of the decays

Excellent for neutral and invisible particles
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Tagging method for charm@threshold

The University of Manchester

e Single tag: fully reconstruct the signal Ds): typically a clean mode
e Double tag:

e Fully reconstruct the tag D(s)taking advantage of kinematic constrains

e Search for the signal mode in the recoil system

Typical kinematic variables we use are the

(%) missing Mass, Mmiss, OF Umiss = Emiss = Pmiss
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Absolute BF measurement at BESII|

The University of Manchester

e Possible to measure absolute Branching Fraction

B(D . NDT
(D — (X)fvy) = ——21—
2i tag - (GDT/ Gtag)

e No need to know the total number of DD pairs

e Alot of systematic uncertainties cancel
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R

Collected datasets

The University of Manchester

Optimised for flavour physics in the tau-charm region
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Leptonic and semi-leptonic charm
meson decays



Leptonic and semileptonic charm
decays

The University of Manchester

+ |
I:)(s) | D | %V g % 7
e P
q
f.(q°) q
G}% Vcs(a’) |2 m; 2 AF(D — Plxﬂ+l/ ) GI%| Vc |2
[(D = tu}) = Mm(l— . )m,? b = = — /3@’ p?
87 YN Mp, © dg? 2473

e Test CKM unitarity
e TestLFU

e (Compare decay constants and form-factors to theory predictions
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Lepton universality tests

The University of Manchester

e Essential to understand the nature of the anomalies

e Standard Model Ratios of pure leptonic decays require no input
from theory

+ +
D) | D) |
Vi
2 2
ms \2 )
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Lepton universality tests

The University of Manchester

e Essential to understand the nature of the anomalies

e SM Ratios of semileptonic decays are (O(1), but require form factor-
dependendent phase-space corrections
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LFU results with charm meson
decays



Ds+—#+v decays

The University of Manchester

e Using BESIIl data @ Ecm = 4.178 - 4.226 GeV (6 energy points)

e Double tag with 13 Ds* tag modes

e Allow 1 charged track in addition to tag

e Eventis fully reconstructed including y from Ds*

e Separate v/ Ut sample by energy deposition

e 1 identified through 1ttv decay
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The tag modes for Ds*— ¢+v decays

The University of Manchester

(a) KUK,
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LFU results for the Ds*—£+v decays

The University of Manchester

Simultaneous un-binned maximum likelihood fit to the two-dimensional distributions
of the tag-side invariant mass Min versus Mmiss? for the six Ecm samples.

. 120 total

= L w — = total background

< = . VR B both tag and signal sides
S 2w are misreconstructed

g 8 inclusive MC samples

g g shape

£ 2

Pz

O e . an " '
-0.2 -0.15 -0.1 -0.05 O 0.05 0.1 0.15 0.2 1900 1920 1940 1960 1980 2000 2020
M2, (GeV/c?)? M, (D3 ) (MeV/c?)

R (D} - t7v)
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The University of Manchester

With Ds*—1t+v, decays, T+ e*vev,

e Using data @ Ecu=4.178 - 4.226 GeV

e Double tag with 11 Ds*tag modes

e Eventis fully reconstructed EXCEPT y/m° from Ds* decay

e Yields determined from fits to sum of extra energy in the calorimeter

—
S
S
&

Events / (0.1 GeV)
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_| — Best fit
| ¢ Non-D, background(BG)

| 77 Dt —K'ev, BG
| - - D—=KgBG

] ---- Signal + all BGs

BDF — tHv) = (521£0.10 £ 0.12) %

¢ Data

------- D;—Xe'v, BG

Combined with WA results:

+ + o, .
D —t*(—e*v,V )v_signal

(D} — %)
- ['(Df - putv,)

R = 9.72£0.37

SM prediction of 9.75
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D+—#+v decays 2.93 o' @3.773 GeV

The University of Manchester

PRD89(2014)051 104 Phys. Rev. Lett. 123, 211802 (2019)
MR T | 0 LA UL U B B
1 I
- 409121 events = F°
E S 250
_ > T
z = ©) C 10}
§ 10° = N 20| _ \
= o 1
'*U; i % E -0.2 0 02
s 10 & € 15 T
tf e f 137127 events
§ : 5 10F T
15 3 I
z £ sk
10-10 2 0 0.2 0.4 0.6 ol L I & =S
- 5 : ‘ 03 -02 -0.1 0 o1 02 03
Mmiss [GCV /c ] Mriiss (GeV/cz)Q
First observation with > 5.1 0 significance
BD* — pty,) =(3.71 £0.19£0.06) x 10~ BD* - tty) = (1.20+0.24 £0.12) x 1073

BDT - tH)
R —

= =321 +0.64
HBDt — uty,)
SM expectation 2.66
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MANCHESTER D"'_’r".l"'V decays

The University of Manchester

e Using BESIll data @ Ecm =3.773 GeV
e Double tag with 6 D+ tag modes

e Peaking background: DO—nr+r©

- — Tota - B(DT +

o 80F — Do D7 =Y 91 +0.13
é’ 60F -~ comb _ B(D* — netv)

J i

Z 40} |

5 [ with PDG2020 Average of
2 20\ RB(D' - ne*v)

0 - SM Prediction: 0.97 - 1.00
-0.1 0.0 0.1

ROYAL U s (GeV)
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Events /6 MeV

X

The University of Manchester

D+~ wp+v decays

e Using BESIll data @ Ecm =3.773 GeV

e Double tag with 6 D+ tag modes

e Peaking background: D0— wrt+r©

40 :— —&— Data
— —— Total fit
B - - - Peaking BKG
30 — — Fitted CBKG
- [ ] Simulated CBKG
20 + +
10— +
: A=
5E . | |
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Umiss (GeV)
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with PDG2020 Average of
B(DtT = we™v)
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DO p-pr*v decays

The University of Manchester

Events / 0.004 GeV?/ ¢4

60

80—

40

20

Using BESIIl data @ Ecm = 3.773 GeV
Double tag with 3 D° tag modes

Peaking background: DO— om0

¢ Data
[ Total fit
= Signal
[ e Peaking BKG
| === Fitted CBKG
| [ Simulated CBKG

RBD° — p~uty)
B(DO = p—ety)

=0.90x0.11

with PDG2020 Average of
RBD" — p~etr)

<2 0} bosbbe Mhaabebbabbed bttt b0t FURA RN T T N I AR ST : : .
SE e S S AR SM Prediction: 0.93 - 0.96 from
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D—-n/+v decays

The University of Manchester

e Using BESIll data @ Ecm =3.773 GeV

e Double tag with 3 D% and 6 D- tag modes

M/ e ratios

3 D’— w1t , - Daa 1QED D' n'l'v
o = i) AT/AqQ” (=€) == =
S 4 - AT/AQ? (I=p) —4—  +HH-
q, T . 1
9 | » RLFL‘ I
.2 -’
= 27 *
o _ |
S 1
-
<

1.5 -
2 I
Q:_' —+ - = -l-

0.5 _ , : .

0 1 2 0 1 2 3
ROYAL A(GeV7/c?) P(GeV7/c?)
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The University of Manchester

Overview of LFU results with charm
meson decays

Mode Measured B (¢) /B (¢") | SM Prediction

DT — v 3.21+0.77 2.66

DI — Zu 9.72 4 0.37 9.75

DV — p~ By 0.90 +0.11 0.93 — 0.96
DT = kv 0.91+0.13 0.97 — 1.00
DT = wly 1.05 +0.14 0.93 — 0.99
DT — 0Ly 0.964 + 0.045 ~ 0.985
DU — 7T Ly 0.922 £ 0.037 ~ 0.985
DV — KTEy 0.974 £ 0.014 ~ 0.970

Credit AIeleiIman

Values deviate from | because of the
different available phase space

e No tensions with the SM expectation within the current precision
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The University of Manchester

SL charm baryon decays

BQY-Q~u*v)
BEOQI—Q e ')

—0 =

BE—-E u*v)

BE'->E"ety)

BAF =A%)
BAF —>AVe 1)

LFU with semileptonic charm meson
and baryon decays overview

SL charm meson decays
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Image credit Adam Davis



Conclusions and prospects

The University of Manchester

e No evidence for LFUV in leptonic/ semileptonic charm decays
e (Collection of ~20 fb-'@ Y (3770) well underway @ BESIII

e More detail on future prospects in BESIII white paper: Chin. Phys.
C 44, 040001 (2020)

e EXxciting prospects from Belle Il, LHCb, and in a longer term from
the future Tau-Charm factory
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e Upgrade of BEPC

e (started 2004, first beams 2008)

e Beam energy 11t0 2.3 GeV
e Optimum energy 1.89 GeV
e Single beam current 0.91 A

e Two ring machine

e Design luminosity is 1033 cm-2 s-1

e Achieved in 2016

e Run: Typically 5-6 months per year
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BEPCII: e+e- collider
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and the theory

Comparing with the other experiments

BESII white paper arXiv:1912.05983

[ [ | [ [ [ | [ [ [ I [ [ | [
FNAL/MILC  PRD98,074512 | 249.910.A o)
RBC/UKQCD JHEP1712,008 246.4+1.3"7 o
RBC/UKQCD PRD92,034517 254.0+2.0+4.0
ETM PRD91,054057 247.2+4.7 -OEO-
FNAL/MILC  PRD90,074509 249.0+0.3"'] a
FNAL/MILC  PRDS85,114506 260.1+10.8 S O
HPQCD PRD82,114504 248.0+2.5 O
CLEO PRD79,052002, t,,,v 252.8+11.2+5.5 :se-.
CLEO PRD80,112004, <, v 258.0+13.345.2 ————
CLEO PRD79,052001, ©_v 278.3+17.6+4.4 ————
BaBar PRD82,091103, <,,, ...V 244.61+9.1+14.2 -

Belle JHEP1309,139, 7,,, .., »V 262.2+4.8+7.4 ==
BESII PRD94,072004, uv, T v 241.0+16.316.6 e——e——f—
CLEO PRD79,052001, pv 257.6+10.3+4.3 e
BaBar PRD82,091103, v 265.9+8.4+7.7 e
Belle JHEP1309,139, pv 249.8+6.6+5.0
BESIII PRL122,071802, pv 252.9+3.7+3.6
BESIII Expected (6fb™), pv 252.9+2.7+3.0
| | | I | | | | ']l | | | | T | | | | |
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FNAL/MILC  PRD98,074512 212.7+0.6
RBC/UKQCD JHEP1712,008 208.7+2.8"%
ETM PRD91,054507 207.4+3.8
FNALMILC  PRD90,074509 212.610.4"')
HPQCD PRD86,054510 208.3+3.4
FNAL/MILC  PRD85,114506 218.9+11.3
CLEO PRD78,052003, uv, T v 206.8+8.7+2.5
BESIII PRD89,051104, j1v 203.8+5.2+1.8
BESIII Expected (20fb™"), pv 203.8+2.0+1.5
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BESII white paper arXiv:1912.05983

I | [ I I I [ I I I | [ I I I | [ I I I I I T T T T T T T T T T
SM fit PDG18 0.97359+0.00011 .
DELPHI PLB439,209, W*—cS% 0.94+0.32+0.13 ———————————
PDG PDG18, D—KI'v 0.975+0.007+0.025 O SMfit PDG18 0.22438+0.00044
CLEO PRD79,052002, D! -1, v 0.981:0.043+0.021 =
CLEO PRD80,112004, D} —1 v 1.001:0.052+0.020 ==
CLEO  PRD79,052001, D 1,V 1.080+0.068+0.016 —— PDG  PDG18, D™ —xOry 0.214+0.003+0.009  e—C—
BaBar  PRD82,091103,D’—t, ..V 0.949+0.035:0.055 ==
Belle JHEP1309,139, D! -7, v oV 1.017+0.019+0.028 =e=
BESIl  PRD94,072004, D —puv, © v 0.936+0.063+0.025 ——— cLEo PRD78,052003,D"—uv, t_v  0.218+0.009+0.003 —_—
CLEO PRD79,052001, D —pv 1.000+0.040+0.016 ==
BaBar ~ PRD82,091103, D —pv 1.032+0.033+0.029 =os
Belle  JHEP1309,139, Di—uv 0.969:0.026+0.019 - BESII PRD89,051104, D' —pv 0.2150+0.0055:0.0020 e
BESIII PRL122,121801, D —n'e’v 0.917+0.094+0.156 ——
BESIII PRL122,121801, D] —ne"v 1.031:0.012+0.080 o
BESII PRL122,011804, D°—K v 0.955:+0.006+0.024 e BESHI  Expected (20fb™), D*—spv 0.2150+0.002+-0.0017 —o—
BESIII PRL122,071802, D} —pv 0.985+0.014+0.014 -
BESIII Expected (6 fb™), D*—>pv 0.985+0.010+0.012 -
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