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Heavy Quarks and Open-Flavour Hadrons

» Weak interactions of quarks are the only SM processes that
allow for changes of flavour and generation

» Probability of an up-type quark transitioning to a down-type
quark governed by elements of the 3 x 3 unitary
Cabibbo-Kobayashi-Maskawa (CKM) Matrix

» Hadrons containing a heavy quark (mq > Aqcp) and
other-flavoured quarks have minimal strong interactions
between constituents

» Open-flavoured mesons Q) provide (relatively) simple testing
bed for strong and weak phsyics — light quarks ¢ "spectate”
decays of heavy quark @
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What can we learn from (semi)leptonic decays?
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» Charmed hadrons provide a rigorous testing ground for our
understanding of heavy-quark physics and provide:
> Test Electroweak theory: e.g. unitarity of CKM Matrix with |V.4| and
|Ves]
» OR Test QCD predictions of fp. and F;(g?)
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What can we learn from (semi)leptonic decays?
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» Charmed hadrons provide a rigorous testing ground for our
understanding of heavy-quark physics and provide:

> Test Electroweak theory: e.g. unitarity of CKM Matrix with |V.4| and

|Ves|

» OR Test QCD predictions of fp. and F;(g?)
» Test lepton universality in the charm sector

A. Gilman

U. Oxford

(Semi)Leptonic Charm Decays University of Warwick



Introduction
00®000000

What can we learn from (semi)leptonic decays?
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» Charmed hadrons provide a rigorous testing ground for our
understanding of heavy-quark physics and provide:
> Test Electroweak theory: e.g. unitarity of CKM Matrix with |V.4| and
“/CS|
» OR Test QCD predictions of fp. and F;(g?)
» Test lepton universality in the charm sector
» Semileptonic decays provide laboratory for light meson physics
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CKM Unitarity from Open Charm as of 2021

Vaal Vsl [Vusl 0.97435(5) 0.2250(2) 3.67(9) x 1073
[Vea|  [Ves| Vel | = 0.2249(2) 0.97352(6) 41.5(5) x 1073
Vial  |Visl |Vl 8.52(7) x 1073  40.7(5) x 1073 0.99914(2)
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Experiments that contribute to SL Charm Measurements

CLEO-c

BESII

» Symmetric eTe™ » Asymmetric ete™
> /s: 10.8 GeV

» Charm collected through bb
decays and cc

Belle, Belle II

> /s 2.0—5.0 GeV

» Charm collected through
pair-production near threshold
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» Construction Phase from 2004-2008
> Upgrade from BEPC and BESII
» First Data Taking in 2009
» ~500 members representing
75 institutions from 15 countries
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Beijing Electron Spectrometer 11l (BESIII)

SC magnet

Muon Counter Hermiticity: 93% of 4
MDC: op/p = 0.5% at 1 GeV

ToF: 0 = 80 ps

EMC: og/E : 2.5% at 1 GeV
Superconducting Solenoid: 1T
9 layer RPC Muon System

vV V.Y vV Vv VY

Some notable differences with a
typical LHC experiment:

» Low boost = (almost) no
displaced vertices
. 9 g » Momentum of final state
CsI(T1) calorimeter particles in the lab frame:
50 — 1500 MeV/c
» cte~ leads to very clean
environments

A. Gilman U. Oxford
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Event Reconstruction

» Particles with long enough lifetimes for BESIII to directly detect:
» Charged: et, put, 7%, K+, p
> Neutral: v, n, K9
> Displaced: K3, A

Simulated DT D event
A. Gilman U. Oxford
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Datasets

» CLEO-c: Data collected until 2008
- Dt© 082 bt @ E.,, = 3.77 GeV.
- DF 057 fb ! @ E,,, = 4.170 GeV.
» BESIII
- Dt® 293 fh~! @ E,,, = 3.773 GeV. Collected in 2011
- Df 632! @ E,, = 4.178 — 4.230 GeV. Collected in
2013-2017
» D{ collected through D+ D7, Dt — ~/7°D} due to
higher o (ete™ — DT D)

» BABAR: Data collected until 2008
- ~ 0.5 ab™" near Y(49)

» Belle: Data collected until 2010
— ~1ab™" near Y(45)

A. Gilman U. Oxford
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K-

Double Tag Method @ BESIII f K

» Reconstruct D through clean decay mode (the tag)
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K-

Double Tag Method @ BESIII f K

» Reconstruct D through clean decay mode (the tag)
» Search for signal process of the D and determine Nsignal with

2 _
Mmiss or Uniss = Emiss — Pmiss
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K-

Double Tag Method @ BESIII f K

Ds~

y(@®)

Nsignal/€Tag & Signal
Ntag/€Tag

» Reconstruct D through clean decay mode (the tag)

» Search for signal process of the D and determine Nsignal with

M2

m

B(Ds — signal) =

iss OF Umiss = Emiss — Pmiss
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K-

Double Tag Method @ BESIII f K

Ds~

y(@°)
NSignal/ETag & Signal
NTag/eTag
» Reconstruct D through clean decay mode (the tag)
» Search for signal process of the D and determine Nsignal with
M,

» Advantages: Don't need to know N5, removes large component of
backgrounds, allows access to recoil variables

B(Ds — signal) =

iss OF Umiss = Emiss — Pmiss

A. Gilman U. Oxford
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D — v,

eUsing BESIII data @ Egjy = 4.178 — 4.226 GeV

eDouble tag with 13 D7 tag modes B (Dj — T+V) = (5.21£0.25+0.17) %

oAllow 1 charged track in addition to tag B (D* N lﬁV) = (5.21+0.13 £ 0.16) x 103
eEvent is fully reconstructed including v from D} s . .

eSeparate 7+ /ut sample by energy deposit Most precise determination to date

o7 identified through 7 v decay

PRD 104(2021)052009

Number of events/0.02 (GeV/c?)

e, URT 1 Slg Wi
%3 075 01 005 0 005 01 015 02 1000 1920 1940 1960 1980 2000 2020
Mias (GeVic™) M, (D) (MeVic?)
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Heavy Quark and CKM Physics
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+
D — TBW

eUsing data @ Egjy = 4.178 — 4.226 GeV

eDouble tag with 11 D tag modes

oEvent is fully reconstructed EXCEPT ~/7% from D} decay

eYields determined from fits to sum of extra energy in the calorimeter

PRL127(2021)171801
T T + Data
% 1000 T:isr:-rl;‘;hackgmnnd(li(;)
3 oy
- -
S 500 mlg_ffrl‘(flel‘l‘;z?msignﬂl
PR B(D — m+v) = (5.21 £ 0.10 £ 0.12) %
z o e Most precise determination of fp,
0 05 1 15 2 Close third for |V_4| after
tot _
Ee(;(tra (GCV) DO - K €+//,L+V

U. Oxford
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Heavy Quark and CKM Physics
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Status of fp, and |V,

Inputs: Inputs:
|[Ves| from 2021 CKMFitter fp, from 2019 FLAG Ny =2+1+1
FP~E from PRD104(2021)034505
Experiment Average Experimental
BESIII 2021 D} ~ 7v Average
BESIN 2021D; - 7,v BESIII 2021
Df > Ty
BESIIN 2021D; - 1,v
BESIIN 2019 D} - v BESII 2021
Di - t,v
HFLAV 2016 Average ——
BESIII 2021
BESII 2016 D} — v D} - t,v
Belle 2013 D} — v H——— BESII 2019
BABAR 2010 D — v ——— Dy > pv
BESIII 2019
D° - K*uv
! BESIIN 2017
BABAR 20100 v D* - Kev
CLEO 2009 D} - TV H———H HFLAV 2016
FLAG 2019 Avg. ol Avg. e e
Ny=2+1+1
FLAG2019 AVG. Ny =241 o 2020 PDG
FLAG 2019 Avg. Ny 72 Constrained ¢
A S e N R B e )

220 230 240 250 260 270 0.9 0.93 096 0.99 1.02 1.05
for (MeV) |Vcs|

D}
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Motivations for studying inclusive D — Xe'wv,

» Constrain branching fractions for unobserved decay modes

> ?Eggi = 0.813 4+ .007 shows significant deviation from spectator model

predictions?, since D° = ¢ and DI = ¢35

(D —»Xetve)
T(D0—Xetw,)

Standard Model predictions® range from = 0.813 — 0.886

Positron momentum spectrum from DI — XeTv constrains effects of
non-spectator effects® in determination of |V, ()| from B — X, er, which are
in long-standing tension with exclusive determinations of [V, (.|

?M.B. Voloshin, Phys. Lett B 515 (2001) 74-80
M. Gronau and J. Rosner, Phys. Rev. D 83, 034025 (2011) D. King, A. Lenz, M.L. Piscopo, T. Rauh, A.V. Rusov, C. Vlahos, arxiv:2109.13219 (2021)

€II. Bigi and N.G. Uraltsev, Z.Phys. C62 (1994) 623-632. Z. Ligeti, M. Luke, and A.V. Manohar, Phys. Rev. D 82, 033003 (2010).

Iman
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Analysis of D} — XeTv,

’nDT/EDT nDT/GS' .
B (D} — Xetve) = = -

nST/EST €T
€sT

nsrt

U. Oxford
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Analysis of D} — XeTv,

’nDT/EDT nDT/GS' .
B (D} — Xetve) = = oL

nst/esT 2%
€sT

nsrt

et Y, For each momentum bin p;,
(5]
MOps.
s
n?{bs.
"Obs.
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Analysis of D} — XeTv,

B (Dj N X€+Ve) _ npT/€DT _ nDT/GSig.

Sig.
nST/EST nst CsT
€sT
et Y, For each momentum bin p;,
n'el'rk. 1 n(e)bs. €e P7r—>e PK—>e
”%k. = App n?{bs. App= |Pesr €& Pxon
Tk, " Obs. Pesx Pror  ex
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Analysis of D} — XeTv,

B (Dj N X€+Ve) _ npT/€DT _ nDT/GSig.

Sig.
nST/EST nst CsT
€sT
et Y, For each momentum bin p;,
n'el'rk. 1 n(e)bs. €e P7r—>e PK—>e
”%k. = App n?{bs. App= |Pesr €& Pxon
Tk, " Obs. Pesx Pror  ex

npT _
—(pj) = ATrlk.n'el'rk. (pi)
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Analysis of DI — XeTv,
To account for electrons with p < 200 MeV/c¢, we produce a shape for the momentum
spectrum g(p) from the exclusive modes

9(p) => wigi(p) Xi € {¢,n,n', K°, K*O, fo}
X

© 1000

N A O ®
o O 9O 9
S © © O

o

© [T I T P e

200 200 600 800 1000 1200
p (MeV/c)

With B (DO — X&+l/5), THo and Tps

B(Df — Xetve) = 6.30(13)(10)% r (DS+ N Xe+yc>

T o X 0.790(16)(11)(16)

U. Oxford
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Tests of Lepton Universality
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Lepton Flavour Universality

» Possible hints of LFU violation in the beauty sector:

B v BBk -
BoD Wy BB 1+ angular observables...

)
BB—}D(*)KV BB—)K(*)E"'E‘

» If results persist, precision tests of LFU in charm decays will be essential in
understanding the nature of these anomalies?

» SM Ratios of pure leptonic decays require no input from theory

2 2 2 2
m m
RL=m§ 1-— 25 /mf, 1-— 2‘8/
™Dy ™Dy

» SM Ratios of semileptonic decays are O(1), but require form
factor-dependendent phase-space corrections

“Fafjer, Nisandzi¢, and Rojec PRD 91 (2015) 094009

A. Gilman U. Oxford
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.094009

Tests of Lepton Universality
foYe] Yol

> Dt = nputy > DT — wuty
eUsing BESIII data @ Eqxpy = 3.773 GeV eUsing BESIII data @ Ecpy = 3.773 GeV
eDouble tag with 6 D1 tag modes eDouble tag with 6 Dttag modes
ePeaking Background: D° — nrt 70 ePeaking Background: DY — w70
PRL124(2020)231801 PRD101(2020)072005
80f _ ' ' wf- o
s . " pengso
> 30F — Fuacsko
i 60 g F [ simuered CBKG
z Q 20
£ 40 :
220 2 101
0 g Alll bt FINCIN .A"‘, Yiyitod ¥
0.1 00 0.1 gt . i
U, (GeV) Uppes (GEV)
+ +
B(D+ + B(DT = wuTv
w —0.91+0.13 Q =1.05+0.14
B (Dt — netv) B (Dt — wetv)
with PDG2020 Average of B(D1T — netv) with PDG2020 Average of B(DT — wetv)

SM Pred®: 0.97-1.00

a . .
See appendix for citations.

SM Pred®: 0.93-0.99

U. Oxford

University of Warwick


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.231801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072005

Tests of Lepton Universality
oooe

Charm LFU Overview

Mode [ Measured B (¢) /B (¢") [ SM Prediction ]
DT 5 T 321 £0.77 2.66
DI -y 9.72 £ 0.37 9.75

DV = p By 0.90 £ 0.11 0.93 —0.96
DT S nky 0.91£0.13 0.97 — 1.00
DT 5 wEy 1.05 £0.14 0.93 — 0.99
DY S a0Ey 0.964 + 0.045 ~ 0.985
DY S Ty 0.922 + 0.037 ~ 0.985
DY - KTEy 0.974 +0.014 ~ 0.970
AT S5 ARy 0.96 £0.16 ~1
2052 £ye 0.97 £0.08 ~1
QU SO Eya 0.98 £0.10 ~1

/e Ratios of dI'/dq?

15 DO > K*ev 1.57 posntey } D+ > oy ‘
2
) o+ + S I ;;4
il N e e
* 0.5
0.5 1 1 1 2
Gy qZ(GeVZ/c") qA(GeV/c?)

a . .
Results from Belle. See appendix for citations.

A. Gilman U. Oxford

rsity of Warwick

(Semi)Leptonic Charm Decays



Insight into Light Hadrons

[ JoJele]e}

Outline

Insight into Light Hadrons

Gilman

eptonic Charm Decays versity of Warwick



Insight into Light Hadrons
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/ -
n —n" Mixing
» n and i’ are admixtures of flavour eigenstates:
{|r]>} _ [Cos¢>p —sin¢p} %‘uﬂ—l— dE>
In") singp —cos¢p |s3)
» 1 — 1’ mixing angle ¢p can be determined® from
T (Dj’ — n,e+u) /T (Dj’ — ne+u)
(Dt — n’etv) /T (Dt — netyv)

cot? pp =

with measured BESIII branching fractions & PDG lifetimes:

y T T

¢p = (40.1£2.140.7)°

LHCb .

(Gluon excluded) Big—>J/ym —
KLOE N

(Gluon included) $—1'""Y

KLOE
(Gluon exciudea) $—>17
CLEO D-n e've

BESIII D,—n e

L L L
28 30 32 34 36 38 40 42 44
4, (degree)

bFrom Donato, Ricciardi, and Bigi PRD85(2012)013016

A. Gilman
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.013016

Insight into Light Hadrons
00@00

Composition of Light Scalars f;(980), ao(980), fo(500)

» Light scalars fp(980), ao(980), fo(500) are difficult to study in
isolation due to wide decay widths

» Their structure is still an open question: Mesons? Tetraquarks?
Hadronic Molecules?

From Wang and Li PRD82(2010)034016

DT — Setv can provide insight on the nature of light scalars

B(D* - £o(500) et ) +5(DF - fo (950)e 1) Two quark description = R = 1.0 £ 0.3

B(DF—af(980)etv) Tetraquark description == R = 3.0 £ 0.9

R =

A. Gilman U. Oxford
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034016

Insight into Light Hadrons
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Composition of Light Scalars f;(980), ao(980), fo(500)

From Wang and Li PRD82(2010)034016
DTt — Setv can provide insight on the nature of light scalars

o 5(D+_,fo(500)c+,,)+5(D+_,f0(980)c+,,) Two quark description = R =1.0+ 0.3
B B(D+—af(980)etv) Tetraquark description == R = 3.0 £ 0.9
> D — ap(980)etv > Dt — foeTv
PRL121(2018)081802 PRL122(2019)062001
. o o
10F DO > a5(980)e*v | ZO_D"ang(‘Jél(!)e‘u gh S
) zmn
g %50

plram=t=m s p

D* - af(980)e*v

n
Events/(0.04GeV)

Event/(0.05GeV/c?)
[=K=]

— Total Fit
- D¥ = fO(500)e v

-~ Backgrounds

0.1 0.2

12 B2 01 o ; -
U(GeV) h cost, ) h %

versity of Warwick


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.034016

Insight into Light Hadrons
00000

Composition of Light Scalars f;(980), ao(980), fo(500)

o~+0.33 —4
(1371933 +0.09) x10

0 — + _
B(D - ag (980)e u) = (e 50 (6.50)
6 +O.81i . —4
B (Dt — a8(980)etv) = (1 500660 11)><10 (3.00)

(O 77rll . .
B(ag(980)—n=0) First Observations

. g B P —4
B (Dt — fo(500)etv) = <o»;(zio(?goﬂ;ijfj:£°) (> 100)

+ : + 2.8x10~° 0
B (D — fo(980)etv) < B(fo(ggo)%+r)@9o/() C.L.

A. Gilman U. Oxford
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Insight into Light Hadrons
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Composition of Light Scalars f;(980), ao(980), fo(500)

B (D ag (980)etv) = (1:3713.35+0.09) <107 (6.50)
( ag (980)—nm— )
+0. 81i 4
B (Dt — a8(980)etv) = (1 %0 0660 11)><10 (3.00)

B(a5(980)~nm?) First Observations

. g B P —4
B (D% — fo(500)etv) = <o»;(zio(?goﬂ;ijfj:£°) (> 100)

+ : + 2.8x10~° 0
B (D — fo(980)etv) < B(fo(ggo)%+r)@9o/() C.L.

Neglecting fo(980) contribution and assuming:
B (f0(500) — 7wm) = 100% = B (fo(500) — ntn~) = 67%
I' (a0 (980)) =T (ag(980) = KK) + T (ao(980) — nn°

o I'(ag(980)+KK)
= B (a0(980) — nm®) = (85 + 11) % with PDG avg. of (a0 (980) 570

R > 2.7@90% C.L. = Tetraquark favored

A. Gilman U. Oxford
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DF = £5(980), fo(500)e " v

e fy's searched for through 7%7% and KgKg: no p/¢ backgrounds

No evidence in KK channel No evidence in fo(500) — 7079 channel
B (D;r — KgKgle/e) B (D;r — fo(500)et ve. fo(500) — 7r07r0)
<3.9x107* <6.4x107%
arxiv:2110.13994
Submitted to PRL
) o ‘
< N ()
ézo Ezo ]
g !
S10 S0 ]
i ‘ G o S
-0.1 0.1 08 2

0 1
MM2(GeV?2/ch) M . (GeV/c?)

B (DF — fo(980)eTve, fo — n°7°) = 7.9(1.4)(0.4) x 107

Assuming isotopic symmetry, agrees with CLEO-c measurement in 7+ 7~ channel
B (Dj — f0(980)€+l/> > B (D:‘ — f0(500)e+1/) = Favours tetraquark description

PRD86(2012)114010

A. Gilman U. Oxford
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Outlook & Conclusions
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Future Prospects

» 0 — 5 years:

» Collection of ~ 20 fb™! @ ¢(3770) has begun @ BESIII

» Semimuonic D} decays currently being analyzed @ BESIII

> Large BESIII data sets (~ 3.7 fb™") recently collected between
4.6 — 4.7 GeV for A} physics

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

» Belle Il data will provide competitive measurements of charm
SL decays, Belle 1l Physics Book: PTEP 12, 123C01 (2019)

» Exciting prospects for semileptonic D decays at LHCb

> > 5 years:

» Proposal for a Super Tau/Charm Factory (SCTF) to collect
O(10 ab™ ') of data at charm thresholds. (See recent
sensitivity studies for D — pv and D} — 7.v)

A. Gilman U. Oxford
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https://iopscience.iop.org/article/10.1088/1674-1137/44/4/040001
https://academic.oup.com/ptep/article/2019/12/123C01/5685006
https://arxiv.org/pdf/2109.14969.pdf
https://arxiv.org/pdf/2110.08864.pdf

Outlook & Conclusions
ooe

Summary
» Several recent precision measurements of (semi)leptonic D decays
and recent lattice improvements of fp, and ff_)K provide an
experimental average from direct measurement with ~ 1% precision

» Lattice results are highly predictive in DT, D decay constants and
in D — P form factors (under CKM unitarity assumptions)
» No evidence for LFUV in leptonic/semileptonic charm decays

» Studying light hadrons in the clean event environments provided by
SL decays has allowed for

» Competitive measurements of  — 1’ mixing angle
» Further evidence to support tetraquark content of light scalars
ao(980), f0(980), fo(500)
» Rich data sets to study charm to come in the near (and far) future

Thanks for your attention!
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