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What is Lepton Flavour Universality (LFU)? and why?

Standard Model HYPOTHESIZES:
“Three generations of leptons are the same: having same couplings
to the SM gauge bosons, except having different masses.”

Why should this hold? Any secret behind generations?
Need to be tested with high precision!!!

» Testing and Understanding SM

» Many SM extensions consist of extra interactions that could
lead to LFU violation (e.g. leptoquark, Z’, ...)
» Flavour physics is good for indirect BSM searches.

» Sensitive to SM suppressed decays
» Some BSM models have stronger couplings to 3-rd generation

(e.g. b, 7)
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How to test LFU?

» Electroweak: e.g. Z — £~ 0Y, W™ — ("1,

. r _ Ty— =
Measuring: rz—*T+T LUAEs.&

, e
Z—ete™ rW*%u* iz

» Pseudoscalar meson decays: e.g. K~ — 0"y, 1~ — {1y,
My e s N
H . K~ —e e T e Ue
Measuring: ,

) e
K™ —=p= oy r7r_—>u_l7M

» Leptonic decays: e.g. 7T —> e Velr, T — U Vyls,
Measuring: & & &
& 8e' 8u' Be

» Quarkonia decays: eg Jp —ete, /b — putu—, ..

"
Measuring: %
J/p—utp

NO indications for violation in these sectors
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How to test LFU?

P b-hadron decays: (sifani et al. (2019)]
> FCNC: e.g. B® — K*¢*0™ [Liand Liu (2021)]
Z+

r+
L aS—, /
1Z /

u, ¢t i
b W u,c,t Wos

g " (B%% o

> FCCC:eg. B — J/z/;ew

T
e

Experimental deviations from SM predictions
(up to ~ 2 —30)N!
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Goal: Setting baseline for b — c7v studies at Tera-Z

Advantages of Z-pole (focusing more on our study):
Variety b-hadrons accessible:
> b-factories (e.g. Belle Il) can't produce B, A2 (only few B?)

Having v(s) Produced: (crucial to getting Hp, info.)
» Better handle than LHCb

Studying 7 Mode:
» More precise info. about 7 decay

[Dong et al. (2018); Abada et al. (2019); Fujii et al. (2019); Berger et al. (2017); Aaij et al. (2018); Altmannshofer

et al. (2018)]
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Signals (FCCC: b — c7v)

_ Br(Bc—J/yTv)
Rijp = Br(Bc—J/¢ur)

» |dentifying J/v — pp, T — pvv

R .. — Br(B,—D{"7v)
pix) — B (©)
s r(Bs—Ds"’ uv)

» |dentifying D} — Ds7y, Ds — ¢(— KK)m, T — uvv
Rn = Br(Ap—AcTv)

¢ Br(Ap—=Acpr)
» Identifying Ac — pKm, 7 — pvi

Tera-Z can produce many such H,, while B-factories can’t do!
(or just few)

H. decays to charged final states: H. can be fully reconstructed!
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Backgrounds

» Wrong ;. production » Wrong H. production
e.g. e.g.
Ao = AcDs(— (¢ — KK)p) Ap — Nc(2625)(— Acmm) v

+ other types. (See Backups)
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Reconstruction Scheme i

% 800
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1. Reconstruct H¢, and identify muon 3333 3
200 3
100 E

0 n _ 1 T
2. Deduce b-hadron decay vertex 20 B0 B

» If H. is prompt: » If H. is not prompt:
Hp decay vertex Hp decay vertex = point at H.
= H. decay vertex trajectory closest to p track
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Reconstruction Scheme (Cont'd)

3. Deduce b-hadron energy (Detail see [Li et al. (2022)]):

» Imbalance between 2 ‘objects’ decayed from Z
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Solid: reconstruction
Dashed: truth

Reconstruction agrees with truth! (error ~ O(1GeV))
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Discriminators for 7, ¢+ Channel Separation

> Momentum transferred to lepton system: g = (ps, — py/y)?

ﬁwiss = (ch — Py — Pu)z

» The closest distance between secondary vertex (SV) and
muon track

» Missing mass: m

PV

Not only 7/u, but also Background separation!
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Discriminators for 7, ¢+ Channel Separation

Different distribution in y & 7!

Can also cut backgrounds!!!

1 1
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Discriminators for Background Separation

» Isolation variable: total energy, except the tagged final states,

inside 0.3(0.6) rad of B cone
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Stat. only BDT results (Preliminary)
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Detector Tracking Resolutions

Robustness: Vary vertex noise level (0,5,10,20 xm)
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Detector Tracking Resolutions

Error: § =(reco. - truth)

Bf = J/yrtu,

B - D rtu,

1
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Other Variations on the Study

> Effects of Am in R(DSY)
> Am = m(KKny) — m(KKr)
» Main discriminator for Ds, D signals separation
» Studied the ECAL effects: threshold and resolution

» Event shape in R(J/v)
> Studied FW Moments: Hgey = > 55 py(cos Q)

s

)
> Global effect of event shape in multi heavy flavours event
» Extra event shape info. improved S/B by ~ O(10%)

More details: see backup slides
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Short Summary on Channel Based B decays BR sensitivity
at Tera-Z

W Tera-Z

W 10xTera-Z

M Belle Il
1 LHCb

Sensitivity on BR

B KOt Bs»¢r' T BK'TT BT T Bc>tv  Besflytv BssDstv Bs»Ditv Np=sActv Bsogvv

| <~ This Study — |
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Theoretical Workflow

ITSIA'MYSTERY

2N

A~0(10 TeV)

[ 4: Run SMEFT from m  to 10 TeV ]

A~O(TeV)

[ 3: Tree-level matching ]

~0(mz)

[ 2: Run LEFT from my, to my ]
[Grzadkowski et al. (2010)]

L3M(mg) = LYE(my)

pp~0(my)

[ 1: MCMC constrain WCs ]

[Buras et al. (2015); Angelescu et al. (2018); Feruglio et al. (2018

)]
[Hu et al. (2019); Alasfar et al. (2020); Fajfer et al. (2021); Cornella et al. (2021)]
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LEFT

At p~ my

Integrate out heavy
SM fields (W, Z, h, t)

No correlation

{0} = {% [5y#Pyb] [Py, (1 — 5DV, } {0} = {4% [5y#P.bl[zy.y5T, }
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SMEFT
At A~ 1 TeV

0 = W (o Pyr) (byuPre)
—(#y* Py — Ty PP ) (DY, Prs)

@

0 = (kP + TyEP7) By, Pys)

All SM fields
Under SM sym

Correlated!!!
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LEFT

Semileptonic b — cTv:

4GF Ve
V2

eff
‘C'b—H:Tu o=

[(1+0Cy,)0y, + Cy,Ov, + CS O,
+ C3,03, + C707] + h.c.!

» Contains 5 dimension-6 LEFT operators at Tera-Z
> Covers 4 types of translation:

» Vector: RJN,, RD;‘

» Pseudo-scalar: Rp,

> Baryon: Ra,

> Annihilation: Br(B: — T1) [zheng et al. (2020)]

17 means those violate LFU explicitly

(1)
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LEFT
FCNC b — s7T:

€ 4G V Vt T T T T T T
L i = +%[(cg s + 0G5 )05 + (Cholsm + 0Cp) Ol
+ G705 + G O55 + C5 05 (2)
+ C&O8 + CEOf + CH OF
+ C7OF 4 C7507s] + h.c.

» Contains 10 dimension-6 LEFT operators at Tera-Z

P Related to: Br(B — K77), Br(B — K*77), Br(Bs — ¢77),
Br(Bs — 77 )[Kamenik et al. (2017); Capdevila et al. (2018); Li and Liu (2021)]

FCNC b — svv

AGF Vi Vi
V2

» Contains 2 dimension-6 LEFT operators at Tera-Z

P Related to: Br(B — Kvv), Br(B — K*vv), Br(Bs — ¢vv)[Buras et al. (2015);

Li et al. (2022)]

Lo =+ [C/Of + CEOK] + h.c. (3)
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SMEFT

im 1 3 3
£ 5 el > ([C,ff,)]gk/[Oﬁ,)]fjk/ + [C15alOF s + [ Cedlijal Oedli
ij, kil

+ [Cealiji[Ocalijr + [Caelijit[ Ogelijur + [Ceedqlijit[ Ocedq]ijui

1 1 3 3
+ €0 )il 05 i + [Clgsgu]ijk’[olget)m]ﬁk/) + h.c.

> After matching: 9 LFUV operators in dim6 SMEFT

SMEFT Operator Expansion in Down Basis

[O’(ql)]3332 (09" Prv + Ty Pr) (byu PLs)

[0l 2Ve (" Pur) (B Puc) — (7 Py — 73¥ Pur)(ByuPLs)
[Oed]3332 (-,‘—'Yll PRT)(b’Y,u PRS)

[Od]3332 (57" PLv + 77" P7) (b7, Prs)

[Oqe]3332 (%7M PRT)(IJ’Y,L PLS)

Otedgg3332 VE(@PrT)(BPLc) + (7Pr7)(BPLs)

Oledgq|3323 (7Pr7)(5P.D)

[Ofg,ls3 V2 (7Pr7)(BPrc)

[0 ls322 V(501 Prr)(boy Pre)
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Wilson Coefficients Constraints (Preliminary)
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Conclusion

Z-pole can test Lepton Flavor Universality, the secret behind
generations, in a clean way!!!

» Setting up a baseline of b — c7v for Tera-Z

> High precision in Ry, R, Ra.: O(0.1%) — O(1%)
» Abundant and energetic b-hadrons
» Clean environment

» Known initial energy
» EFT can prob NP up to 10TeV

» Constraint of NP up to O(10 TeV) when Wilson Coeff. are
about O(1)

Thank you!
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Backup: General Background types

Inclusive Bkg.:
» Feed-down processes, e.g. Bc — xc(— J/¥X)lv
» Different kinematics to signals

Combinatoric Bkg.:
» Wrongly reconstructing unrelated He + p (He = J/v, Ds, A¢)
P Larger isolation variables than signals

Fake narrow resonance Bkg.:

» Wrongly reconstructing the remnants H. = J/1, Ds, Ac
» Inclusive: J/¥(up) + p
» Comb.: J/¢ (pup) + 1
» Fake resonance: Wrong,

eg. J/ (i)
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Cascade Bkg.:

» (is NOT from semileptonic decay, e.g. B® = D%(— ¢£)J/¢X
> Larger isolation variables than signals

Muon mis-ID Bkg.:
> Misidentifying 7+ as I, with 0(1%) [Lippmann (2012); Yu et al. (2021)]

Cascade u*

i +
Hy, Mis-ID 7

» Cascade: J/vy(pp) + p
» Mis-ID: J/v (ppe) + 7

Hy
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Backup: Vertex noise level effects

Measurement 0 pm 5 pm 10 pum 20 um
Ry /oy 217 x 102 260 x 10°2  2.89 x 10~ 2  3.18 x 10~ 2
Rp, 3.16 X 1073 3.61x 1073 410 Xx 1073 4.76 x 1073
Rpy 247 x 1073 277 x 1073 327 x 1073 3.31x 1073

p(Rpg > Rpx) —0.48 —0.45 —0.49 —0.50
R 8.32x 10~ %  027x10%  974x10-% 1.07 x 1073

C

Table: Comparison on measurement uncertainties under different vertex

noise levels.
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Effects of Am in R(D{")

K+

Vi

» Am = m(KKnvy) — m(KKn)
» Use the v in signal-hemisphere and gives Am closest to AmPhys
> Two main sources of error affecting Am resolution:

» ECAL energy threshold (Ey)
» ECAL resolution
(modeled by scaling parameter a:: width of Am distribution)
(a0 = 0: Perfect; 0 < a < 1: Optimistic;
a = 1: Default; o > 1: Conservative.)
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Effects of Am in R(D{")

0.8

0.6

AU.

0.4

0.2

» Most of the untagged photons are soft (below energy

Tagged BO—D;~ T+ vy
Untagged B-=D!~ T* v,
Tagged BO-=D!~ iy,
Untagged BY-D!~u*v,

2 3 4
E, [GeV]

threshold Ey, = 0.5 GeV)
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Backup: Effects of Am in R(D!)

1
Emn=0.25 GeV Eun = 0.5 GeV
0.8 a=0 0.8 a=0
a=05 a=05
0.6 a=1 06 a=1
D: a=2 D a=2
04 <o | |
0.2 { | 0.2 |J 1 Lj
__._-—'d = I—l__|_|_
Oy, 4‘-___F:JJ
9 0
0.0 0.1 02 0.3 0.0 0.1 02 0.3
Am [GeV] Am [GeV]
1
Etph =1 GeV
0.8 a=0
a=0.5
0.6 a=1
D: { a=2
0.4
I
0
0.0 0.1 0.2 0.3
(Details in later backup slide) Am [GeV]
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Backup: Event shape in R,/

Define the FW Moment [Fox and Wolfram (1978)].

EE;
Hee, = Z S L Pi(cos Q)

ij

Be=Jlytv
0.8 BemJ /v
back-to-back
0.6
=
<
0.4
f
0.2 |
[y E—
0.0 0.2 0.4 0.6 0.8 1.0
Hee:2
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Backup: Event shape in R/,

Different types of Comb. backgrounds:
» 4pb: Events of 4b quarks created by QCD
» 2b2c: Events of bb and ¢ pairs created by QCD
» 2pb: Events of 2b quarks created by QCD

1

1
ab b
08 | 2b2c 08 2b2c
2b : %
06 0.6
2> >
<04 <o
0.2 0.2
|
ol o
00 02 04 06 08 10 6 10 20 30 40 50 60
Hee; 2 Sum of 2 smallest £ [GeV]

Adding FWM to BDT improves S/B by ~ O(10%) while
keeping uncertainty about unchanged.
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Backup: Am effects

a \ Egy

0.25 GeV

0.5 GeV

1 GeV

53.38% 54.23%
51.49% 52.63%
50.71% 51.73%
48.90% 50.02%

39.80% 40.77%
38.85% 39.95%
38.07% 39.20%
36.34% 37.64%

25.82% 27.83%
25.12% 27.27%
24.80% 26.89%
23.86% 25.81%

. . . .
Ta bIe. Tagging efficiency of the Dg

entry are defined for Bg — Ds*7 -r+u7 and Bg — D:iu'*'u‘u, respectively.

photons, for the detector profiles characterized by E¢1, and cv. The two numbers in each

o\ By, | 0.25 GeV 0.5 GeV/ 1 GeV

3.48 x 10~3 4.02 x 10~ 4.53 x 10—3

0 5 (—0.31) _ (—0.46) _3  (—0.50)
2.78 x 10 3.24 x 10 3.40 X 10
3.55 x 10—3 3.90 x 10 4.56 x 10~3

0.5 3 (—031) _ (—0.45) 3 (—0.51)
2.74 x 10 2.90 X 10 3.27 X 10
3.52 x 1073 4.10 X 10 4.54 x 1073

1 _3  (—0.32) _ (—0.49) _3  (—0.50)
2.65 X 10 3.27 x 10 3.38 X 10
3.40 x 10~ 3 4.52 x 1073 4.16 x 10~ 3

2 _3  (—0.33) _3  (—0.50) _3  (—0.52)
2.83 x 10 3.40 X 10 3.40 X 10

. Expecte relative) precisions of measuring an s, for the detector profiles characterized by and a. e
Table: & d BDT (rel f Rp, and Ry, for the d files ch d by Egy, and a. Th
s

number in the bracket denotes the correlation between the Ds and Ds* measurements.
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