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Why LFU? What is the secret behind generations?

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

Experimental Measurements:

Some deviations!!!

>

_ Br(B—»D®ry)
Rpey = Br(B— D) (v)
(~ 1.3 & 2.70)

[Abdesselam et al. (2019)]
[Ambhis et al. (2019)]

_ Br(Bc—J/yTv)
Ry = Br(Bc—J/9iv)

(N 20) [Aaij et al. (2018a)]

RK(*) ~ Br(B—K()ee)

(~ 2 —30) (A et al. (2017)]

BaBar

:,  Belle

0.1 < ¢? < 8.12 GeV¥c*

1.0 < ¢% < 6.0 GeVZ/e?

LHCb 9 fb!
1.1 < g% <6.0 GeVZ/e?

_ Br(B=K®pup) 03

L5
RK

[Aaij et al. (2022)]
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Goal: Setting baseline for b — c7v studies at Tera-Z
Other LFU studies: e.g. b — STT [Liand Liu (2021)], b — SVV/ [Li et al. (2022)]

Advantages of Z-pole (more details, see Lingfeng'’s talk):
Variety b-hadrons accessible:
> b-factories (e.g. Belle 1) can't produce B, A2 (only few B?)

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

Studying 7 Mode:

» More precise info. about 7 decay

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

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

_ Br(Bc—J/yTv)
RJ/¢' ~ Br(Bc—J/Yurv)

» Identifying J/v — pp, 7 — prv

o Br(BsﬁDg*)ﬂ/)

Ds(*) Br(BsHDﬁ*);w)
» |dentifying D} — Ds7vy, Ds — ¢(— KK)m, 7 — uvv

_ Br(Ap—Actv)
R/\C — Br(Ap—=Acpr)

» Identifying Ac — pKm, 7 — pvi

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

F o NN
imo— 3
= 600f E
é S500F E
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 Lingfeng's talk): [Lietal. (2022)]
» Imbalance between 2 ‘objects’ decayed from Z

BX =flytty

5 B =jiyutv !
E Bkg. -] Solid: reconstruction
= [ ] Dashed: truth
© Fo
- : |
8 I |
= | |
E = :
o | |
2 - |

| |

0 10 20 30 40 B 50
Es: [GeV

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 1 & 7!
Can also be used to cut backgrounds!!!

BF =iyt v BX =yt v,
5 B =Jiyu*v é B =iy * v,
3 Bkg. 2 Bkg.
B 2
3 °
E £
[=] pu
=z b i S
-10 - -5 0 5 10 —35 -30 -25 -20 -15 -10 -05 00
miiss [GeV?] log Ssv
Missing mass Closest distance between SV and
2 _ 2
Mriss = (P8, — Pi/yp — pu) muon track
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Discriminators for Background Separation

» [solation variable: total energy, except the tagged final states,
inside 0.3(0.6) rad of B cone

B =JjyTt*v
B ~Jlyu*v
Bkg.

Normlized distribution

Hy

3 I3
PV In(0.3rad) [GeV]
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Event shape in R,/

Deflne the FW Moment [Fox and Wolfram (1978)]:

Hee, = Z EisEj Pi(cos Q)
1.
Different types of backgrounds events:
» 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

Normlized distribution
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Stat. only BDT results (Preliminary)

Normalized distribution

Normalized distribution

B =)yt *ve
B =Jlyutv,
Bkg.
O'(Rj/d,) ~ 2.9%

Suffer from small yield

04 06 08 10

Y(BZ =jiyt*u;)

o(Rp,) ~ 0.4%

BO-D THv,
B2-D v,
B-DI~ T,
BI=Di~u*yy
Bkg.

00 02

04 06 08 10

y(BO=D T*v;)

Normalized distribution

Normalized distribution

o(Rn.) ~ 0.1%

AN TH o
A=A v,
Bkg.

00 02 04

06

08 10

YNJ=N T ;)

B2-D Ty
BJ-Dg pt v,
B2-D!"T* v,
BJ-D;~u* vy
Bkg.

00 02 04

06

y(Bl=DI~ T )
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Theoretical Workflow

» Model independent description of NP effect at Low-Energy
(,Ub ~ mb) [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)]

» Run LEFT to mz and match to SMEFT (crzadkowski et al. (2010)]

» Run SMEFT to sclae A ~ O(TeV)

» With assumptions:
» |gnore theoretical uncertainties of hadron decay form factors
» Expected values of the measurements ~ SM predictions
» LFUV effects only show up in 7 for FCCC
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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)

(o555

* |}
. = Constraint of NP up to O(10 TeV)
g . . o when Wilson Coeff. reaching O(1)
&
e V@
el e @ 0 @ il
M
SO YOI
e e @ o @ - |
o o @ o ® o @ o J{
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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.
reaching 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

Incl. u*

» Inclusive: J/v(up) + p
» Comb.: J/¢ (up) + 1
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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 1, with 0(1%) [Lippmann (2012); Yu et al. (2021)]
Fake narrow resonance Bkg.:
» Wrongly reconstructing the remnants H. = J /1, Ds, Ac

Cascade
o
X e
» Cascade: J/vy(pp) + p
& M > Mis-ID: J/1b (pup) +
» Fake resonance: Wrong,
y eg. J/ (i)

Hy
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Backup: J/v

B =iyt tv H B =yt *v
I iy 5 B2
5 Bk | 5 Bk
2 9 — | 2 9-

& i i

S | | 5
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€ = ’ € |
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= | 1 =4 'J

L el I
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Backup: J/1

Channel Events at Tera-Z N(3p) N(J /) N(Bj‘) Total eff.

BY — J/prTur 1.20 x 107 7.99 x 103 4.68 x 103 3.76 x 103 31.34%
B — J/yputuy 2.92 x 10° 1.99 x 10° 1.18 x 10° 1.03 x 10° 35.13%
Inclusive bkg. 1.27 x 10* 8.20 x 103 5.29 x 103 3.90 x 103 30.63%
Combinatoric bkg. 4.64 x 107 3.93 x 107 2.66 x 107 7.78 x 104 0.17%
Cascade bkg. 1.81 x 104 4.89 x 103 3.32 x 103 1.84 x 103 10.15%
Mis-ID bkg. epum X 1.45 x 109 epum X 1.03 x 109 cpum X 6.96 x 108 epm X 1.10 x 108 7.61%

yr > 0.24and y,, < 0.07

yr < 0.24and y;, > 0.07

BY — J/prTur 2.87 x 103 3.87 x 102
BY — J/putuy 9.77 x 10° 9.96 x 10
Inclusive bkg. 1.36 x 102 4.99 x 102
Combinatoric bkg. 8.87 x 102 3.55 x 102
Cascade bkg. 3.55 x 102 2.66 x 102

Mis-ID bkeg. cpum X 6.60 x 104 cpum X 451 X 10°
R 4 Measurement at Tera-Z (10 X Tera-Z)
o2 range BF — J/yT i s BY — J/vuTuy, Ry /oy
rel. uncert. s/B rel. uncert. 5/B rel. uncert.

=2 =3 =2

2.87 x 10 3.69 x 10 2.89 x 10
Full g2 X 0.95 X107 16.55 X107
(9.07 x 10—3) (1.17 x 10—3) (9.15 x 10—3)
=7 =3 =7

5.20 x 10 4.63 x 10 522 x 10
g2 < 7.15 GeV/c? o 0.62 Xy 13.12 X100
(1.64 x 10~2) (1.46 x 10—3) (1.65 x 10~2)
=7 =3 =7

3.35 x 10 6.12 x 10 3.30 x 10
¢? > 7.15 GeV/c? o 1.37 12 32.31 x 107
(1.06 x 10~2) (1.93 x 1073) (1.08 x 10~2)
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Backup:

Normlized distribution

Normlized distribution

D,

1 Bl-DSTHY

Bl->D u*v
BX-DI~T*v

1 BX=Di~u*v

00

) o o6 )
Am =m(Dsy) — m(Ds) [GeV]

B2-D TV
B-D v

BO-DI"T*v

BO-D~utv
Bkg.

50 75 wo s

5
q* [GeV?]

Normlized distribution

Normlized distribution

1 Bd-D Ty

Bo->D pu*v
BO-DI~ Tty
BO=D;~u*tv
Bkg.

15 20 -Is -To 05 o0

log ssv

1 BS=D- Tty
B2-D pu*v
B2-DI-T*v

[ BO=D. utv
Bkg.

m2.__[GeV?]

miss
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Backup: D!

Channel Events at Tera-Z N(KKmp) N(Ds" ) N(BO) Total eff.

B — Dyt v, 1.03 x 10° 7.92 x 10° 6.45 x 10° 4.81 x 10° 46.77%
BY = Dy utvy 1.50 x 107 1.18 x 107 9.93 x 10° 8.41 x 10° 56.08%
BY — DF T rtu, 1.72 x 10° 1.30 x 100 1.05 x 10° 7.65 x 10° 44.61%
BY — DF Tty 3.35 x 107 2.56 x 107 2.11 x 107 1.78 x 107 53.11%
Inclusive bkg. 5.78 x 100 4.28 x 100 3.28 x 100 2.72 x 100 47.03%
Combinatoric bkg. 1.36 x 108 1.16 x 108 2.24 x 107 2.17 x 104 0.02%
Cascade bkg. 8.44 x 107 6.20 X 107 2.33 x 107 8.71 x 100 10.33%
Mis-ID bkg. epm X 1.05 x 1010 ¢ x 433 x 100 ey x 841 x 108 e x 8.50 x 107 0.81%

YDy~ = 055, YDgr < 055, YDgr < 055, YDgr < 0-55

VDo < 0.4, VDo > 044, YDop < 0.4, VDo < 0.44

Ypgr < 0.60. Yy 7 < 0.60, Vg7 2 060, YDy < 0.60

Ypx,, < 0.63, Ypx,, < 0.63, Yp= < 0.63, YDz 2 0-63
BY - Dy rtu, 1.85 x 10° 5.03 x 10% 2.17 x 104 1.18 x 10%
B = DS utvy, 2.89 x 104 6.90 x 100 8.47 x 103 4.98 x 10°
B » Df T rtu, 9.28 x 104 1.94 x 10% 2.05 x 10° 6.13 x 10%
B — DF "ty 4.05 x 10% 4.34 x 10° 9.53 x 10* 8.89 x 100
Inclusive bkg. 4.35 x 104 3.55 x 10° 2.75 x 10% 2.73 x 10°

Combinatoric bkg. ~ 0.00 x 100 ~ 0.00 x 100 ~ 0.00 x 100 ~ 0.00 x 100
Cascade bkg. 5.49 x 104 1.49 x 10° 2.97 x 10% 4.58 x 104

Mis-1D bkg.

cpm X 3.50 x 10°

epum X 5.38 x 100

cum X 3.53 x 10°

epum X 1.30 x 100
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Backup: D!

Rp. Measurement at Tera-Z (10X Tera-Z)

& range . — Dg o, Bs0 — Dg p,+z/u Rpg correlation
rel. uncert. S/B rel. uncert. S/B rel. uncert. pw/ Rpx
=3 = =3
Full q2 3.84 X 1073 0.70 5.42 X 1074 1.39 4.15 X 1073 _0.50
(1.22 x 1073) (1.71 x 10~%) (1.31 x 1073)
—3 —7 =2
2 9.30 X 10 5.83 x 10 1.10 x 10
7.15 GeV 0.42 1.71 —0.59
7 < © (2.94 x 10-3) (1.84 x 10—%) (3.47 x 103)
—3 —3 —3
2 4.26 X 10 1.39 x 10 4.53 x 10
> 7.15 GeV 0.84 0.79 —0.49
= © (1.35 x 10~3) (4.39 x 10~4) (1.43 x 1073)
Rp#+ Measurement at Tera-Z (10 X Tera-Z)
0 =+ 0 *= + i
2 range By = Ds T vr By — Dg  plvy RDS* correlation
rel. uncert. S/B rel. uncert S/B rel. uncert pw/ Rp
=3 = =3
Full q2 3.30 x 1073 1.10 3.97 X 1074 9.85 3.25 X 1073 _0.50
(1.04 x 10~3) (1.25 x 10~%) (1.03 x 103)
=3 =z =3
P o<risce | SOLXIOT o | s32x 1077 . 9.90 x 103 050
(3.13 x 1073) (1.68 x 10—4) (3.13 x 1073)
=3 =z =3
q2 > 7.15 Gev 3.53 X 1073 1.03 5.91 X 1074 15.42 3.47 X 1073 —0.49
= (1.12 x 10~3) (1.87 x 10~%) (1.10 x 10~3)
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Backup:

Ac

Normlized distribution

AN THY
A=At
Bkg.

Normlized distribution

AN THY
A=At
Bkg.

g
m.__[GeV?]

miss

Normlized distribution

Normlized distribution

NN THY

N-A-ptv

Bkg. | |

| LL_A,
—
<o s 20 s o 45 0o
log ssv
A-AZTHY
N-Aptv
Bkg.
-

i
1,(0.3rad) [GeV]
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Backup: A,

yr > 0.48andy,, < 0.72

yr < 0.48andy, > 0.72

£ = AT s
A T
Inclusive bkg.
Combinatoric bkg.
Cascade bkg.
Mis-1D bkg.

1.78 x 10°
4.95 x 109
4.46 x 104
~ 0.00 x 10°
4.25 x 104
cum X 4.65 x 10°

2.47 x 10°
4.26 x 107
2.53 x 105
~ 0.00 x 10°
2.63 x 104
cum X 2.68 x 100

5, > 0.365and s, < 0.480 | s, < 0.365ands, > 0.480
A = At ur 1.79 x 10° 2.41 x 10°
A = ATty 5.34 x 10° 4.24 x 107
Inclusive bkg. 4.81 x 104 2.44 x 10°
Combinatoric bkg. ~ 0.00 x 100 ~ 0.00 x 100
Cascade bkg. 4.44 x 104 2.63 x 10%
Mis-ID bkg. cum X 4.83 x 10° epum X 2.59 x 100
Rp,. Measurement at Tera-Z (10 X Tera-Z)
0 =¥ 0 =
q2 range Ab — Ne 7T /\b — Ne pTvy R/\c
rel. uncert. s/B rel. uncert. s/B rel. uncert.
=7 =7 =7
Full @2 9.58 x 10~ 3.03 L75 x 1077 76.93 9.74 x 10~
(3.03 x 10—%) (5.54 x 1075) (3.08 x 10~%)
=3 =7 =3
5 2.00 x 10 2.22 x 10 2.01 X 10
7.15 GeV 1.76 72.70
< © (6.32 x 10~%4) (7.02 x 1075) (6.36 x 10—%)
=3 =z =3
5 1.10 x 10 2.86 x 10 1.14 x 10
> 7.15 GeV 3.96 78.96
= © (3.48 x 10~%4) (9.04 x 1075) (3.59 x 10~%)
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The Impact from Detector Tracking Resolutions

Most affected: Vertex Info. (e.g. distance between p track to SV)

» Original analysis: inject

10 pm noise to the vertex » Varied analysis: inject
[Dong et al. (2018); Abada et al. (2019b)] 20 pum noise to the vertex
Bl =Jlytt v, Bl =Jlyt v,
B =Jlyu vy, B =Jlyu vy,

Bkg.

Normalized distribution
Normalized distribution

1o 45 00 o o5 oo

o ds - TR o
log ssy log ssv

Overall: relative uncertainties of R/, Rp)» Ra. degraded
~ 9% — 22% (Preliminary)
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Reconstructed Am Effects

Varying the ECAL resolution (tagging efficiency):
» « = 0: Perfect resolution, setting the limit
» « = 1: Original
> 0 < a < 1: Better efficiency
> « > 1: Worse efficiency

. a9 a | Bs—= Ditv | Bs = Dfuv
5 a-2 0 39.05% 40.77%
5 0.1| 3858% 40.62%
3 ™ 05| 37.75% 39.95%
E 4 1 36.80% 39.20%
s 2 35.03% 37.64%

™ amtGevl Table: Efficiency v.s. resolution
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