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Introductlon

The Z- Factorles (CEPC,ILC,Fcc ee)

An ete" collider running at the Z resonance
(properly apply the resonance effects)
Resonance effects for all Kinds of fermions (except
t-quark) in SM!
The old ones
LEP-I (circular) : £,=2.4-10cm?s!
Scan 88GeV~94GeV

1.55-107 hadronic events; 1.7 -10¢ leptonic events.
Detectors: Aleph, Delphi, L3, Opal.

SLC (linear) : £,=0.6 - 10°*'cms!
@2z-peak 0.6 -10° events

(Especially electron polarization beam: 70%)
Detector: SLD
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Introduction

b 1

Based on modern techniques:
® Luminosity £ of an ete" collider can be

£ =10*£,=10%3%cm2s"! even higher
® Runs at the energy as m, for a long period
® It can be called as a Super Z-factory (SZF)

The characteristic & significant physics:

Precision tests of SM; Rare processes; T-lepton

physics; QCD (Fragmentation & hadronization);

Hadron physics (Heavy flavor physics, Doubly heavy
physics); Dark matter physics etc

No where can be competed in these 'physics’ !
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The preC|S|on tests of SM

- Precision & rare physics for Z-boson:
Exp. measurements ( LEP-I, SLC) vs Theor. prediction (SM)
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(look for evidences
beyond SM)

The effective coupling Z-
ff’ (in tree and loops &
especially when f, f’ are
leptons) constraints for
new physics!

(Taken from PDG)
SM works well so far, but

the pulls are ‘dominant’
by experimental errors.



The precision tests of SM

- Precision & rare physics for Z-boson:
Exp. measurements ( LEP-I, SLC) vs Theor. prediction (SM)
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Situation after Higgs was discovered (m,=125GeV)

The Higgs mechanism: the boson masses:
2my= gV, 2m =(g,**+g,”)"> v
V =247GeV

< l d 49 Jhhvv 9
= Gy fo i hhhH £+ hhhh H* + T]U[,“L “(L(]]“..,_,H + m‘; ) )

q 2 " @
my m; 2mi; dmy " dmi;

gh_l"_l" = r_ ? Q?!i'!' = |'_1 ! ghh!'z' = pd 1 ghhh T gy y"i'lihh = v

=W=mridsn=1lar V=W g5 for V=272,

To measure (constrain) the deviation from SM though
loop process for the parameters !
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The precision tests of SM

arXiv:1310.6708

(Quantity Current theory error Leading missing terms Est. future theory error
sin? HE:H 4.5 x 10—° Qe ), C]{f\"?zfﬁ] 1...1.5 =% 105

Ry ~2x 1071 O(a?), O(N72a?) ~1x 104

'z few MeV O(a?), C?l[:"\-'fga"* ) < 1 MeV

Mwy 4 MeV Q(a”a), CJ{;A’_?%*'] <1 MeV

Table 1-1. Some of the most important precision observables for Z-boson production and decay and
the W mass (first column), their present-day estimated theory error (second column), the dominant mssing
higher-order corrections (third column ), and the estimated improvement when these corrections are available
(fourth column). In many cases, the leading parts in a large-mass expansion are already known, in which
case the third column refers to the remamming pieces at the given order. The numbers n the last column are
rough order-ofmagnitude guesses.

The rare (tiny) physics relevant to Z boson directly
Lepton number violation &
f  FCNC processes; CPV; d/”

V4 pa < ete,
. = AN\ ( i Longitudinal component
o s 7 of Z-boson couple to a
I pair of fermions [ m;
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The physics .
t-lepton is special (the heaviest lepton)

Unique good place for t-lepton physics ( @ Z-factory):
Based on SM: m;
Sin%0y, oI, etc
o(cross-section) @ Z-

| peak ~ 0.5 ¢ (@ the
highest one (threshold)

|

I

\ ~ 2.3 6 (@ B-factory
\ 3X10'0 T pairs/year

1000 |

7 [pb)

'll'.'l'-'l i
T ] Sy .
; o

10
' T is the heaviest

lepton in SM!

An important factor is the Lorentz boost effects !
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The physics

LEP-I example:
the data samoples recorded between 1591 and 1995 with OPAL

6UTTH 7-pair events

CPVof V. : Re(d | (0724 2.46 4 0.24) x 107" ¢ em
(weak dipole) Im(d) (0,354 0,57 4 0.08) x 107" ¢ em
If we define: - 2Tr—rc oA, o ol i i )4

Py is r My
The limit means: er < T2k 107 using |d"| and
er < 89x107° assuming Im{d") = 0
| T (83,88 -+ 0.35) MeV

precision of the test of CP invariance

a level of one m thousand
Statistics errors quite large, so there are rooms to improve the measurement(s) !

New result: It is greatly helpful that the direction of produced [l is measured.
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The precision tests of SM

t-lepton:

If 1012 Z-bosons/year or higher, then 1019 t -lepton
pairs (more)/year with quite great Lorentz boost
effects may be produced @ Super Z-factory.

Asymmetries (sin20,,):

40, _ OF —0B _ 3

OF + OB 4
-“-r ."‘.'- _ - . 'f
Ap=o— s _ L~ 4Qy|sm”Bepy
1+ (3i/34)* 1—4sin" 0., + 8(sin” &, ;)°
.1: I'l' ::]::_T,+ + Ty — T4 —T__ .::|:._|::rn_(+ LT —T T |
AR — \“i :rT‘+ + 0y _ + T_ + T g_ _ :l:_"T., ++ o, ta  —o I .

The rare decays:

Tey, ToOUY, T UuL, T lee, T>eee, etc
and/or CPV in decays may reach to up-to 1010 |evel
(even higher) !
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The precision tests of SM

The effective couplings 7/f

For leptons: Z77, Zur., Zti, Zer. Zté

When f=f’, the fermion, is b-quark or c-quark or a light
quarks
R, & R,

Ao — o(cosf > 0) —o(cosf < 0) Ren 34 A
Vs . = = - = M — £ ,:_u" - - - ™
rh o(cost > 0) +o(cost < 0) B Ay D'fflCUItleS are in

oo - I(Pe>0)—0(P.<0) - g
AR = D S 0) Fo(P. <0) - identifying the flavor

SUSY Models, Multi-Higgs Model, Little Higgs Model,
RPV SUSY, Extra Z-boson Model etc
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QCD & hadron physics

o Z-factory vs super B-factory & t-charm factory
¢, b-hadron physics (especially open bottom)

The production 1o )
e e —hadrons
of hadrons @
ee” -collider 2 s
g
2
2 10 2 k- CESR_
5 DORIS pip
- TRISTAN  SL.C
PEP-11
10 LEP I LEP II

PP PP B B M P M
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QCD & hadron physics

QCD:
To measure og(m?,):
via t-lepton decay

I [T I badrons ("‘f )]

R, = |
1-\{7_— — -'L.‘-'TE_:EE('AF:. )]

ag(m?) = 0.331 & 0.013

Via Jet shape
directly measure o(m7)

etc
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QCD & hadron physics

Flavors & hadron phyS|cs

Light flavors & hadrons (contains light quarks only)
m, my mg < Agep
Light flavers: u, d, s

Heavy flavors & hadrons (contain heavy quarks)
m, > m. > Ayep, (without t-quark)
Heavy flavers: ¢, b, (t)

We need to understand both kinds of the hadrons !

Advantages to understand the heavy and doubly

heavy hadrons:
pQCD applicable due the ‘heaviness’;
Effective theories: Heavy flavor effective theory, NRQCD
etc;
Mass hierarchy of b, c quarks (small, mixing);
Lifetime for heavy component ‘matches’ the detectors;

- etc
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Heavy flavor physics @SZF

| 4

¢, b-flavor physics (especially ‘Lorentz boost’)

® ¢, b-flavored hadron weak decay mechanisms
® CP-violation for ¢, b-flavored hadrons
D-meson: D’ - D’ mixing:
Due the Lorentz boost and the lifetime of D
meson, at Z-factory the CP violation in the
mixing can be observed, whereas it is
impossible at B-factory.
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The frag. Func. for light hadrons:

The hadrons relevant to light quarks:

The non-perturbative effects taken into account by
models:

The hadronization models:

LUND

Webber Cluster

Quark Combination (ShangDong) Model
etc

SZF also is the best facility to test these models (no
interference from initial state).
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QCD & hadron physics

QCD: Fragmentatlon functions (FFs):

DDy, D*,... . BBy B, ..

For example:

FF of a (heavy) hadron
from a quark cor b or
a light quark or a gluon
etc.

Significance: experimentally to use them for flavor tag in hadron
collisions etc.; theoretically to understand QCD & models etc.
Based on factorization theorem of QCD, the FF can be obtained by:

| | 1 do(etTe™ -+q—h+X)
Dq—}h(-zvﬂﬂ) — -rZTLO{.EZ_l_E_

— qq—') dz |.u 0

If the hadron (h) is a light one or a heavy one, the cross-section
do(eTe”™ — ---+ g — h+ X) is obtained by measurements.
2017/07/24 9th hadron phys. workshop 18



QCD & hdron physics

If the hadron (h) is a doubly heavy one, the cross-section
do(eTe™ — -+ 4+q— h+ X) js calculable via NRQCD!

Take h=Bc¢ meson as an example: (C-H. Chang et al. PRD 46. 3845: PRD 93. 034019)
T } LB MMt oL )

1 d*c 128a2(4m2)|Pp(0)* [ wo(z) N duy(z)  d* waz) N d® wa(z) " d* wy(z)
oodr dz  2TE®M3ri(l —re2)* |(1—-2)2 (1—2)*  (1—=z)* (1—z)* (1-2x2)°

12807 (4m2) |V (0))2

- - . = :
D ] ) ] —I— > + — il |r o 0 | 2 )
- - :. — A ——ayn, B

fl—}”;:”p, (2, o) = 97 ”1 M( 1 e * owglz) 5 W 1E: j 7 w- ) + 1 w2 B 5 walz)

i

The situation for FF of doubly heavy baryons is similar!
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QCD & hadron phy5|cs

The Polarlzed fraumentatlon functions:
For example: bto A

et 1e 3bab

b— A)+... Polarized Frag. Func.
The polarization by measuring A) — A"+ 7~
Exotic hadrons (all are doubly heavy):

X,Y,Z particles ;
Recently ( Aug. 2015 ) :

W < 3}1(
b

Pt Ab{u—r—\_,_ }Pc ‘Doubly heavy’
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QCD & hadr

on physics (spectroscopy)

Take example B, meson & its excited states to illustrate :

The spectroscopy:

Moss (Gev/e’)

8.0 —

751

70—

-
-
—

6.5 =

-

|[l

6.0
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Spectrum of B, Mesons

~ 45 —————

4P ———m—
40

38 ———

a0

B - —

2P ——

L 15—

‘ B0 Threshald
s FP ————— - ———

(o) Be By 8B T e, L S iy 0

C

Be: (eb) ground state (1§, J°=07)
Be: (eb) ground state (1S, JP=07)
B*c: (cb) 15 excited state (S, JF=1")

X 'J,’; . (eb) P-wave excited states (*p;, JP =0t ,1t,2)
C :

hge: (cb) P-wave excited state (1P, JP =1%)
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QCD & hadron physics

I
® Bc meson (ground state) has been observed for
years.

® Recent the doubly heavy baryon =+*__ was observed:

arXiv1707.01621
u u, = 180F THCb 13 TeV. k """"
| e eidl 2160
——d c w0 TR0 'I'
i S &'-"r' :f-'-lzn —SJg:ual i
{:—-— -t = 100 --Background
. Tk §w ﬂﬂ#
..... " = o G0
W _:_ d :I'n" 40
20
03500 3.5c-:- ' I —

mcm.d.l:'—' e J [I"'IEJ" ! Ii--':]

3621.4040.72 (stat)20.27 (syst)£0.14 (AF) MeV/?
Quite difficult for experimental observation although
comparatively easy to deal with them theoretically!
If we have a super Z-factory, all QCD & hadron physics

will enter into a new era especial for doubly heavy ones.
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Heavy flavor phy5|cs

© N ——
¢, b-hadron phyS|cs
Br(Z — bb) = (15.12 +0.05)%, Br(Z — cé) = (12.03 £ 0.21)%

r

Heavy flavored hadrons: mesons and baryons
CKM elements, mixing, CPV, rare processes

Br(Z — B+ X) = (6.08+0.13)%, Br(Z — B,+ X) = (1.59+0.13)%
Br(Z - A.+X)=(15440.33)%, Br(Z —- Z.+ X) = seen,

Br(Z — =, + X) = seen,

Ay (277), Br(Z — b— baryon + X) = (1.38 + 0.22)%

Many baryon states (even ground states) need to
be confirmed!
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Heavy flavor physics

Double heavy hadrons :
Br(Z — bbbb) = (3.6 £1.3) x 10~
Br(Z — bbce) ~ 102, Br(Z — céce) ~ 1073
Diquark Hyq -

BC meson, llllll J ECC, ﬂcc’ Ebcl J ﬂbc 9 Ebb, and
their excited states:

* Their production can be estimated by pQCD reliable
within certain uncertanties;

* The ground states decay ‘weakly’ that they have a
comparatively long lifetime (1.0~0.1ps) and one can
trace the vertices in vertex detector from production to
decay (with the Lorentz boost).
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QCD & had‘ron physics

Production of Bc and its exited states (estimated reliably):

contribution total b-frag. c-frag. interference

o(Be., 1S0) 2.734 2.613 5.20x1072 6.90x10"2
o(BX, 3S1) 3.823 3.722 4.45x107% 5.65x10™2
o(B:*, 'P) 0271 0.269 3.01x1072 -1.01x1073

o(B:*, °Py) 0.164 0.157 8.13x107° -1.13x10°
o(BX*, *P;) 0.340 0.331 5.77x1072 3.23x107°
o(B:*, *P5) 0.365 0.366 3.87x10"* -1.39%x1073

The cross sections are in pb order.
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Heavy flavor physics

i

Bc production @ SZF /Z couples to fermions in

e vector and psudo—vector that

: —_— ' makes the asymmetry in forward
" | and backward, thus the
asymmetry in production may be
used to measure Sin®, !

Differential cross sections for various states.

The polarized ete- | = . =
beams make the RN i
asymmetry stronger. ’ “&gﬁQ, [

-4 ==t =t -1 -d E ed e =k =4 L - -4 s 4 =
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Heavy fla

One more example:
The production of baryons

o7

0&f

=
in
T

devdens Bpb)
E g

(=]
[

(=]
-

vor physics

bbIC'S, Iy

1
0
CcosH

]
oE

1
0B

(The cross section forE,, is timed by 10! )
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Heavy flavor physics

To measure the heavy quarkonia & exatics @ SZF:

() + ¢~ () — A(ps) + Hog(P)
J/, -

Here Hgg: 1.,

. r]hj T’ . e

X
Y (.(_—_‘, . o+ w

Two body final state!
(monoenergy photon)

*’Xbl_)f o

1
Sp

3Py

3P1

1P1

0 (cz)(Pb)

0.662 x 10~

0.328 % 104

0.197 % 103

0.661 % 10—4

0.615 % 10~

T (bb) (pb)]|C

0.475 » 10~2

0.128 x 104

0.838 x 10~

0.930 %« 10—

0.833 « 104
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Heavy flavor physics

i
i

Heavy flavored exotic hadrons:

Tetraquarks (Z7(3900),....):

(QCQqq) . (QQ'Qq) . (QQF g, (QQQA) - Q. Q' =c,b; g,d =u.d,s
Pentaquarks (Pc"(4450), Pc*(4380),....):
(QQ'qdq"),(QQ'Qqq') ,etc : Q. Q" =c,b; q,4,¢" =u,d,s
Hybrads:

(QQ'g),etc : Q,Q =c,b; g= gluon

Advantages in studying the heavy exotic hadrons:
The ‘mixing’ and ‘interferences’ are simple;
The heavy components decay in the detector;

etc
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Conclusmn .

® Many mterestmg and important phyS|cs
€ Highly precise tests of SM, looking for direct and
indirect evidence for new physics
¢ QCD, FFs for heavy and double heavy hadrons
4 Heavy flavor physics
4 Heavy and double heavy hadron physics
€ Exotic hadrons X_, Y, Z_ X, Y., Z, & baryons
® The luminosity of SZF £ >10°°cm?s"!is crucial for

hadron physics

€ For the QCD problems and hadron physics, the
luminosity £ >1033cm2s1is crucial, as the production

in the order of pb (even smaller).
€ For highly precise test of SM and finding ‘new
physics’ the higher luminosity is the better too.
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QCD & hadron physics

2017/07/24 9th hadron phys. workshop

32



