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Outline

Introduction
An option for future Chinese High Energy Physics
The Super Z-factory (SZF)

High Energy Physics @ SZF

Tests of SM and to search for hints beyond SM
High precision & rare physics for Z-boson etc
Flavor physics & QCD physics

Hadron Physics QCD @ SZF

(Many unique and interesting features)
Heavy and Double heavy Hadron physics

Summary
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Z-factory

The Z-Factories:

An et*e" 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: £,=2.4-10%cm?st
Scan 88GeV~94GeV

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

SLC: £,=0.6 - 10%cm~?st
@2zZ-peak 0.6 -10¢ events

(Especially electron polarization beam: 70%b)

Detector: SLD
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Super Z-factory (SZF)

Based on modern techniques a Z-factory with
luminosity below is accessible:
£ =10%°4,=10%"36cms! even higher
Z-boson events > 10'2 /year
Note: LEP-I £,= 2.4« 103cm~s!
SLC £,=0.6-10%cm>st
Still run at energy: ~ 91 GeV (around m,)
The significances of SZF
* Precision test of SM (clue for new physics)
 QCD & hadron physics

The plans in the world:
ILC, CEPC, FCC-ee(TLEP) but ¢ =10%cms1
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The options for CHEP after BEPC+BES

e CEPC+SppC.:
CEPC: ete circle collider,
Energies: 240GeV (91GeV, 180GeV......
Z =2%x10%cm2s1
SppC: pp circle collider,
Energies: 71.2TeV(?)
£ =1.2x10%cm2s1 (?)
o SZF: e*e circle collider,
Energies: 91GeV......
Z =2%10%cm2s1
e HIEPA: e*e circle collider,
Energies: 2-7GeV
£ =(0.5-1.0)x103*cm2s!
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The physics

The tasks of HEP after Higgs being'
discovered:

« To understand EW breaking etc

- Looking for new physics beyond SM

Direct evidences (observation)

Indirect evidences by precision tests
Evidences from cosmology etc
Neutrino problems

 New phenomena within SM:

QCD problems (PDF, FF, hadron physics,
GP, phase transition etc)
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Test of the mechanism:

masses of Bosons
2my=0,V,  2m;=(g,°+g,")*°V
V =247GeV
Fermion masses from Yukawa couplings to Higgs

L=, JHf + SH? + 2 HY 40,V VE (gpo H + 24 H?)

. . 9.7 g7
__ my m; _ 2mi __ 3my __ 3my

ghf_lr- - T y g}”_..l. — T- ghm.r - ],E ghhh T il ? hhkh T '.!:':‘:'I

V=W=orZ; n=1for V=W, n,=05 forV =17.

The discovery of Higgs in 2012:
m,=125GeV
All of the couplings above are fixed, thus we may compare

the couplings with the measured ones so to test the mechanism
(LHC) !
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The phyS|cs

o —
« Precision & rare physics for Z-boson:
Exp. measurements ( LEP-I, SLC) vs Theor. prediction (SM)
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The physics

- Precision & rare physics for Z-boson:
Exp. measurements ( LEP-I, SLC) vs Theor. prediction (SM)
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(Taken from arXiv:1012.2367)

SM works well so far, but the
pulls are ‘dominant’ by
experimental errors.

It is very difficult to suppress the
expt. errors, but with better
designed detectors and much higher
statistics of events it is possible to
confirm some hences @ super Z-

Theoretical loop calculations have
been made progresses steadily

recently

Polarization beam is helpful !
9
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The physics

arXiv:1310.6708
Cuantity  Current theory error  Leading missing terms  Est. future theory error
sin® 0% 4.5 x 10—= Do, ), {’f]{"". Z253) 1...1.5 = 10-°
Hy, oD% 1071 O "3} O "'.f 203 ~ 1% 1074
'z few MeV O(a®), O(N fﬁ‘l < 1 MeV
M 4 MeV Oa’n,), c:{ﬁ. 7la?) <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 missing
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, i which
case the third column refers to the remamming preces at the given order. The numbers i the last column are
rough order-of magnitude guesses.

The rare (tiny) physics relevant to Z boson directly

Lepton number violation &
f  FCNC processes; CPV; d&

7 pa , ,;:;"*' etc.
Q = A k (, Longitudinal component
. <l of Z-boson couple to a
S pair of fermions ~ m,
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The physics

t-lepton is special (the heaviest lepton)
Very good place of t-lepton physics ( @ Z-factory):

T _ Based on SM: m,
|

. E Sin%0,,, a,I',, etc
5; | : -
|l I o(cross-section) @ Z-
) | l | peak~0.50 @ the
23 || ” 1 highest one (threshold)
S 1 H | ~2.3c @ B-factory
1? | 3% 101 ¢ pairs/year
SN JAN | T is the heaviest
of e — ] .
o s 10 10 200 lepton in SM!
Eeml GeV]

An important factor is the Lorentz boost effects !
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The physics

LEP-I examplel:
the data samples recorded between 1591 and 1995 with OPAL

69773 T-pair events

CPV of V. : Re{d®) (0.72+42.46 +0.24) x 107 ¢ em
(weak dipole) Im{d*) — (0354 0.57+0.08) x 1077 ¢ em
If we define: £, = Algo_rir - where ATy - L) n"g(l 4&) ih

FEIZ_I_I r I‘:l:ﬁ' m.i |
The limit means: e < T2x107° using |d"| and
er < B9x107° assuming Im{d> ) = 0
Ty cin — (83.88 4 0.39) MeV

precision of the test of CP invarance

a level of one m thousand
Statistics errors quite large, so there are rooms to improve the measurement(s) !
New result: Itis greatly helpful that the direction of produced r is measured.
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The physics

New Physics:
SUSY Models, Multi-Higgs Model, Little Higgs Model,
RPV SUSY, Extra Z-boson Model etc

The effective couplings Z/'f

For leptons: 77, Zur. Zri. Zer. Zre
It is expeced that Z-factory will offer the most precise constraint
on them.

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

f sf - D‘J f s < 0 , . - - - -
P—CC o(cosf < ; — Rpp 2A,A; Difficulties are in

o(cos HHD‘H—g[cusHaO i _ )y
(P. > 0) — o(P. < 0) identifying the flavor
(.

P- ,AU}—FUP <0)

a
ALr = = A..
a
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The physics

e t-lepton physics:
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.
Therefore, the rare decays

Ty, ToUY, TUUL, T UEE, T—>eee, etc
and/or CPV in decays may reach to up-to 1019 |evel
(even higher) !

* Neutrino physics:
The invisible width of Z-boson—= 3 (2.984+0.008)

Types of light neutrinos and how big a room left for

the light neutrinos mixing with the sterile ones and
else.
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The physics

e Flavor physics'& QCD physics etc
Z-factory vs super B-factory & t-charm factory
¢, b-hadron physics (especially open bottom)

. 5
The production 10
Z
of hadrons @ .
+A- I "L _
e'e 'CO”'der 10 3 e'e —hadrons
2,
E 10 7 =
2 [ — + -
S 10 FDoRs W'W
PEP
PETRA — |
KhKR TRISTAN  SL.C
PEP-11 _
10 ILEP!

] 1 ] 1 1 LE}P III ]
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)
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The physics

® QCD physics
€ Fragmentation functions (FFs):

D,D,, D', B, By B, ... \auE For example:

,_, - FF of a (heavy) hadron
from a quark corb 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.

The FF for b or c-quark to ground, excited B or D meson and to

bottom or charm baryon etc.
Also polarized fragmentation functions:

2016/8/8-11 Hadron Physics in China 16



€ The Polarized fragmentation functions:
For example: bto A}

et +e  —b+b
b— A+ Frag. Func.

A) — Af +7~  To measure polarization

€ Non-perturbative fragmentation models:
LUND , Webber Cluster, Quark Combination
(ShangDong) Model. It is the best place to
test the models.
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The physics
-
® Flavor & hadron physics
Light flavors & hadrons (contain light quarks only)

m, my mg < Agep,
Heavy flavors & hadrons (contain heavy quarks)
m, > m, > Aycp, (without t-quark)
We need to understand both kinds of the hadrons
and advantages to understand the heavy hadrons:

pQCD applicable due the ‘heaviness’;

Effective theories: Heavy flavor effective theory, NRQCD
etc;

Mass hierarchy of b, ¢ quarks (small, mixing);

Lifetime for heavy component ‘matches’ the detectors;

etc
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The physics

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

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 physics

. N
4 c, b-hadron physics
Br(Z — bb) = (15.12 £ 0.05)%. Br(Z — ce) = (12.03 +0.21)%,

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

Br(Z —- B+ X)=(608+0.13)%, Br(Z— B:+X)=(1.59+0.13)%
BriZ = A +X)=(154x£033)%, Br(Z —=Z.+ X) = seen,

Br(Z — =, + X) = seen,

Ay (777), Br(Z —b—baryon+ X) = (1.38 £0.22)%

Many baryon states need to be confirmed!
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The physics

o —
4 Double heavy hadrons :
Br(Z — bbbb) = (3.6 £1.3) x 10~

Br(Z — bbcé) ~ 1073,  Br(Z — cécé) ~ 1073

Hoo' !
B. meson, ...... r St Qv Sparr e r Sppr @and
their excited states:

« Their production can be estimated by pQCD reliable;

* 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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The physics

L —
Take example B, meson & its excited states to illustrate :
The spectroscopy:

8.0 —
s Spectrum of B, Mesons
~ A5 ———
75 AR ———
- a0
o 35 ———
A [ P B0 Thresnaold
= [T = £ T, oo E ! L i L .
ﬁ :IIG s ElD |{"'F.-:|| Bl: " BI:-. . a BI:-. n B f,- 5 5 :{_Jr;r: n . }i]r_;r- .
n B e, ~— - ?
E - _— Be: (eb) ground state (s, J7=07)
- Be: (cb) ground state (18, J7=0")
6.5 | .
[ p— B¥*e: (eb) 150 excited state (35, JP=1)
- j('j; - (eb) P-wave excited states (P, JP =0+ 1+,2¢)
N )
6.0 — o 1 2 _

hpq: (cb) P-wave excited state ('p, J"=1%)
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The physics

Production (estimated reliably by NRQCD):

o —
.

contribution total b-frag. c-frag. interference
o(Be, 'So) 2.734 2613 5.20x1072 6.90x1072
o(BX, 251) 3.823 3.722 4.45x107% 5.65x10 7
o(BX*, 'Py) 0271 0.269 3.01x1072 -1.01x10"*
o(B:*, °Py) 0.164 0.157 8.13x107° -1.13x10"°
o(BX*, *P;) 0.340 0.331 5.77x1072 3.23x107°
o(B:*, 3P2) 0.365 0.366 3.87x10"* -1.39x10°
The cross sections in pb.
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The physics

T T T Ty Z couples to fermions in

| ' ' vector and psudo—-vector that
makes the asymmetry in forward
and backward, thus the
asymmetry in production may be
used to measure Sin®, !

ehoaickores B i)

1 1 1 1 1 1 1 1 1
1 il | s 04 az d 02 T4 L 0
e

Differential cross sections for various states.

The polarized ete— e == ffk

beams make the NS g P/
-, W_H'--.:H =] ____.-':'_'_':'.--""'..

asymmetry stronger. 1 =
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The physics

A) - (220
A s (). 231
A3 == =(233
251 A9 0.251

do/dcosO(pb)

cost

The dependence on the Wenberg
angleSin®,, .
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The physics

e Another example:o measure the spectrum for heavy
quarkonia & exatics:

+(-pl) + e (py) — ~(ps) + HQQ(P) Two body final state!
(monoenergy photon)

Here HQQ co JIUy oy T Neas -0 Xy
15 'S0 Py Py Py Py

0 (cz) (Pb) 0.934  |0.662 x 1072|0.328 »x 10~40.197 x 1072{0.661 x 10=*|0.615 x 10~

75 (p)|[0.565 > 10710.475 > 107%|0.128 » 107*]0.838 x 1074]0.930 x 107*/0.833 x 10~
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The physics

! © L ——
One more example:
The production of baryons = =, =, (in pb):

CC,

or

__ wiE, ,
0} __ _moi'ag, £
N
osf i e
g
an]
é 0.2
=
%]
o

=
]
T

=
[

B2
=

1
-

] ] ] ] ] ] ] ] ]
-8 1.6 =0.£ -0z O 02 04 0E 0.8 i
cosH

(L E | Ry 7 Jr10! )
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The physics
Heay flavored exotic hadrons:

Tetraquarks (Z*(3900),....):

(QCqq") . (QQ'Qq)  (QCQq0"), (QQQQ) - Q. =c.b; g.q =u.d.s
Pentaquarks (Pc*(4450), Pc*(4380),....):
(QQ'qq'q") . (QQ'Qqq') ;etc : Q. Q" =c.,b: q.¢.¢"=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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Summary

® There are may interesting and |mportant
physics:
€ Highly precise tests of SM, looking for direct and
indirect evidence for new physics
€ FFs for heavy and double heavy hadrons
€4 Heavy flavor physics
€ Heavy and double heavy hadron physics
® The luminosity of SZF £ >10°>cm-~s'is crucial for

hadron physics

€ There is no crucial luminosity for such physics as
‘highly precise test of SM, ..... !

€ For some QCD problems and hadron physics, The
luminosity £ >10cm~sis crucial, as the production

in the order of pb.
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