


















H → ZZ∗ → 4μ



ψ(x, t)

�E = −�∇φ− ∂ �A

∂t
, �B = �∇× �A

Aμ = (φ, �A)

1
2m

[(−i�∇− q �A)2 + qφ]ψ(x, t) = i
∂ψ(x, t)
∂t

1
2m

(−i �D)2ψ(x, t) = iD0ψ(x, t)



�∇ → �D = �∇− iq �A,
∂

∂t
→ D0 =

∂

∂t
+ iqφ.

�E �B gauge (φ,A) G→
(φ′, �A′)

φ→ φ′ = φ− ∂χ

∂t
, �A→ �A′ = �A+ �∇χ.

1
2m

(−i �D′)2ψ′(x, t) = iD′
0ψ

′(x, t)

D′ D′
0

ψ′(x, t)
ψ′(x, t)

ψ(x, t) → ψ′(x, t) = exp(iqχ)ψ(x, t).

ψ ψ′ |ψ|2 = |ψ′|2
J ∝ ψ∗(�∇ψ) − (�∇ψ)∗ψ ψ ψ′

Lψ = ψ̄(iγμ∂μ −m)ψ

local

ψ → ψ′ = exp[iα(x)]ψ.

Aμ

Dμ = ∂μ + ieAμ

Aμ

Aμ → A′
μ = Aμ +

1
e
∂μα.

e Aμ

Lψ → L′
ψ = Lψ − eψ̄γμψA

μ

Fμν = ∂μAν − ∂νAμ



LQED = Lψ − eψ̄γμψA
μ − 1

4
FμνF

μν

LmA = −1
2μγAμA

μ μγ
μγ = 0

ψ

ψ → ψ′ = Uψ, U+U = U−1U = 1.

U = exp[−iT aα(x)]

T a α(x)
T a

+2
3 −1

3
−1 0

−2
3 +1





μ 10−24 ρ

W+,W− Z0

∼ 10−18 W+ W−

u → d

∼ 10−15

•

•

r̄ b̄
ḡ

r̄ b̄ ḡ

qi qi



n→ p+ + e− + ν̄e

W−

qi

32 − 1 = 8

U = exp[iT aca]

T a (a = 1, 2, ...8) ×

ca

q → q′ = exp[icata]q
q̄ → q̄′ = exp[−icata]q̄.

ca(xμ)
Aaμ

LQCD = q̄(iγμ∂μ + gsA
μ −m)q − 1

2
TrGμνGμν

Gμν = ∂μAν − ∂νAμ − igs[Aμ, Aν ]

Aμ

Aμ =
8∑

a=1

Aaμt
a.

gs αs =
(g2
s/4π) Q

Q2

q



β

n→ p+ e− + ν̄
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W+,W− Z0

3 · 10−25

10−18

β W+,W−

T W±

W1
μ,W

2
μ W3

μ

g W+

W− W1
μ W2

μ W3
μ

Y Q Y
T3

Q = T3 +
Y

2
.

Bμ U(1)Y
SU(2)L ⊗ U(1)Y U(1)EM

SU(2)L ⊗ U(1)Y

∂ → Dμ = ∂μ + igTjWj
μ + i

g′

2
Y Bμ

�Wμ = {W1
μ,W

2
μ,W

3
μ} SU(2)L Bμ U(1)Y

LY ang−Mills =
1
4
�Wμν �Wμν − 1

4
BμνBμν



d′, s′ b′

d, s, b

⎛
⎝ d′

s′

b′

⎞
⎠ = VCKM

⎛
⎝ d

s
b

⎞
⎠

VCKM
νe, νμ ντ ν1, ν2 ν3

Q T T3 Y

0 1/2 +1/2 −1(
νe
e

) (
νμ
μ

) (
ντ
τ

)
−1 1/2 −1/2 −1

eR μR τR −1 0 0 −2

+2/3 1/2 +1/2 +1/3(
u
d′
) (

c
s′
) (

t
b′
)

−1/3 1/2 −1/2 +1/3
uR cR tR +2/3 0 0 +4/3
dR sR bR −1/3 0 0 −2/3

W1
μ,W

2
μ W3

μ Bμ SU(2)L ⊗ U(1)Y

W±
μ =

1√
2
(W1

μ ∓ iW2
μ)

Aμ = Bμ cos θW + W3
μ sin θW

Zμ = −Bμ sin θW + W3
μ cos θW .

W±
μ Aμ

Zμ θW
g g′

cos θW =
g√

g2 + g′2
, sin θW =

g′√
g2 + g′2

.

Aμ

g g′

e

g =
e

sin θW
, g′ =

e

cos θW
.



γ −ieγμ
W± −i e√

2sin θW
γμ 1

2(1 − γ5)

Z0 −i e√
2sin θW cos θW

γμ 1
2(gV − gAγ

5)

W±

Z0

gV gA

W± W±

Z0

Z0

gV = T3 − 2Q sin2 θW , gA = T3.

SU(2)L ⊗ U(1)Y

1
2m

2BμBμ

mψ̄ψ = m(ψ̄RψL + ψ̄LψR)
SU(2)L

ψL ψR

Φ V (Φ)
SU(2)L ⊗ U(1)Y

Φ

Φ =
(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)



V (Φ) = μ2Φ†Φ + λ(Φ†Φ)2.

φ3 φ4

Vmin = v/
√

2
SU(2)L ⊗ U(1)Y

U(1)EM
v√
2

= μ2

2λ φ0

Φ(x) =
1√
2

(
0

v + h(x)

)
,

h(x) φ3

v/
√

2 v/
√

2 SU(2)L ⊗ U(1)Y

Φ(x)
φ1 φ2 φ4 θ1 θ2 θ3

h(x)
Φ(x) θ1 θ2 θ3

h(x)

Φ(x) = exp

⎡
⎣i 3∑

j=1

θj(x)
τj
v

⎤
⎦ 1√

2

(
0

v + h(x)

)

3 → 4



τ1 τ2 τ3
θ1 θ2 θ3 h(x)

LHiggs = (DμΦ)†DμΦ − V (Φ)

SU(2)
Φ

LHiggs =
1
2
∂μh∂

μh (a)

+
1
4
g2v2W+

μW−μ +
1
8
(g2 + g′2)v2ZμZμ − λv2h2 (b)

+
1
2
g2vhW+

μW−μ +
1
4
(g2 + g′2)vhZμZμ (c)

+
1
4
g2h2W+

μW−μ +
1
8
(g2 + g′2)h2ZμZμ (d)

− λvh3 − 1
4
λh4 (e)

+ const (f)

W+,W−,Z0

mW =
1
2
vg,

mZ =
1
2
v
√
g2 + g′2,

mH = v
√

2λ =
√

−2μ2;

HW+W− HZ0Z0

HHW+W− HHZ0Z0

HHH HHHH
γ

U(1)EM

SU(2)L ⊗ U(1)Y U(1)EM

U(1)EM

W± Z0

LHiggs

W± Z0

ΦC = iτ2Φ∗
(

φ̄0

−φ−
)
.



LY ukawa = −ge
[
(ν̄e, ē)L

(
φ+

φ0

)
eR + ēR(φ−, φ̄0)

(
νe
e

)
L

]

−gd
[
(ū, d̄)L

(
φ+

φ0

)
dR + d̄R(φ−, φ̄0)

(
u
d

)
L

]

−gu
[
(ū, d̄)L

(
φ̄0

−φ−
)
uR + ūR(φ0,−φ+)

(
u
d

)
L

]
.

LY ukawa = − 1√
2
gevēe− 1√

2
gdvd̄d− 1√

2
guvūu (a)

− 1√
2
geēeh− 1√

2
gdd̄dh− 1√

2
guūuh. (b)

me =
1√
2
gev, md =

1√
2
gdv, mu =

1√
2
guv.

gf

LGSW = −1
4

3∑
j=1

Wj
μνW

μν
j − 1

4
BμνBμν (a)

+ L̄γμ

⎛
⎝i∂μ − g

3∑
j=1

τj
2

Wj
μ − g′

Y

2
Bμ

⎞
⎠L+ R̄γμ

(
i∂μ − g′

Y

2
Bμ

)
R (b)

+

∣∣∣∣∣∣
⎛
⎝i∂μ − g

3∑
j=1

τj
2

Wj
μ − g′

Y

2
Bμ

⎞
⎠ Φ

∣∣∣∣∣∣
2

− V (Φ) (c)

+ gf

[
L̄ΦR+ R̄Φ†L

]
. (d)

L R

W± Z0



τ W± Z0

•
ΛGUT

τproton > 1033

•

mH

Δm2
H(f) =

|λf |2
16π2

(
−2Λ2

UV + 6m2
f ln

ΛUV
mf

+ ...

)
,

Δm2
H(S) =

λS
16π2

(
Λ2
UV − 2m2

S ln
ΛUV
mS

+ ...

)
,

ΛUV f F



αi

1014

λS |λf |2

Q |fermion〉 = |boson〉 , Q |boson〉 = |fermion〉.

Q

Q =
(
Qα
Q†
α̇

)
.

[Qα, Q
†
α̇]− = 2σμα,α̇Pμ,

[Qα, Qβ]− = [Q†
α̇, Q

†
β̇
]− = 0,

[Qα, Pμ]− = [Pμ, Q†
α̇]− = 0.

σμ Pμ



Q
P 2 Q Q†

R = (−1)3(B−L)+2S .

RSM

RLSP

Q NQ ≤
4J J

SU(3) SU(2) U(1)



W̃3 B̃ Z̃ γ̃

Hu =
(
H+
u

H0
u

)
, Hd =

(
H0
d

H−
d

)
.



Lbreaking = m 1
2
λ̃λ̃+m0φ

+φ+Ahuq̃ũ
c +Ahdq̃d̃

c +Ahd l̃ẽ
c + h.c.

λ̃ m 1
2

φ m0 ×

ũc d̃c ẽc

U(1)EM

∂V/∂H+
u = 0 Vmin H−

d = 0

V = (|μ|2 +M2
Hu

)|H1|2 + (|μ|2 +M2
Hd

)|H2|2 − b(H1H2 +H+
2 H

+
1 )

+
1
8
(g2 + g′2)(|H1|2 − |H2|2)2

μ b

G0 G±

W± Z0

A H±

h H

m2
1,2 =

|μ|2 +M2
Hu,d

β

m2
A = m2

1 +m2
2

m2
H± = m2

A +m2
W

m2
h,H =

1
2

(
m2
A +m2

Z ∓
√

(m2
A +m2

Z)2 − 4m2
Am

2
Z cos 2β

)

mW ≤ mH± , mh ≤ mA ≤ mH .
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∼ 10−35

SU(2)L ⊗ U(1)Y → U(1)EM

v√
2

= μ2

2λ

W± Z0

W± Z0

W± Z0



G ⊗ H G
H

H
G ⊗ H G G

G
H

K
G ⊗ H



√
s = 14



√
s = 14

L



t

dN

dt
= σL, N = σ

∫
Ldt = σL

σ L
L = 1034 −2 −1

1.1 · 1011

L

L =
nb ·Nb · f
4π ·σx ·σy .

nb Nb f
σx σy

σ̂
f(xi, Q2)

σ =
∫
dx1

∫
dx2 f1(x1, Q

2) f2(x2, Q
2) σ̂.

xi Q
1034 −2 −1 √

s
qq → qq qq → gg qg → qg

10−10

W± Z0

• gg → H

• qq → qqH

• W± Z0 qq̄′ →WH qq̄ → ZH



√
s

bb̄
1010

σtot

• tt̄ gg, qq̄ → tt̄H

x

mH > 114.4

ff̄ mH � 135 2mf < mH



gg → H
H → ZZ → μ+μ−μ+μ−

Γ(H → ff̄) =
GFNC

4
√

2π
m2
f mH

(
1 − 4m2

f

m2
H

) 3
2

V W± Z0

Γ(H → V V ) =
GFm

3
H

64
√

2π
δV

(
4 − 4

4m2
V

m2
H

+ 3
(

4m2
V

m2
H

)2
)(

1 − 4m2
V

m2
H

) 1
2

.



NC GF δV
Z0 δV W±

mH

mH � 135 H → bb̄
mH � 2mW tt̄ W+W−

W± Z0

• gg → H → γγ

• qq̄′ →WH → lνlγγ gg, qq̄ → tt̄H → lνlγγX

• qq̄′ →WH → lνlbb̄ gg, qq̄ → tt̄H → bb̄bb̄WW → bb̄b̄lνlX

• gg → H → Z(∗)Z(∗) → l+l−l′+l′− l, l′ = e μ

• gg → H →W (∗)W (∗) → l+νll
′−ν̄l′ l, l′ = e μ

• gg → H → ZZ → l+l−νl′ ν̄l′ l = e μ l′ = e, μ τ

•

μ



μ



•

• √
s = 5.5

•



pT

x
y z

x y φ y z θ
θ

η = − ln
[
tan

(
θ

2

)]
,

•
b c τ

|η| μ × μ
μ r φ μ r z

◦

•

2



pT

η
|η|

◦

ΔpT
pT

= 0.15
pT

TeV
⊕ 0.5 %,



4

X0 RM
4

X0

× Δη×Δφ ×
|η| <

× |η| <

π0 γ e± π±

1.65 < |η| < 2.6

ΔE
E

=
a√

E/GeV
⊕ b

E/GeV
⊕ c.

a = 2.7 % 5.7 %
b < 250

c � 0.55 %

•

Δη × Δφ ×

X0 E �

RM = 21 MeV
E

·X0



λI

• ±

λI

•

λI

ΔE
E

=
100 %√
E [GeV]

⊕ 4.5 %

• η

λI



pT η

•

μ pT ∼=
μ

• pT

pT
ΔpT
pT

•

2

2

pT
ΔpT
pT

ΔpT
pT

η = 0 η = 2.5 η = 0 η = 2.5

pT

≤ |η| ≤

|η| ≤



x y

2

x y

2



2 4

μ φ

r φ

μ φ

x y



pT

8 11 Ω

2 4 4 iso 4 10 6

φ

2



×

pT
r φ

z φ
φ

θ
◦ φ θ φ

φ φ
θ φ φ



φ
pT θ ◦ φ

θ

φ

φ



φ θ

φ θ

φ
φ

2

e
�E

d
�E

�E

vdrift
r

1
r

e

vdrift d

tdrift

d = vdrift · tdrift.



vdrift
�E

2

vdrift
�E μ

�E

�E
vdrift

E
N ∼ E

p N

p
vdrift

E
p

vdrift

vdrift = 54.3 μ

�E
vdrift μ

μ
μ

tdrift = tn, n = 1, 2, 3, 4
tmean

tmean = t3 +
t2 + t4

2
= t2 +

t1 + t3
2

pV = NkT
vdrift

E
p





μ μ

2

τ

τ τ



102

1034 −2 −1

109

107

• μ

•

μ



|η| < 2.5
|η| < 5 pT > 20 >

ET



(η, φ)



φ η

φ

φ



φ η pT 0.8 < η < 1.2

pT

μ

•
•
•
•

•

•
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•

•

•

•

•





μ

•

•

•

μ



+5

+2.5

◦

2

φ



μ



fclock

fPLL

fPLL
1/(32fPLL)

μ
R C

φ
φ φ

φ
θ θ



tlead

tlead



tdrift =
tlead
4

· 25 ns
32





μ





μ



μ



◦



•

•

•

•

•

•

•

•



•



•

•



Nnoise

t
t � 55100

Nevents

fnoise =
Nnoise

t ·Nevents
,

fnoise �





×
μs



tAC
min tMC

min tAC
max tMC

max

tAC
Nmax

tMC
Nmax

tAC
Nmax

= tMC
Nmax

= tNmax

tmin tmax

tmin = max(tAC
min, t

MC
min)

tmax = min(tAC
max, t

MC
max).

tmin tmax μ tmin tmax



tNmax

[tmin, tmax]



•



<

•

•

•

•



n · 4096 n



ΔNhit = NMC
hit −NAC

hit

NMC
hit NAC

hit

Δ̄Nhit σΔNhit
ΔNhit min ΔNhit max

ΔNhit

ΔNhit

ΔNhit

ΔNhit

Δ̄Nall hits = 0.21 σΔ̄Nall hits
= 1.72

f

Δfnoise cell = fMC
noise cell − fAC

noise cell

fMC
noise cell fAC

noise cell

ΔNhit �= 0



ΔNhit

Δ̄Nall hits

Δfnoise cell

Δfnoise cell





i j i �= j
ti tj

ΔtAC
ij = tAC

i − tAC
j

ΔtMC
ij = tMC

i − tMC
j ,



n(
n
2

)
= n(n−1)

2 ΔtAC
ij ΔtMC

ij

Δtij = ΔtMC
ij − ΔtAC

ij

Δtij

σdigΔtij
=

√
2 ·

√
2 · 1 ns√

12
� 0.6 ns.

Δtij
Δtij

Δtij
Δtij

Δ̄tij all = 0.32 σΔ̄tij all
= 1.55

σsys
σDT

σ2
sys/σ

2
DT = 0.05



NΔtij Δ̄tij σΔtij

[12 f̄noise,
3
2 f̄noise]
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φ 170 −2 −1

2

f̄cosmic noise � 20

Uanode
Ucathode Ustrips

Uanode Ucathode
Uanode Ucathode

Uthr

• Uanode Ucathode
Ustrips

• Ucathode Uanode
Ustrips

f̄noise
Uanode Ucathode
f̄noise Uanode Ucathode

fnoise Ucathode θ
φ

l lθ
lφ

Uthr



θ φ

Uthr
Uthr

Uanode Ucathode Ustrips
Uthr

Uthr ≤

Uthr Uthr

• Uthr ≤ 102 105

• < Uthr ≤

• Uthr

≤ Uthr ≤
fnoise Uthr
φ fnoise Uthr



Uthr Uthr

105 Uthr ≤ Uthr

fnoise
Uthr Uthr

φ

≤ Uthr ≤
f̄noise fnoise



Uthr fnoise
≤ Uthr ≤

fnoise Uthr

fnoise
θ

fnoise φ θ
fnoise

φ θ

φ
θ

φ θ

φ θ

φ

Uthr

fnoise fnoise

φ φ



fnoise Uthr

φ φ fnoise

• φ φ
θ

• φ θ

fnoise

• fnoise Uthr



fnoise Uthr Uthr
fnoise ≤

Uanode fnoise
Ucathode

•
fnoise Uthr Uanode
Ucathode

Uthr Uthr ≥ fnoise
θ

fnoise
fnoise Uanode fnoise

Ucathode Ucathode Uthr
Uanode Ucathode

fnoise



φ

φ

Ndrift Uthr
Uthr

Uthr
Ndrift



Uthr

Ndrift = a′ ·Uthr + b′,

εthr
Uthr nom ε15 mV := 1

εthr = a · (Uthr − Uthr nom) + b,

a b

Ndrift

Ndrift

a −1 b

φ −1.85 · 10−3

φ −1.70 · 10−3

θ −1.75 · 10−3

a b

Uthr
Uthr Uthr

Uthr



Uthr Ucathode Uanode

Uthr

Uthr Uanode
Ucathode

φ



φ Uthr Uanode

Ucathode

�E

Uthr



Uthr
fnoise �

φ
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•
•
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•

•

•



•

•



•
•
•
•
•



•

•





•
•

•
•

•

•

2



±
±



Vcc Vcc Vdd



p
V ′

Vout
Vout n

n
pn

p V ′

Vout
p T Vcc

Vout Vout n

p V ′ Vout n

•
3

•

Vout



•

• 11 2



• ◦ ◦

•

•

• ± ±

±



±

Vcc Vcc

Vcc
Vcc

Vcc
Vcc

2

11 2



Vcc

Vcc Vcc

Vcc Vcc

◦



1 · 1011 2

±

2











k
pk dk

dk =
pk−1 + pk+1

2
− pk

pk−1 pk pk+1





2

2

2 2

2

2



1 · 1011 2

t = 25 ◦ t = 45 ◦

±

Vcc/2



Vcc/2
Vcc/2

Vdd/2

2

Unom Umeas

Unom Umeas Unom −Umeas

Unom − Umeas = a ·Unom + b

a b

a b
Ucorr

Ucorr = A ·Umeas − b

A = 1/(1 − a)



A = 1.001 A = 1.999
b = −0.001 A b

Unom−Ucorr
±

A b



Unom − Umeas Unom





•

•

•

•

s d



•

•

•

n

Un, corr



pn

n
A b

Un, corr n
pn

Un, corr Ui Ui+1

Un, corr
Un, corr pn

pn =
Un, corr − Ui
Ui+1 − Ui

· (pi+1 − pi) + pi,

pi pi+1 Ui Ui+1



ΔOutput = Outputbefore −Outputafter,

σ

Δ
σΔ =

√
σ2
before + σ2

after



Δ
Δp

±

σpoint = 0.2

σpoint = 0.015 σpoint = 0.04



σ100 = 0.08 σ500 = 0.20

r

r100/500 = 0.05 ± 0.04
r100/Baratron = 0.20 ± 0.04
r500/Baratron = 0.15 ± 0.04

r

Vcc

Vcc

x y x̄ ȳ

rxy =
Cov(x, y)

σxσx
,

Cov(x, y) = 1
n

Pn
j=1(xj−x̄)(yj−ȳ) x y σx, σx



r

a′V
a′V = −1.0

Vcc

|r| ≥ 0.7

Vcc



Vcc

Main Vcc



−
− −
− −
− −
− −
− −
− −
− −
− −
− −
− −

Main VCC

VCC

VCC

aV =
a′V
ΔT

,

ΔT ◦
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