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Hadron Circular Colliders 

4A1'/%61,(126,BC%

D*+120(*2(%4(+;%269(C%

L ∝
N2

p

σxσy
· nb · frev

E∗ ≈ 2× E

Np = 1.15− 1.65 · 1011 ppb

σx,y = 16− 30 µm

$A;<(*%-E%<A1'/(2%% 1370− 2808

#(0-)AF-1%E*(GA(1'B% 11 kHz

Nevent/s = L · σevent
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mcβγ

�
Fr(r, s, t) dt

∆r� = −Npr0
r

· r

r2
[1− e−

r2

2σ2 ]

4(+;I<(+;%X-*'(%"

σx = σy = σ
β ≈ 1 r2 = x2 + y2

r1

r2 d-8%3-(2%,/62%E-*'(%)--Z2%
)6Z(K%
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X-*%)+*5(%+;R)6,A3(C%0(*B%1-1I)61(+*%

D/(%<(+;%86))%+',%+2%+%2,*-15%1-1I)61(+*%()(',*-;+51(F'%)(12g%

L#P+"&B"E-+>.1(A&Q>#B*>C-2"& &!"#$%@"#$&E-*+"&

b61(+*%E-*'(%&

F ∝ Np

σ
· 1
r
·
�
1− e−

r2

2σ2

�

!+1%8(%GA+1FEB%,/(%<(+;I<(+;%2,*(15/,K&
&!"#$%@"#$&E-*+"&

X-*%2;+))%+;R)6,A3(2C%)61(+*%E-*'(%

/8"&.2-C"&-E&)8"&E-*+"&A1G".&=->&
)8"&@"#$%@"#$&C#*#$")"*&

F ∝ −ξ · r

∆r� = −Npr0
r

· r

r2
·
�
1− e−

r2

2σ2

�

∆r� =
2Npr0

γ
· 1
r
·
�
1−

�
1− r2

2σ2
+ ...

��

ξ

iA+1Fa(2%,/(%2,*(15,/%-E%,/(%E-*'(%
<A,%3-(2%$YD%*(j(',%,/(%1-1)61(+*%

1+,A*(%-E%,/(%E-*'("



6-221B"*.F&

V+*+;(,(*2% bd!%1-;61+)% bd!%=>?=%

'()"(.1)=&RCS"T@>(+8& U;UV&UWUU& U;X&UWUU&&

4("*A=&Y"Z& [WWW& \WWW&&

!"#$&"$1]#(+"& ^;[V&µ$*#B&& _;_%_;V&µ$*#B&

6*-..1(A&#(A2"&3µ*#B7& _`V& _aW&

#bS=c&3$7& U;_V%W;WV& W;XW%W;XW&

L>$1(-.1)=& U&UW^\& [;X&UW^^&

$<<% >N>>@_% >N>>k%

ξ =
β∗

4π
· δ(∆r

�
)

δr
=

Nr0β∗

4πγσ2

d-*&*->(B&@"#$.F& d-*&(-(%*->(B&@"#$.F&

ξx,y =
Nr0β∗

x,y

2πγσx,y(σx + σy)

"l+;R)(2C"

L1("#*&/>("&.81e&

1

f
=

∆x�

x
=

Nr0
γσ2

=
ξ · 4π
β∗

X-*%2;+))%+;R)6,A3(2%<(+;I<(+;%'+1%<(%+RR*-l6;+,(3%+2%)61(+*%
E-*'(%+2%+%GA+3*AR-)(%

F ∝ −ξ · r

X-'+)%)(15,/C&

4(+;I<(+;%;+,*6lC%

V(*,A*<(3%-1(%,A*1%;+,*6l%86,/%R(*,A*<(3%,A1(%%K%+13%<(,+%EA1'F-1%
+,%,/(%fV%#cC%% �
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0

=
sin(2πQ)

sin(2π(Q+∆Q))

cos(2π(Q+∆Q)) = cos(2πQ)− β∗
0 · 4πξ
β∗ sin(2πQ)
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%

fE%2(R+*+F-1%-E%)-15%*+15(%,--%2;+))%
R+*F')(2%<('-;(%A12,+<)(%+13%5(,%)-2,%

!-A*,(2B%[N%V+R-r&

!-A*,(2B%sN%4AJ+,&

k%&%2(R+*+F-1%



b-15I*+15(%44%+13%Y*<6,%"J(',2&
b-15%#+15(%4(+;I<(+;%61,(*+'F-12%)(+3%,-%-*<6,%(J(',2%

Y*<6,%'+1%<(%'-**(',(3%<A,%8(%2/-A)3%*(;(;<(*%V&!W&$%(J(',2%

b-15%*+15(%Z6'Z&

X-*%8())%2(R+*+,(3%<(+;2&

D/(%E-*'(%/+2%+1%+;R)6,A3(%613(R(13(1,%'-1,*6<AF-1C%Y#4fD%of!o&

bd!%-*<6,%(J(',2&

%3
%q
%>
%I%
>N
_%
A1

6,2
%-
E%<

(+
;
%26
9(
%&

%
J*@1)&"I"+).&B1I"*"()&B>"&)-&0#+$#(&"I"+).&#(B&)8"&$#(=&2-(A%*#(A"&

#BB&>C&A1G1(A&#&(-(&("A21A1@2"&"I"+)%

#(E%\n^&

L = L0 · e
− d2

4σ2
x



L-(A&*#(A"&-*@1)&"I"+)&
L-(A&*#(A"&1()"*#+,-(.&2"#B.&)-&-*@1)&-I.").&#)&)8"&"bC"*1$"()&#&B1*"+)&

+-(."Q>"(+"&1.&B")"*1-*#,-(&-E&)8"&2>$1(-.1)=%

W(+2A*(;(1,%-E%,/(%0(*,(l%'(1,*-63%<B%&Db&.%

#(E%\n^%4I"+)&1.&#2*"#B=&G1.1@2"&?1)8&*"B>+"B&(>$@"*&-E&1()"*#+,-(.%

!-A*,(2B%HN%o-9+1('Z6&

!+)'A)+F-12%E-*%1-;61+)%bd!%

IP8 IP1 IP2 IP5 IP5 

!-A*,(2B%DN%4+(*&

c(*F'+)%-2'6))+F-1%2,+*,2%8/(1%-1(%<(+;%62%(t(',(3%+13%3A;R(3%

L-(A&*#(A"&-*@1)&"I"+)&-@."*G#,-(.F&



!-/(*(1,%36R-)+*%<(+;I<(+;%;-3(2&

6-8"*"()&@"#$%@"#$&"I"+).&#*1."&E*-$&)8"&E-*+".&?81+8&#(&"b+1,(A&@>(+8&
"b"*).&-(&#&?8-2"&)".)&@>(+8&B>*1(A&+-221.1-(&

:"&.)>B=&)8"&+-22"+,G"&@"8#G1->*&-E&#22&C#*,+2".&-E&#&@>(+8&

6-8"*"()&$-,-(&*"Q>1*".&#(&-*A#(1j"B&@"8#G1->*&-E&#22&C#*,+2".&-E&)8"&@>(+8&

&

!-/(*(1,%<(+;I<(+;%E-*'(%%

• !"#$&B1.)*1@>,-(.%'?%+13%'=%%$>)>#22=&+8#(A"B&@=&1()"*#+,-(&

• '()"*#+,-(&B"C"(B.&-(&B1.)*1@>,-(.&

• !"#$&U&'U&.-2>,-(&B"C"(B.&-(&@"#$&_&'_&

• !"#$&_&'_&.-2>,-(&B"C"(B.&-(&@"#$&U&'U&

• R""B&#&."2E%+-(.1.)"()&.-2>,-(&&

6-8"*"()&@"#$%@"#$&"I"+).&

• :8-2"&@>(+8&."".&#&91+9&#.&#(&"(,)=&3+-8"*"()&91+97&
• &6-8"*"()&91+9&.""(&@=&E>22&@>(+8&B1I"*"()&E*-$&.1(A2"&C#*,+2"&91+9&
• M"Q>1*".&1()"A*#,-(&-E&1(B1G1B>#2&91+9&-G"*&C#*,+2"&B1.)*1@>,-(&

• 6-8"*"()&91+9&-E&."C#*#)"B&@"#$.&+#(&"b+1)"&+-8"*"()&B1C-2#*&
-.+122#,-(.&
• 522&@>(+8".&+->C2"&@"+#>."&"#+8&@>(+8&k."".l&$#(=&-CC-.1(A&
@>(+8".3LM7F&$#(=&+-8"*"()&$-B".&C-..1@2"i&

&
&
&

&
&
&

&
&
&

∆r� = −Npr0
r

· r

r2
·
�
1− e−
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4σ2
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f)#,+&!!&E-*+"&

f"2E%+-(.1.)"()&

Self-consistent method 

.->*+"&-E&B1.)-*,-(&+8#(A".&&
#.&#&*".>2)&-E&)8"&B1.)-*,-(&

%V(*,A*<+F0(%;(,/-32&

.)#,+&.->*+"&-E&B1.)-*,-(F&
"b#$C2"&$#A(")&&

X-*%+%'-;R)(,(%A13(*2,+13615%-E%44%(J(',%+%2()EI'-1262,(1,%
,*(+,;(1,%2/-A)3%<(%A2(3%%

Coherent effects 
.()EI'-1262,(1,%,*(+,;(1,%1((3(3%

f1$C2"&+#."F&&
-("&@>(+8&C"*&@"#$&

W%$-B"&

(%$-B"&

/>*(&(mU&/>*(&(&

• &6-8"*"()&$-B"F&)?-&@>(+8".&#*"&k2-+9"Bl&1(&#&+-8"*"()&-.+122#,-(&
• &W%$-B"&1.&.)#@2"&3$-B"&?1)8&RJ&)>("&.81e7&
• &(%$-B"&+#(&@"+-$"&>(.)#@2"&3$-B"&?1)8&2#*A".)&)>("&.81e7&
&

W%$-B"&

(%$-B"&

/>("&KW&K("

W%$-B"&#)&>(C"*)>*@"B&)>("&KW&

(%$-B"&1.&.81e"B&#)&K(&nU;U%U;^&$@@&

/>("&.C*"#B&

'(+-8"*"()&)>("&.C*"#B&*#(A"&gWS%$h&

$@@&

∆Q = Y · ξ

HJZ'4&



f1$C2"&+#."F&-("&@>(+8&C"*&@"#$&#(B&
L#(B#>&B#$C1(A&

 f1'-/(*(1,%,A1(%2R*(+3%62%,/(%b+13+A%3+;R615%*(56-1%+1B%;-3(%
86,/%E*(GA(1'B%)+B615%61%,/62%*+15(%2/-A)3%1-,%3(0()-R "
•  (%$-B"&8#.&E*"Q>"(+=&->)&-E&)>("&.C*"#B&3o7&.-&1)&1.&(-)&B#$C"Bi&
&
&

W%$-B"&

(%$-B"&

/>("&.C*"#B&

/>("&KW&K(" $@@&

6-8"*"()&$-B".&#)&M<'6&

 DA1(%2R(',*+%<(E-*(%'-))626-1%+13%61%'-))626-1%,8-%;-3(2%0626<)("
&



d(+3I-1%<(+;I<(+;%'-/(*(1,%;-3(C%bd!&

∆Q = 0.034

ξ ≈ 0.016
∆Q = 0.019

Q<&
QZ& Q<& QZ& Q<& QZ& Q<& QZ&

!"#$%@"#$&+-8"*"()&$-B".&#(B&L#(B#>&D#$C1(A&

%
%V+';+1%(J(',%-1%'-/(*(1,%;-3(2%
.615)(%<A1'/%36+51-2F'%2-%6;R-*,+1,%

d#$12=&U&$-B"2&
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,
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,
!-!!

K%KWT$"

D1I"*"()&/>(".&

W%$-B"&(%$-B"&

DA1(%2R)6,%<*(+Z2%2B;;(,*B%+13%'-/(*(1,%;-3(2%362+RR(+*%
5(#2=,+#2&+#2+>2#,-(.&1(&M"E"*"(+"&g`h&

D1I"*"()&)>(".&-*&1()"(.1,".&
#df!%*A11615%86,/%;6**-*(3%,A1(%E-*%B(+*2%,-%<*(+Z%'-/(*(1,%

-2'6))+F-12%

bd!%/+2%A2(3%+%,A1(%2R)6,%,-%2ARR*(22%'-/(*(1,%44%;-3(2%
=>?>%V/B26'2%#A1%
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<!7

D1I"*"()&@>(+8&1()"(.1,".&
d-*&)?-&@>(+8".&+-221B1(A&
8"#B%-(&1(&-("&'0&)8"&

+-8"*"()&$-B"&B1.#CC"#*.&1E&
1()"(.1)=&*#,-&@")?""(&
@>(+8".&1.&VVp&#(E(*(1'(\S^%

:"&#..>$"BF&
• &"Q>#2&"$1]#(+".&
• &"Q>#2&)>(".&
• &RJ&056H5R&"I"+).&&
3@>(+8".&?122&8#G"&B1I"*"()&)>(".7&

X-*%'-/(*(1,%;-3(2%,/(%Z(B%62%,-%<*(+Z%,/(%26;;(,*B%61%B-A*%'-AR)(3%
2B2,(;MP,A1(27%61,(126F(27%'-))626-1%R+T(*2MQ%

.615)(%<A1'/%36+51-2F'%'+1%;+Z(%,/(%36J(*(1'(&

4A1'/%?%

4A1'/%@%

• "+'/%<A1'/%86))%/+0(%36J(*(1,%
1A;<(*%-E%;-3(2%+13%,A1(%

2R(',*+%
• $-%b+13+A%3+;R615%-E%)-15I

*+15(%'-/(*(1,%;-3(2%

5(B&L-(A&*#(A"&1()"*#+,-(.O&



!"#$%@"#$&+-$C"(.#,-(.F&

•  L1("#*&"%2"(.S&.>CC*"..&.81e&
•  R-(%21("#*&"%2"(.S&.>CC*"..&)>("&.C*"#B&

<"#B%-(&

()(',*-1%E-*'(%%%%%R*-,-1%E-*'(%
%

4A1'/%61,(126,B%61%=>?=%
R-)+*69(3%R*-,-1%

!+8&U&+-221.1-(&

@+8&_&+-221.1-(.&

•  0#.)&"bC"*1"(+"F&#)&/"G#)*-(&21("#*&#(B&(-(%21("#*&"%2"(.".S&#2.-&8-22-?N&
•  0*"."()F&)".)&E-*&8#2E&+-$C"(.#,-(&#)&M<'6&?1)8&(-(%21("#*&"%2"(.&

!"#$%@"#$&+-$C"(.#,-(.F&2-(A%*#(A"&
!"#$%@"#$&?1*"&+-$C"(.#,-(&

M;&6#2#A#&

•  0#.)&"bC"*1"(+"F&#)&M<'6&."G"*#2&)".).&,22&_WWaN&
•  0*"."()F&.1$>2#,-(&.)>B1".&-(%A-1(A&E-*&C-..1@2"&>."&1(&<L%L<6N&



N(-)&+-G"*"B&8"*"N&

•  $S9-+C,$*7@@98+,;$;'+*9C@$9;;[+;$
•  2;LGG+A,9*$<+CG;$+H+*A;$
•  17C;V-:$<+CG;$
•  F+CG;A,C%@[-:$
•  3L-*%,7<+ACA,7-$*7['@9-:$
•  F+CGU<+CG$+Y'+,9G+-A;$
•  F+CGU<+CG$C-8$9G'+8C-*+$
•  i$

/8#(9&o->i&


