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p and Physics Milestones

Special Relativity

4
Distance: Ly=10" meters
Out of a million

4
partioles at 10 km, | - easure muon Time: T= —0M___
how many will flux at 10 km height. (0.98)(3x 10°m/s)
reach the Earth? P »

@ 1,000,000 T= 34x107s=436halfives
a Survival rate:
N ) | 43
Wimass207mg | yogge =2 =00
GEEDEEr 1= Or about 49,000 out
(RESEiies of a million.

-6
To=156x10" sec

Ly=10km

The muon's clock is
time-dilated, or running
slow by the factor T = YT, |
soits measured halfife is
5x 1.56ps = 7.8ys.

At=y AT
time dilation

1941

Standard Model

vye  —vyer
neutral current
1973
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.59.223
https://journals.aps.org/pr/abstract/10.1103/PhysRev.59.223
https://journals.aps.org/pr/abstract/10.1103/PhysRev.59.223
https://www.sciencedirect.com/science/article/abs/pii/0370269373904942
https://www.sciencedirect.com/science/article/abs/pii/0370269373904942
https://www.sciencedirect.com/science/article/abs/pii/0370269373904942

Proton Driver Front End Cooling Acceleration Collider Ring
00 e
A eI - 2 5
g & 2 E |RvcfsgteWe £
£ & S 35 |[f082c 8|S 8 F 5 ©
2 5 E |43 83 %|a & &8 €% & S8
3 E 38 g [ g|8 ¢ © €5 S =t
3 © R58 E|z 28 82 8 £ | Acelentors:
< o =22 & | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac [Positron Acceleration

Accelerator (LEMMA): ing
10"  pairs/sec from
e’e" interactions. The small

production emittance allows lower
overall charge in the collider rings Positron Linac P

— hence, lower backgrounds in a =3 4 En
collider detector and a higher g gz
potential CoM energy due to = _‘S Accelerators:
neutrino radiation. § | tinacs, RLA or FFAG, RS
J. P. Delahaye et al., arXiv:1901.06150
Muon Accelerator Program Low EMittance Muon Accelerator

map.fnal.gov web.infn.it/LEMMA

New results on p cooling by MICE collaboration
Nature 508(2020)53
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http://arxiv.org/abs/arXiv:1901.06150
https://map.fnal.gov/
https://web.infn.it/LEMMA/index.php/en/
https://www.nature.com/articles/s41586-020-1958-9

1 Collider: Pros and Cons

Hvs. e
(circular collider)

Pros &Y Cons
v reduced synchrotron radiation X p decay
v increased J[' X v radiation

vV R&D X R&D
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Physics @ p Collider
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up—nff+mV+kS

This is a 2 — (n, m, k) process



Generic Process at p Collider

Different class of processes are relevant at different /s
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Different class of processes are relevant at different /s

Vs < 1TeV

s-channel
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Different class of processes are relevant at different /s

Vs < 1TeV Vs = 1TeV
s-channel VBF
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fw,1u(z Q?) s the LO likelihood of p radiating a W with
polarization A and p},, = zE, and p% <Q

ot 25 X) & e ® v - ® B(WF W™ — X)

= Z/\,)\’/dzldz2 fw i+ (200 ) Fy = (22, 1) B (Sww)

Dawson('84);Kane,Repko,Rolnick(‘84);Altarelli,Mele,Pirolli('86); Kunszt,Soper('87);+...
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https://doi.org/10.1016/0550-3213(85)90038-0
https://doi.org/10.1016/0370-2693(84)90105-9
https://doi.org/10.1016/0550-3213(87)90103-9
https://doi.org/10.1016/0550-3213(88)90673-6

with'

Py+w-(, Qf,/\L)\z)E/ ;fw (& Q2 A1)fw+/u+( L Q7,12)

T &’

1, g2 143 2 173
for the Z boson C=EZTW’ gy =35T"—-Qsin“Oy, ga=-5T



Given a muon collider cross section g, the equivalent proton
energy is defined by
Op = 0

13/38



Given a muon collider cross section g, the equivalent proton
energy is defined by
Op = 0

Parton Luminosity

o(pp — X) = [d Zcb,, (ij - X)

1 T
Py(T, Q) = ! [ E (fi/p(ErQ?)G/p(E'Q%)+(i‘_>j))



Resonance with mass M

1
ap(sp)=[ er(b,-j(T, Qr)[6]6

oy(sy) = [0]

with s, = M?

ij



Resonance with mass M

oo = [ ax 3 st antols ==

i
u(sy) =[0]

S I
=0 = Z(Du(“, ):1
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p Collider vs. p Collider: single production

10° T T T T T

E, [TeV]

—_ «
- 49

10°

5 10 15 26 25 30
E, [TeV]
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Pair Production

1
Up(sp)zll dt %Z(DU(L Qf)[Ag]

Sp 0 lU

1.,
ay(sy) = ;[05]
m

with pr collider at threshold
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Pair Production

1
Up(sp)zll dt %Z(DU(L Qf)[Ag]

Sp 0 lU

1.,
ay(sy) = ;[05]
m

with pr collider at threshold

1
S 1 Sy
op=0, = ”’/ dt= E (I)ij T, i) [ 1
SpJu TS 2
sp )
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p Collider vs. p Collider: pair production

E, [TeV]

-

10°

5 10 15 26 25 30
E, [TeV]
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1 Collider vs. p Collider

1 1 d21 d22
Sy (T, Qf) = —F— / /
(T @r) = 1+0dyv /& 21 J1jg)z 22

(fviq(z2)fvr g (21) fqp(E) Ty /p( )+ fvig(z2)fvr g (21) fq/p( 2;2 )a1p(S))

’

q,q

¢w+w-(r,of,A1,Az)z/ ?fW*/u*(E'Q%.)\l)fw+/u+(§,Q%,)Q)

iE

1011 b ppe W W
{— R
103 1 pp: oW,
i WeWr
1070 1 WL g W W
. WWr

1017
0.2 0.3 0.4 0.5 0.6 0.7 0.8
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SM @ p Collider

19/38



o (i) Vs=1TeV Vs=3TeV Vs =14 TeV Vs =30 TeV
VBF s-ch. VBF s-ch. BF s-ch. BF s-ch

tt 431071 1.7-102 5.1-100 1.9-101 881071 3.1.10t 191071
tth 201074 2.0-100 131072 411071 3.0-1072 31.1071 7.9-1073
ttZ 161073 4.6-100 1.1.1071 1.6-10° 181071 2.8-10° 54.1072
tthh 721008 141072  34107° 611073 54-1074 16-1073 15107*
tthZ 711007 361072  35107% 301072 531073 271072 191073
ttzZ 23107% 3. 8-10*2 141073 51 -10*2 131072 17.1071 5.4.1073
ttWww  4810°% 141071 281073  3410°! 111071 13107 58102
titt 51108  54.107% 6810° 67103 11103 251073 1.0-1073
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https://launchpad.net/mg5amcnlo

o (i) Vs=1TeV Vs=3TeV Vs =14 TeV Vs =30 TeV
VBF s-ch. VBF s-ch. BF s-ch. BF s-ch

tt 43107t 1.7-102 5.1-10° 1.9-10! 8.8-107! 3.1.10! 191071
tth 20-1074 2.0-100 131072 411071 3.0-1072 31.1071 7.9-1073
ttZ 161073 4.6-100 1.1.1071 1.6-10° 181071 2.8-10° 54.1072
tthh 721008 141072  34107° 611073 54-1074 16-1073 15107*
tthZ 711007 361072  35107% 301072 531073 271072 191073
ttzZ 23107% 3. 8-10’2 141073 51 -10*2 131072 17.1071 5.4.1073
ttWww  4810°% 141071 281073  3410°! 111071 13107 58102
titt 51108  54.107% 6810° 67103 11103 251073 1.0-1073
h 2.1.102 - 5.0-102 - 9.4.102 - 1.2:10% -
hz 1.2.100 1.3-10% 1.4.100 45.101 6.3-102 7.4-10% 14.1072
hzz 271073 321071 8.2.1072 1.6-100 8.8.1073 3.7-100 251073
hAww 891073 3.8-100 3.0-1071 1.1.100 131071 7.6-100 4.1.1072
hh 7.4.102 - 8.2.1071 - 4.4-100 - 7.4-100 -
hhZ 151074 121071 941073 331072 37-1073 331071 1.1.1073
hhZZ 241007 151073  91.107°  98.107* 251074 121072 95.107°%
hhWW 721007 131072 23107* 111072 281073 291072 1.2:1073
hhh 3.7.1076 - 301074 - 7.1.1073 - 1.9.1072 -
hhhZ 151078 411074  47.10% 161074 161073 511074 5.4.10~6
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https://launchpad.net/mg5amcnlo

o (i) Vs=1TeV Vs=3TeV Vs=14TeV Vs =30 TeV
VBF s-ch. VBF s-ch. VBF s-ch. BF s-ch

tt 431071 1.7-102 5.1-100 1.9-101 881071 3.1.10t 191071
tth 201074 2.0-100 131072 411071 3.0-1072 31.1071 7.9-1073
ttZ 161073 4.6-100 1.1.1071 1.6-10° 181071 2.8-10° 54.1072
tthh 721008 141072  34107° 611073 54-1074 16-1073 15107*
tthZ 711007 361072  35107% 301072 531073 271072 191073
ttzZ 23107% 3. 8-10*2 141073 51 -10*2 131072 17.1071 5.4.1073
ttWww  4810°% 141071 281073  3410°! 111071 13107 58102
titt 51108  54.107% 6810° 67103 11103 251073 1.0-1073
h 2.1.102 - 5.0-102 - 9.4.102 - 1.2:10% -
hz 1.2.100 1.3-10% 1.4.100 45.101 6.3-102 7.4-10% 14.1072
hzz 271073 321071 8.2.1072 1.6-100 8.8.1073 3.7-100 251073
hAww 891073 3.8-100 3.0-1071 1.1.100 131071 7.6-100 4.1.1072
hh 7.4.102 - 8.2.1071 - 4.4-100 - 7.4-100 -
hhZ 151074 121071 941073 331072 37-1073 331071 1.1.1073
hhZZ 241007 151073  91.107°  98.107* 251074 121072 95.107°%
hhWW 721007 131072 23107* 111072 281073 291072 1.2:1073
hhh 3.7.1076 - 301074 - 7.1.1073 - 1.9.1072 -
hhhZ 151078 411074  47.10% 161074 161073 511074 5.4.10~6
ww 1.6-101 27103 1.2:102 4.7.102 3.2.10! 85-102 8.3.10°
7z 6.4-100 15.102 2.6.10! 2.6-102 1.8-100 4.2.102 46.1071
wwz 1.1.1071 5.9-10% 4.1.100 3.3.10! 6.3-10° 1.0-102 2.3.100
77z 231072 93.1071 35.1071 1.2:10% 5.4.102 2.7-10% 1.9.102

generated with MadGraph5_aMC@NLO
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https://launchpad.net/mg5amcnlo

i) Vs=1TeV Vs=3TeV Vs =14 TeV Vs =30 TeV
alib VBF s—ch. VBF s—ch. VBF s—ch. VBF s-ch
wt 3.80-103 - 8.59-10% - 1.75-10% 2.26-10% -
wtz 1.56-10t - 1.00-102 - 4.43.102 7.37-102 -
W+h 2.59-10° - 1.81-10t - 8.45-10! 1.43.102 -
wHwt 2.1-10t - 1.4-10% - 5.5.102 - 8.7-10° -
wtwtz 121071 - 4.1-10° - 4.7-10 - 1.0-102 -
WHtwth 9.2.1073 - 321071 - 7.4-100 - 9.1-10! -

generated with MadGraph5_aMC@NLO


https://launchpad.net/mg5amcnlo

i) Vs=1TeV Vs=3TeV Vs =14 TeV Vs =30 TeV
alib VBF s—ch. VBF s—ch. VBF s—ch. VBF s-ch
wt 3.80-103 - 8.59-10% - 1.75-10% - 2.26-10% -
wtz 1.56-10t - 1.00-102 - 4.43.102 - 7.37-102 -
W+h 2.59-10° - 1.81-10t - 8.45-10! - 1.43.102 -
wHwt 2.1-10t - 1.4-10% - 5.5.102 - 8.7-10° -
wtwtz 121071 - 4.1-10° - 4.7-10 - 1.0-102 -
WHtwth 9.2.1073 - 321071 - 7.4-100 - 9.1-10! -

generated with MadGraph5_aMC@NLO

A u collider with /s >10 TeV is essentially
a W collider!

21
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EFT @ p Collider
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u Collider: EFT

1
L= Lsu+ 55 GO;
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1
L= Lsw+55)  GO;

Relevant operators for the Higgs and top quark EW sector

Ow
Oupw
Oy8
Opws
Oyb
Oy
Oy

V;) Qtp+hec.
t)(,"oW’ +h.c.

£ Wi, WP WEE | Oy (<p'f"<p—
eTo—L\W W), | Ow i(Qa™ 7
o o—2)BVB,, | Ow

o' Tp) BYW!, Ol i(e"

¢" D )7 (7 D,y¢p) @”’ i

¢" @) (g’ <P) Ope i
(7o)




Bound on the operators

Limit on C; TeV™2 Limit on C; TevV~—2
Operators Operators
Individual Marginalised Individual Marginalised

Oyp [-0.021,0.0055] [-0.45,0.50] Oty [-5.3,1.6] [-60,10]
Opd [-0.78,1.44] [-1.24,16.2] O [-7.09,4.68] -

Oy [-0.0033,0.0031] [-0.13,0.21] Oy [-0.4,0.2] [-1.8,0.9]
Opw [-0.0093,0.011] [-0.50,0.40] O [-3.10,3.10] -
Opws [-0.0051,0.0020] [-0.17,0.33] (91;"‘-) (-0.9,0.6] [-5.5,5.8]

Ow [-0.18,0.18] — Ot [-6.4,7.3] [-13,18]

O, - -

Buckley et.al.;Butter et.al;Ellis Murphy,Sanz,You;Hartland et.al.
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https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2016)015
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2016)015
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP07(2016)152
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2019)100
https://doi.org/10.1007/JHEP04(2016)015
https://doi.org/10.1007/JHEP07(2016)152
https://doi.org/10.1007/JHEP06(2018)146
https://doi.org/10.1007/JHEP04(2019)100

u Collider: EFT

log(r)) VBF - tt log(r;,)

log(r) VBF - ttH log(r, )
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u Collider: EFT

VBF hh sensitivity ratios
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BSM @ p Collider
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H Collider: BSM Processes (neutral scalars)

SM+inert singlet

2HDM

28/38



H Collider: BSM Processes (charged scalars)

Georgi-Machacek model

' > v M) ]

H) o)
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u Collider: BSM Processes (sparticles)

MSSM

e
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Conclusions
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oo proposed future colliders either precision or discovery
machines

oo  multi-TeV p collider —» W collider
oo R &D are pros and cons

oo multi-TeV p collider has both features (clean final states
and increased VBF cross section)
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Backup Slides
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1 1 A K
L =Lspm+ Eauaaua— ém?7 o2 — 4—‘!704 — ?"02 PdT P,
(o) =vs
3 2
Abhh = — mh(vs cos® 0+ vsin® 0)
V Vs
3 2
Asss = i(vcos3 0 — vgsin3 0)
V Vs
2 2 2
Ahss = —Msin 20(vcos 0 + vssin 6)
2V v
2 2 2
Ahhs = Msin 20(vscos 8 — vsin 0)

2V Vs



o [fb]

2
-1 mp

K2v2 L2 @
6gh:—16 55 | 1—4ms
Tt 2 2 2
h m (4mg — my)
Heinemann,Nir, Phys.Usp. 62 (2019) no.9, 920-930
s-channel VBF
ol oid: e*e” ~ 255  mg=63 Gev dot — dached : Ep, > 2 mg

ms =150 Gev
dashed : (e e” = Z )30y mg 250 Gev

01f | ) 0.1
o
0.001 0.001
1075 1075
0 0

\/:ITeVI

\/:ITeVI
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https://iopscience.iop.org/article/10.3367/UFNe.2019.05.038568

o i 2 2
V = ®] P+ ppdidy+ (u3<l>{ By + H.c.) + A ((I){ <|>1) + X ((I)é c|>2)

+ 3 (cb'{'tl)l) ((D;(Dz) + A (cl)'{'d)z) ((I)é"'cbl) + ()\5 ((I)’{"<|>2)2+ch.)

+ 0T, (/\6 (<I>'{c|>2) + H.c.) + Ol b, ()\7 (cl)'{'d)z) + H.c.)

—ih} hi
O = | HWtia+v and Pr= | Htia
V2 V2

R\ [ cos® sinO)\ (h

Ry ~ \—sin@ cosO| \H
where h is identified as the observed, SM-like Higgs boson
with mp ~ 125 GeV and H is heavier with my > my
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Ox + ++

(012 + X E X
¢ = ( <P+* (PO ) , X=| —x™ & N
- 4 X++* —E+* XO

2 2
V(Pb,X) = %Tr(cb"'(b) + %Tr(x TX) + A[Tr(PT D)2 + A Tr(dT D) Tr(X T X)

+ A3 Tr(XTXXTX) + Ag[Te(XTX) 2 = A Tr(DT 72D 2) Tr(X T 12 Xt)
— My Tr(DT 22 TP)(UXUT) .5 — Mo Tr(X T £2 XtP) (UXUT) 11

Custodial Limit
(x°) = (&% = vx
(V2Gr) ™ = v2+8v}



