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e*e™ interactions. The small
production emittance allows lower
overall charge in the collider rings

— hence, lower backgrounds in a
collider detector and a higher
potential CoM energy due to
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map.fnal.gov

. P. Delahaye et al., arXiv:1901.06150

Low EMittance Muon Accelerator

web.infn.itt/LEMMA

New results on p cooling by MICE collaboration
Nature 508(2020)53
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p Collider: Interest is Growing...
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...definitely a non-exhaustive list...
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Generic Process at p Collider
Different class of processes are relevant at different /s

Vs < 5 TeV Vs > 5 TeV
s-channel VBF

1
T~y o ! log” Vs
s ~ o Vi
M? M
s- and t-channles are sensitive to different new physics
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more details in Jirgen's and Luca’s Talk!
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t Collider: SM Processes

VBF =WtW~™ — X s—ch.=ptpy™ =X
[ Ve=1TeV Vs=3TeV V5 =14 TeV /5 =30 TeV
VBF s-ch. VBF sch. | VBF sch. | VBF s-ch

tt 431071 17-10% 5.1-10° 1.9-10% 2.1-10 881071 3.1.10 1.9-1071
174 161073 4.6-10° 111071 1.6-10° 1.3-10° 181071 2.8.10° 54102
ttH 201074 2.0-10° 131072 41107! | 151071 301072 | 311071 791073
tEWW 48107 140! | 28107 3410°! | 111071 1310°! | 301071 581072
3224 23107 381072 | 141073 511072 | 581072 131072 | 17107! 541073
ttHZ 711077 361072 | 35107 301072 | 101072 531073 | 271072 191073
tEHH 72108 141072 | 3410° 611073 | 64107 54107* | 161073 15107*
ttt (i) 511008  54107* | 6810°° 671073 | 1.1.1003 251073 | 211073 101073
H 2.1-102 - 5.0-102 - 9.4.102 - 1.2:10% -

HH 741072 - 821071 - 4.4.10° - 7.4.10° -

HHH 371076 - 301074 - 711073 - 191072 -

HZ 12100 1310t 9.8-10° 1.4-10° 4510t 6.3102 7.4.10t 141072
HHZ 151074 1210°! | 941073 33102 | 1410°! 371073 | 3310°! 111073
HHHZ 151078 41107* | 4710°° 16107% | 19107 16107° | 511074  54107°
HWW 891073 3.8-10° 30107t 1.1-10° 3.4.100 131071 7.6:100 411072
HHWW | 721077 131072 | 23107% 111072 | 911073 281073 | 291072 121073
HzZZ 271073 32107% | 121071 821072 1.6-10° 881073 3.7-100 251073
HHZZ 241077 151073 | 91107  98107* | 391073 25107* | 121072  95107°
ww 1.6-10% 27-10% 12102 47102 5.3102 3210 85102 8.3.10°
7z 6.4-10° 15-102 56101 26-10% 26102 1.8-100 4.2.102 461071
wwz 111071 5.9-10% 41100 3310t 5.010 6.3.10° 1.0-102 23100
777 23102 931071 | 961071 35101 1.2:10% 54102 27.10 191072

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

u Collider: SM Processes
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heavier final state — larger /s for t-channel to win

possible exceptions, e.q. HZZ vs HWW, ZZZ vs WWZ



BSM @ p Collider
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BSM @ High-Energy Lepton Collider
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Which BSM Model?
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VBF for various BSM Models

aln p v, H2) [fb]
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MSSM, Heavy Neutrino Models, etc.
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VBF for various BSM Models
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New Physics Reach ia ver) @ p Collider

dashed lines — /s =30 TeV

solid lines — /s =14 TeV
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Simple SM Extension @ p Collider
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SM + Complex Triplet

Scalar Sector

() al A )
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SM + Complex Triplet: Scalar Spectrum
V=Vi+V,

' )\ -t -t -t )\ ' -* )\ ’ -t -t
Vi = pPOTO+ TIOTOOTd i e T7 T]4 Zowa T7 Tl T7 T] 4+ e T T T7 T

A o . A
—I—%cl)' O[T T]+ k1 (tr[® Td]+h.c.)
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Vo = (mRexlT T+ LT T T T)+ “Lax T T T 7]

N
+7’;T TP tr[T T]) +h.c.

18/38



SM + Complex Triplet: Scalar Spectrum

After EWSB
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Physical Pseudoscalar: Features

ap is a pure pseudoscalar state

no interaction with fermions (triplet!) pseudoscalar nature
no loop-level coupling with massless no interaction with massive gauge
gauge bosons bosons

pNG Dark Matter candidate

3-point vertices are ,apaphp)T, .. (purity must be conserved in each vertex)
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PNG Dark Matter: other Examples

Probing pseudo-Goldstone dark matter at the LHC #

Katri Huitu (Helsinki U.), Niko Koivunen (Helsinki U.), Oleg Lebedev (Helsinki U.), Subhadeep Mondal (Helsinki
U.), Takashi Toma (Kyoto U.) (Dec 14, 2018)
Published in: Phys.Rev.D 100 (2019) 1, 015009 - e-Print: 1812.05952 [hep-ph]

Is a Miracle-less WIMP Ruled Out? pdf @ DOl [= cite ) 23 citations
SJas
e-Print:2101.11031 [hep-ph]

pif IS cite Direct and indirect probes of Goldstone dark matter

Tommi Alanne (Heidelberg, Max Planck Inst.), Matti Heikinheimo (Helsinki U. and Helsinki Inst. of Phys.), Venus

Keus (Helsinki U. and Helsinki Inst. of Phys ), Nike Koivunen (Helsinki U. and Helsinki Inst. of Phys.), Kimmo

Tuominen (Helsinki U. and Helsinki Inst. of Phys.) (Dec 14, 2018)

. Published in: Phys. Rev. 99 (2019) 7, 075028 - e-Print: 1812.05996 [hep-ph]
Pseudo-Nambu-Goldstone dark matter and two-Higgs-doublet models

ing (Zhongshan U. and Yunnan U.), Chengfeng Cai (Zhongshan U.), Zhao-Huan Yu (Zhongshan | pdf
y (Zhongshan U.), Hong-Hao Zhang (Zhongshan U.) (Jul 22, 2019)
Published in: Phys.Rev.D 100 (2019) 7,075011 - e-Print: 1907.09684 [hep-ph]

& Dol [E cite

pdf @ DOl [ cite 2 7 citations Pseudo-Nambu-Goldstone dark matter from gauged U(l)g,l, symmetry

D 15citations

Yoshihiko Abe (Kyoto U.), Takashi Toma (McGill U.), Koji Tsumura (Kyushu U.) (Jan 12,2020)

Published in: JHEP 05 (2020) 057 + e-Print: 2001.03954 [hep-ph]
Pseudo Nambu-Goldstone Dark Matter: Examples of Vanishing Direct Detection # pdf @ DOl [ cite
Cross Section
Dimitrios Karamitros (NCBJ, Warsaw) (Jan 28, 2019)
Published in: Phys.Rev.D 99 (2019) 9, 095036 + e-Print: 1901.09751 [hep-ph]
bt P D0l S cite Global fit of pseudo-Nambu-Goldstone Dark Matter #

Chiara Arina (Louvain U., CP3), Ankit Beniwal (Louvain U, CP3), Céline Degrande (Louvain U., CP3), Jan
Heisig (Louvain U, CP3), Andre Scaffidi (Melboure U.) (Dec 9, 2019)
Published in: JHEPO4 (2020) 015, JHEP 04 (2020) 015 - e-Print: 1912.04008 [hep-ph]

pdf & DOI [= cite %) 15citations

2 7 citations
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Dark Matter and Collider Phenomenology
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generated with MadDM

mp, = 125.184+0.16 GeV  |RP| > 99/100
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https://launchpad.net/maddm

Dark Matter and Collider Phenomenology

/,I+ \_//J/IJ+

b Vulp™

S is a scalar boson, B’ can be either a scalar or a massive vector hoson, V, V' are
vector bosons
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Dark Matter and Collider Phenomenology

o [fb]
Production modes Vs =14 TeV Vs =30 TeV
BP1 BP2 BP1 BP2

ptu = hr vy 1.8-1072 6.2-1071 2.9.1072 9.6-101
A TR T 53.1073 18-1071 8.4.1073 2.8-1071
ptu™ = hy hr vy 1.9-1072 2.0-1072 48-1072 5.1-1072
™ — ap ap vy 1.8-1072 20-1072 47-1072 5.0-1072
T TRy Eoy VA 1.3-1072 1.4-1072 3.4-1072 3.6-1072
pt T — b hp v 1.3-1072 1.4-1072 3.4-1072 3.6-1072
™ — hp h vy 1.6-107% 57-1073 3.7-1074 1.3.1072
pt T = hp b gy 48-107° 1.6-1073 1.1-1074 3.8-1073
ptu= = hr Z vy 7.7-1074 2.6-1072 1.7-1073 5.6-1072
ptu= = hr WHp v, 4.1-107* 1.4-1072 1.0-1073 3.4-1072
T - kR Z 1.4-107% 4.8.1073 3.6-107* 121072
T = B W v, 971074 3.2.1072 1.9-1073 6.1-1072

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

Dark Matter and Collider Phenomenology

u Coliider @ 14 TeV

u Collider @ 14 TeV

1000}

100
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background is VBFy+w- or VBFy=z or VBF\y+y-z .
with exclusion plot

M -=m r Mpy+z =m,«
w+w ht O w+z hT

500 1000

from VBF production of ht
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Conclusions
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proposed FC are either precision or discovery machines
multi-TeV p-collider — VV collider

for SM/EFT p-collider is a precision machine

multi-TeV p-collider is suitable for BSM discovery

needs R & D from THEO and EXP
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SM + Singlet

L = Lsy+ %a,,oaua— %mf, 0% — 2—‘!’04 — %02 O,
(o) =vs
Abhh = _?/m% (Vs cos® 0+ vsin® 0)
s
Asss = ?‘)/m‘f(vcos3 6— vssin3 0)
Ahss = _(’77;2,21'5"75) sin26(v cos 6 + vssin 0)
s
Ahhs = Msin 26(vscos 6 — vsin 0)

2v vs
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SM + Singlet: Inert Pair Production vs. Loop Corrections

2
—1 mj
tan 7 —
% ) (4mz—mj)
167tm 2 2 2
h my, (4mg — my,)
Heinemann,Nir, Phys.Usp. 62 (2019) no.9, 920-930
s-channel VBF
1}, solid e“er ~Zss :ileﬁs\:v 10 dot - dashed : Ey > 2 mg
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0.001 0.001
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https://iopscience.iop.org/article/10.3367/UFNe.2019.05.038568

2HDM

V = ®] P1+ po®i by + (U3(|){ Py + H.c.) + A ((l){ (|)1) + Ay ((l)é c|)2)
+ 23 (cl){ ol ) ((l)é (|)2) + A ((l){ (|)2) ((l)é N ) + ()\5 ((l){ c|)2) +H.c. )
+ oI, (/\6 ((D-{-(Pz) + H.c.) + O b, ()\7 ((|)-{(|)2) + H.c.)

_ih} ht
Gy = Ktia+v and o= | Wtia
V2 V2
R\ [ cos® sin@) [ h
Ry ~ \—sin@ cosO| \H

where h is identified as the observed, SM-like Higgs boson with mj = 125 GeV
and H is heavier with my > my,
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GM Model

Ox + ++
O + X E X
¢ = ( _(P o (PO ) , X = _X+* EO X+
'z 4 X++* _E+* XO
T L2 -
V(®,X) = ?2Tr((|>’ ®)+ ?3Tr(X’ X) + A[Tr(®T D) + A Tr(dT D) Tr(X T X)

+ 3 Tr(XTXXTX) + Ag[Tr(XTX) 2 = AsTr(DT T2 72) Tr(X T £2 XtP)
— My Tr(®T 22D TP)(UXUT) 26 — Mo Tr(XT 2 XtP)(UXUT) 4

Custodial Limit
(x%) = (&% = vx
(V2Ge) ™ = v2+8v}
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u Collider: Pros and Cons

U vs. e
(circular collider)

Pros 3 Cons )
¢ reduced synchrotron radiation X p decay
v increased L X v radiation
¢ cool physics X lots of R&D (true cons?)
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EPA
Neutral VBF production of tt

/ a 1
f‘E)ZQﬂ[2m/22( >

max

o,y (tt) =2.5-1072 pb

1 1+(1—2)? 2.
5 ) + +(1=2) log q’"’”]
qmin

oo

<t [pb]

0001

yy < 22 e Zy — Fall — Diff

001 o1 |

min f [GeV]

oziyzy(tt) =3.7- 1072 pb

oww(tt) =2.1-1072 pb

with massive p one can go to p’T —0
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https://arxiv.org/abs/hep-ph/9310350

MadGraph5_ aMC@NLO and p Collider

Generating processes at a p Collider in MadGraph5_aMC@NLO (e.g. top
pair-production)

mu+ mu- > mu+ mu- t t~ , mu+ mu- > vm vm~ t t~
aa>t t~ with 1pp 4: photon from muon
w+ w- > t t~, w from muon - in development

z z >t t~, z from muon - in development
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https://launchpad.net/mg5amcnlo

CTSM: Mass Matrices

ms = M’ (ArT + 247) 23T v
C Sk 4 AT + A+ 2007 + A3

mP — %v2fz(g2c059w+glsin O)? 2 0
) | i e 14203

183wV + 21T v 505 (2kNT — 858w vT) 555 (2KHT — 83w vT)
2 2
me = ' YL TBow—m  Feilw+m

2vr
kT v | VT 28, — i
2vr 2 829w

in=2m2 4 AT 22 + (0D + 28 12— A 142
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CTSM at Hadron Colliders

o [fb]
Production modes Vs =14 TeV V/s =100 TeV
BP1 BP2 BP1 BP2
pp—hr 6.7-10~7 2.7-107° 8.4-107° 3.2:.1073
pp— hy 8.2-10~7 3.2.107° 95.107° 35-1073
pp— hT hT 2.3-10~7 1.6-1078 43.107* 27-107°
pp—apap 221077 1.1-1079 42.107* 1.8-107°
pp— h¥ hy 39-1073 491073 1.3-10°% 1.4-100
pp— hfhp 39-1073 491073 1.3-10% 1.4-10°
pp— hp ht 1.5-107° 5.4-1074 5.1-1073 1.8.10°1
pp— hp h% 1.7-107° 6.7-107° 1.1-107* 41-1073
pp—hr Z 1.3.10°° 5.0-10~° 1.0-10* 3.7-1073
pp— hr W 1.9-107° 7.3-107° 1.2.107* 43.1073
pp—ohtZ 1.9.10°° 75-107° 1.2-1074 4.4.1073
pp— ht W~ 2.4-107° 9.1-107% 42.1072 1.5-100
pp—hrpp 3.1-1077 1.4-107° 7.9-107° 3.9-103
pp—hrpp 3.6-10~7 1.4-107° 8.5-107° 3.1-1073

generated with MadGraph5_aMC@NLO
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