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Introduction and caveats

* This talk: mainly highlights from the BSM sessions at the
Open Symposium in Granada (and some updates afterwards in
view of the briefing book)

* Impossible to cover every model or signature,
several representative cases for each thematic area

* Projections have very different levels of sophistication
(theory-level studies — DELPHES — full detector simulations)

« Sensitivity to new physics (usually 95% CL. limits),
no characterisation of potential discoveries discussed
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Topics in BSM

Conveners: Gian Giudice, Paris Sphicas

1.) Electroweak symmetry breaking and new resonances
Andrea Wulzer (th.), Juan Alcaraz (exp.)
Composite Higgs, top partners, particles associated with EW symmetry breaking, heavy Z' and W’

2.) Supersymmetry
Andreas Weiler (th.), Monica D’Onofrio (exp.)
Collider searches, motivations for supersymmetry after the LHC, unexplored corners, new models

3.) Extended Higgs sectors and high-energy flavour dynamics

Veronica Sanz (th.), Ph. R. (exp.)

Two Higgs doublets, singlets, new particles accompanying the Higgs, leptoquarks, particles related
to flavour dynamics at the EW scale, rare top decays

4.) Dark Matter
Matthew McCullough (th.), Caterina Doglioni (exp.)
Collider searches, simplified models, comparisons with direct/indirect searches

5.) Feebly-interacting particles

Gilad Perez (th.), Gaia Lanfranchi (exp.)

Long-lived particles, high-handed neutrinos at the EW scale, dark photons at colliders,
dark scalar / relaxion, ALPs at colliders
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The big questions

1.) To what extend can we tell whether the Higgs boson is
fundamental or composite?
— EWSB/new resonances, SUSY

2.) Are there new interactions or new particles around or above the
electroweak scale?
— EWSB/new resonances, SUSY, Ext-H/FlavourDyn, DM, FIPs

3.) What cases of thermal-relic particles are still unprobed and can be
fully covered by future collider searches?
— DM, SUSY, FIPs

4.) To what extend can current or future accelerators probe
feebly-interacting sectors?
— FIPs, SUSY
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Collider parameters

Collider | Type NG P [%]  N(Det.) Linst A Time
[e /e™] [10**]ecm~2s~! | [ab™'] [years]
HL-LHC pp 14 TeV - 2 5 6.0 12
HELHC | pp  27TeV - 2 16 150 20 | pp colliders
FCC-hh 100 TeV - 2 30 30.0 25
FCC-ee ee My 0/0 2 100/200 150 4
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3
2m0) 0/0 2 0.8/1.4 1.5 5
(+1)
ILC ee 250 GeV  £80/+30 1 1.35/2.7 2.0 11.5
350 GeV  £80/4+30 1 1.6 0.2 1 +A— ;
500 GeV  £80/4+30 1 1.8/3.6 4.0 8.5 €c COI I |derS
(+1)
CEPC ee My 0/0 2 17/32 16 2
2My 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV 4+80/0 1 1.5 1.0 8
1.5 TeV +80/0 1 3.7 2.5 7
3.0 TeV +80/0 1 6.0 5.0 8
(+4)
LHeC ep 1.3TeV - 1 0.8 1.0 15
HE-LHeC | ep 2.6 TeV - 1 1.5 2.0 20
FCC-eh ep 3.5TeV - 1 1.5 2.0 25
(o] (=] | =] | | [ Jwo] [ [ [ s | [ [ [ [ ] =] ||
CEPC 240 GeV z w
ILC 250 GeV 500 GeV & 350 GeV + LE-FCC: pp, 15 ab™" at Vs = 37.5 TeV
FCC-ee z W 240GeV 350-365 GeV
cLic 380 GeV 1.5 TeV 3Tev
FCC-eh/hh 20/ab per exp. in 25 years
- 10/ab per exp. in 20 years
e = e arXiv:1905.03764
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Direct vs. indirect

Direct searches: tuned for specific models (or classes of models)
Precision measurements: important complementary information

Standard Model Effective Field Theory: contributions from new physics
expressed by dimension-6 operators

d=6 g:f Scaling all Higgs couplings

universal — CH m2 On ! by a common factor
*
1 & 'y - -
2 12 1 4-fermion contact ints.,
+ 2 2 [CQW'Q OQ‘V + C?Bg OQBJ > y 5
gsms; W’, Z’ resonances

+ W [Cu,f(’)w +¢p OB] ~—~——_| 2 fermion-2 boson contact interactions,
* S parameter

2 2
9% 9«
T Gy m2 Oyt T Cy, m2 Oyb \ Modify top and bottom
¥ o Yukawa couplings

+ ... —> And much, much more...

(— see also talk by Jiayin Gu)
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Contact interactions

95% CL scale limits on 4-fermion contact interactions

B O0:w 0:B

HL-LHC
HE-LHC
ILC 20
ILC 500
ILC 1000
CLIC =0
CLIC 1500
CLIC so00
CEPC
FCC-ee o
FCC-ee s
FCC-hh

0 10 20 30 40 50 60 70 80 20 100

Scale / coupling [TeV]

95% CL scale limits on 2-fermion 2-boson contact interactions

[ \
European Strategy,

110 120 130

* Projected limits from di-fermion final states
(e*e” — ff, Drell-Yan with neutral and
charged currents)

» Sensitivity increases

significantly with Vs

w1 o - * New physics effects in the interaction between
. gauge and Higgs sectors
HE e * O,, dominated by e'e” — ZH at CLIC
e (— see talk by Matthias Weber), pp — WZ
eue o at FCC-hh
one - « Largest sensitivity in e*e™ collisions at
Focee.n lower Vs (and on O in general) from
e i . i . - . N oblique parameter S
Scale / coupling [TeV]
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Y-Universal Z’

Y —Universal Z , 20

* New neutral gauge boson Z' ,
with mass M and charges to 1.4F

SM particles equal to hypercharge . 2;_ x\/@@ &
2} C\/\
Z X
10 g 66\6
Cop _ gé' ; /\0\{\\
A gMa. gz V5
0.6}
: . . 0.4}
* Direct reach inferior to the indirect [ V)
one fOr hlgh gz’ 0.2 :_ European Strateg)
*NB: g, > 1.5 — width 20 40 60 80 100
exceeds 0.3 M M [TeV]
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Composite Higgs (1)

" 2
g p g 1&2 mz ’ 1&2 mz 1&2 (7377?,2

Composite Higgs, 20

10F 10FT - i
Al s
= 15 1
ol |&
8 ! HEE z
A= |~
o} 6l &
4}t 4}t -
CLIC3OOO European gtrateg» ]
2 3 European S‘trateg» - 2 =
0 10 20 30 40 010 20 30 20
m, [TeV] m, [TeV]
Higgs factories (including 380 GeV CLIC) FCC-all and 3 TeV CLIC similar

significantly better than HL-LHC
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Composite Higgs (2)

|II " 2
. COUp IN 2 ~ 2 2 ~ 2 2 ~ 2 2
J J A m, A m, A qg,m,

Inverse Higgs length: 1/ =m,
— 1/1¢,=10-20 TeV is 4 orders of magnitude below the size of the proton!

4300

Europ$an Strateg)
; )Adle€

Ll

HL-LHC HE-LHC ILC250 ILC50() ILCI()()() CLIC380 CLIC150() CLIC300() CEPC FCC—eeFCC—ee/hh/eh

4225

<4150
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Strongly-interacting SUSY

Hadron Colliders: gluino projections

)
: . E Strat
(R-parity conserving SUSY, prompt searches) TP e . . . .
Model JL dttab™] V5 [Tev] Mass limit (95% CL exclusion) Conditions [ ] a I n y p u rV I eW O a ro n CO I e rS .
% Goqal) 3 14 32Tev mEY)=0
- e R FCC-hh : HE-LHC : HL-LHC = 6x : 2x : 1
T . . . .
T gz 3 14 25TeV m(¥)=0
28, g1t 3 14 26TeV m(¥1)=500 GeV
o 28, 2-qat) 15 27 57 TeV m(¥)=0
g weooc e » CLIC at 3 TeV exceeds HL-LHC for
]
T NUHM2, g 15 27 5.9 TeV m(Eh)=0
.
w0 top squarks for heavier LSP
£
g 38, 3qg0) 30 100 7.5TeV m(@) ~ m(E))+10 GeV ()
o
5 30 100 11.0TeV m(¥})=0
o ®ioal s 375 74Tev mE)=0 ()
o
§ w0  Powerful probes on the role of naturalness
=}
2, goii¥) 15 375 7.6]eV m(Eh=0 (*) p
(%) extrapolated from HL- or HE-LHC studies. 10 Mass scale [TeV] . .
S ——— in the Hi ggs se ctor
. . N : : . — 2 2
All Colliders: Top squark projections A INe-tuning parameter. € =Am m
(R-parity conserving SUSY, prompt searches) European Snaleg) H H
Model JLdtlab™] V5 [Tev] Mass limit (95% CL exclusion) Ce
® Ry, o] 3 14 1.7 TeV m(E})=0
b=
j R fod)3body 3 14 0.85 TeV. Am(iy, )~ m(t)
e
iy, ii—cki/abody 3 14 0.95TeV | Am(i,, ¥})~ 5 GeV, monojet (*)
= iy, f—b V[T 15 27 3.65 TeV mE@)=0 H . h 1 d . L 1 d .
IR R € 1gh-scalc me 1ation ow-scale mediation
2 Aniodlseesy 15 27 18TV Am(i, &)~ m(t) ()
T
fiocil/a-body 15 27 20TeV | Am(7, ¥})~ 5 GeV, monojet ()
iy, it 15 375 46TeV mE)=0 () 5 3
] - 10 TeV - 10 TeV
S i o -
@ i i-flbody 15 375 41Tev m(E) upto 3.5 TeV () p 5 10 = TV 2 10 = TV
£ sto X o X p—
= A, fioctlabody 15 375 227TeV | Am(iy, ¥))~ 5 GeV, monojet (**) t t
s Ai, F—bV*/et) 25 15 0.75 TeV m(E})=0
O Qi bV 25 15 0.75 TeV. Am(i, ¥~ m(t) > 5
3 : —6 [ 17 TeV =3 (17 TeV
A, fobU R 25 15 ©075-9Tev Ami, )~ 50 GeV g uino X —_— X —_—
s Rl hobV 5 30 15Tev m(¥)~350 GeV g g
‘:’ [ ard 5 30 15TeV Am(i, ¥~ m(t)
[3)
iy, fi—b T[] 5 30 (15-9Tev Am(iy, ¥9)~ 50 GeV
e dhiod 30 100 108 TeV m(¥)=0
=
8 iy, f,-tE)/3-body 30 100 10.0 TeV m(t}) up to 4 TeV
4
iy, fi—cti/a-body 30 100 n 50TeV | Am(i, ¥)~ 5 GeV, monojet ()
107! 1 Mass scale [TeV]

() indicates projection of existing experimental searches
(**) extrapolated from FCC-hh prospects

€ indicates a possible non-evaluated loss in sensitivity

ILC 500: discovery in all scenarios up to kinematic limit /s/2
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EW SUSY: Wino

~0 ~+ ~0 s ~0 ~t « ~0
Xy X Xy = Z(%) %, and x, — W(*) . . X+t
;2500||||||||||||||||||||||||||||||||| X2 — T
() | B LHC 36/fb, 13 TeV Wino-like cross-sections |
Q) B HL-LHC 3/ab, 14 TeV (3L search) ] x1°h X1°Z
— B HL-LHC compressed 3/ab, 14 TeV ] X10 W
QAFQOOO BECELLIIT HE-LHC 15/ab (projection) N
135 BGEEEEEEEL HE-LHC compressed 15/ab (projection) European gtrateg? |
c i ILC,,,, 0.5/ab ]
i CLIC,,,, 2.5/ab ] it Y
T CLIC,,,, 5/ab , i
1500|=""""" FCC-hh (3L search, 3/ab) 95% CL exclusion |
s e e, 1 < LSPis Bino-like: lightest
S ,,’ | chargino and next-to-lightest
1000 P — neutralino are Wino-like
' : - - Lepton colliders cover
500 - entire kinematic plane
: : 7 < Hadron colliders reach the
| 1 | : | | 1 highest masses in case of
| | {12 1 T | I I | L 11 1 L 1 1 1 | . | -
500 1000 1500 2000 2500 3000 500 2 OW-mass LSP
~O ~t
m(%)=m(x’) [GeV]
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EW SUSY: Higgsino

Higgsino-like EWK processes 0 | Xt
->- L L L L L L L IR B I B B B A X2 1
[ L HL-LHC 3/ab, 14 TeV (soft-lepton A) a=== HL-LHC monojet .
= HL-LHC 3/ab, 14 TeV (soft-lepton B) - _ 0 07 (*
(.2. -------- HE-LHC 15/ab, 27 TeV (soft-lepton B) *ﬁ LHeC monojet-like (proj) Xt"h Xt Z( ) Dwt(*)
— i FCC-hh (HE-LHC approx. rescaling) = HELHC ot - Xt
83 ILC,,, 0.5/ab == HELHC monoje
TERRAETY CLIC,,,/ FCC-ee { \ FCC-eh monojet-like
| 102 — CLlCSSO , 2.5/ab 380 European S(rateg) % : —]
- L CL|C1500 5/ab Smm FCC-hh monojet — 0 Y VY
2l B rmrmomd 3000’ — . X1
(D """""""""""" T.’ ___________________ _"l'._'.'_"_"_"_"_"_'— _______ ]
- ’ .?, ’ 2w R /'.' I
\Z_/ /""’ "a Ly E N
= i - |+ LSP Higgsino-like:
4 i Wi AM(NLSP, LSP) ~ O(GeV)
1 O {/.-l/‘": o anaA W e v E =
----------------------- : E 1 < LSP pure Higgsino:
z 1 AM(NLSP, LSP) ~ 160 MeV
- 4 — targeted by disappearing
CLIC: extrapolated below 5 GeV E — traCk analySIS (See Iater)
Monojet reach in A m(NLSP,LSP) not displéyed
't eI
=

T 200 400 600 800 1000 1200 1400
m(NLSP)
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EW SUSY: staus

-~ = 0
T, T Ty,

;‘ 1800_I|IIIIIII|III|III|III|I
0 - ——— HL-LHC 14 TeV 3/ab, m@E)=m(,)
O] 1600 =====-- HL-LHC 14 TeV 3/ab, T,
Py T ——— HE-LHC 15/ab, m(@.)=m(,)
S - ILC500 0.5/ab , %, 7,
[0 1400 GiicaTev 5/ab, T,
- T CLIC 3 TeV 5/ab, 7,
1200 CLIC 1.5 TeV (projection, T,)
1000
800
B P
600— >
- &
400~ S P
0_|.|"|"|"|"|"-| T Y |1 A T

{f \
European Strategyj

|
I\
e L B W ]
! \
! \
= /} i\ =
~<1 =<1
—Oo —=Oo

95% CL exclusions

» Mixing of RH and LH component
— large impact on cross section

* FCC-hh might push limit to 3 - 4 TeV
for low LSP mass (boosed tau
reconstruction to be studied)

* Lepton colliders cover large part of

200 400 600 800 1000 1200 1400 1600 1800 2000 kinematic plane for LH stau

N see talk by Ulrike Schnoor
mE) GeV] y
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SUSY: unexplored corners?

. ¢ctms 359" (13TeV) ~ ~ T, production, T b %] /T~ ¢ % /T~ Wb 7] /T~ 1] May 2018
Emoz‘uai,i‘iamri NONL g ;\00‘—”I|IIH|‘HllIHr‘II‘Illlrll””'””‘”‘lll—l .
o X . ]
G W S oewdtio,, - Epededn £ 8 ™ QAS Preliminary (s=13 TeV, 36.1 fo” ] = _ TR T podite o e Higaio
== Expected + 1 " xpecte | - -~ ~ — B 7
pect Gwh e § ~, i 0 ~*Wb‘/.n B , oL [1709.04183] ] % L ATLAS Simulation Internal R
'8 ?ﬁ,_ 700 — Tt ‘6/ W - bH'ie 1L [1711.11520] — S, L VS=14 TeV, 3000 fb"' i
a & C BTt T Wy T by 2L [1708.03247] ] I nfo O n I = All limits at 95% CL
S I F =BT cy /T-bify Monojet [1711.03301] - S - Soft Lepton analysis 7
. l 1 1 4 o™ S~
£ 600— T-c7, &N ool [1805.01649] - =
510 %’ r \s=8 TeV, 20 fb" Run 1 [1506.08616] ] from L H( ; £ 108 RN -
5} [ = Observed limits ==+ Expected lirnits All limits at 95% CL | £ Teesa ]
2 500— ; — F S g
o : -~ (&onl | »
0 10 C ] On y - 1
m; [GeV] r ; r e =~ Expectedlimi (+10) 7
. ¢cms 359M'(13Tev) - - j//,/ o discovery 1
% wfmoiiiomerone now B T i 1 or sto st
g’ 90| globsewga«m,m -+ Expected 1l 5 C ] " 1= LEP excluded -
& 222 Expected £ 10, o Expected 01 3 L A I I I AR T B
g o~ ; L N + . 100 150 200 250 300 350 400 450
~ m_=(m_+m_)/. x| @ C
§ g 11 8 v . m,, [GeV]
so:f E| H 2
i based
j Joy asea on
ao::_ él CMS Phase-2 Simulation Preliminary 3ab’(14 TeV)
E o |
20 ® vl by by I e b Lo b ] Y ' gy — — — — — __1
wberen 1 f jm B 400 500 600 700 800 900 1000 a a_ % pp — %K + pp — XK Ko — ZX0, %z — WK ]
300 400 500 600 700 0 (5 45 . . :
m, [GeV] - m(ﬁ) [GeV] = --- Expected 95% CL limit ]
- & — Expected 5 o discovery .
& 200 ey e g 40 all
. i ] = A ]
S 180 ATLAS 3 Re 35:_ N
E f5=13TeV, 36.1 fb" ] 1S F s ]
= 140 — — - < 160 i e . = r 0 1
> ATLAS =G, | G, - 0o, 3 = 2 7
£ o = i) L3811, fEeiaTev 140 Limits at 95% CL - 30 kS 1 10
i =1 Expected imit (210,,,) imits at 95% 1 4 C 3 1
T 100 Epocndind {10y ; _“I;SS o & 120 Best expected Clg 3 = ) 4 1
am(i, ) =m B B 25— M o
gop 1 100 - E 1
60 | Am>m, +m, 4 £ S a1
E 80 = 20: 3 ]
rys ER D Y Y | E— Expected limit (+10,,) 7 = ¢ 1l
20F S, 3 60 E= Observed limit (+10525) E 150 N =4
0 TR N AT 40 ATLAS monojet 13 TeV, 36.1 1" — £ : ]
70 180 190 200 210 220 230 240 ~250G 560 ATLAS stoplscharm 6 TeV, 203" ] 100 et =
) (GeV] 20 = Bl et B
o e e e e 1 100 150 200 250 300 350 400 450
200 300 400 500 600 700 800 900 1000
m; / m; [GeV] Mye = My, [GeV]

Indeed, after LHC, there will be holes [in low mass regions]; closing or looking at
how to close them at HL-LHC; for EWKinos, some regions will remain difficult @ pp.
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Extended Higgs sectors: SM + real scalar singlet

95% C.L. limit on siny

Vo=—u|Hf+ 2| HI'= 2 1

1 2 2
§52+Z)LSS4+)LHS|H| S

3000 4
uu, 6 TeV, 5 ab

:’ Direct:
— CLIC1500
up, 14 TeV, 20 ab™

Higgs couplings:
{H# HL-LHC
===+ HE-LHC
LHeC
ILCSOD
-=-=: FCC-ee or CEPC
-==. FCC-ee/eh/hh
meer CI-Icsooo
] | 1 1

10 12
mg [TeV]

* H & S can mix: sin?y

 Direct searches: S — ZZ in pp
and S — HH in e*e™ give the best sensitivity

* Indirect searches: sensitivity from C,
(overall scaling of the Higgs couplings)

* Direct & indirect proves provide
complementary information

* Direct reach at FCC-hh better than precision

Higgs couplings for m, < 12 TeV

27/08/2019
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95% C.L. limit on [,,¢

£ N\
European Strategy,

Two-step phase transition
1 I 1 1 1

o

* No mixing — limit on portal coupling A

* Direct searches: S escapes undetected,
event selection using VBF jets: pp — SSjj

* Indirect searches: sensitivity from C,
(overall scaling of the Higgs couplings)

« FCC-all or 3 TeV CLIC would cover most
of the region compatible with two-step phase
transition (where the singlet supports the
Higgs in delivering a strong first-order phase

0 100 150 200 250 o [G:,\?]o transition)
« Strong first-order phase transitions could
lead to sizeable gravitational wave signals at
future experiments like LISA
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Heavy neutral scalars in minimal SUSY

Example: CP-odd scalar A

tan(p)

| \
) * Mass reach generally

close to Vs / 2 at lepton colliders

_ « HL-LHC sensitive to heavy neutral
e scalars up to 2.5 TeV for tan B > 50

‘HE-LHC

LHeC using tt”
--.CEPC
---ﬁ_%c-ee
...EE%%e/eh/hh » Exclusion limits > 5 TeV at FCC-hh

3000

(20 TeV at low tan B)

Direct:
—HL-LHC, A — t*1
— FCC-hh

1 1 1

Ll , * Indirect sensitivity fromg_ org,

5103 L1 1 104 . .
95% C.L. limit on m, [GeV] (further improvement from global fit)
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Flavour dynamics: FCNC

o
<

o 107
E i E
@ = o =
= 1072 _ 5 2|
B g0t
5100k N
s 10 _E (&) 10° _?
Py F 2 E
o 3 - 8 C
107 107
o CIATLAS C
10° ECMS 10° []atLas
E ERHL-LHC E .CMS
C miLc F
10°° @ CLIC ol
3 i o .
- EIFCC-eh F BlHELHC
1077 1077
t — Hu t — Hc t — Hq t —gu t —gc
e 107E =107
om E [11] =
c ~ c =
[e] 2 B ° 2 i
107 =210°
£ E £ E
4 F i F
0107? E 01072 E
2 E 2 E
0 — e} iy
(<)) - -] -
107 = 1074 E
E [DATLAS E
10° mEcms 10°
E W HL-LHC =
= @l LHeC -
-6 [ FCC-ee 240 GeV -6
107 [ FCC-ee 365 GeV 107 E
= W FCC-hh =
1077 i EFCC-eh 107 B JFCC-eh
t -2Zu t =-2Zc t —2Zq t — yu t —vyc t —vq
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Top-quark FCNC: EFT for HL-LHC

Sensitivity to top-quark FCNC effects can be studied using EFT

Input: limits on FCNC branching ratios, limits on e*e™ — {j from LEP Il

Present constraints

HL-LHC (3/ab at 14 TeV)

‘Cl_(]((L+3)\ or ‘C§Z+3)’ - 141() ‘Cl_q(aH)\ or ‘Cl(z+3)’ .-1131
elat | or el = 1'41.6 et ] or feli™?)| "11%1
cog " or || 03 e R —
e or ey RS i e or e R
el or vz’ il e L or ez’ B2 3
] or |G| p0.038 eve | orleve | LGOS
el or lein| 1.6 e or legiion| L6
e | OF [epeq | = 049 D) or 6D 048
e or fegs”] =18 et or Je!| == 042
a=1 (up) a=1 (up)

0

a = 2 (charm) a = 2 (charm)

White marks: individual limits

Sec. 8.1 of CERN-LPCC-2018-06
20
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Top-quark FCNC: e*e™ — tj at CLIC

100 TeV 10 TeV 1 TeV
Ctp = —+»0.69 —
Cg;q,cpu 0.24 | et
CuA 0.015 7 0.045 IR XX 0xgi —
Cuz 0.026 3=+ 0.073 & — T
cl_q,lu 0.00021 0.00075 0.0094 |i&8 ete” =ty —
c 380GeV __
€q,eu 0.00028 0.001 0.012 © 380 }e\' + l ) -') Te\' B
S 380GeV +1.5TeV +3TeV
c 0.00031 0.0011 0.012 —
lequ P(et,e™) = (0,40.8)
Cleoqu 0.00012 | 0.00044 0.0043 [ —=
10~ 10~3 10~2 10~1 109

95% C.L. limits on top-quark FCNC operator coefficients

Black arrows: decays at CLIC (see slide X) * The high-energy runs significantly improve

Red arrows: current LHC the sensitivity for “four-fermion” operators
Magenta arrows: HL-LHC projections » e'e” — tj much more powerful than the
Dots: CLIC without beam polarisation decays at high-energy lepton colliders

CERN-2018-009-M
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Dark Matter

Cosmology (thermal freeze-out mechanism) provides a strong motivation for direct,
indirect and collider searches

— DM masses from multi-keV to 100 TeV

— Couplings to SM particles comparable or weaker than EW interactions

Focus on GeV - TeV mass range, two approaches:

1.) “Classic” electroweak WIMP candidates (SUSY inspired):
* Winos and Higgsinos

2.) Simplified models with mediator particles:
* Axial-vector simplified models
» Scalar simplified models
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WIMPs: Wino and Higgsino

In SUSY terminology: “pure Wino” and “pure Higgsino” (spin %2 particles transforming as
doublets or triplets under SU(2) symmetry) 2
,‘/
¢

Main techniques:  '
« Dark Matter in loops

 Disappearing tracks (— see talk by Cecilia Ferrari) | ) g(
90% CL Direct Detection Projection | Pure Wino Indirect Detection Pure Higgsino 1
Indirect Detection 1 FCC-hh |
FCC—hh ] LE-FCC |
LE-FCC | FCC—eh |
ECC el | HE-LHC |
HE-LHC ]
| . . HL-LHC | 20, Disappearing Tracks
HL-LHC | 20, Disappearing Tracks { e oo ]
= I“I ““““““ =il CLIC3000 |  Kinematic Limit: Vs /2 |
3000 Kinematic Il_|m|t: Vsi2 | [ T 20, Indirect Reach
CLIC1500 | | 20, Indirect Reach
ILC | |
ILC | |
CLIC3sp I I CLIC3s0 I I
|FcC-ee | 7 FCC-ee | | A
[ \
CEPC I Thermal European Strateg) CEPC I Thel'ma| European Strateg) ]
0.1 0.5 1 5 10 0.1 0.2 0.5 1 2 5
M, [TeV] M, [TeV]

— Thermal Wino within reach of FCC-hh and LE-FCC,
thermal Higgsino within reach of FCC-hh and 3 TeV CLIC
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Simplified models: axial vector

FCC-hh (Dijet) | |

HL-LHC (Dijet) | Dijet  go=1/4

FCC-hh |

LE-FCC |
HE-LHC | Monojet

HL-LHC | gom=1,gq=1/4 |

CLIC3000 | gom*ge=1/4

CLIC3g0 |

ILC | Monophoton

FCC-ee | V) - o (—) see talk by

CEPC | ey Axial-Vector | € Y Ulrike Schnoor)
0.1 0.5 1 5 10

M Mediator [TeV]

—Z,(gom XV X + 95 2o S )

» Mediator is spin-1 particle (Z') coupled to an axial-vector current

(reach of direct DM searches limited — interesting for colliders)

* pp colliders assume couplings to quarks only, e*e™ colliders assume couplings to leptons only
— projections not directly comparable
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Simplified models: scalar

‘ ‘ q q
HE-LHC | gom=1,90=1 ] .
HL-LHC | tt+MET ] 9q dq
FCC-hh i
I gom=1,90=1 | q
LE-FCC |
e | Monojet
HL-LHC |
ClCa000 | gom*ge=1 |
CL|C380 I
- | Monophoton
FCC-
= l  \ : — (— see talk by
— ] i) Scalar | € Y Ulrike Schnoor)
0.1 0.5 1 5 10

M Mediator [TCV]

O(gon XX — 95 2oy S f/V?2)

« Mediator is spin-0 particle (¢) Y- Yukawa couplings

(reach of direct DM searches limited — interesting for colliders)
* pp colliders assume couplings to quarks only, e*e™ colliders assume couplings to leptons only
— projections not directly comparable
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Feebly-interacting particles

» Undetected particles feebly interacting with SM particles: part of Hidden or dark sector

» Masses and interactions of dark sector particles unknown, focus here on MeV to
tens of GeV range — important motivation is Dark Matter

* Very wide range of theoretical models: simplified models (4 portals) to compare
experiments from Physics Beyond Colliders study

» From portals: identify benchmarks to evaluate experimental sensitivity
— common ground to compare machines / experiments

Portal Coupling
Vector (Dark Photon, A ) F' B"

2cos Oy — KV
Scalar (Dark Higgs, .5) (S + AHSSQ)H H
Fermion (Sterile Neutrino, N) | yyLHN

Pseudo-scalar (Axion, a) +F, JFH +G; WG“ g a“awfy”fw -

x
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Dark Photons

LHCb: D° — D°A; A — e'e" & pp - A — U'y- HL-LHC / FCC-hh: pp — A — p*y-

Eurgpean Strategy,

-1
v 10

[ 1T

1072

1073

4 Excluded regions
l 0 NAG2-dump, 2024++

SeaQuest, 2021++

CEPC,FCC-ee,  |__ginme
ILC, CLIC:

LHCb upgrade - 50 fb”' 1
...... LHCb de Il - 300 fb°
e'e” = Ay - p'py sLA20

MATHUSLA-200 - 3 ab™

10—5

= —— FASER - 150 fb”
- (_) see talk by ——— FASER2-3ab’
| T Ulrike Schnoor) =~ HL-LHC-3ab’
—— ey = = FCC-hh - 3 ab’

10 —— CEPC, - 16 ab"
-e== CEPC -56ab’

! = FCC-ee, - 150 ab™
. - -1
MATHUSLA ~ oG oo S a0

LHeC - 1 ab™

. et #

1077
FCC-eh - 3 ab™
CLIC,,, - 1 ab”
------ CLIC,., - 2.5 ab’

1L 1 1111l

]
Eo A

1078
1072 107! ] 10 107 10°

Beam-dump experiments: very low couplings mA' (GGV)
at very low masses
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Dark scalar mixing with the Higgs

2
)

@ 10 F
—2 : - E o — -
. E 1 0 = European gtrategy : "l'_l".l'-‘l'l'hrrn g,—,._-:.:.? ILC, _:'_'—{E _}\
“ 107k 2\ e %\ ser)esstss. CEPC.Z0
bk 3 LHCb Run3, 15fb" 5,2 ; \ q A £ FCCovo. Z 6
10 = . s"s‘l"ﬁlaﬁ ' ' ! : =~ Tera Z
107 = piRIeE

mar

10”7 >
.
10—8 = || —— LHCRun1-h—NP
== == HL-LHC, 6 ab”, h — NP
10_9 ------- HE-LHC, 15 ab™, h — NP
= SHIP - 2 10* pot
FASER2 - 3 ab”

——— CODEXb - 300 fb"
MATHUSLA200 - 3 ab™
= = ILC,,,, 6.2 ab”, h > NP
= = CEPC,5.6ab", h - NP
FCC-ee, 5.0 ab™, h — NP
| CLIC,,,, 1ab", h — NP
e == CLIC,yq, 2.5 ab™, h — NP

s CLIC,5, 5.0 ab™', h — NP
10—15 1 1 L1 1 II 1 1 1 1 L1 11 I 1 1 1 1 1 II Emw 1 1 L1l
107 / 1 / 10 107

SHiP, MATHUSLA, Precision Higgs mg (GeV)
FASER, CODEXb at colliders
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ALPs coupled to photons

(GeV?)

PbPb, 5.52 TeV, 20 nb
CLIC
e

1077 SN 1987 FCC-ee, e’ e —ya
10—8 — 2 1 1 |||||I 1 1 1 |||||I 1 1 1 |||||I 1 1 1 |||||I 1 1 1 1 1 111
1072 107! 1 10 10° 10° 10*

m, (GeV)
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Summary

« Substantial improvement with respect to HL-LHC possible
for all discussed physics topics

* Precision Higgs measurements are central for many BSM scenarios
(e.g. composite Higgs models, extended Higgs sectors)

« Large amount of complementarity between direct and indirect searches
(e.g. Higgs couplings, EW precision measurements at Z-pole, flavour sector,
SM processes at highest energies) for new particles and interactions

* For feebly-interacting particles (including forms of Dark Matter), the reach of

energy-frontier colliders is complemented by beam-dump and fixed target facilities
at low masses

Thank you!
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Backup slides
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Heavy Neutral Lepton mixed with

electron neutrino

Electron coupling dominance: Uf: Ui: U2 =1:0:0

10~
10~
107
107
107
1077
10°°
107
10719

107! ' See S T o ttam
10—12 ] 1 L1l 1 1 Lol 1 L1l 1 ||-
10~ 1 10 10°
my (GeV)

DELPHI

®F = U
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