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Goals For This Talk

Give a flavor of important BSM opportunities
presented at workshop

Give my own perspective on status so far

 Invite discussion and input



Outline

. Context

Il. Naturalness & EWSB
Ill. Cosmology

IV. Neutrinos

V. Outlook

Disclaimer: not all talks included, some interesting topics omitted
due to time, mostly focused on material presented at workshop &
not comprehensive review of recent work...






Future Circular Colliders

e oo NS lepton collider parameters
Physics working point 4 WW ZH L
energy/beam [GeV] 45.6 80 120 175 105
bunches/beam 30180 | 91500 | 5260 780 81 4
bunch spacing [ns] 5 25 50 400 4000 | 22000
bunch population [10%1] 1.0 0.33 0.6 0.8 1T 4.2
beam current [mA] 1450 1450 152 30 6.6 3
luminosity/IP x 1034cm2s™? 210 90 19 5.1 13 0.0012
energy loss/turn [GeV] 0.03 0.03 0.33 | 1.67 7.55 3.34
synchrotron power [MW] 100 22
RF voltage [GV] 04 | 02 [08] 30 | 10 | 35

Future Circular Collider Study
Michael Benedikt
FCC Physics Workshop, CERN, 16 January 2017

(G== >) Hadron collider parameters

parameter FCC-hh

collision energy cms [TeV] 100 >25 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27
#IP 2 main & 2 28&2 2&2
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [10"1] 1 1(0.2) 22 (2.2)1.15
bunch spacing [ns] 25 25 (5) 25 25
beta* [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm2s-1] 5 20 -30 >25 5)1
events/bunch crossing 170 | <1020 (204) 850 (135) 27
stored energy/beam [GJ] 8.4 1.2 (0.7) 0.36
synchrotr. rad. [W/m/beam] 30 3.6 (0.35)0.18

Future Circular Collider Study
/) Michael Benedikt
7

FCC Physics Workshop, CERN, 16 January 2017

FCC-he & HE-LHC-ep parameters
parameter epat HL-LHC | LHeC
E, [TeV] 50 12.5 7 7
E, [GeV] 60 60 60 60
Vs [TeV] 3.5 1.7 13 13
bunch spacing [ns] 25 25 25 25
protons / bunch [1011] 1 2.5 2.2 1.7
Ye, [um] 2.2 2.5 2.0 3.75
electrons / bunch [10°] 2.3 2.3 23 1.0
electron current [mA] 15 15 15 6.4
IP beta function 8,* [m] 15 10 7 10
hourglass factor 0.9 0.9 0.9 0.9
pinch factor 13 13 13 1.3
proton-ring filling factor 0.8 0.8 0.8 0.8
luminosity [10% cm2s] 11 9 8 1.3




Q. Qin, PANIC
2017, Beijing

CEPC (50km. 00km)

Boostr(soKm_I 00km)

SppC 50-1 ()OKm)

Particles e+, e-

Center of mass energy 2 x120 GeV
Peak Luminosity >2 x 1034/cm?/s
No. of IP 2



Parameter

Circumference

C.M. energy

Dipole field

Injection energy

Number of IPs

Nominal luminosity per IP
Beta function at collision
Circulating beam current
Bunch separation

Bunch population

SR power per beam
SR heat load per aperture (@arc

SppC

Unit

km
TeV

TeV

cm2s!

ns

MW
W/m

PreCDR
54 .4
70.6

20
2.1
2
1.2x10%
0.75
1.0
25
2.0x10!

2.1
45

Value
CDR
100

75

12

2.1

2
1.0x103°
0.75

0.7

25
1.5x10%!

1.1
13

Ultimate

100

125-150

20-24
4.2
2



Questions for the FCC

What is the “value added” ?

What are the synergies/complementarities
involving the pp, ee, and ep colliders ?

Are there well-defined targets in mass reach

and precision that would definitively address
key open questions ?



SHOULD answer

Fundamental Questions

MUST answer
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Fundamental Questions

MUST answer SHOULD answer
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Oqcp » parity, unification...
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Scenarios

Extended scalar sector

« Singlets
» Un-colored EW muiltiplets
» Colored scalars

Extended gauge sector

- Uy
* Mirror SU(N)
« GUTS

Additional fermions

« Vector-like
* Heavy Ng
« Gauginos

13



Scenarios

Extended scalar sector

« Singlets
» Un-colored EW muiltiplets
» Colored scalars

Extended gauge sector

- Uy
* Mirror SU(N)
« GUTS

Additional fermions

« Vector-like
* Heavy Ng
« Gauginos
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¢ Naturalness
v Cosmology
Neutrino mass
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Signatures & Reach

New states

* Higher energy

* Higher parton luminosity

» More statistics & bknd reduction
* New detectors (LLPs...)

Modifications of SM properties

* Precision, precision, precision
« “Clean” signals
 More staftistics

New interactions

« Symmetry tests: CP, lepton number &
flavor, baryon number...

15



Il. Naturalness & EWSB
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Naturalness

Scenarios Signatures

Scalar  Fermion Top * Higgs coupling deviations
Top Partner Partner

* Tree level vs. loop level

All SM
Charges SUSY PNGB/RS * Probing the UV completion
_ _ » Exotic Higgs Decays
EW Charges Folded Quwl'(y Little | |
SUSY Higgs « Direct top partner production
No SM o » Higgs Portal
297
Charges 27 Twin Higgs

* Drell-Yan for EW charged partners

C. Verhaaren 17



Naturalness
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Naturalness: SUSY & Compositeness

Minimal Composite Higgs:

SUSY: Look for the cracks... Modified W, Z couplings

F it Wby /Lty St ICHEP 2018
> ) |
.r;: ATLAS Preferanary 1eetd T 2
A - i+Waj L 132 0N 20 00T ~l\
T 1 L1220 JOONF20 080 y

g o el e g n Wl

e N ——— r'“ A !

B et M 228 [ee 0077 I K

el WX DO Man | [1595.05618)
400
—_— WOrVRE MIWE o=~ ED0ied bres N Wres o CL

« LHC: (v/f)2 ~ 0.1

. FCC-ee: (/)2 ~0.01

The cracks are bere, even in the small mass regime,
and they can possibly survive the HL LHC.
Compressed regions are also bard.

A. Katz .



Naturalness: SUSY & Higgs

P —

The simplest SUSY SM extension demands two Higgs doublets, making

sure that it is a type II 2HDM — expect deviations in the Higgs
couplings like in 2HDM

In the decoupling large tan f3 limit of the type I1 2zHDM the first couplings to be
affected are couplings of the Higgs to the down type sector:

. 2 g
sin a m, m sin
cos f3 m4 m?

Assuming 19 precision in these measurements, this means that bheavy biggses as
beavy as 21eV might leave imprints in FCC-ee

Another promising direction — looking for the new Higgses.*

*See talk by Shufang Su for more details

A. Katz
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Naturalness & SUSY

Stop-{nduced .h_gg. 1 mtg m? Xt2 mt2
coupling modificaiton r,— 1~ — R R e MO o
4\m; m: mimi;
t1 t1 t1
FCC-ee FCC-hh

Coloured and charged, stops And show up directly at hadron

modify Higgs couplings: colliders:

2000 —— —— — CL, Exclusion
: , ] 100007 =_ 100 Tev ~ —Boosted Top 1
Higgs couplings 20 CL. ILdt = 3000 fb" —Compressed
1500 r
_ . Egys.bkg = 20% 10"
E i % - esys.sig =20%
;s 1000 g? 5000 107
I S 3
. 10
500 e |

r T 10

— 1 l 'l ' 1 1 4 1 L ”

500 1000 : 2000 4000 6000 8000 10000
- [GeV .
1412.3107 m; (GeV)

M. McCullough




Naturalness

Higgs coupling deviations

Curtin, Saraswat, 1509.04284
100
$

10

6A3 (%)

1F

0.10,

Scalar Top Partners

Scalar Top Partners
. — 0.01. - - S ‘ y
2000 300 500 1000 2000
my (GeV)

m, (GeV)

ZZh coupling hhh coupling
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Naturalness: Little Hierarchy

Ligtle higraribhy prable
(a little bit fuzzy...)

Plangk
A wgeaale Encrgy scale
- e T ¥aseale - physics abave
this seale s nat constmed by EWPT
trtpd ciinstanias tebva ayvar physics
A. Katz
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Naturalness

Scenarios
Scalar Fermion Top
Top Partner Partner
All SM
Charges SUSY pNGB/RS
Folded Quirky Little
EW Charges SUSY [
No SM oy
277
Charges 27 Twin Higgs

Signatures

Higgs coupling deviations

* Tree level vs. loop level
Probing the UV completion
Exotic Higgs Decays

Direct top partner production
» Higgs Portal

* Drell-Yan for EW charged partners

C. Verhaaren 24



Neutral Naturalness

Neutral Naturalness Prototype Models

Largely along the lines of the It is not SUSY!!
little Higgs. Higgs is an An extended symmetry

approximate pGB of a large SU@3)xSU(3)xSU(2)xU(1) with
global symmetry SO(8)/SO(7). the scalar top partners are

Trick: up to § TeV cutoff this W charged under a non-SM color
structure can be maintained by ll SU(3). Descends from a 10 TeV

imposing a discrete mirror SUSY orbifold, which insures

symmetry, top partners are not that the couplings have the

charged under the SM color right strength.

Fermionic partners — Twin Bosonic partners — Folded
Higgs SLISY

A. Katz
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Neutral Naturalness

* FCC-ee
* Tree level Higgs couplings (PNGB Higgs models)

* Loop level azp (All, best for SM neutral non-pNGB)

* FCC-hh

Direct EW production (EW charged)

Direct Higgs portal production (All, best for SM neutral)

Exotic Higgs Decays (No light states)

Higgs Self coupling (All, best for scalar top partners, depends on number)

UV states (All known)

C. Verhaaren
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FSUSY (EW charged partners)

SM sector mirror sector

SUR)xU(1)
A

Neutral Naturalness
Exotic Higgs decays

SU(3)a SU(3)s
|5 = 14 TeV, 300" L1200
== sleptons, - (MS)x(MS or IT)
=T EWinos,... (VBF h-3bb) x (IT. r > 4om)
’ single lepton) x (IT, r > 50um) 41000
: §
g o 800 §
~ ~ 4
tg, bs, ...
i g &
{600 S
3 a0l 3
o e
" & £
W,Z h =—— LEP limits 1%
..................... a0l
{200
T, etc
bA — 1" , .
etc s e slucballs 0 60
g
i
Rl isible Higgs
So-= DM
AN

partners

" [Folded SUSY]

m; (GeV)

14000
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13000

12500
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h x7TC T\ '/"_.
L VS U\ hh
3000F" : - -
\s =100 Tev, 3000fb™"
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2500l (VBF h-bb) x (IT, r > 4cm)
(single lepton) x (IT, r > 50um)
TLEP Br(h-invisible)
2000
1500}
1000}
500}
0 10 20 30 40 50 60
Curtin. CV 1506.06141 mp (GeV)

Exotic Higgs decays: h — 0** 0**
w/2DV’sor 1DV +...

- {500
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Neutral Naturalness: UV States
pp = (T = tZ)(T = tZp) — tt + (twin Hadron — Displaced Vertex)

LHC 13 TeV, 300 and 3000 b A=5 GeV, f=1TeV 100 TeV, 1ab™!. A=5GeV, f=1TeV
95 % CL j ' 8§TeV | 8 TeV ' 12[95 % CL T ] ' '

ho T 1 Higgs fit 4 8 TeV |
exclusion) exclusion h-T ¥
i . ——— d exchusion
2.4+ ~J 1 Mo ]
i X NN ++ 10 o b
F y \\‘ tt + Ggﬂ
22F Y
- 1S S \, 3
. N \ )

> 3
=t =
'._‘ 2.0" """"““"{C‘K-I;.f.};:r-""" :
S0 stop search 3000 f6___ 7% £
sl Tt + Yo
A o -
L6 g search 300 b [y
i [ .
[ e :
1,41—-—-—-—7"--.1---—-.—-—-‘—’-”-;-‘—--'-—"4--—-—-—-—-.—:\-\--:-.-------—-—-\-----Ml e . . .
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ué‘R [ —¢r SR tr 'u‘?'?L [ —cL sL tr,
it )~ \ sp er) \Tr) " ad |~ \ sy er) \ T2 Cheng et al

15612.02647

_ — - ~=A -~
- ytHLu?Rq?L - ytHL'“‘?:‘Rq?L _l"IQBR‘TQL'*'h'C'
C. Verhaaren
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Neutral Naturalness & Higgs Portal

SM gauge singlet scalars (illustrative of reach)

V = /.L%J|H|2 + /\H|H|4 +/\H3|H|252 —i—aH|H|QS+u%SQ -|-0,553 +)\SS4

vy = 250 GeV

Mpy [GeV]
8

200 400 600 800 1000 1200 1400
my [GeV]

o/osm

/ 13 TeV, 100 fb ! 1
*/ 2 14 TeV, 300 fb~ -
LHC 14
01 // ,’14Tev.3ab‘1 HL LHC
Y/ e~ T s
P 33 TeV, 3 ab
/
001\/,= e = ILC
.......
k//' .o"""""'TOOTe\ 3 ab”!
e ¢'
0.001 l_\, '0 FCC—ee |
S
1 2 3 4 5 6
my [TeV]

D. Buttazzo
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EWSB: BSM Higgs

2HDM
Why 2HDM?

Models with extended Higgs sector: arise in natural theories of EWSB

@ Higgs sector of MSSM/NMSSM
@® Generic 2HDM
@ Little Higgs, twin Higgs ...

@ Composite Higgs models ...

@ SM+singlet: parametrized by a simple mixing parameter
@ 2HDM: covers board class of known models

@ Allow for convenient parametrization

@ Many features shared by many extended EWSB sectors

S. Su 3

S. Su
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EWSB: BSM Higgs

New channels open up for non-SM Higgs decay
HH type |[(bb/TT/WW/ZZ/yy)(bb/TT/WW/ hsm — AA
ZZIyy) CH - hsm hsw
H- AA,
H*H- type |(Tv/tb)(Tv/tb) H — H'H-
neutral " "
Higgs WH=* type ((Iv/iqq’) (Tv/tb) H/A— WH*
ZH type | (Il/qq/vv)(bb/TTIWWIZZ/yY) <‘H’—» ZA,
M- ZH, Zh
charge |WH type (lv/qq’)(bb/TT) tH* production,
Higgs *— WH
t, WA
S su 7

S. Su



EWSB: BSM Higgs

2HDM

Kling, Li, Pyarelal, Song, SS,

B < 3
BPIIB: my<mu:=ma A—HZ work ki Drogress

50 T T | T
14TeV
cos(B-a)=0
ma-my=200GeV
“r £=1000,3000fb™"
I

32
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Naturalness

 Value added

Extend reach significantly
beyond HL-LHC

« Synergy/complementarity

Look for correspondence between new
states (hh mode) and modified Higgs
couplings (ee mode)

« Well-defined target in mass
and/or precision

Assumptions about “acceptable”
fine tuning...

33



lll. Cosmology
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Dark Sector

What is the dark matter ?

* Fermions
 Scalars

What are its interactions ?

o Scalar mediators
 Vector mediators
 (Contact interactions

35



Targeting Dark matter

* Currently there are 3 industries looking for DM

- Direct detection
- Indirect detection
- Collider searches

 For each of these approaches :

- Benchmarks have been established to drive search
e For collider this is not as well formed
 For collider searches :

- New benchmark to be established based precision SM
« Turns out DM search is best way to measure high p_ V prod

- This talk looks at this benchmark for the 100 TeV

36



Dark Sector P. Harris
Beyond Mono-jet + MET

What about the cross sections?
* The relative rate to all processes is similar

- 0(100 TeV/14 TeV) : ggH : 14.7

- o(100 TeV/14 TeV) : VBF : 18.6

- o(100 TeV/14 TeV) : WH :9.8

- o(100 TeV/14 TeV) : ZH :12.5

- o(100 TeV/14 TeV) : ttH :60.8

- 0(100 TeV/14 TeV) : bbH : 14.8

- o(100 TeV/14 TeV) : HH :42.0

- Except for ttH

 Means we expect VBF to give similar improvement

 Benchmarking agains ggH means ttH/VBF have a
lot of room to gain

37



Dark SeCtor P Harris
Beyond Mono-jet + MET

Higgs to invisible

* A nice benchmark is the Higgs invisible:

,'E“O‘M LA i L "'.‘ i ) T g — 16T T T Lo |
S107 125 GeV(14 TeV) E = Fo— T e R e —
= _af = e e i . . ~ _ 7 [ L .
10+ | Ms"125 GeV(14 TeV — % T.10'F 14 TeV VBF Hoinv w2
104 14 TeV VBF H—iny, : & -
V S T, M..=125GeV(14 TeV) -3 “
107 = 1072 £ — 100 TaY 100aN' o
" :: FCCee wenne 14 TeV fab”
10° L .
-47 10_3 F E
10 - m,.=125 GeV .
48 [
10 104 ¢ E
107% . ; |
o T '
10 14 TeV Jid 10 E =
14TeVJ :
10°® - i
s (3 ab” 10-6 !: gS - -
10 . : E L Sc;‘Iar 3
10— '1' B ""1‘(') B 1074 R — B
mg,[GeV] 1 10

my[Ge
100 TeV machine has far more senstivity to the e

Invisible decays of a Higgs

https://arxiv.org/abs/1603.07739

https://indico.cern.ch/event/438866/contributions/1085169/attachments/1258088/1858101/FCCwx
k_Hinv_MDG_14042016.pdf




Dark Sector: EW Multiplets

Cirelli & Strumia ‘05

Quantum numbers DM can DM mass mpy+ — mpy Events at LHC  og in
SU(2), U(1)y Spin | decay into in TeV in MeV [Ldt =100/fb 10~* cm?
2 1/2 0 EL 0.54 +£0.01 350 320 = 510 0.2
2 1/2 1/2 EH 1.1 4+0.03 341 160 = 330 0.2
3 0 0 HH* 2.0 £0.05 166 02=1.0 1.3
3 0 1/2 LH 2.4 4+ 0.06 166 0.8+4.0 1.3
3 1 0 HH,LL 1.6 £0.04 540 3.0+10 1.7
3 1 1/2 LH 1.8+ 0.05 525 27 + 90 1.7
4 1/2 0 HHH* 2.4+0.06 353 0.10 0.6 1.6
4 1/2 1/2| (LHH*) 2.4+0.06 347 5.3 225 1.6
4 3/2 0 HHH 2.9+0.07 729 0.01 =0.10 7.5
4 3/2 1/2 (LHH) 2.6 £0.07 712 1.7+9.5 7.5
5 0 0 |(HHH'H) 50x01 166 <1 12
5 0 1/2 — 44+0.1 166 <1 12
7 0 0 — 8.5+0.2 166 <1 46

Siganture: Disappearing charge track

St — Sp T 7t (soft)
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Dark Sector: EW Multiplets

Disappearing charged tracks J.F Zurita
Simplified Bino/Higgsino (5/D)
M, —mcg msg
M = ( —meg 0 :Fl;' ) m =mzsy ~ 43.8 GeV
msg Fp 0

Expanding in p/M;

+
X1 e— 2\
96 MeV (1 Fs23) | m
0 Ay =A_ oop \ FEVEEEYE
340 [\2 — + = Bistoor T TR0 Tev) +O<Mln~[1
MeV 7 j, Ao
0
X1
- 192 MeV | m
A1 _1oop) Ay = Ll el
Bi-toop) 0= (ML/10 Tev) © © <Ml Ml)

Limiting cases:
|. Ag > A :decay open only to first neutralino —» only for M; < 3|u/.

2. Ag =0, A; = 340 MeV:decays to both, lifetime reduced by half.
Ao < 100 KeV gives inelastic scattering @ DD = M, < 20 PeV. 40



Dark Sector: EW Multiplets

Disappearing charged tracks J.F. Zurita

Cross sections and decay lengths

pp 100 TeV

10 Chargino decay length
10°
1
o) _ 100
& 0100 g { Hi 6.6
— SN0, cr=0.0 mm
b = 199'
1
0.010¢ r
M; = 2000 TeV
tan3 = 15 0.01 E
0.001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 N 1 N N N N N |
400 600 800 1000 1200 02 04 06 08 10 12 14

A, [GeV]

H [GeV]

(1.1 TeV)[fb] = 47.23 (39.05) NLO (LO).
Decays formulae (mostly) from

PROSPINO Beenakker, Klasen, Kramer, Plehn,
Spira, Zerwas, hep-ph/9906298 Chen, Drees, Gunion: hep-ph/951230, 9607421, 9902302.

Ay = 340 MeV ’ BR (xi — Wix(()l)) ~97%.



Dark Sector: EW Multiplets

Disappearing charged tracks J.F. Zurita

Disappearing tracks @ LHC

ATLAS: CERN-PH-EP-2013-155 [CMS: CERN-PH-EP-2013-037]

® Charged particle (track) decays into neutral + SM (unreconstructed): disappeared!!!
® Event selection requires:

® | “good quality”™ (isolated, well reconstructed) track with large pT.

® large missing transverse energy (MET > O(100 GeV) ).

® | hard jet,pT > 100 GeV (from initial state radiation, to trigger the event).

® Ad(jet,MET) > 1.0 (0.5) @ ATLAS (CMS) : kills mismeasured QCD multijets.

R = 1082 mm

* Quality track

At least 3 hits in pixel detectors.
At least 2 hits in the SCT. ] Apin =~ 30 cm
Less than 5 hits in the TRT**

pT > 15 GeV,0.1 <|n| < I.9 (hard and central)

f_)%

] o x

- oFs

2 FF

3 3 3
AL b £
\ IS S g
® o o o

% SM particle leaves (on average) 32 hits in TRT
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Dark Sector: EW Multiplets

Disappearing charged tracks J.F. Zurita

Number of charged tracks

Charged tracks in r-z
100 TeV, 3ab’?

1P Lo SRR NSO SRR B

Number of charged tracks

10!

— x—socw|
- X =1 TeV :

102 v i i i - i i i i H
50 100 150 200 250 300 40 45 50 55 60 65

Transverse distance r (mm) Longitudinal distance z (em)

r=10 cm gives 10 events for 1.1 TeV charginos with | TeV pT cut.

Forward () extension from 3.5 to 4 gives a factor 2 enhancement.
43



Dark Sector: EW Multiplets

Disappearing charged tracks J.F. Zurita

Sensitivity (r=10cm)
100 TeV, 3ab’’

Effective cross section (fb) for 10 events @ r=10 cm Number of events and significance @ r=10cm
4 / w —

i 1 Sensitivi |
1 ; e —— T N L d : d : —— : : &
10 '.——__—___‘,—' H : B H 4 10 -/ ﬁa . / / -

er (mm)

10° L i J. 1 il L 1 il
500 600 700 800 900 1000 1100 1200 1300 1400 500 600 700 800 900 1000 1100 1200 1300 1400

Weak-doublet mass m,, (GeV) Charged particle mass u (GeV)

m < 1065 (1286) GeV for discovery (exclusion) for pure Higgsino, 50% systematics. Is M DM ~ 2-3 TeV

reachable ?
Scaling with di-jets (gg). If using Ztjets (q-gbar), the reach moves to 1.5 (1.6) TeV.
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Dark Sector: EW Multiplets

Mono-Z J.F. Zurita

Potential advantages for mono-Z at FCC:

Soft leptons might not be viable (depend on pT thresholds).

Weak coupling stronger at FCC energies.

Weak effects in PDFs are important (Rojo, 1605.08302)

EWV Sudakovs can have a large impact (Becher, Garcia i Tormo, 1305.4202
1509.01961).

® \Very different systematics (crucial to estimate the sensitivity).
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Mono-Z

Am [GeV]

Dark Sector: EW Multiplets

J.F. Zurita
The parameter space
Higgsino parameter space, py>0 Higgsino parameter space, p < 0
oY) —— LUX
| —— XENON1T
1 LT | —— DARWIN
EEEEEEEEEt e S I B v floor
; ‘ A Am < Aq_io0p
200 400 600 800 1000 1200 200 400 600 800 1000 1200
my [GeV] my [GeV]
® Xenon |-T forces splittings below 2-5 GeV.
e | HC 95% C.L bounds give my > 200 GeV.
e FCC monojet bounds: my > 600 GeV for nominal splitting.
® Relic density forces my < 1100 GeV.
® Scanned region: |u| = 600, 750, 900, 1000, 1100 ;tg = 15, M, scans A-.
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Mono-Z

Am [GeV]

Dark Sector: EW Multiplets

DFCC ‘ C

J.F. Zurita
The parameter space

— y =900 GeV

— 750 Ge

H=

NG <
Significance

. . . . Am = 344 MeV
400 600 800 1000 1200 [
my [GeV] o R .
0 2 4 6 8 10
syst [%]

Xenon |-T forces splittings

LHC 95% C.L bounds give my > 200 GeV.

FCC monojet bounds: my > 600 GeV for nominal splitting.

Relic density forces my < 1100 GeV.

Scanned region: |p| = 600, 750, 900, 1000, 1100 ;tg = 15, M, scans A,

47



Dark Sector: Mediators

rich or simple structure?

® new gauge groups?

e new strong/weak
interactions?

& e new particles?
off-shell mediator e dark matter?

™

Resonant phenomenology rather one-directional
- its difficult to excite particles in the dark sector directly

How to study structure of dark sector?

M. Spannowsky
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Dark Sector: Mediators

Incomplete list how to receive echoes from dark sectors
It depends on nature of mediator and dark sector structure

Gravity * direct, e.g. Planck, velocity of galaxies

* indirect, e.g. grav. waves from first-order
phase fransition

vector * direct, e.g. hidden valley phenomenology,
mediator comp. dark matter, ...

(new gauge group) * indirect, e.g. running of gauge coupling

scalar * direct, e.g. hidden valley phenomenology, ...
mediator

indirect, e.g. running of mixing angles,...

See talks by D. Curtin, S. Iwamoto, A. Katz, M. McCullough, J. Zurita

M. Spannowsky
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Dark Sector: Mediators

Direct dark sector spectroscopy at e+e- colliders

e Can we access the quantum numbers of the mediator
and dark sector particle, e.g. spin or masses?

e Let us pick a benchmark simplified model

assume mediator couples between

model

electron and dark sector particle LSL

LVL

| scalar | vector LSH

€| i geep,s €€ Ps | T Gecop v EYu€ &), LVH

. - . = m HSL
X|% gxxé,S XX PS | gxxd.V XVeX O

M, =

v Oeeplxxo

HVL
HSH
HVH

My

e In VBF-like final state possible to exploit

mediator mass
8 GeV

8 GeV

8 GeV

8 GeV

200 GeV

200 GeV

200 GeV

200 GeV

[Dreiner, Huck, Kraemer,
Schmeier, Tattersall ‘12]

[Andersen, Rauch, MS ‘13]
[Chacko, Cui, Hong 13]

mediator spin.\\'l.\‘lP mass M.
0 (scalar) 5 GeV| 30 GeV
1 (vector) 5 GeV| 30 GeV
0 (scalar) 120 GeV| 27.4 GeV
1 (vector) 120 GeV| 21 GeV
0 (scalar) 5 GeV| 1250 GeV
1 (vector) 5 GeV| 1250 GeV
0 (scalar) 120 GeV|332.4 GeV
1 (vector) 120 GeV|511.8 GeV

kinematic distributions

_‘—"/‘/6

¢ -

+

FCC Physics Workshop

CERN 5

Michael Spannowsky

20.01.2016

M. Spannowsky >0
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Dark Sector: Mediators

Direct dark sector spectroscopy at e+e- colliders

® The spin of the mediator can be probed directly in this multi-Regge )
kinematic limit, where the invariant mass bigger than prop. momentum s;; 3 |i;]

Behaviour of 2->n scattering is for rapidity ordered momenta p determined by
[Regge 1959]

Papy—P1P2Paps _, 1(8)  aa(ts)  as(is)
M *S120 823 1S3y

Powers determined by spin «; = J; =~ can probe spin in mjj or yjj

_ _ L . ' _[Andersen, Rauch, MS 13]
==1 ILC —33; ;g 1 ILC _ig-
'_* :‘?;’:—\_‘_\_ R - N
- HSH 2 L 5 =SH
10 - LL% I l_ﬁi HvH- 10 [ e S AR
i i : L™
| —LL i ] ]
1072 I | —ILL 1075 7 ' 5
; 1 | 1Y
Light mediator L . Heavy mediator = T ]
0= 1 — L " 10 1 e 3 o ,
Ayee AYee

M. Spannowsky o1
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Dark Sector: Mediators

[Khoze, Ro, MS ‘15]

Measuring the mediator
mass at the LHC

RS
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MY ME ., .. ing = N 1 2 N
L= »’*_‘( M wer o I > ff) d oy Rxd 2""?;».::.]"!’: MRX

7 ‘ !
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' — ||
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— ues -
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M. Spannowsky
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Dark Sector: Mediators

Coupling evolution

9¢ = gs at Mz 9a = gs at Mz

1.0 e 1.0
—
— \
E— \
——
0.9 1.9 L ————
( -0
( L7
—_— SU(2) —  SUE) SU 1S — ('-, ) “’ 1 }
—  SU(3) SU10) SU20 — (I ) [II) (;’I_Z'l)
0.6
200 300 100 500 600 T00 80D 90 1000 " 200 300 100 300 GO 700 800 900 1000
? L ISS [GOV] / I3 miss I(SBV

M. Spannowsky o3



Dark Sector

Value added

Extend reach significantly
beyond HL-LHC

Synergy/complementarity

Discovery (hh mode) and interactions
(ee and hh modes)

Well-defined target in mass
and/or precision

EW multiplets: My, ~ 2-3 TeV

o4



Baryogenesis

 Baryon number violation ?
« BSM CPV ?

* Out of Equilibrium ?

95



EW Phase Transition: Singlet Scalars

SFOEWRPT Benchmarks: Resonant di-Higgs & precision Higgs studies

N
2 0 " N )
& Next gen pp 100 TeV, 30/ab =
1000E 100 TeV, 3/ab =—
900¢ SFOEWPT @ I 14 TeV, 3/ab mm
800f | MaxoxBR ; —_—
% 700% Min oxBR % P I %
Q 600} “op T ; Nup—
£ 500 EWPO S N | o
400} Y 5 N
30 | ~
094 095 096 0 400 500 600 700 800
h-S Mixing —> cosf m, (GeV)
bbyy & 4t

Next gen pp: Kotwal, No, R-M, Winslow 1605.06123 MJRM 56



EW Phase Transition: Singlet Scalars

»d

L F

1st order

2nd order

Modified Higgs Self-Coupling

ILC gs11\1/l1 HL-LHC
200, S //
L 30, — \ «
1500 20
[ 30% i
[ 50% — d. o L.
Q [ . < % '. .
£ >° 100 i v
r .'°.."‘ . bo © o
00 ettt S~ FCC-ee/
A ,r CEPC
oL .. ! A1 . P
0 10 207 30 40 50 60
FCC-hh/SPPC
8111

Profumo, R-M, Wainwright, Winslow: 1407.5342; see
also Noble & Perelstein 0711.3018

Real Scalar Singlet Model

3 3
ES
current
N o100l LT |
Q Y HL-LHC
5
£
2 0.010
3
o CEPC  Similarly FCC-ee and ILC 250
N 0.001
L - —
o o
2 2
1074 3 3 1TeV = SPCC / FCC-hh / ILC 1 TeV
0.5 1.0 15 2.0 2.5
hhh coupling: As/A3 sm Huang, Long, LTW, 1608.06619
" 7 Trivial Singlet ve.v.
m2 > 2 m1 f T T T T T T T T

Mixed States:
Precision
-.ILC, CPEC,
(.. 1" FCC-ee

llllllll[Illllll]l[llllll[l

III]IIIIlI

200 30 My >2m,
m, [Ge .

MJRM
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EW Phase Transition: Singlet Scalars

v 1st order | F 2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

Z, symmetric real singlet extension

* Loop-induced 1-step transition ;
« 2-step transition for ug? < 0

VBF @ 100 TeV pp: _2_\3’}”!&3@2—‘5" |
) - NN

pp — hjji, h — invis AN

800 1000
My [GeV]

* Singlet two step: see also Profumo, R-M, » Non-pert s

Shaugnessy 2007 MJRM




EW Phase Transition: DM Direct Detection

v 1st order | F 2nd order

Curtain, Meade, Yu: arXiv: 1409.0005

noni1T

ey

Z, symmetric real singlet extension

* Loop-induced 1-step transition
« 2-step transition for ug? < 0

Scalar singlet DM: direct detection

-2

-4

LUX Exclusion 59

MJRM



EW Multiplets: Two-Step EWPT

v 1st order | F 2nd order

v

Increasing m,,

o

« New scalars

» Step 1: thermal loops
» Step 2: tree-level barrier

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15605.05195

One step

a
Quench 3{/77?11 entropy
sphalerons nution

]
/ ’
& / L
Baryogenesis \
] ]

tep 1
&» =
/.
&~
3 ¥
“
us

MIRM %



EW Multiplets: Two-Step EWPT

v 1st order | F 2nd order

One step

Two step

my=125 GeV, bs=0.75
, _ 200 T 620% (SM) =%
Increasing m, > | Two-step EWB
L favorable / ]
[ +10%
P 160}
) New scalars o I
» / -30%
© 40r /
S | 4
-.q.s . 0% “__‘J / —40%
~ / /
>+ _vvun S e o/ j ~s50%
hj P | Y = ' ’!/I,‘
80} { V4
10“..0.5,...0.0‘...05....10..‘.15“.l 0
Higgs Portal Coupling

Patel, R-M: arXiv 1212.5652 ; Blinov et al- 1505.05195 MJRM el



EW Multiplets: Two-Step EWPT

Using BR(H—ZZ¥*) from FCC-ee (known at ~0.3% from 8gnzz~0.15%),
production ratios o(H—=XY)/o(H—ZZ*) for pr>100 GeV return the

following stat precision on the absolute value of rare BRs

L 2y =l FCC-ee: < 2%
- . (o}
M. Mangano ~0.5% 1% 1% on (SHW
— my=125 GeV, bs=0.75
, _ 200 T 620% (SM) =0 g
Increasing m, > | Two-step EWB
| favorable / ]
[ +10%
) New scalars ol
8 405 -30%
§ 70, +20% / / —40%
—~ 20 /
2+ ’lrmm y § F 30 | ~50%
hj -~ 100} ‘_‘,f“ ,!,”
T S : ] > \Y
twwy 3
—id - .—(I)Sl - .0‘.0‘ — .OTS. - .1‘0. — .115 ..... 0
Higgs Portal Coupling

62

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 1505.05195 MJRM



EWPT

 Value added

Extend reach significantly
beyond HL-LHC

« Synergy/complementarity

Look for correspondence between new
states (hh mode) and modified Higgs
couplings (ee & hh modes)

« Well-defined target in mass
and/or precision

Singlets: 100 TeV + 30 ab’
EW Multiplets: < 10% on hyy

63



IV. Neutrino Mass

* RH neutrinos (type | & Il see-saw)

 New scalars (LRSM, raditive see-
saw)

« Lepton number violation (another
day)

ACFI workshop July ‘17: http.//www.physics.umass.edu/acfi/
seminars-and-workshops/neutrinos-at-the-high-energy-frontier
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RH Sterile Neutrinos

Neutrino parameters landscape

R Ytop :
= EW scale sterile
= neutrino models
= 103+ | (often similar to
3 latter example)
o [

s Yer

S ~7

<% 107"

>

8 10—9 L

B

8 10711 E

Z reactor & LSND anomaly

eV keV GeV PeV ZeV MGUT Mpl

Sterile neutrino mass scale

65
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RH Sterile Neutrinos

m [ he leptonic mixing matrix to leading order in 6,

Mixing matrix _ i 1
of theglight v Net Nez Nes \{598 \{_2_8\_~9 Sterile v mix
U L Nu1 Nu2 Nys —750m 730k W with active ones
= Upwmns i .
Z/{ — Nr1 Nro Nis —ﬁOT WOT
i 1
0 0 0 73 75

sz 65 35 (1-9) (%)

=> Heavy v (mass eigenstates) participate in weak interaction processes:
v

%74 0, N VA 00a0;u91' N h 9,3,9“,97- N

66
E. Cazzato



RH Sterile Neutrinos

Systematic assessment of heavy neutrino signatures

at colliders

Production
> 'd .
W, :
W 6 N
X
\Vt .
h:

Decay Final States

) PP

N — 4
W+ ee

At leading order! 7

v PP :
%H,,, 0., 0 < oot
N LL
Z e e

balFij, ColilFu

e p: Y55, Y0v

.pp: viijj, vlilFu

t .I’jj. £ Il/{‘?[‘? Loy

e p: Yvjj, )'1/!’?(?. Yvvv

“et,pp: wvjj, wwlzlh, wvvwv

o lovjl, bavlzlE, LWV
~et,ep: Yvjj, Yuliti, YuVV

“et,pp: wvjj, wlzl, wVV

E. Cazzato
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RH Sterile Neutrinos

“First looks” at FCC-hh sensitivities

Displaced vertex search 20 sensitivity. Dis-

placements of Imm - 1m as backgroundfree.

Presented first looks for the 1o sensitivities
of heavy v signatures at the parton level.
V
0.010
10°-L HL-LHC
o - 0.001
) 5 — 314]: 10| %=|6,65|%/16 | %, azp
10-10._ FCC-hh 10-4
-5
107" : ' : ' " : . - ;
20 40 60 80 100 500 1000 1500 2000
M [GeV] M [GeV]

“First looks” at FCC-eh sensitivities

Displaced vertex search 20 sensitivity. Dis-

placements of 1Imm - 1m as backgroundfree.

Presented first looks for the 1o sensitivities
~1 of heavy v signatures at the parton level.
0.001}
107 LHeC
< g 10 i 2 21912
= = | Tjjj: |© | *=16e 6, | /|6 |
ol FCC—eh 1075}
" L N " 10-‘
10 20 30 40 50
M [GeV]

500 1000 1500 2000 2500 3000
M [GeV]

E. Cazzato
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RH Sterile Neutrinos

Summary

m Systematic assessment of heavy neutrino signatures at colliders.
m First looks at FCC-hh and FCC-eh sensitivities.

m Golden channels:
m FCC-hh: LFV signatures and displaced vertex search
m FCC-eh: LFV signatures and displaced vertex search
m FCC-ee: Indirect search via EWPO and displaced vertex search

4 FCC-hh able to

10-3 ] test all flavour
1 combinations.
1073
o
© 10”7

Good sensitivity re-
FCC-ee ach from FCC-hh &
FCC-eh.

Best sensitivity to
|62 from displaced
vertex searches at | 10711}

the FCC-ee. 10 50 100 500 1000

M [GeV]

69
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RH Sterile Neutrinos

Summary: FCC-ee sensitivities

1073F
= Conventional Z pole search @20: |9 |2=|6|?

10-5 ' = Displaced vertex search @20: |0]%=|6)?

m= Higgs branching ratios @10: |©|2=|0|2
Mono-Higgs @10: ©°=|6, |2

1077}

102

s \WW production cross section @10: |9]2=6, |2
| epton-dijet @10 |0|?=|6: |2

— E\WPOs @20: |©|2=|6. | 2+|6y|?

— EWPOs @20: |0|2=|6;|?

10-°

10-11}

= "Unprotected” type-1 seesaw

M [GeV]

» Displaced vertex searches test |0|2 ~ 107 for M < myy.

» EWPOs test |02 ~ 107> up to M ~ 60 TeV with O(1)
Yukawa couplings.

O. Fischer, ACFI ‘17 Workshop
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RH Sterile Neutrinos

Global analysis and cosmology
10-5F leptogenesis (Upper bOund)

1077 o

® 10 %
I (@4/@ » I
e

107"+

1073

M[GeV]

plot to be updated in MaD/Garbrecht/Gueter/Klaric 1609.09069 [references to origin of sensitivity estimates given therein]

M. Drewes 71



New Scalars & m,

SU(2)L x SU(2)r x U(l)B_L
I S0k DRT -
|AR(1,3,2) ( A% _%AE >=>H3s H;
SUE), x U(1)y
(2.2 0 0 o W
lL ( )&y ) ( o7 ([)g ) = h, H1= Al’ H1
U)en V/5 =100 TeV, £ = 30 ab~?

_ry
(2]

_y
(o]
T d

ey
EY
T

Bi-doublet Mass [TeV]
o

10} — H}IA? - bb
--—- H{ > 6b ]
81 —— Hit - bbbjjiv | ]
6[ ]
2 4 6 8 10

SI\/S+B

30 sensitivities: {15.2 TeV, 14.7 TeV, 7.1 TeV}

Y. Zhang



New Scalars & m,

SU(2)e x SUR)R x U(1)s-t
| Ag(1,3,2)
SU@). x U(1)y
lHLCD (2,2,0)
U(1)em

1 AL ALt
V2T R R HO HEx
(5 )5

<—— Majorana mass

0+
(05 %)= nm e m

Y. Zhang

o1 2
° 10f
Vs =100 TeV, £ = 30 ab-! Vs =100 TeV, £=30ab"!

S
3 g
e -
]
o 2
5 o
o ®©
8 ®
>
aﬂ el
3 2
3 Q
3 o
3 2
'-6 ©

- #
T ] IN

0.1
5

10 15 20 25 "5 10 15 20 25 30
Vg [TeV] Vg [TeV]

@ Probable at the few-TeV scale, depending on the RH scale vg.
@ The SM Higgs portal production of H depends also on the quartic couplings.

@ Bump structure in the right panel: = Zg resonance.
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Neutrino Mass

 Value added

Extend reach significantly
beyond HL-LHC

« Synergy/complementarity

Probe different regions of (M, 6)
space; produce new scalars; LNV &

LFV @ FCC-hh

« Well-defined target in mass
and/or precision

Leptogenesis-viable region ?
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V. Outlook - 1

 FCC will provide an exciting opportunity to
significantly extend the reach in mass scale and
precision, addressing key open questions in
fundamental physics

* Different modes (pp, e*e, e'p ) are richly
complementary

« There is considerable room for additional
theoretical and experimental study
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V. Outlook - 2

Complementarity

T ——

table to be completed and revised!

Proposed physics topics to be used in the study of

synergy/complementarity among experiments at FCC-hh/ee/eh

Higgs Physics

Interface with Cosmology

Electroweak Sym. Breaking

Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

A. Blondel

precision studies

higher dimension operators
composite Higgs

rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter
baryogenesis
right-handed/(almost) sterile neutrinos

WW scattering
supersymmetry
extra dimensions
composite models

rare H,Z,W,top decays
lepton flavor violation

extra vector-like fermions
SU(2), models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (mj,m,,,m,,o,0(m;),sin%6,,.Ry...
higher-order EW corrections

W,Z triple and quadruple couplings
top (anomalous) couplings
charm/hattom flavar studies
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V. Outlook - 2

Complementa rity table to be completed and revised!

R Proposed physics topics to be used in the study of

synergy/complementarity among experiments at FCC-hh/ee/eh

Higgs Physics

Interface with Cosmology

Electroweak Sym. Breaking

Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

A. Blondel

precision studies

higher dimension operators
composite Higgs

rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter
baryogenesis
right-handed/(almost) sterile neutrinos

WW scattering
supersymmetry
extra dimensions
composite models

rare H,Z,W,top decays
lepton flavor violation

extra vector-like fermions
SU(2), models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (mj,m,,,m,,o,0(m;),sin%6,,.Ry...

higher-order EW corrections

W,Z triple and quadruple couplings
top (anomalous) couplings
charm/hattom flavar studies
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V. Outlook - 2

Complementa rity table to be completed and revised!

R Proposed physics topics to be used in the study of

synergy/complementarity among experiments at FCC-hh/ee/eh
o

precision studies ¢
higher dimension operators

Higgs Physics

Interface with Cosmology

Electroweak Sym. Breaking

Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

A. Blondel

composite Higgs

rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter
baryogenesis
right-handed/(almost) sterile neutrinos

WW scattering
supersymmetry
extra dimensions
composite models

rare H,Z,W,top decays
lepton flavor violation

extra vector-like fermions
SU(2), models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (mj,m,,,m,,o,0(m;),sin%6,,.Ry...

higher-order EW corrections

W,Z triple and quadruple couplings
top (anomalous) couplings
charm/hattom flavar studies
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Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners ) 0+ |
( i ) 251 Juknevich 9+ S —I o
SM sector mirror sector g | 37— 3+ m— 177 e
SU2)xU(l) 27— — 50
mg 15 |y -+
SUB3)a SU(3)e mo ol -
1.0 | ot e— 3
=== sleptons, S
EWinos,... 0.5 pE
0.0 200 =
o RS -+ +- =
tg, bg, ... PC
— 10 500 1000 1500 2000
m;.(GeV)
tA .. .
: leH
W,Z,h =—— LEP limits mirror isible Higgs SM
""""""""""" glueball -
| 74...2
ba U S 7 partners PO++ s Tn-o/(AI mh
etc glueballs
2000 H i H i T AT
42500
g 1500 L2000 g
3 §
Q‘ 11500 =
. 1000 s
Mirror 3 8
Glueballs € o £
- 500
500

my (GeV)
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Solutions w/ LLP’s: Neutral Naturalness

FSUSY (EW charged partners . 0+= |
( i ) 251 Juknevich 9+ S —I o
SM sector mirror sector g | 37— G- — ]
SU2)xU(l) 27— — sof
mg 15 |y -+

SUB3)a SU(3)e mo aol

1.0 | ot e— 3

= sleptons, <
EWinos,... 05 S 3f

0.0 20} Z
— ++ -+ +- -
tg, bs, ... PC

— 10

ta

W,Z,h =— LEP limits mirror

-------------------------- SM " "
o etc Lo Exotic Higgs decays: h — 0** 0**
o w/2DV'sor1DV +...
| e 1 D. Curtin,
(VBF hsbb) x (T, > dom) C. Verhaaren
_ single lepton) x r > 50um _1m0—
7 F
. 7 o o 3
Mirror 2 3
Glueballs =
R s 2
s e
= £

81




CL,

CL;,

Dark Sector: Mediators

LHC

vs M = 125 GeV

10 —_ M, 250 GeV
A M, 500 CeV 00—
\— My — 750 CoV >~
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M. Spannowsky
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