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Linear collider physics potential

¢ Why a linear e+e- Higgs Factory
with extension to high energies ?

Single Higgs
Higgs pairs
BSM physics
Top physics

* & o6 o o

ECFA Higgs/top/electroweak factory study :




The Higgs Boson and the Universe

> # Is the Higgs the portal to the Dark Sector?
& What is Dark Matter made of? * does the Higgs decays “invisibly”, i.e. to dark sector particles?

e does the Higgs have siblings in the dark (or the visible) sector?

€ What drove cosmic inflation?

@ What generates the mass pattern in quark and The Higgs could be first “elementary” scalar we know:

lepton sectors? * is it really elementary?
® is it the inflaton?

* even if not - it is the best “prototype” of a
® What drove electroweak phase transition? elementary scalar we have => study the Higgs
— and colld it play a role in baryogenesis? properties precisely and look for siblings

& What created the matter-antimatter asymmetry?

Why is the Higgs-fermion interaction so different between the species?
e does the Higgs generate all the masses of all fermions?
® are the other Higgses involved - or other mass generation mechanisms?
* what is the Higgs’ special relation to the top quark, making it so heavy?
® is there a connection to neutrino mass generation?

=> study Higgs and top - and search for possible siblings!

¢ Does the Higgs sector contain additional CP violation?
* in particular in couplings to fermions?
* or do its siblings have non-trivial CP properties?
\L« => small contributions -> need precise measurements!

¢ What is the shape of the Higgs potential, and its evolution?
e do Higgs bosons self-interact?
* at which strength? => 1st or 2nd order phase transition?
=> discover and study di-Higgs production
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The Higgs Factory mission

¢ Find out as much as we can about the 125-GeV Higgs

* Basic properties:
— total production rate, total width
— decay rates to known particles
— invisible decays
— search for “exotic decays”

» CP properties of couplings to gauge bosons and fermions
¢ self-coupling
® |s it the only one of its kind, or are there other Higgs (or scalar) bosons?

# To interpret these Higgs measurements, also need:
* top quark: mass, Yukawa & electroweak couplings, their CP properties...

® Z/ W bosons: masses, couplings to fermions, triple gauge couplings, incl CP...

# Search for direct production of new particles
— and determine their properties
* Dark Matter? Dark Sector?

¢ Conditions at e+e- colliders very
complementary to LHC;

® Heavy neutrinos? In particular:
* SUSY? Higgsinos? * [ow backgrounds
e The UNEXPECTED ! ® clean events

* triggerless operation (LCs)
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Higgs factory contenders (1): Linear Colllders

. . . 4000 [ ! —
Internatlonal Llnear COIIIder (ILC) ‘1— g - ILC, Scenario H20-staged :
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Year
Cool Copper Collider (C?) giffgfkifo GeV
Operation temperature 77K, 70-120 MVm™’ C? Beam delivery / IP identical to ILC
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Pre-CDR Physics output very similar to ILC
Hybrid Asymmetric Linear Higgs Factory (HALHF) HALHF: 250 GeV (7 300GeV, e 31GeV)
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25 MVm~! conventional, 6.3GVm™" plasma
Pre-CDR
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Higgs factory contenders (2): Circular Colliders

Future Circular Collider (FCC-ee) # Key difference linear/circular:

FCC-ee: 91, 160, 240, 360 GeV luminosity performance with energy
oo 7z T N T R T s ok T U SR R (e St =
> | -»s £ [N ey w e o sG]
g ) 15ab S o2 L e i
= I / -2ab™ ] T.- = leema CEPCI2IPs. lumi up, power priv. com.]

g v/ for 2 IPs - (7)) 1 — .| g ILC baseline [aerv:Z2§g.076:2]
-l 100 4 N < L i...|{ »=m= |LC luminosity upgrade [dito]
» % 1 I®RP D®RP | - +f v ILC250 10 Hz operation [dito] :
Z 1 o — :...] e CLIC baseline [arXiv:2203.09186] |..... 3yvisaal
/ ﬂ i ™ 10 ««% + CLIC luminosity upgrade [dito] :
50— 7 E d
o : £ NG e e
G» L.M//T/j 8 .................................
0 0 11 12131415 ................................................................................
Years E 1
FCC: ~92k, ring g .....
FCCee CDR 2019 =N B T e B
Accelerator technology mostly proven >50yr 1 ...................... e ....... ...... ...... .................................................
10—- il i i AR T T |

107 1
Circular Electron Positron Collider (CEPC) Center-of-Mass Energy [TeV]

CEPC: 91, 160, 240 GeV Best luminosity and power efficiency is at
CEPC: ~100km ring & U 2 Tk lower energies for circular machines;

;:EPC C[iRZ/Z\/?/l/s . . y & higher energies for linear machines
years a , / years a ’

5.6ab1 for 2 IPs
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Higgs factory contenders (1): Linear Colllders
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Higgs in e*e-



Higgs production in e*e"

400 T & ZH process allows R
; oy i reconstruction of H by
L300k = W kiskon: ] looking exclusively at
L i ! 2Z tusion recoil of Z
= | i —> model-independent
8200 B o v . 'F |.
b : 1 e+ W extraction ot gyzz coupling
3 ] --H ete- — Utu'H — p*y-bb in ILD
S100fF ~ - W OzH XGHzz
O E <« | 2300 A
] V. &, Br(H->bb) N Pz 8 |° oo mmsnet
300 250 300 350 400 450 500 own -Br(H->bb) ~ ¢Fww 5§ | * omuated daa
\/S / GeV “ 00 |- —fitted signal
+ - - fitted background

g4aa xT(H = AA) =Ty - BR(H — AA)

o X Br £> Br g :
coupling u

Mhecoi / GeV
the key (need WW fusion |
for precision total Yields model-independent
O r width — higher Vs ) absolute couplings — not
: H possible at LHC!
el [l total width Gt -Br(H->WW)
mass o< ghww/ T
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" Higgs production in e*e"

¢ Common to all projects: ZH threshold at 250 / 380 GeV

o Other processes turn on at higher energies

| e | =
O B
"'n;. : Channel Measurement Observable
A~
>< 102 E_ ZH Recoil mass distribution my purement Observable
I E ZH 0(ZH) x BR(H — invisible) T, - distibution -
B ZH ZH) x BR(Z — 1117
T ZH GEZH;XBR(Z:QQ ) Xga\,e SV o
| 10 g Sbb Hwa‘(Hhh/rH
D - ZH H) x g{m %’H 220 /{\ﬂ ) Shww Eitee /T
PO v ZH I;é\s)? (Free) ‘@3& BRH — gg)
B ZH ) ( BR(H—»1t't") Lwa&H </Th
~~— i W H H ZH o géé(ma "“ZZ”E STy [BRE =1 0)  ghwwii /T
b 1 E - s ZH t (H—WW") shzzgaww/TH gﬁg::g))
: -<\ S Yo (Hy,7,) ) x BR(H — bb) Sirww8ion/Ti BR(HHVJW) s
B W H :v Ve GEEV e ; * gﬁzg :: cc)) SirwwSiice/ T BR(H —ZZ") Kwa&’H77/rH
B VeVe VeVe) X e BR(H—bb)  ghizz8ten/Tu
107 4 e+ 7 Vv [ in G (tTH) x BR(H — bb) Sundion/ T
g - - -H ¢ ILC & CLIC: analyses in full GEANT
5 | o |'r<\/ H simulation with beam backgrounds overlaid
I 1000 | 2000 3000 VS [GeV] P b
'380GeV  1.5TeV 3TeV e'e — ZH = pubb eTe” =ttH — ququ bb

¢ Experimental environment relatively ‘clean’
(consider VBF production, where Higgs decay
is the only visible product)

¢ Core Higgs programme sets requirements
on detector performance: momentum
resolution, jet energy resolution, impact
parameter resolution etc

¢ Imaging calorimetry approach allows
e.g. H->bb/cc/gg separation
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Standard Dim-6
Model operators

Higgs couplings sensitivity . @ Z@@

¢ lllustrative comparison of sensitivities (combined with HL-LHC)
Scale of new decoupled physics

Snowmass EFT couplings

arxiv: 2206.08326 precision reach on effective coupllngs from SMEFT global fit
M HL-LHC S2 + LEP/SLD Il CEPC Z00/WWg/240GeV,, | Il ILC 250Ge [l CLIC 380GeV; B MuC 3TeV 4
(combined in all lepton collider scenarios) | ll CEPC +360GeV, [ ILC +350GeV0,2+SOOGeV4 BCLIC +1.5TeVy5 B MuC 1OTeV
Free H Width UL Z4 BILC +1TeVg wiGiga-Z | Il CLIC +3TeVs B MuC 125GeV0 02+10TeV qg
~ 1 no H exotic decay CC +365Ge\ subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold 10_2
e | | -
& . f limed B
-] | - 1403 H
3 107k 107 5
© = e
(7)) (V2]
(@) -2 ) -4
3 1072 =10
I - [] :
15~ {10~
1074 110
691/
" 101 107"
i
& ]
g- ()]
o i %,
g 1072- 1072 ©
— o
2] C T
> 3
I 7]
10— - = 107

e}
e several couplings at few-0.1% level: Z, W, g, b, ©
® some more at ~1%: v, c

T

¢ all e+e- colliders show very comparable performance for standard
Higgs program despite quite different assumed integrated luminosities
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Polarisation

¢ why is the performance between projects so similar,
given the very different integrated luminosities? —> beam polarisation at linear colliders

Background suppression:

o etem->WW /vy,
strongly parity-dependent
since t-channel only for e e*

Chiral analysis:

9L, 9r, 9%, %R

¢ SM: Z and y differ in

couplings to left- and right- 1 f
handed fermions Zfy
& BSM: chiral structure & 3

unknown: needs to be
determined

Signal enhancement:

& Many processes have strong v
polarisation dependence, e.g.: e+ Wy
— Higgs production in WW-fusion -

— many BSM processes e- W
=> polarisation can give higher S/B v

Redundancy & control of systematics:

# ‘'wrong’ polarisation yields ‘signal-free’ control sample

+ flipping positron polarisation can control nuisance
effects on observables relying on electron polarisation

—> ideally want to be able to reverse helicity quickly for

both beams

¢ there are many physics benefits from beam polarisation
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¢ Higgsstrahlung e+e—-> ZH is the
key process at a Higgs factory

& A g of Higgsstrahlung helps to
disentangle different SMEFT
operators

[The only SM diagram]
Flips sign under spin
reversal eg < e

~ Cww
Keeps sign under
spin reversal eg <> e,

Constrained by
EWPOs

\\
H™

Ar lifts degeneracy
between operators

Polarisation

P Model Independent Fit arXiv:1903.01629
(7)) 3 5 || M HL-LHC @e'e 5ab™ 250 GeV unpolarised ... —
g’ B HL-LHC ®e*e 2 ab™ 250 GeV polarised

i 3 | | W ..efes ab’500 GeV polarised | _ 9= a
8 dark/light: $1/52

(&)

C Dm0 e e R e e o T mce w7 w 1w A wla e mw wmim wie s w e s I o i —
c 25

o

o) 2 U VRRVRURUTURUIUURUORORPUrse  SURRURVRRPOIYY  IUITRURUUIRURIIN SRR —
»

>

f 1 .5 e eeeeeeeeeeeeeeeeeeeereereee. . ... .0 ... ...
©

1%

ie,

(/)]

O 0.5 B M = f O} & e -
()

o

Z W b g ¢ I, T,y Zyn t A

€ 2 ab'! polarised = 5 ab-! unpolarised
=> the reason all e+e- Higgs factories perform so similarly!
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Higgs couplings sensitivity

- ] = 20 [ T T T T T T T
¢ Aim of precision Higgs = 2HD 1 = | 2HD
measurements is to discover 5| IO — B : e
violation of the SM 2 I 3 g b
3 1 %
. > n >
¢ Complementary to direct 8 I | ., ] 8 | _‘ ]
g,_']o .— ILC 250 GeV, 2 ab" + 500 GeV, 4 ab": 2HDM-Il example —: 8,_10 .._ ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™: 2HDM-Y example —-:
Searches at LHC — these — a §- - [ 1tc precisions trom full EFT it ] é— [] 1c precisions from tull EFT fit
are examples with large coupling Sl 1 Sl
. . . bb cc g9 ww T 2z YY uu bb cc g9 ww ™ 2z YY up
deviations due to new particles R e -
that are Out Of reaCh Of HL-LHC, OE : ILC 250 GeV, 2ab™ + 500 GeV, 4 ab™: LHT-6 example o 92_‘ : ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': LHT-7 example .
. . n i ILC precisions from full fit i n i ILC precisions from full EFT fit ]
shown with projected ILC g 1o B tomimvmuner 1 g op B .
precisions at 500GeV @ [ @
S O [ - oo — B S Ofeceressessessecneesescccnenee. gy anr - - =
(Barklow et al. 1708.08912) = I — 2 s
§—10 :— -1 ;;—10 ~ 5
¢ A pattern of well-established s t Little Higg | g | Little Higgs
. . . O _20 1 1 | 1 1 | 1 O _20 1 1 | 1 1 | 1
deviations can point to a common bb © 99 WW T ZZ Yy Mk bb ©C 99 WwW T ZZ Yy uu
Orlglﬂ '\T‘ 20 i T T T T T T T ] '@‘ 20 i T T T T T T T
E : ILC 250 GeV, 2 ab” + 500 GeV, 4 ab™': Composite example : ; - A
: . : “g 10 :_ |:] e pfoclllclmtlvom full EFT fit 5 UE) 10 :_ nggs Slnglet _:
¢ Typical models give coupling g | esl® ] 8
deviations at 1% level: e+e- B s s = B R i ittt .
factories can reach this sensitivity . B 2 !
o-10 - o —-10 = 1LC250GeV, 2ab" + 500 GeV, 4 ab™": Singlet example —
- i - ] E : ILC precisions from full EFT fit
5 GB Higgs 1 8 | — e
O -20 1 1 1 I 1 I 1 O -20 1 1 1 1 1 1 1
Barklow/Peskin bb cc g9 ww ™ ZzZ Y uu bb cc gg ww ™ ZzZ Yy up

Aidan Robson 16




Luminosity [10%* s cm2]

Alternative CLIC run scenario

o To illustrate the flexibility of the run-
plan: two modifications with respect to
the baseline staging:

+ Doubling bunch train repetition rate
at initial stage from 50Hz to 100 Hz

—> modest increase in cost and power

¢ Increasing initial stage from 8 to 13
years CERN-ACC-2019-0051

—> Integrated luminosity at 380GeV
increases from 1ab~! to 4ab™!

L R ] (e el [ | I B P I T (o [ s sl
S S ¢ Lu'mlno‘sItyAvs Enérdy of Future o' Colliders | o]
B ‘| mms=m FCCee, 2 IPs [arXiv:2203.08310) [ i7" i
mmem CEPC, 2 IPs [arXiv:2203.09451]
1 02 == CEPC, 2 IPs, lumi up, power priv. com.]
wege |LC baseline [arXiv:2203.07622]
.| »=&= ILC luminosity upgrade [dito]
+{ v ILC250 10 Hz operation [dito]
CLIC luminosity upgrade [dito]
10

10 1
Center-of-Mass Energy [TeV]

Benchmark | HL-LHC HL-LHC + CLIC HL-LHC + FCC-ee
380 (4ab”')  380(1ab”') | 240 365
+1500 (2.5ab7 )
g,,u[%] SMEFTy, 3.6 03 ¢ 02 o |l 05 0.3
gnww[%] SMEFTy, 3.2 0.3 0.2 0.5 0.3
g,,rp[%] SMEFTyp 3.6 1.3 8 1.3 9 1.3 1.2
8517/ %] | SMEFTyy, 11. 93 A 46 [~ |[ 98 9.3
8itws(%] | SMEFTyp | 23 09 = 1.0 & || 10 0.8
g,,,,[%] SMEFTyp 3.5 31 5 22 @ | 31 3.1
gt (%) | SMEFTyp - 2.1 ((% 18 @ || 14 1.2
g;}I,,,[%] SMEFTyp 5.3 06 — 04 S || 07 0.6
g””[%] SMEFTyp 3.4 10 =° 09 P || 07 0.6
giuul%) | SMEFTyp 5.5 43 &4 4.1 4. 38
8817(x10?] | SMEFTyp | 0.66 0.027 §+ 0.013 0.085  0.036
8x,[x10’] | SMEFTy, 3.2 0.032 Q@ 0.044 0.086  0.049
Az[x10?] | SMEFTyp 3.2 002 @ 0.005 0.1 0.051
I l_'_J \ y |
From arXiv: From European
2001.05278 Strategy Briefing Book

¢ Either scenario (longer 1st stage, or
baseline 1st+2nd stage) is very competitive

¢ We shouldn’t forget that 1.5TeV and 3TeV
are example benchmarking choices for CLIC
—e.g. 500 / 550 GeV (etc) are not ruled out!
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Higgs self-coupling

¢ The Higgs self-coupling gives access to the shape of the Higgs potential

Standard Model:

2.0
1.5
1.0

0 50 100 150 200 250 300
Figures by G. Servant &

Continuous Crossover

increasing time

Possible alternative:

0 50 100 150¢260 250 300

In this case, two phases can coexist:

First Order Phase Transition

increasing time
—> electroweak baryogenesis possible
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Higgs self—couplmg 0.5-1TeV

¢ Two contributing direct production
g F P(e+e-)=(0.3,-0.8): — Higgs-strahlung (ZHH) W H ., -H mechanisms: ZHH and vvHH
B T PPN e 1 " on * ZHH becomes available at ILC 500
L o04F - WW-fusion (v 7 HH) - W — studied in full sim with ILD detector
&) C m,=125 GeV
® osE Z->| / Z->qq, HH->bbbb /HH->bbWW*
2 - ¢ If self-coupling A is at SM value then
s %2F 4 : double-Higgs process observable at 8,
0.1F with 27% precision on A
: i BT TR T T T ¢ Adding vvHH at 1TeV brings
400 600 800 1000 1200 1400 . o
centre of mass energy [GeV] precision on A to 10%

ZHH — qqHH analysis

S — >
% 1.2 [ zHH (Ibbbb) o 0.08 [ ILD preliminary —— four btags >0.14 "
O] [ —— ISR not considered O - \'s=500GeV, 2000 fb™' -
Al 1F ISR considered ‘ S L P(e*,e) =(+0.3-0.8) four btags > 0.16
s [ semilep. b/c corrected ‘ - 0.06 o
b2 08F ISR not considered o)
- "~ F —— semilep. b/c corrected w
q>) E ISR considered o
o 06 = 0.04
0.4F 2
B 0.02
0.2
0 R . =l EEETNNSD VSN WD U SN 1 S WV O W
0 50 100 150 200 50 100 150 200
M(H1) [GeV]  C. Diirig thesis 2016 M(H1) [GeV]

¢ used state-of-the-art reconstruction at the time (2016), but sensitivity very
dependent on b-tagging performance, dijet mass resolution —> update is ongoing
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nggs self-coupling: >1TeV

o ¢ vvHH dominates at both CLIC TeV stages
° i ¢ studied in full sim with all processes & beam backgrounds
10k using HH->bbbb /HH->bbWW?* (all-hadronic)
¢ ZXb-tag (trained on e*e~ -> Zvv) used to separate bbbb
i and bbWW?* channels
-2 |- . . .
ol : ¢ main backgrounds: diboson and ZH production
¢ BDTs trained for 4-jet and 6-jet topologies
100kl ¢ 3.5c observation, and 28% precision on o, at 1.4TeV
0 500 1000 1500 2000 2500 3000 7.3% precision on ¢ at 3TeV (and observation with 700fb-")
s [GeV] . .
* Ay extracted from template fit to binned Myy
in bins of BDT response
3 41 ol scheme CLICd
@ x10 P — e CLICdp 3TeV L=5000/b 4:1 pol. scheme
£ 600:— —ee—>HH(—> bbbb)vvxSOOO 7 ©2000F L=5000/fb 41pol.scheme 3 L4000F * T T T T T T T | T T T T ]
25 500F L"égg&f';HVWSOOO Ber - qgHv Za>>1800 3TeV B qqHY g [0.05<BDT<0.09 [0.09<BDT<0.13 [0.13<BDT<0.25
C . ] - o & 800-— . o —_
T 3TeV . ey — vqqqq ] Y qqqq ] § E B i
400F Bee ~qqaq S ee — qqg " ' Z )
- “ee—qqqqhv 7 = ee — qqqalv E =
300F *  Bee - qqaqvy ] B ee — qqaavv " )
200} 7% Mo — qarvy J B o — aativy 3 E
C . 5 A ] ——ee—->HHvv N ]
1 003 I after loose = 5 ]
C wipl \.ﬂ A BDT selection ]
: : | Mw ] 3 0
%Y 1 2 3 4 500 1000 1500 20( S 8 c§°«<o° 00 B &9 4°«<o° 00 S » éQf\‘o s

M(HH)[GeV]
Eur. Phys. J. C 80, 1010 (2020)
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https://doi.org/10.1140/epjc/s10052-020-08567-7

Higgs self-coupling: >1TeV

CLICdp HHvv: 3 TeV:; 5ab™’; ZHH: 14TeV 25ab1

large modifications of gynww

) _ CLICdp 4:1 pol. scheme
S . -~ rate bnly, HHvv ' '_ = O It T & |
< 40E | -- rate only, HHvv & ZHH E < =2 TdF ' -
35E differential, HHvv = B ool I
30 F s\ —differential, HHvv & ZHH g ~z1.05F it B
E % - 1.4 TeV only, HHvv & ZH - = | ]
25E 5 -~ T [ i
= = o n N
2060\ Sl E :
50 L\ T o885 -i
C o - f lfferentia i
10:_ \'\, —Z I . -1 ]
- e = - HHvv: 3 TeV; 5 ab ]
5k g - 0.9 ]
SR . T L Ly W 3 L ] M
e S N
. . g QSM ' gHHH/gHHH
HHH “HHH
¢ at 1.4TeV rate-only analysis gives relative 1.4TeV 3TeV
f i Aae 000 0
uncertainties —29% and +67% around SM o(HHveT) >§G EVIDENGE >§G OBSERVATION
value of OHHH = 28% =7.3%
o 3TeV differential measurement gives o(ZHH) 3.35 EVIDENGE
—8% and +11% assuming SM ghpww
. smultanegus measurement .Of triple and Send gV 1 4TV 14+ 3TeV-
quartic couplings gives constraints below —29%, +67% 8%, +11%
4% in gupww and below 20% in gypy for rate-only analysis differential analysis
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Higgs self-coupling: >1TeV

1
- CLlCdP HHvv: 3 TeV 5 abl lZI‘!HI 1.4 TeV 2. l5 ?.bl_ CLICdp 41 p0| scheme
e \ ---ra’[ebnly,Hva / E g 11_1 ', T " ', I ', T I
< N
—> these are the entries in the summary plot on A from the
European Strategy Briefing Book  arxiv:1910.11775
Higgs@FC WG September 2019
kS e di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC
...... 50%..............==50% ............
N
HE-LHC -'Féé'ss}é};)r{r{'W[j#éé;;/e‘h}}{ﬁ"
I;go/FCC hi'FCC But... theSe
FCCeefehhh ——7"-—7— | B haovi-oll B e sensitivities are
FCC-eej,,
24%
FCCoce Pz, only to the SM
............................... = | value of 4
e at1.4 ILC e -
. ILC,,, ILC,,,
uncertall 2 ol ON
49%
value of CEPC e | Lo S8 I scn
P 3Tev ...... di.c.s,o.o.o. .............. 4C9L|/°CSOOO .........
7%+11% 49%
~8% anc TN | (@ O
¢ simul 0 10 20 30 40 50 CLlCoy
qua rtIC c 68% CL bounds on Kq [%] At future coliiders combined with HL-LHC
4% in gRww anma DETOW ZU76 T gHHR TOT | [ Tate-only analysis [ammerentiar anarysis
large modifications of gpxww Eur. Phys. J. C 80, 1010 (2020)
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Higgs self-coupling: non-SM case (0.5-1TeV)

¢ Most interesting case is when A does NOT take SM value
—> examine behaviour of production mechanisms
e+

Z
; H
N tal
H,
e— *H
e+ v
W E("H
S
w
e \%
% 4 i T T T T T ]
° — ZHH @ 500 GeV .
¢ Self-coupling diagram & 2 —\WHH @ 1 TeV A

interferes constructively in ZHH
and destructively in vvHH

— whatever the sign of the
deviation of x; from 1, one of the
processes will have an increased
cross-section (and increased
statistical sensitivity) Ry o

llllllllllllll
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Higgs self-coupling: non-SM case (0.5-1TeV)

¢ Full simulation results from /s=500 GeV

and 1TeV extrapolated, accounting for
total cross-sections and interference
contributions

¢ -> converted into precision on A at
highly enhanced or suppressed values

Al Ll ] T L)

I ] T

r—r— Higgs selfcoupling projections

1 T L]
e HL-LHC (single coupl. analysis) !
= «» « cross-section-level extrapolation

== |LC 500 GeV ZHH (full coupl. analysis)
== |LC 1 TeV vvHH (single coupl. analysis)

s |LL.C 500 GeV + 1 TeV vwwHH combined

llllllllllllllllllllllll

-
Q VP — E
o, e'+e —ZHH @ 500 GeV 1.5 I .
< W .
= e*+e —»vwHH @ 1 TeV R -
S o L .
F
B -
05
i
0E | 3 :
o s ] 4 5 2 . { 5 i p | X w O 1 L l L L 1 l 1 " L 1 l 1 1 L L l 1 ' ' ' l 1 1 L L l L
0.5 1 1.5 2 -0.5 0 0.5 1 1.0 2
AN . .
SM C. Diirig thesis 2016 ) O ¥
true’ “¥S

+ Owing to their different behaviours, combining ZHH and vvHH gives a measurement
of A at the level of 10-15% for any value of A

¢ e.g. 2HDM models where fermions couple to only one Higgs doublet allow
0.5 S MAism < 1.5, while EWK baryogenesis typically requires 1.5 < A/Agy < 2.5

Aidan Robson
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BSM Models: Higgs + heavy singlet

Direct search for real scalar singlet ¢:

e+ A% b
05_:/<|g
S
H <b T r T T T T T T T ]
& v LHC 8TeV Higgs couplings
LHC 300 fb" =T ;
~=~"LHC 3 ab’ .
R
£
“ 0010} ]
h = hgcosy + Ssiny 0.001 CLIC 3TeV, 3 ab" ]
. R T T T T N T W N TR SHN T T R W S T T R T S S S
¢ = S cosy — hgsiny 500 1000 1500 2000 2500
y is mixing angle of SM-like Higgs m,[GeV] ‘
(mh=125GeV), and singlet—like state ¢ arXiv:1807.04743 - Buttazzo, Redigolo, Sala, Tesi

arXiv:1812.02093 The CLIC Potential for New Physics
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BSM Models: Higgs + heavy singlet

Direct search for real scalar singlet ¢:

e+ A% b
s o<t
<t

e- v

Complementary:

Indirect search
using Higgs couplings

arXiv: 1608.07538
0.010}

sin?y<0.9% 95% CL (380GeV) m__T|
siny<0.24% 95% CL 0.005{

(380GeV+1 .5TeV+3TeV)\j i

0.001

h = hgcosy + Ssinvy
¢ = S cosy — hgsinvy

LHC 300 fb"!

’_’—

_=""L[HC 3 ab"

LIC 0.38+1 §+§ TeVHggs:__ci)uelin_gg

CLIC 3TeV, 3 ab"

vy is mixing angle of SM-like Higgs
(m,=125GeV), and singlet-like state ¢

1 1 1
1500
m,[GeV]
arXiv:1807.04743 - Buttazzo, Redigolo, Sala, Tesi
arXiv:1812.02093 The CLIC Potential for New Physics

1 1 1 1 1 1
2000 2500
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BSM Models: Baryogenesis

¢ We observe a matter-dominated universe arXiv:1807.04284 No, Spannowsky
arXiv:1812.02093 The CLIC Potential for New Physics

CL!C 3TeV

btag—70 /0

¢ For baryogenesis to account for this, need

to add something to the SM " m, = 500 GeV, sin = 0.05

¢ EW phase transition
required to be first order

¢ Explored for CLIC in the
Higgs+singlet model:
resonant di-Higgs searches

Higgs self-coupling gnnn

¢ Sensitive to the
interesting region = ==~

CLIC 1.5TeV
Sbtag=9o%

regions also
compatible with
baryogenesis

\bs/v

regions compatible w/

unitarity, perturbativity, e HL-LHC not
and absolute stability ~—8ifes=70% sensitive at this
of the EW vacuum | low mixing
“ sin@=0.05
-12
well-constrained by —4
CLIC Higgs self-coupling (black) az
and CLIC resonant di—HiggS a, and bs/v are parameters of the temperature-dependent

effective potential; m, and @are the singlet mass and mixing

searches at 1.5TeV and 3 TeV
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BSM direct searches

€ Examples
— & SUSY signatures:
HE-LHC I gom=1,9q= ] 1500 I ICLI(IJdp'Preliminlafy' ——T
HL-LHC | t+MET e'e > X1+ X1_ S‘ - e*e — ! X, Bino, CLIC 3TeV .
FCC—hh ] SR with x1*— X:° W* 8 - [ 506 i
LE-FCO | and W'W~ —qqqq w=r | #°%° % ]
:fi:i S Mondje or W*W-~ — ep*vy E 1000- B
: ore’uvv ]
CLIC3000 I*gwxggﬂ o S EGIT i
CLiCon | - Scan of parameter ]
ILC | I Monophoton ] spacein R—parhy 500_ t
FCC-ee . .
CEPC ] rp.!w) Scalar ] Conlservmg scenatr'|o // ]
' 03 1 3 0 —> larger Kinematic / |
e TV coverage; difficult 04 500 o %/g%
¢ Dark matter: et X
to access at LHC m.. [GeV]
Searching for simplified model — '
dark matter scalar mediator X
using mono-photon signature € Y 95% Exclusion Reach
—> higher mass reach >1 stub = e )
2 stub | — 1.1TeV for
>1 stub+y(50) ] | DM relic

=1 stub+y(100)
21 stub+y(200)
2 stub+y(50)

¢ Higgsino:

| | mass density

With other superpartners decoupled: m 380 GeV |

+ . 0. .+ + 0 arXiv:1812.02093
v~ slightly heavier than x°; ¥~ —> 77y 2 stub+y(100) D 132 Iex | The CLIC Potential
0 3.0Te

leaving ‘disappearing track’ signature 2 stub+y(200) for New Physics

1200 m [GeV]

0 200 400 600 800 1000
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Top-quark physics

€ CLIC is unique among e+e- colliders by accessing
top-quark physics from the initial energy stage

¢ Threshold scan:

S 0.7 r I T T T T | T T T T T ]

&  ttthreshold - QQbar_Threshold NNNLO ]

=06 I ISR + CLIC LS Nominal _

—— - = PS -

L —default-m,~ 171.5 GeV, I, 1.37 GeV i

. T B m, variations + 0.2 GeV -

D 05 I, variations + 0.15 GeV ——

() C ]

N | -l
©04F

0.3F -

C I simulated data points ]

0.2 ;_ 100 fb™ total ‘E

0.1F —

0 C | 1 | 1 1 | | 1 1 1 | | i

340 345 350
sensitive to top mass (Am,~50MeV), Vs [GeV]

width, couplings 030058 Cry;p
t Ul_:.l::'fl'lli CtB
+ L

€ v/Z Electron beam polarisation 00 o

o . provides new observables o
0.076 C;q

. . l:::‘\l ot

Top-quark physics at CLIC: JHEP11(2019) 003 |

¢ Pair production:

+ Top cross-sections, both
polarisations ~1%

+ Top forward-backward
asymmetries ~3-4%

# Statistically optimal
observables for top EWK

couplings; more than one
energy stage allows global fit

102

0.00033

0.001 CIq.B

0.00022
0.00075 CI(].H"

0.00018

104

Aidan Robson

_e+e—,

First study of boosted
top production in

[ = \/S;3TeV
ete~ -> tf -> qgqqgbb |

10" TeV
CLICdp

semi-leptonic ¢

0.0025 380GeV +1.4TeV +3TeV

380GeV +1.4TeV
380GeV

102 10~ TeV 2




Beyond Collider Physics

¢ Considering full use of the infrastructure associated with a linear collider complex

/,,———_’ Super o

S ~ Nuclear
| e science

S

Beam dum;//

/
,l Dark matter

Material
Science
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ECFA Study on Higgs/top/electroweak factories

¢ Study mandated by ECFA to respond coherently to the European Strategy’s
statement on the highest-priority next collider — working together cross-project

ECFA recognizes the need for the experimental and theoretical communities involved in physics studies,
experiment designs and detector technologies at future Higgs factories to gather. ECFA supports a
series of workshops with the aim to share challenges and expertise, to explore synergies in their
efforts and to respond coherently to this priority in the European Strategy for Particle Physics (ESPP).

Goal: bring the entire e*e- Higgs factory effort together, foster cooperation across various projects;
collaborative research programmes are to emerge

—> Build on previous coherent efforts F'rsEgEc':.Ad“v',oﬂ(pspHnop SECOND* ECFA*WORKSHOP
e.g. Higgs@FutureColliders working group /A on ¢'w igos [ Bec SRS tinc T
for last European Strategy Update y 207:’* Foastm et oy : 207:3’
¢ Structure of the study: Oc,’ﬁobe Oc,’(—o

Activities organised via three Working Groups = iy e -

Two major workshops so far > == 3;:'::;::".., =

The P! (' for F| (ECFA)
of workshops phy s studie:
p Im |d g dd| ctor t chnolog g 1w rds
fuh Higg

ECFA Report as input to next European Strategy

g together the efforts of vnrious e'e

s| echulle nges and expertise, to plq,
ergies, and to respond c h ently to this high-priority
OmHhE p S!Ogyl r Particle Physics
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ECFA Study on Higgs/top/electroweak factories

® Major element of 2023 workshop: converging on definition of 14 Focus Topics

Focus topics are intended to encompass a wide range of activities
spanning theory & experiment, analysis & algorithm development,
and detector requirements & optimisation

€ Overall aim: accumulate critical mass working on each topic,
reaching publications on timescale of ECFA study
—> trying to attract newcomers to work on e+e- physics & detectors

€ Focus topics
definition/discussion
document will appear on

e HtoSS:ete™ — Zh: h — ss arXiv in around 1 week.

e ZHang: ZH angular distributions and CP studies

e Hself: Determination of the Higgs self-coupling https://indico.cern.ch/event/1044297/
e Wmass: Mass and width of the W boson € 5 G OB = hpsiindcocemchievertioaszsr @ ooy Q Search ° o =
o WW(diff: Full studies of WW and evW 1- : @ s - [ EETERUYTE

TTthresh: Top threshold - detector-level studies of ete™ — ¢t S Pl -, ECFAworkshops on
, . e+e- Higgs/EW/Top

LUMI: Precision luminosity measurement B ~ factory

31 May 2021 to 30 Sef

.
:
E /Z: h tim
e EXscalar: New exotic scalars woperzurch tmezone T, oo BT ER s § somsH & Conerepontony 7 £t s
A 3 FocusTopics 2| [ a
iggs Top EW factories
:
e LLPs: Long-lived particles Overview and Activites _ R
The ECFA Higgs / Top / Electroweak Factory study has been set up to expand the e"e~ community, bringing people « WGT physics performance
together across the various e"e " projects to share expertise and tools and to work coherently on scientific and o WGT-FLAV

WG1 group activitjg

o WG1-GLOB
° WG1-HTE
WG1-PREC

EXtt: Exotic top decays
CKMWW: CKM matrix elements with on-shell and boosted W decays

BKtautau: B - K% +7-
e TwoF: EW precision - 2-fermion final states e Al A3 i P A A S v

The focus topics are specific areas in which the ECFA study could reach significantly beyond the state-of-the-art
understanding of the physics potential of future e*e~ Higgs / top / EW factories. The topics do not aim to

WG1-SRCH
comprehensively map the physics program of a future Higgs factory. Instead, they should serve to:

« WG2 Physics analysis method:
« WG3 Detector R&D
« Focus Topics

HtoSS

ent overall picture where (most) necessary;
ntribute to the ECFA study;

or studying the interplay of the three working areas of the ECFA study:
ethods, and detector performance.

Committees

Eiroups o ZHang

e BCfrag/Gsplit: Measurement of b- and c-fragmentation functions and o https://qitlab.in2p3.fr/ecfa-study/ECFA-
hadronisation rates and measurement of gluon splitting to bb / cc ~™1 HigasTopEW-Factories/-/wikis/FocusTopics
: g: ZFramgr y avvukir‘ o BCfrag/Gsplit
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¢ |LC and CLIC are mature options for a Higgs factory;
C3 and HALHF could be interesting alternatives

¢ Initial stage Higgs factory; upgradable to TeV-energies
— Beam polarization; direct double-Higgs production for
Higgs self-coupling; interesting access to BSM signatures

# Global programme flexibility with a LC:

Linear Colliders vision

Starting from initial Linear Collider: can be followed by
energy increases and/or independent muon and/or hadron
machines with radius and magnets to be determined.

Can also overlap in time with hadron/muon machines.

In the longer future: the civil infrastructure can be used with
novel acceleration techniques e.g. plasma

"Diversity programme” using injectors, single beams, “long
range” effects for axion searches / LLPs etc (much more to explore)

The LC “vision” is a

balanced programme over

the next 20-30 years for:

* a Higgs factory as soon
as possible, upgradable

« R&D for the machine
beyond, no constraints
imposed by the LC

* a strong diversified
programme using the
LC complex

Aidan Robson




Thanks to many colleagues
for discussion/material

In particular Jenny List, Junping Tian,
Michael Peskin, Philipp Roloff,
Roberto Franceschini



