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Outline:

1) Future colliders of the circular variety
2) The core physics case: Higgs boson cross sections, couplings and total width
4) Beyond the core: Lorentz structures of Higgs boson interactions.



European Strategy: high priority future initiatives

A. An electron-positron Higgs factory is the highest-priority next collider. For the
longer term, the European particle physics community has the ambition to operate a
proton-proton collider at the highest achievable energy. Accomplishing these compelling
goals will require innovation and cutting-edge technology:

- Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and
related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

*European Strategy for Particle Physics Update (2020): https://cds.cern.ch/record/2721370/


https://cds.cern.ch/record/2721370/

Future Circular Collider (FCC): integrated programme (l)

Based on the successful LEP-LHC programmes at CERN
complementary physics, common civil engineering and technical infrastructures
building on, and reusing, CERN’s existing infrastructure

allows seamless continuation of collider-HEP after HL-LHC
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FCC-ee: electron-positron collider operating at Vs = 90, 160, 240, 365 GeV
FCC-hh: proton-proton collider operating at Vs = 100 TeV




Electron-Proton Colliders: LHeC and FCC-eh
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Energy Recovery Linac (ERL) to provide electron beam with E = 60GeV
Can run ep collider concurrently with (HL)LHC (Vs=1.3TeV) or FCC-hh (Vs=3.5TeV)



° Similar in scope to FCC-ee, proposed by the

Chinese particle physics community.

° Smaller luminosity, limited by choice on SR power
for energy costs. In principle, can be increased to

match FCC-ee

° Tunnel can be re-used in the future for a

proton-proton collider a.l.a FCC-hh

FCC-ee CEPC
Running mode Z W ZH tt Z W ZH tt
Number of IPs 2 2
Circumference (km) 91.2 100.0
Beam energy (GeV) 45.6 80 120 1825 45 80 120 180
Bunches/beam 12000 880 272 40 11951 1297 249 35
Beam current [mA] 1280 135 26.7 5.0 803.5 84.1 16.7 33
Lum. / IP [103*cm~2s71] 193 220 773 1.31 115 16 S 0.5
Synchr. Rad. Power [MW] 100 60




Higgs production at future colliders




Higgs production cross sections

e Electron-positron colliders access the WW-fusion and ZH Higgstrahlung processes.
e Proton-proton colliders access more production mechanisms
o but have larger theoretical uncertainties......

e Higgs production cross sections at FCC-hh are factors of 10-50 larger than at LHC.
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Experimental considerations at ee colliders
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Q o FCCeo(41Ps)
ILC (TDR, upgrades)
CLIC (COR, upgrade)

e Lower Vs runs for electroweak physics

e Clean environment (pile-up ~free)

Luminosity [10** cm?s™]

e 4 IPs under serious consideration F

e 3 FCC detector concepts (CLD, IDEA, LAr) 1 ‘ P ; ; 3
100 150 200 250 300 350 400
Vs [GeV]
IDEA
* (D)MAPS vertex detector " Working point HZ tt
(3la ALICE 3 ?); )
Vs (GeV) 240 340-350 | 365
* Drift chamber tracker; Lumi/IP (10% cm~2s71) 8.5 0.95 | 155
« Silicon wrapper with Lumi/year (ab™', 2 IP) 1.7 0.2 0.34
time-of-flight (LGAD); Physics goal (ab™!) 5 0.2 1.5
* Thin solenoid Run time (year) 3 1 4
sharing ECAL cryostat; 106 HZ + 106 t§
« Scintillator + (return yoke) Number of events 25k WW — H | 4200k HZ
iron HCAL; +50k WW — H

* Muon tagger.




Experimental considerations at pp colliders

[Parameter Unit LHC |[HL-LHC HE-LHC FCC-hh
[Ecm TeV 14 14 127 100
Circumference km 26.7 126.7 97.8
Peak £, nominal (ultimate) [10* cm™2s7! |1 (2) ) 16
Bunch spacing ns 25 5 25 25
[Number of bunches 2808 |2760 12808 10600
Goal [ L ab~! g‘} 3 10 30
H H H i )3
e Unprecedented particle flux / radiation levels "5 b o fos 20 1%
BC rate MHz 31.6 |31.0 31.6
H H H Peak pp collision rate GHz 0.8 |4 14 3
° DeteCtor reqUIrementS for phySICS are Ilkely to Peak av. PU events/BC, nom- 25 130 (200) 435 950
inal (ultimate) (50)
H H H H Total number of pp collisions [10™° 26 |26 91 324
be eXtreme and Stl" Under |nvest|gatlon Charged part. flux at 2.5cm, [GHzem ™ 0.1 0.7 2.7 8.4 (10)
lest. (FLUKA)
° 0(1 000) p“e_up interactions per event 1 MeV-neq fluence at 2.5cm, [10'®cm™2 0.4 39 16.8 84.3 (60)
lest. (FLUKA)
.. . Total ionising dose at 2.5cm, MGy 1.3 13 54 270 (300)
e Low-x collisions produce far-forward objects est. (FLUKA) ) )
dE/dn|,=s5 [340] GeV 316 [316 427 765
dP/dn|,=5 0.04 0.2 1.0 4.0
kW
90% bb pt > 30GeV/c [341] || < 3 3 3.3 1.5
VBF jet peak [341] Inl 3.4 (3.4 3.7 1.4
90% VBF j 341 [n| < 1.5 1.5 5.0 6.0
190% H — 4l [341] Inl < 3.8 [3.8 1.1 1.8
yim) S g
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Experimental considerations at ep colliders

Lower fluxes and radiation levels compared to
proton-proton colliders
Manageable pile-up conditions

Detector concepts similar at LHeC and FCC-eh

Parameters Unit LHeC| HE-LHeC| FCC-eh;
E, TeV 7 13.5 50
Vs for E, = 60 GeV TeV 1.3 1.7 3.5
Peak L 10%%em 257! 8 12 15
Bunch spacing ns 25 25 25
Goal [ L electron-proton ab™! 1 2 2
Goal [ L electron-ion fb! 10 20 20
Events per bunch crossing (pile-up) 0.1 0.2 1
1 MeV-neq fluence at r = 2.5cm 10" cm 2 1 2 5
DIS ep: ep—ex Q% > 1GeV? ub 3.0 3.4 4.6
DIS Pb: gen—ex/[nucleon,Pb] Q% > 1GeV? b 1.8 2.1 2.7
Top: o(ep — vtX), pj > 10GeV, |n| <6 pb 0.9 2.4 11
Higgs: o(ep — vHX), P = —0.8 pb 0.2 0.4 1
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oZH.BR measurements at Vs = 240 GeV

The Higgs peak can be reconstructed from the Z-boson ¢
decay products alone: 3
méecoil = S+m%_2ﬁ(Eé++E(‘) 2

Count events and measure:

° 0,,, determined when Higgs decays are ignored.

. 0,,,-BR(H—XX) if the decay products are > 250 'D Ty
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BR measure

WW-—H production accessed by selecting > 400 /5 =350Gev| ¢ Simulated Data
Higgs candidates in a specific decay channel < " 500 b WW Fusion
i issing (i i n N L HZ i
and looking at the missing (i.e. recoil) mass ~ 350 H S ”
2z H i o ackgroun ]
§ 300 1—: . Fit result 4
m Il

Contributions from ZH and WW—H peak in
different regions:

° fit to extract each component. 200 - 3" M + ﬁﬁg * |
. Own-BR(H—XX) then determined 150 i + L |
for each decay channel. " !
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Summary of measurement accuracy in e*e” collisions

NG 240 GeV 365 GeV
Int. Luminosity 5ab T 1.5 ab~ !
Channel ZH WWH 7ZH WWH
H— any +0.5 +0.9
H— bb +0.3 +3.1 +0.5 0.9
H— cc +2.2 +6.5 +10
H— gg +1.9 +3.5 +4.5
H— WHfw— +1.2 +2.6 +3.0
H— 77 +4.4 +12 +10
H— 77~ +0.9 +1.8 +8
H— vy +9.0 +18 +22
H— ptpu~ +19 +40
H— invisible < 0.3 < 0.6

Assumes:

e  Luminosity uncertainty similar to LEP (<0.1%).
e Beam energy uncertainty of 0.1MeV via resonant depolarisation

o CMS-like detector resolutions and efficiencies
13



Higgs cross sections and coupling modifiers

2 2 2 X g2
ozn x BH = XX) 9iizz X Iuxx Oy, X BH — XX) M
I'u H
. 9,7, determined from o,
. 9, then determined from o, ..BR(H—AA)/ 0, .BR(H—AA) ...... [any A]
. Total width then determined from o,,,.BR(H—ZZ)
. All other g,,,, then determined from o, . BR(H—AA) and o, ,,.BR(H—AA)
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Higgs cross sections and coupling modifiers: results

Collider HL-LHC | FCC-eea40—365 FCC-ee
+ HL-LHC

Int. Lumi (ab~!) 3 5+0.2+ 15 -
Years 10 3+1+4 -
guzz, (%) 1.5 0.18 0.17
gaww (%) 1.7 0.44 0.41
gmbb (%) 5.1 0.69 0.64
guee (%) SM 1.3 1.3
GHgg (%) 2.5 1.0 0.89
gurr (%) 1.9 0.74 0.66
g (%) 4.4 8.9 3.9
guyy (%) 1.8 3.9 1.3
guz~ (%) 11. 10.
gunn (%) 50. 44. 33.
Tu (%) SM 1.1 1.1
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Higgs self coupling at ee colliders?

et Z
-
e “h
° Sensitivity to trilinear Higgs coupling via loop
corrections (both ZH and WW—H)
° Requires global fit to all 0.BR measurements.
° Uncertainty of 42% from FCC-ee alone, reducing

to 33% if HL-LHC measurements are included.

FCC-ee, from EFT global fit

—— 5/abat240 GeV |
— +0.2/ab at 350 GeV |
— +1.5/ab at 365 GeV ]
Ax“=1
-4 -2 0 2 4
6KA
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Higgs self-coupling in pp collisions

9 L h
T - . . . t/b e
° Sensitivity to trilinear Higgs coupling via Y
measurements of diHiggs production. g h
° x300 event yield over LHC means that diHiggs
9 0000000 y——»———9- - ——————— h
production can be measured with high accuracy
t/b
9 QQQ00Q000 p——¢—&----—---- h
FCC-hh Simulation (Delphes)
3 Hﬁw‘H_H_w;hh("“:‘ﬁob)m
w0 3500 '8 =100 TeV Wy + Jets
o L=30ab" ¥y +Jets
§ 3000 ﬂx: WL oo HHEX) (b g2~ HH(NNLO, )
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I ggH
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Higgs self-coupling in pp collisions (ll)

Excellent sensitivity to modifications in the trilinear couplings in multiple channels.
Assumptions:
o Excellent b-tagging efficiency (85%) and light/charm mistag rate (1%/5%)
o Backgrounds (non-resonant, single Higgs) known to 1% accuracy.
bbyy | bbtt | bbZZ*[—4£] | bbBWW*[—2j4v] | 4b+jet
oK, | 6% 8% 14% 40% 30%
FCC-hh Si ion (Delphes) FCC-hh Sii (Delphes)
T freety 7 oF R
F Vs=100Tev ::‘7‘5‘:"“1 Vs =100 TeV e e
M L=30ab" —ays=a =% M L=30ap"
12 12
2 1ob HH— bbyy 1 1o HH— bbyy
: H
& g 4 ¥ sf
6 3 6
4 X 4
2 / 10 2 10
oLololii e T « T T T I | oLl T Al d
08 085 09 095 1 105 11 115 12 08 085 09 095 1 105 11 115 1.2
a) Ky = hyhgy, b) K, = Aghgy
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Rare decay channels in pp collisions: H—yy

. Huge rates at proton-proton colliders allow rare decay channels to be measured
accurately, and eventually limited by systematic precision.
. Target uncertainties:

o 0.5% for object reconstruction
o 1% for luminosity
o 1% for production mechanism (for coupling modifier extraction)
10° FCC-hh Simulation (Delphes) Fcc hh Simulation (Geanu) FCC-hh Simulation (Delphes)
> T T T T T [ T T T ™ :o‘ T T T T T T T T
8 s =100 To — H(125) 008 [ T00 ov < (5= 100TeV — stat 4 oyst + lumi
2 120 L‘_w b 99— vy — Hoyy 3 10p s stat. +syst. E
S =30al [ 7530 GeV/ © L=30 ab .
T T stat. only
§ 100r B 006~ 4q)=0 1 O =1.32% 0.01%)
g () =200 ==
8o B S +) = 1000 /y"h On = 229%+ 0.06 E i
- 2 004 I i
s :
&
40 T o "
L ] [ K A 1
0.02 o # \ ., 10°E H—yy B
20~ Sl P o
*":::-"’ o wte,
AR TN T T IR,
Po 115 120 125 130 138 1 St6 T8 T20 vz ioa ize iz W30 32 154 700200300 400 500 600 700 800 ‘900 1000
m, [GeV] b) m,, [GeV] Pl e [GEV]
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Rare decay channels in pp collisions: H—puu, H—4l,

H—oyy H—-4 H-ou'y~ Ho(Cy
pr (H) >0 GeV 50x 10°  3x10° 5% 10° 2.5%10°
pr (H)>200GeV | 900x 10° 50x10°  90x 10° 40 x 10°
pr(H)>500GeV | 100x10° 6x10°  10x10° 5x 10°

pr (H)>1TeV 4000 250 400 200
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
T T AR RARRD ol SRR LAY R R SEAnd iy Ry kakad ity BN AR ALY R bl AL RAEL) LALY LA LA
{s=100Tev — stat. + syst. + lumi = s =100 TeV — stat. + syst. +lumi | = [ Vs=100Tev — stat. + syst. + lumi
stat. + syst. = stat. + syst. = [ stat. + syst.
oL L=%0av” 1 - L=30 ab” b L=30 ab”’
— stat. only — stat. only 10 — stat. only -
10E 3 E
1= E ]
1
1 el
101l H — 4] i r H —lly 1 H— uu
I=e/u L I=e/u 1
107 =
q [T N P P P POV IPOTE PO
100 200 300 400 500 600 700 800 900 1000 50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 50
P e [GEV] Pna (GV] P [G2V]
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ttH production in pp collisions

. Utilises boosted-Higgs topologies where the ratio N, /N, can be measured to 1%
accuracy (with cancellation of systematic uncertainties)
. Higgs-top Yukawa coupling then extracted assuming the ttZ coupling is measured to

high accuracy in other decay channels.

3 FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
% [P ey 370000 T T e
L — ] r —tH ]
2 5001 Vs = 100 Tev M tiets 1 S [ is=100Tev m 1
% I L=30ab’ M t+bb 1 geoooo; L=30ab" .
2 [ T ] g2 ]
2 400~ = e [ ]
s 0 ] 50000/ E
300f- . 40000 3
[ ] 30000 =
2001 ] £ ]
[ ] 20000 3
100 ] f 1
r ] 100001~ -

% 300 % 50 100 150 200 250 300

my(H) [GeV] m;(H) [GeV]
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Higgs couplings at ep colliders

[ Collider | FCC-ee [ FCC-ch
Luminosity (ahfl) +1.5 @ 2
365 GeV

Years 3+4 20
. Sensitivity to driven by cross section 0Ty /Ty (%) 1.3 SM
dguzz/9uzz (%) 0.17 0.43
measurements of WW—H and ZZ—H. Sgrww/ gaww (%) 0.43 0.26
i dgubb/gubh (%) 0.61 0.74
(] Clean environment and accurate theory Same abic (%) i3 |35
calculations lead to excellent precision. 091gg/ 9higg (%) 1.01 1.17]
0gutc/ gt (%) 0.74 1.10
Sgmpp/gapp (%) 9.0 n.a.
Sguyy/guyy (%) 3.9 2.3
Ognee/ Gus (%) — | (87
BRgxo (%) < 1.0 n.a.

8.00

Sk/k [%]
6.00
¥ L HeC
4.00
B HE LHeC

2.00 FCC-eh
0.00 L [ .- L L
bb Ww gg jad

22



Additional input from ep colliders to Higgs couplings

The entire FCC-hh programme relies on theoretical predictions accurate to 1%.

Current PDF uncertainty on gluon fusion calculations is 3%

DIS measurements at electron-proton colliders provide the necessary improvements.

FCC-eh Kinematic Range

QGeV?
=]
S

E, =50 000 GeV
E, = 60 GeV

Relative uncertainty

parton-parton luminosities (Is = 100 TeV)

r T T

\ SPDFALHCI5 / ;
NFCC-eh \ /,’

- o= —q
\

99 | 4 o ‘

\ \\
/// — // —

/
7 /
y qg9 qq
10 10° 10t 10 10° 10t

M, [GeV] M, [GeV]
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Summary of Higgs coupling modifier measurements

Collider HL-LHC | FCC-ee40_;365 FCC-ce FCC-INT | FCC-INT
+ HL-LHC + HL-LHC
Int. Lumi (ab™T) 3 5402+ L5 30
Years 10 3+1+14 = 25 -
guzz (%) 1.5 0.18 0.17 0.17 0.16
gaww (%) 1.7 0.44 0.41 0.20 0.19
grbp (%) 5.1 0.69 0.64 0.48 0.48
grice (%) SM 1.3 1.3 0.96 0.96
Gugg (%) 2.5 1.0 0.89 0.52 0.5
gnrr (%) 1.9 0.74 0.66 0.49 0.46
i (%) 4.4 8.9 3.9 0.43 0.43
gty (%) 1.8 3.9 1.3 0.32 0.32
JHZ~ (%) 11. 10. 0.71 0.7
guw (%) 3.4 3.1 1.0 0.95
gunn (%) 50. 44. 33. 34 34
Ty (%) SM 1.1 1.1 0.91 0.91

Factor 5-20 improvement in precision Higgs coupling modifiers
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+

collisions?

Electron Yukawa measurements in e

e

Can produce Higgs directly in electron-positron collisions at Vs = 125 GeV
but low cross section due to small electron Yukawa

Line shape is broadened significantly by ISR and beam energy spread (5,,)
If & is reduced to around I", : sensitive the electron Yukawa at around SM
expectations (this is 100x better than HL-LHC)

=
Ei d:
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Examining the Lorentz structure of Higgs couplings

. Assuming that there is new physics at higher energy scales, the SM can be thought
of as an effective field theory that is valid at low energy.

. The Lagrangian density is then written as:
(4) i’ ®
Lsmerr ~ Lgy, + Z ﬁOi
i
\ \‘

SM Higgs boson interactions

Effective field theory operators

. The effective field theory operators induce anomalous Higgs boson interactions with
different Lorentz structures to those in the Standard model
o , CP-violation .....
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CP-violating Higgs interactions at e*e" colliders

° Smoking gun signature of CP violation is an asymmetry in a CP-odd observable

|M|2 = |/\/(SM|2 +2Re(MgyMye) + |Md6|2»

° Typically measure angles between decay planes, e.g. 17 (left) or ZZ (right)

)
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CP violation in Higgs interactions at proton-proton colliders

FCC-hh will build on and extend the CPV-Higgs programme that already exists at the LHC:

. Higher statistics measurements of CPV in ZZ/1t decays and gluon-fusion / vector boson
fusion
First differential measurements of ZH production (left) and ttH production (right).
Systematic uncertainties tend to cancel in asymmetries = enhanced sensitivity

¢ Filtered Distribution

—— CPEven 10 — a=0(14TeV) — a=3r(14TeV)
101 —— cpPOdd o a=0(100TeV) .. a=ir(100TeV)

-3 -2 -1 0 1 2 3 02 04 06 08 10 12 14
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The European Strategy for Particle Physics calls for a coherent long-term collider programme
to deliver:

. Factor of 5-10 improvement in HZZ, HWW, Htautau, Hbb, Hgg, Hmumu, Hyy, HZy
couplings compared to HL-LHC.
o Each will be known to better than 1% accuracy.
First measurements of Hce coupling and Higgs width; both to 1% accuracy
Higgs self-coupling measured to 3% accuracy.

This collider programme will provide much more information than just the improvements above,
probing the nature of the Higgs boson interactions far above the electroweak scale.
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Future Circular Collider (FCC): integrated programme (l)

(575 years operation) 7-10 years )(525 years operation ) @

Funding and
in-ind contribution
agreements

in-kind
contribution

Funding
strategy

Geological investigations, infrastructure Tunnel, ste and technical FCC-ce dismanting, CE

detailed design and tendering - d:pllnaf:ﬁ.:‘;gj&h
FCC-hh accelerator 5
FCC-ce accelorator R&D and technical design ECC s ncoetsorconsriion, R&D and fochnical ECC secolars ke eopsnon,
installation, commissioning design installation, commissioning
Set up of international
oxperiment collaborations, || FCC-ee detector FCC-ce detector FEgH e FLCh dolechr
detector R&D and concept technical design construction, installation, commissioning T e .
technical design commissioning
High-field magnet
Superconducting wire and magnet R&D, short models ROy oS iy ets; industilization end
prototypes, preseries P g

Integrated programme: https://www.frontiersin.org/articles/10.3389/fphy.2022.888078/full
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