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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU(2) xU(1), & strong SU(3)_gauge interactions

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for over 40(!) years:
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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU(2) xU(1), & strong SU(3)_gauge interactions

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for over 40(!) years:
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Open questions in the SM (1)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
; - —
_é { (Pr,er) oM er + ERMEfﬁ'( er )] —% [(—EL,PL)f,f?*M”UR + ppMY$T ( yiL) [Lepton masses]

+(@z,dp) é#iD,, e igotiD,ug + rfRa“éD#dR + (h.c.) uark dvnamics
d y

5 = - = _
‘f { iy, dp) oMAdp + dp B¢ (”i )] f {(_dL;ﬁL)¢*WHR+ﬂRw¢T( u‘iL) Quark masses]

+{D,$)D*¢— mi[po —v*/2%20*.  [Higgs dynamics & mass]

X Light masses: Higgs mechanism for lightest fermions (u,d,s,e,v's) to be proven
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Open questions in the SM (2)

L= —}IBMBF‘” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(7,81) %D, (:i) + epo*iDyer + Pro*iD,vr + (he)  [Lepton dynamics]
- - 0 : _
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v

+(Dp¢)D“¢€mi[€*¢— ﬂzx’Zlﬂx’?vz) [Higgs dynamics & mass]

X Light masses: Higgs mechanism for lightest fermions (u,d,s,e,v's) to be proven

X Higgs potential: Higgs triple & quartic self-couplings to be measured
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Open questions In the SM (3)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]
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+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
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v

+(D#¢)D“¢€mi[r§¢>——1;2;’2]2;’21:2) [Higgs dyn. & mass] G— new particles/symmetries)

X Light masses: Higgs mechanism for lightest fermions (u,d,s,e,v's) to be proven

X Higgs potential: Higgs triple & quartic self-couplings to be measured
X Eine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
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Open questions in the SM (4)

L= —}IBMB“” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
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+(D,$) D¢ — mi[do— v*/2Y2*. [Higgs dyn. & mass] G— new particles/symmetries)

X Light masses: Higgs mechanism for lightest fermions (u,d,s,e,v's) to be proven

X Higgs potential: Higgs triple & quartic self-couplings to be measured
X Eine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons):
Higgs portal to dark world?
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Open questions In the SM (4)

L= —}IBMB“” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]

- {(FL: er) ¢M er + erM (:ﬁ )] —? [(_EL, br)¢* MYy + ppM¥¢" (;‘i’[‘ )] [Lepton masses]
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_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(D,$) D¢ — mi[do— v*/2Y2*. [Higgs dyn. & mass] G— new particles/symmetries)

X Light masses: Higgs mechanism for lightest fermions (u,d,s,e,v's) to be proven

X Higgs potential: Higgs triple & quartic self-couplings to be measured
X Eine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)
Higgs portal to dark world?

Some/Most(?) of these questions will not be fully answered at the LHC
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CERN Future Circular Collider (FCC) project

m Solving those & others HEP open problems requires higher-energy collider:

m 100 km ring, Nb_,Sn 16 T magnets,
LHC used as injector:
e pp at Vs=100 TeV, L~2x10%, L =2 ab/yr

e e'e” option (before pp) at Vs=90-350 GeV
L~10%-4-10%, L =1-40 ab*/yr for H, Z

e e-h collider option at Vs=3.5 TeV, L~103

s Schematic of an
\ 80 - 100 km
g long tunnel
[Talk mostly focused on FCC-ee.
See M.Mangano: FCC-pp, B.Mellado: FCC-eh]
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Higgs physics at FCC-pp & FCC-ee

o(pp—H+X) =

HH/HHH access)
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m Huge number of Higgs expected: 2-10*° (FCC-pp), 2:-10° (FCC-ee)
0.9 nb (ttH/

c(ete—H+X)=200 fb (low bckgd, no pileup)

280 300 320 340 360
Vs (GeV)

Total Integrated Luminosity (ab™") | 10

7 8 910 20
\'s [TeV]

gg—H |VBF|WH]| ZH | ttH | HH

o100 [pb] | 802 69 |16 | 11| 32| 19
O100/014 | x17 | x16 |x10 |x11 |x52 |x40

Number of Higgs bosons frome"e™ — HZ | 2,000,000

Number of Higgs bosons from boson fusion 50,000

m Access to precision (<1%) Higgs couplings, and rare & BSM decays

ICHEP'16, Chicago, Aug'16

10/25

David d'Enterria (CERN)



Open issue In the SM (1):
Generation of lightest

fermion masses (u,d, e,v's)

(; £t D aasana cms ! N u,d, s
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1% -gen. quark Yukawa couplings at FCC-ee

m 1% & 2™ gen. quark Yukawa accessible via exclusive H—=Vy , V=p,m,

Bound [G. Perez et al, arXiv:1505.06689]
vector Mode Branching Fraction [1079]

meson Method | LCDALO[170]  LCDANLO[I73]

B Br(H — p'7) 190+15 16.8 +0.8

ud,s Br(H —wy) | 1.60+0.17 1.48 4 0.08

E Br(H = ¢v) | 3.00+0.13 2.31+0.11

Interferes with: ~ h NG T3
(indirect) o)

m H—p(nm)y channel most promising: N~40 counts expected, low backgds

m Sensitivity to u/d quark BRaspy _ £, [(1.9£0.15)k, — 0245, — 0127
Yukawa couplings: BR), 55 0.57k;

x 1075
(K=Y /Yy
m All channels accessible with higher stats at FCC-pp.
But much worse backgrounds (QCD and pileup).
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B Resonant s-channel Higgs production at Vs = 125 GeV has tiny x-sections:

Mono-chromatization required to achieve Vs__ ~T, =

e* Yukawa coupling at FCC-ee(125)

c(ee—H)
c(ete—H)

(incl. ISR + s

0.6 © Energy spread [MeV]
— I — (38=0
Breit-Wigner 1.641b 05f e
=290 ab =04 B
visiole =

spread

=I,=42MeV) ¥

spread

(&)

e I
125.69 125.695 125.7 125.705 125.71

{s [IGeVl

B Preliminary study for signal + backgrounds in 10 Higgs decay channels.
B Significance & limits on e-Yukawa coupling:
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Higgs couplings to heavy-neutrinos at FCC-ee

m Consider (symmetry-protected) seesaw scenario with 2 sterile v (N)):
large neutrino Yukawa couplings & masses: y = 10°, m = 10° GeV
m N decay to Higgs+v. Signature: mono-Higgs(jj) plus missing energy

_ 0.200
€ v Ecm [GEV]
(0.100 1
W y . = 240), reconstructed
. ‘ / 0.050 == 350), reconstructed
* - = 500, reconstructed
NN , 240
. h _N ' (1] . pﬂ.ﬂ.ﬂ-ﬂ
£ 0020 wess 350, parton
- y : | - 500, parton
0010 =ms Present upper bound
7 0.005
N v ' Casel
et “\h

002

150 200 250 300 350 400 450 500
[Antusch, Cazzato, Fischer, arXiv:1512.06035] M [GeV]

m FCC-ee sensitivity down to |y |~5 x 107 for unexplored m ~100-300 GeV
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Open issue In the SM (2):
Higgs potential
(triple & quartic self-couplings)

.
direct, pp at Vs=100 TeV £ £
(direct, pp ) >"< >*“/:
h A ~
’ ! e h e h
-~ @ ! (indirect, e*e” at Vs=240-350 GeV)
g T h

ICHEP'16, Chicago, Aug'l6 15/25 David d'Enterria (CERN)



Higgs self-couplings (A,,A,) at FCC-pp

[R. Contino et al.,

m Double (triple) Higgs cross section = 1.9 pb (5 fb) arXiv:1606.09408]
o -
" EHH production at pp coliders at NLO in GCD But various diagrams contribute to
M, =125 GeV, MSTW200& NLO pdf (68%cl) . . . Pe .
0,0, ~diluted sensitivity to A, A,
T [ R Ao
g °
E%‘ E 0 5 0 5 l)E 5 0 5 {]
g A3/ A3 5m 1 A
R 13 14 23 33 50 75 100 process precision on o557 | 68% CL interval on Higgs self-couplings
5[TeV]
m bb(bb)yy most sensitive channel: #H#=%m 3% A0
Critical flavor-tagging performances. HH — bbbb 5% A3 €(0.9,1.5]
HH — bbal 0(25%) A3 € [0.6,1.4]
m Precisions on coupling: HH — bbt+e- 0(15%) X3 €[0.8,1.2]
Trilinear (g,,,)~3-4% HH — bb+ e~ " _
Quiartic (g,,.,,,) mildly constrained HHH — bbbbyy | O(100%) M € [—4,+16]
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Higgs self-coupling at FCC-ee

m Higgs self-coupling indirectly through loop corrections to 0(H+Z):
2

Pyl G

OZh =
6240 = 100 (267 + 0.01455) %
Self-coupling correction o, : energy-dependent [M. McCullough, 2014]
0. energy-independent (distinguishable). [
[ — 2%=04%, 5°=1%

m Tiny effect, but visible thanks to extreme 50: o R

precision on &,,, (0.4%) coupling . \ -\

reachable at FCC-ee. S G § LT S N A
m Indirect and model-dependent limits _zall \ \ FCC-ee |

on trilinear Higgs coupling can be set |

(~70% level) comparable to HL-LHC —100f L

-15 -10 -05 00 05 10 15
5z %)
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Open issue In the SM (3):

Hierarchy/Naturalness
(BSM scalar-coupled physics)

m Solved via many BSM realizations: SUSY, little-H, hidden sectors,...
m Parametrize (B)SM as an Effective Theory:

ﬁEﬁ“:ZZizlﬁﬁd = Lgsvm + %£5+$Eﬁ—|—“'

m Indirect (loop) constraints on new physics coupled to Higgs:

A Z (1TeV)/\/(08uxx /85N ) /5%
~5% deviations of Higgs couplings wrt. SM: A >1 TeV

~0.1% Higgs couplings precision (~10° Higgs) = A>7 TeV

ICHEP'16, Chicago, Aug'l6 18/25 David d'Enterria (CERN)



Precision H couplings, width, mass at FCC-ee

m Recoil method in H-Z unique to lepton collider:
reconstruct H 4-mom. independent of H decay mode.

m High-precision (0.4%) o, provides model-indep.

. ] e‘ H
value of g, coupling: o(ee - ZH) « g.? )
z Z = (Vs — Epp)’ = p}s
recoll Ir ff
Z > ll with H -» bb —
[ 500 i J CMS Simulation IH_’“ with Z— ‘FII CMS Simulation Missing Mass in Z— I'l" tagged events(MZ+/-4GeV)
> a 400 ——— C
o o L5001, {5=240 Gav
8 ixf [— o FCC-e wn fmwan | £ =5 FCC-ee 18000 | H@FCC-ee, 35ab"
3 qooh | vecoroms 30 | anoacsgrounes | 160005 {5=240GeV; BR; -~ =100%
B [ | —=z f =2 - ->inv
E as0f- | i 300 | 14000F{— Signal
= E | — 12000F oy
3 o All backgrounds
250f 10000F - [ Mbactarounds |
200F 8000F
150F 6000F
100F 4000F
50F 2000F A
% T T TR % %60 80 100 120 140 160
Higgs mass (GeV) Higgs mass (GeV) Missing Mass [GeV]

m Total width (I ) with ~1% precision from combination of measurements:
o(ee—~ZH(— X))« I, , plus known BR (H—X): Obtain I,

m Branching fraction to invisible can be tested directly to 0.2% @ 95% CL

m Higgs mass (m, ) from recoil mass in Z- pu,ee.
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Precision H couplings, width, mass at FCC-ee

m e*e colliders provide factor >10 improvement in precision w.r.t. HL-LHC.
m FCC-ee has typically highest precision:

ILC FCC-ee CEPC CLIC
o(ZH) 0.7% 0.4% 0.51% 1.65%
Obb 0.7% 0.42% 0.57% 0.9%
Jco 1.2% 0.71% 2.3% 1.9%
Jag 1.0% 0.80% 1.7% 1.4%
gww 0.42% 0.19% 1.6% 0.9%
e 0.9% 0.54% 1.3% 1.4%
Qup 9.2% 6.2% 17% 7.8%
Qinv <0.29% | <0.45% <0.28% <0.97%
Amu (MeV) 15 11 5.9 a4
M 1.8% 1% 2.8% 3.6%

m Most precise (g,) ~0.1% coupling sets limit on new scalar-coupled
physics at: A 2 (1 TeV)/\/(08uxx /8N, ) /5% >7 TeV
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Precision H properties: BSM bounds

B FCC-ee precision measurem. improve greatly scalar-coupled BSM limits.
® NP bounds: Higgs & Higgs+tEWPO combined

8 ndividual Marginalised | (10O individual Marginaliced
7 O3 ILC250 R 1LC250 3 Lc2s0 3 ILc250
BN FCC-ee BN FCC-ee SN FCC-ee EEN FCC-ee
5 80
= A> 6 TeV A >100 TeV
& 60
[: 4
<< 3 40
2
20
1
o ew Cup Caw & +ep  er ek = Cg
[J.Ellis and T.You, arXiv:1510:04561]
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Open issue In the SM (4):
Dark matter

(Higgs-portal)

491" (7 TeV) + <19.7 fb™ (8 TeV) + 2.3 ib™ (13 TeV)

— 0-39

\I T T T T lIII T T T T T III| T T T LI IIE
°§ - CMS Preliminary B(H — inv.)<0.20 7
=10 \ 90% CL limits 3
S :
"g 10-41 E_
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@ .
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2 E
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g E 3
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[B(H—inv)>5% for HL-LHC] mass [GeV]
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Dark Matter (m_ _<m /2) via H decays at FCC-ee

m DM freeze-out fixes ov = 3 10*°cm?/s. If m, is just below m, /2,

DM freeze-out dominated by resonant Z,H exchange, fixing I', ..
Invisible BR suggested by DM thermal relic abundance

Experimental bounds

1

._.
9
e

g |
o 107 Estimated
g FCC-ee TLEP
o sensitivity
= 10
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o Z
et
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Z-DMDM [De Simone et al. arXiv:1402.6287
\ \ A. Strumia, 2015]
[ ' !

40 45 50 55 60
DM mass in GeV

m <102 and <10* precision measurements of invisible Z & H widths are
best collider option to test any m,, <m, /2 that couples via SM mediators.
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Dark Matter (m_ >m ) via offshell H at FCC-pp

m |f DM heavier than Higgs, offshell H decays into DM, can be tagged
with extra associated production: jet, VBF-jets, ttbar,... like at LHC:
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Summary

m FCC provides unparalleled luminosities O(1-20 ab™) in pp at Vs=100 TeV
& e+e- at Vs=125-350 GeV for high-precision Higgs studies (<1% uncert.)

fully closing SM (glst_gen,x&él) & constraining scalar-coupled BSM to multi-TeV
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Backup slides
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ee—H significance: Multi-Channel Combination

m Channels combination using Roostats-based tool for LHC Higgs analyses:
Profile likelihood & hybrid significances all give ~identical results, which are
also very close to naive S/VB expectation (no background uncertainty).

WW-lv2j,2I12v,4j 0.15¢0.09¢0.03 0.5090.3040.08
ZZ—2j2v,212j,212v 0.07©0.05¢0.01 0.2190.1640.03

bb 0.03 0.10
gg 0.03 0.09
TT — 0.02
Y - 0.01
Combined 0.2 0.7

m For 10 ab: Significance = 0.7 (preliminary, optimizations under study)
Limit (95% CL) for branching ratio: BR(H— ee) < 2.8xBR_, (H— ee)

Limit (95% CL) for SM Yukawa: g_, < 1.7x Jen sm
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Higgs physics at FCC-ee(125): H-e Yukawa

B Resonant s-channel Higgs production at FCC-ee (Ns = 125 GeV):

N o(e'esH), , ~ 1.64 fb
> o(e'e®H) ..~ 280 ab (ISR + Ecamspread™ T 1= 4-2 MeV)

B Signal + backgrounds study for 7 decay channels:
WW*(2],lv) (o = 28 ab), WW*(212v) (c = 6.7 ab),
WW*(4)) (o = 29.5 ab), ZZ*(2j2v) (o = 2.3 ab), ZZ*(212)) ( 6 = 1.14 ab),
bb (2)) (6 = 156 ab), gg (2)) (c = 24 ab)

B Preliminary analysis:
L= 10 ab®, S=0.65: BR(Hee) < 4.63xBRy,, (30), 9, < 2.15 X g,,.. o\, (30)
Evidence (observation?) will require further improvements in large-BR
(huge background) jet channels: H— bb, H - WW — 4

B Challenging accelerator conditions: mono-chromatization, huge lumi

B Fundamental & unique physics accessible if measurement feasible:
- Electron Yukawa coupling
- Hig%s width measurable (“natural” threshold scan)
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o(e*e—H) reduction: Beam energy spread + ISR

m Extra ~40% reduction also due to initial state radiation:

o 12— .
g s oie" EmaToine ® Combined reduction factors:
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n_ﬁf_ GBW(B e_ o ) BW with c.m. energy spread (4.1 MeV)
:Ugw(€+e—)H0)\ s
04 c(e*e®H) = 290 ab
n_zf—
TR I AN EUTUNN IR BN SR B

?25.992 125.094 125096 125098 126 126.002 126.004 128.006 126.008

5 [GeV]

i Convolution Breit-Wigner (I';j=4.2 MeV)
with Gaussian beam spread X(MeV)

cross section (

o
®

vs_ . ~T,=4.2MeV

spread

Reduc. factor: ~45%

N

0o A

o
o

O_I\\‘\\\‘l\\lll\\‘\\\

A

0

o(e*e’—H) reduction factor

0.4/= % : 12497 12498 1249 125 12501 12502 12503
|

0.2 . GeV
|
! +a-6\— +A-6

0 | .5| L1 \1|0I | I1|5I | I2|0\ L1 I2‘5\ L1 IS‘D\ L1 \3‘5I L1 \4-‘0 Gbeam_spread+|SR(e e H)_O. 17 >< G(e e H)

Energy e beam spread (MeV)

ICHEP'16, Chicago, Aug'l6 29/25 David d'Enterria (CERN)



moho-chromatization at 2x63 GeV?

direct s channel Higgs production ete — H

rms beam energy spread at 63 GeV ~30 MeV
total width of SM Higgs I" ~ 4 MeV

effective collision energy spread is decreased G E-‘l'__&E v Bk
by introducing opposite-sign IP dispersion e At St &
N IR ot
ow _ 28}6 e : _' —— o - : .
ey S mak O

first proposed by A. Renieri (1975); historical studies for VEPP4, SPEAR,
LEP, t-c factory;never tested experimentally

reducing cm energy spread x1/10 w/o loss of luminosity?!
implementation for crab-waist scheme?

FCC Lepton Collider Dasign
) Frank Zimmermann
o CERN Academic Training February 2016
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Why new e*e" colliders ?

m New physics (NP): Hiding well ? Or beyond present reach ?
At larger masses? Or at smaller couplings? Or both?
m Electron-positron colliders:
= Direct model-indep. discovery of new particles coupling to Z*/y* up to m~s/2
= |_ow, very-well understood backgrounds: Fill “blind spots” in p-p searches
= Polarised beams: Extra handle to constrain theory underlying any NP
= |ndirect constraints on new physics via virtual corrections: A ,~ 1 TeV/A8X
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Circular or linear efe colliders ?
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m Vs limited to ~400 GeV by SR~E*/R

m Larger Vs reach (TeV's)
m Large # of circulating bunches:

m Low repetition rate

— Much higher Lumi (better at low Vs, lower SR) — Lumi from nm-size beams
— Top-up injection ring to compensate L burnoff — Large bremsstrahlung
m Various Interaction Points possible — Large energy spread

m Precise E____from resonant depolarization m Longitudinal polarization easier
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FCC-ee exploits lessons & recipes

from past e*e-and e colliders

_—_ ——. e, g SuperB " ‘ ___________________ g LEP:
. . BINPes SUFE,RK & CC-ee _ highenergy
| | ; "'? B-factories:
R A S I Pty
" 10% ------------ e CESR A |,  highbeam
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10% 0" KEKB:
of recent colliders = extremely . aies
HERA, LEP, RHIC:
- high luminosity at high energies B it
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FCC-ee technologies, time lines, analysis highlights

Frank Zimmermann
KET workshop, Munich, 2 May 2016
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e+e- colliders: FCC-ee vs. LEP, CepC

e

2016 baseline parameters

energy/beam [GeV] 45 120 175 120 105
bunches/beam 90000 770 78 50 4
beam current [mA] 1450 30 6.6 16.6 3
luminosity/IP x 1034 cm2s1 70 5 1.3 2.0| 0.0012
energy loss/turn [GeV] 0.03 1.67 7.55 3.1 3.34
synchrotron power [MW)] 100 103 22
RF voltage [GV] 0.08 3.0 10 6.9 3.5
rms bunch length (SR,+BS) [mm] 1.6,3.8| 2.0,24| 2.1,25 2.1,26| 12,12
rms emittance Exy [nm, pm] 0.09,1| 0.61,1| 1.3,25 6,18 | 22, 250
longit. damping time [turns] 1320 72 23 39 31
crossing angle [mrad] 30 30 30 0 0
beam lifetime [min] 251 75 62 61 434

FCC-ee: 2 separate rings

ICHEP'16, Chicago, Aug'16

CEPC: single beam pipe like LEP
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Beam energy spread via resonant depolarization

i i Precession
Resonant depolarlzatlon recessio

ﬁ'equelmy o

* use naturally occuring transverse beam polarization i3

» add fast oscillating horizontal B field to depolarize at Thomas
precession frequency

Wi

Fast sweeping
horizontal B field

Experience from LEP: Depolarization resonance very E [MeV]
narrow: ~100 keV precision for each measurement _ W wms 4
* However, final systematic uncertainty was 1.5 MeV due to - I - et
transport from dedicated polarization runs ~ N F
* At FCC-ee, continuous calibration with dedicated bunches: no af o T
transport uncertainty ol
_+_
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FCC-ee beam energy spread

ERN: - E
o : _ ]
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Non-destructive focusing and collision of beams:
- Center-of-mass energy spread by construction modest
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Precision Higgs couplings: FCC-ee vs. ILC
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— HL-LHC : One experiment only

HZZ HWW  Hbb Hce Hgg Hre Hyy

m Most precise (g,,,,) ~0.1% coupling sets limit on new scalar-coupled
physics at: A 2 (1 TeV)/\/(0gxx /85, ) /5% >7 TeV
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