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Open questions in the SM (1)

L= —18#,,8“'“ - l1&.»«(‘5.?!.?,!_“1W‘“‘) - %tr(G,wG“”) [Gauge interactions: U(1),, SU(2),, SU(3) ]
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+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
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+{D.d)D ¢ — mi b — v¥/2)%20*.  [Higgs dynamics & mass]

X Light masses: Higgs Yukawa mechanism for lightest fermions (g,e) unproven
Type of Higgs coupling to Dirac/Majorana v's?
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Open questions in the SM (2)

L= —1BWB»““ - ltr(W#uW“"”) - %tr(GMGW) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(Pr, 81)6#iD, (:i) + ego*iD,er + vpo*iDywr + (he)  [Lepton dynamics]
: = —
‘% { (P, er) oM® eR+eRM"¢’>( L)] —%— [(—EL,EL)qb*M”uR + Fp MY ( yif’) [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

5 - - = -
f { fir,dr) 6M%dp + dp M2 (ui )] { {(—dL,ﬁL)¢*WuR+ﬂRW¢T ( u?) Quark masses]
+{D.d)D ¢ — mi b — v¥/2)%20*.  [Higgs dynamics & mass]

X Light masses: Higgs Yukawa mechanism for lightest fermions (g,e) unproven
Type of Higgs coupling to Dirac/Majorana v's?
X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern
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Open questions Iin the SM (3)

L= —}IB#,,B“'“ - %tr(W#uW““) - %tr(G,wG“”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

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

- {(FL; er) oM er + eRM*$ (:ﬁ )] —? [(_EL, L) ¢ MYvg + ppMY¢" (;‘i’[‘ )] [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

’? {(EL’JL)""’M%R +dpM%¢ (gi )]—? {(_JL;’EL)‘;’*WHR + ap¢T (;‘i‘z )] [Quark masses]

+(Dp¢)D“¢>€mi[f5¢—vﬂﬂ]ﬂ;’?vﬂ) [Higgs dynamics & mass]

X Light masses: Higgs Yukawa mechanism for lightest fermions (q,e) unproven.
Type of Higgs coupling to Dirac/Majorana v's?

X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern

X Higgs potential: Higgs trilinear & quartic self-couplings unknown.
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Open guestions in the SM (4)

L= —}IB#,,B“'“ - %tr(W#uW““) - %tr(G,wG“”) [Gauge interactions: U(1),, SU(2),, SU(3) ]

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

-— {(FL; er) ¢M er + erM (:ﬁ )] —? [(_EL, L) ¢*MYvg + ppMY " (;‘i’[‘ )] [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

’? {(EL’JL)""’M%R +dpM%¢ (gi )]—? {(_JL;’EL)‘;’*WHR + ap¢T (;‘i‘z )] [Quark masses]

+(Dp¢)D“¢€TH?;[45¢—vﬂﬂ]ﬂmvz) [Higgs dyn. & mass] G new particles/symmetries ? )

X Light masses: Higgs Yukawa mechanism for lightest fermions (q,e) unproven.
Type of Higgs coupling to Dirac/Majorana v's?

X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern

X Higgs potential: Higgs trilinear & quartic self-couplings unknown

X Eine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
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Open questions Iin the SM (5)

L= —}IBMB“” - %tf'(WMW“"”) - %tr(GMGW) [Gauge interactions: U(1),, SU(2),, SU(3) ]

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

-— {(FL; er) ¢M er + erM (:ﬁ )] —? [(_EL, L) ¢*MYvg + ppMY " (;‘i’[‘ )] [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

’? {(EL’JL)""’M%R +dpM%¢ (gi )]—? {(_JL;’EL)‘;’*WHR + ap¢T (;‘i‘z )] [Quark masses]

+(D ) D* ¢ — mi[de — v¥/2Y2*.  [Higgs dyn. & mass] G new particles/symmetries ? )

X Light masses: Higgs Yukawa mechanism for lightest fermions (q,e) unproven.
Type of Higgs coupling to Dirac/Majorana v's?

X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern

X Higgs potential: Higgs trilinear & quartic self-couplings unknown

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 should couple to any massive dark world.
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Open questions in the SM (6,7,8,...)

L= —}IBMB“” - %tf'(WMW“"”) - %tr(GMGW) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i ) + ego*iD,er + vpo*iDywr + (he)  [Lepton dynamics]
_ e — axes | VL \/E - * 4 = agv T | —EL
7L, o) @M er+erM ¢ | )| —=—| (-2, v)¢"M vr +PpM¢" | " || [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

’? {(EL’JL)""’M%R +dpM%¢ (gi )]—? {(_JL;’EL)‘;’*WHR + ap¢T (;‘i‘z )] [Quark masses]

+(D ) D* ¢ — mi[de — v¥/2Y2*.  [Higgs dyn. & mass] G new particles/symmetries ? )

X Light masses: Higgs Yukawa mechanism for lightest fermions (g,e) unproven
Type of Higgs coupling to Dirac/Majorana v's?

X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern

X Higgs potential: Higgs trilinear & quartic self-couplings unknown

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 should couple to any massive dark world.

X Plus many others: Strong CP problem, dark energy, inflation,...
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Open questions in the SM

L= —}IBMB“” - %tf'(WMW“"”) - %tr(GMGW) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i ) + ego*iD,er + vpo*iDywr + (he)  [Lepton dynamics]
_ e — axes | VL \/E - * 4 = agv T | —EL
7L, o) @M er+erM ¢ | )| —=—| (-2, v)¢"M vr +PpM¢" | " || [Lepton masses]

+(tig,dz) 6*iD, UL + #potiDyug + dro*iD,dr + (he) [Quark dynamics
dr y

’? {(EL’JL)""’M%R +dpM%¢ (gi )]—? {(_JL;’EL)‘;’*WHR + ap¢T (;‘i‘z )] [Quark masses]

+(D ) D* ¢ — mi[de — v¥/2Y2*.  [Higgs dyn. & mass] G new particles/symmetries ? )

X Light masses: Higgs Yukawa mechanism for lightest fermions (q,e) unproven.
Type of Higgs coupling to Dirac/Majorana v's?

X Elavour problems: Matter-antimater asymm., fermion masses/mixings pattern

X Higgs potential: Higgs trilinear & quartic self-couplings unknown

X Eine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons):

X Plus many others: Strong CP problem, dark energy, inflation,...

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 HEP fundamental problems requires new e*e & pp collider:

ivyz colglsigel gy ot SU RS2

s egy.Up AteNZ025126)

m FCC: 100 km ring, Nb_Sn 16-T magnets,
LHC used as injector:

e pp at Vs=100 TeV, L~2x10%, L _=2 ab?/yr
(also pPb, PbPb at Vs=39-63 TeV)

e e'e before pp at Vs=90-350 GeV
L~ 5 ab* Higgs factory

Int

~1.2 million Higgs in 3+5 years.
Plus 102 Zs(!), 108 Ws(!), 0.5-10° tops
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CERN Future Circular Collider

European Strategy for Particle Physics Update (2020) mandate:

“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.”
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CERN Future Circular Collider

June 2021: FCC Feasibility Study (2021-2025) organization approved unanimously by CERN council.

Comprehensive long-term CERN program maximizing physics opportunities:

Stage 1 (2040-): FCC-ee (Z, W, H, tt): Higgs, EWK & top factory with highest luminosities.
Stage 2 (2065-): FCC-hh (~100 TeV): Energy frontier machine, with ion & e-h options.

e Complementary physics: Searches via ultraprecise SM tests vs. high mass/p, searches
e FCC builds upon and exploits CERN'’s existing lab/infrastructure/know-how.

e Common tunnel, civil engineering and technical infrastructures.

e Integrated project allows seamless HEP continuation after HL-LHC

FCC-ee

ALIP)
30 mirad

FCC-hh

= | DS

mmm L sep

e oAl EXp = | arc
Inj. + Exp Inj. + Exp.
1 4 km

[
Schematic of an B-coll  «— 28km —» extraction D
: 80 -100 km | m | |
g long tunnel
1 4 km
o-coll

LFC21, ECT*-Trento, Sept'21 11/66 David d'Enterria (CERN)

JRF) D (RF)

-




Future e*e  colliders luminosities
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m FCC-ee features lumis a few times larger than other machines over 90-300 GeV

m FCC-ee: unparalleled Z, W, jets, 7,... data sets: Negligible stat. uncertainties
for SM (Higgs, QCD, EWK, flavour,...) and indirect BSM studies
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CERN Future Circular Collider schedule

B FCC integrated project technical schedule:

2 4 6 8 10 et asss 20 ] [~15yearsoperation][ 7-10years ][~25yearsoperation ]

§ Y Updale ~2040:
Project preparation & Permis- Permis _
administrative processes slons ] sions start of M
. AN
( . ) Funding and
Fundng || . Fundngand in-kind
strate In-kind contibution contribution
Yl agreements
\ agreements

-

FCC-ee dismantling, CE
& infrastructure

adaptations FCC-hh

detailed design and tendering preparation

[ Geological investigations, infrastructure

FCG-ee detector
construction, installation, commissioning

commissioning

p
High-field magnet
Superconducting wire and magnet R&D, short models "‘:23} mw:' ":gggﬁ; industrialization and
L prototypes, preserles series production
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Physics at FCC e*e" & pp machines

(1) QCD: a_coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches

LFC21, ECT*-Trento, Sept'21 14/66 David d'Enterria (CERN)



QCD = Key piece at future ee, pp colliders

» Though QCD is not per se the main driving force behind future colliders,
QCD is crucial for many pp, ee measurements (signals & backgrounds):

e High-precision o._: Affects all x-sections & decays (esp. Higgs, top, EWPOs).
e N"LO corrs., N"LL resummations: Affects all pQCD x-sections & decays.

e High-precision PDFs: Affects all precision W,Z,H (mid-x) measurements &
all searches (high-x) in pp collisions.

e Heavy-Quark/Quark/Gluon separation (jet substructure, boosted topologies..):
Needed for all precision SM measurements & BSM searches with final jets.

e Semihard QCD (low-x gluon saturation, multiple hard parton interactions,...):
Leading x-sections at FCC-pp (Note: Q,~10 GeV at 100 TeV).

e Non-perturbative QCD: Affects final-states with jets: Colour reconnection,
e*e - Z,WW, ttbar - 4j,6... (mW,mtOID extractions). Parton hadronization,...
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QCD in e*e” collisions

m e*e collisions provide an extremely clean environment with fully-
controlled initial-state to very precisely probe g,g dynamics:

+ q
; Advantages compared to p-p collisions:
Js~91GeV » 9 - QED initial-state with known kinematics
Y Z - Controlled QCD radiation (only in final-state)
e a
et q

- Well-defined heavy-Q, quark, gluon jets
- Smaller non-pQCD uncertainties:

w no PDFs, no QCD “underlying event”,...
Vs ~160 GeV Z Direct clean parton fragmentation & hadroniz.
® Plus QCD physics in yy (EPA) collisions:
e q .
y o, S e,
e’ fﬁ Y
7 - ? P, @ <I>\ / ! ——q
_ . ‘ Y
Js~240 GeV ! e v
SN H
74 \\ g e ‘;'"—"’:.f\ ——— :
e ﬁg (soft, VDM) (direct)

LFC21, ECT*Trento, Sept'21 16/66 David d'Enterria (CERN)



Available QCD samples at FCC-ee

mFCC: e'e at Vs =90,(125),160,240,350 GeV provides huge jets data sets

Working point Z, years. 1-2 | Z, later WW HZ tt (s-channel H)
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365 My
Lumi/IP (10°* em ™ %s™ %) 115 230 28 8.5 0.95 1.55 (30)
Lumi/year (ab” ", 2 IP) 24 48 6 1.7 0.2 0.34 (7)
Physics goal (ab ') 150 10 5 0.2 1.5 (20)
Run time (year) 2 | 2 2 3 1 4 (3)
10° HZ 10°tE
Number of events 5% 10" Z 10° WW + +200k HZ (6000)
26k WW — H [ +50k WW — H
®m Approximate number of QCD jets:
# of light-g jets/year: O(10%?) O(107) O(10°) — O(lOS)bckg i
# of gluon-jets/year: O(10%) O(10°) O(10%) O(10%) (’)(107)bckg i
# of heavy-Q jets/yr: 0(10%) 0(10)  O(10) 0109 0109,

LFC21, ECT*-Trento, Sept'21

17/66
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Physics at FCC e*e" & pp machines

(1) QCD: a_coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches

LFC21, ECT*Trento, Sept'21 18/66 David d'Enterria (CERN)



QCD coupling a._

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter of QCD in the m,— O limit.
» Determined at a ref. scale (Q=m), decreases as o ~IN(Q%/A%)A~0.2 GeV

. T ™ Y La— | 0.5 : Sep 2003
o\ e Uncert.~6% - w@ Uncert.~2.5% | Q) Uncert.~0.5%
{ e . 04 *“. \ ] v Tdecays (NLO)
| & Lattice QCD (NNLO)
' 03 & DIS jets (NLO)
03l N\ o Heavy Quarkonia (NLO)
. o e'e jets & shapes (res. NNLO)
¢ 7 pole fit (N*LO)
o2l R, 02+ v PP -> jets (NLO)
Ttk
o1l . M_
1989 | |2000 " 2013
L i i hd A 4 sl A PR Y ol - . o - . . .
1 L] Q [(-;e\'l e 1 10 Q [Gev1 100 l 10 100 Q [Gev] l{]{m
g (M) = 0110008 (NLO) » as(M;)=0.1184£0.0031 (NNLO) » 0s(Mz) = 0.1185 £ 0.0006 (NNLO)
G. Altarelli, AnnRev. Nucl. Part. Sci. 39, 1989 S.B. . Phys. G 26, 2000
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QCD coupling a._

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter of QCD in the m,— 0 limit.
» Determined at a ref. scale (Q=m), decreases as o ~IN(Q%/A%)A~0.2 GeV

— T T | 0.5 — —~ 0.35 = —————ry
; ! ' ‘> F T decay (N3LO) = ]
S\ e, Uncert.~6% ;@i Uncert.~2.5% |& | low 7 cont (AVLO) +=+
i * | I | S ets ]
A - 04 ’1‘. | 1 031 \ Heavy Quarkc;]nia (NLO)
[ \ ete” jets/shapes (NNLO+res) —*— ]
. L Y pp/pp (jets NLO) ==+ 4
* 0.25 o EW precision fit (N3LO)!—9—|
3 | 03 A\, \ _ pp (top, NNLO) v
d wal - - Uncert ~0. 85%
+ 1. ' Pt
[ 0.1 B i
0.1 |
{
(1983 ., 2000 2019
0L R — P PRI |
" QIGev] 1 10 Q[GeV] 100 o 100 olo0
eV
ag(M.)=0.110")008 (NLO) » ag(M.)=0.1184=0.0031 (NNLO) » » os(Mz2) =0.1179 + 0.0010
G. Altarelli, Ann. Rev. Nucl. Part. Sci. 39, 1989 S.B., 7. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
oa ~10* <« 606G, <« 107 <« 6G~10°< 60 ~10°
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Importance of the QCD coupling o

» Impacts all QCD x-sections & decays (H), precision top & parametric EWPO:

Msbar mass error budget (from threshold scan)

Process O (pb) Jda.(%) PDF +a,(%) Scale(7%)  (6MFPT1)e® " (GMFPT") ™ (5, (ime))mrsen [ om, (m:)) ™

ggH 49.87 +3.7 6.2 +47.4 2,61 +0.32 40MeV 50 MeV 7-23MeV 70 MeV
ttH 0.611 + 3.0 180 93 +59 = improvement in as crucial o (M,) = 0.001
Channel My[Gev] da(%)  Amy Am, Quantity FCC-ee future param.unc. Main source
H-sc 126 +71 +01% +23% Fz [Mev] 0.1 0.1 Saus
Ry [107°] 6 <1 Soxs

H—gg 126 + 4.1 +01% +0%
Ry [1073] 1 1.3 Saus

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

® Impacts physics approaching Planck scale: EW vacuum stability, GUT

0.06 I
I my, = 124 GeV ] L ]
- m, = 173.2 GeV 1 60 |- i
0.04 as(Mz) = 0.1184 ] i i
s f 50 - :
E" 0.02 - i i
=
% 0.00 - = f areev :
& —0.02 - N
<) i 20 |- -
—0.041 T ol = (New coloured ]
—0.06 L L L I mﬂﬂm 0 I_ | | SeICtOrIS?)I 7
102 10 108 112:3]310: 1912 Gl(:“ 10'6 10'8 1020 102 106 1010 1014
scale u in Ge Q [GeV]
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Ultra-precise W, Z, top physics at FCC-ee

Vs=91 GeV, 102 Z's Vs=161 GeV, 108 W's Vs=350 GeV, 10° tops
— -~ 30 . . - =47 —
= v -E;_ | LEP | i I ﬁ [ threshold - 1S mass 174 GeV I ]
= [ 3 - ' -~ c {2 L —TOPPIK NNLO —CLIC 350 LS+ISR 3
BE o+ ALEPH ay % = [ —ILC350LS+ISR  —FGCee 350 LS+ISA ]
- DELPHI [FRY =] S § 1E ]
L3 I_In:r.'-h"- :I.* 20 . S -1 pret r i
OPAL ' ' S et E 08| .
20 F ! e | 6 ¢ ]
el | W o 06 ——
by factar 10 4’4. :& 1 E| ] - r ]
10 - / "-‘;k ; | 04 ]
L U & VFSWWRacoon W - -
L : 7 o AW vertex (Gentle) 0.2 C ]
;""’ _-‘| ...only v, exchange (Gentla) =k bazad on CLICALC Top Study -
— o - EPJ C73, 2540 (2013) .
0 . I_ MR BRI B B | E] ~ ; . : ; ; [ N — I T R S N T M ]
86 88 90 92 o4 160 180 200 345 350 355
e Lineshape Eon [GeVI Js (GeV) Vs [GeV]
=» Exquisite E (unique!)
beam e Threshold scan e Threshold scan + 4D fit

» m,, [, to 10 keV (stat)

= m, toic MeV(stat)
o Asymmetries 100 keV (syst) = m,, to 500 keV P 740 MeV (th.)
e BranchingratiosR, R,_, » Ay to13%

» sin®0, to5x10® i -100
W - a.(m,)to 0.0002 » EWK couplings to 1-10%

e Radiative returns e*e™—yZ (Z—=vv, p*u7)
= N, too.o0l

e Branchingratios, R, R,
= o (m;)to o.o002
e Predictm,,6 my in SM

top!

m Unparalleled Z, W, jets, 7,... data sets: Negligible a_ stat. uncertainties
m Unparalleled syst. uncert.: 8 _ (Z,W) ~ 0.1, 0.3 MeV -~ Very precise I, ,

LFC21, ECT*-Trento, Sept'21 22/66 David d'Enterria (CERN)



World a_determination (PDG 2019)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

— 0.35 —_,————— 71—
= ' T decay (N°LO) +=— ]
=1 W (1) T decays low Q? cont. (N°LO) Feo—i
03 E DIS jets (NLO) i
) Heavy Quarkonia (NLO) 1 -
. e'e jets/shapes (NNLO+res) H* ]
- lattice pp/pp (Jets NLO) —=- -
| pp (top, NNLO) v
0.2 -_. . -:':1"-:..\\“ _
5) e'e Jets (shapes, rates)
0.15 :
T (6) Z decays
[ | . () pp—»ttbar
0.1 B i T &= - 2., ':. .-
= C(S(MZQ) =0.1179 £ 0.0010 :
0-05 [ 2 M ......i M M ......i M 1 .-u---i :|
1 10 100 1000
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World a_determination (PDG 2019)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

«~ 0357
0.3 |
0.25 |

0.2 |

0.1 |

0.05 L

LFC21, ECT*-Trento, Sept'21

= ay(Mz%) = 0.1179 + 0.0010

LB L | T T LA | |
T decay (N°LO) +=— ]

low Q? cont. (N3LO) o |

DIS jets (NLO) =

Heavy Quarkonia (NLO) > A
e'e jets/shapes (NNLO+res) H»— ]
pp/pp (Jets NLO) &8+ -

EW precision fit (NSLO)!—B—' ]

pp (top, NNLO) v
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(6) Z, W decays
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o_ from hadronic t-lepton decays

Vf— 4 '
» Computed at N3LO: g, = -0~ vethadons) o v+ Y en (%) +0(a?) + dup)

L(T7 = vre 7))

* Experimentally: R__ == 3.4697 £ 0.0080 (+0.23%)

|
» Various pQCD approaches oy e | - pangl
(FOPT vs CIPT) & treatment  |Boito 2015 | e ? Tdesfays
of non-pQCD corrections Pch206 | l_.__i'_';"—' | low Q?
(A/m )? ~2%, yield PDG 2018 - HE— ;
different results. | Loh .1 | |
0. 110 0 115 0. 120 0 125 O 130
Uncertainty slightly increased: as(M2)

2013 (+1.3%) = 2019 (+1.5%) as(Mz) 0.1187 £ 0.0018 (+1 5%)

0.08— T

015 ‘

T T T
o OPAL HFAG rmal zation o« OPAL, HFAG onnahz ation [

» Future : fﬁ; ALEPH 2013/14 ‘ 0.06; ‘ ALEPH 2013/14 ‘
— Understand FOPT vs CIPT diffs. = "] | ﬁ s 0ol

— Better spectral functions needed s !}
(high stats & better precision): N |
B-factories (BELLE-II)? o Do o o 7

— High-stats: O(10") from Z <t at FCC-ee(90) : da,_<< 1%

LFC21, ECT*Trento, Sept'21 25/66 David d'Enterria (CERN)
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o, from e*e: event shapes & jet rates (today)

» Computed at N2*LO+N®@LL accuracy.
» Experimentally (LEP):

Z |;ﬁ¢ -

7 =1 — max

Thrust, C-parameter, jet shapes ) |
n-jet x-sections 3, Il sin
» Results sensitive to non-pQCD =3 (S 15)?

(hadronization) accounted for

via MCs or analytically: T T T T T T T T T T T
IIIIIIIIIIIIIIII - ALEPH (j&s) c ° i
Full N?LL' results OPAL (]&S) I E (| Y i
) ] . Y
C parameter_‘_ . ; JADE (j&s) : il
norm ] Dissertori (3j) i ete-
A ] JADE (3j) | ——e i jets
e ] Verbytskyi (2]) H-e— &
GeV Thrust with 0] 1 Kardos (EEC) |.._._.:.|_.._..| sha pes
2 j—l;‘al-ametcr witlll _QT o ] Abbate (T) —o— g :
_—Parameter with (2] = ’?‘11' ] ; o i ; 1
Thrust 1;6;_7 o l N Gehrmagn () b I
norm T2 e ' Hoang (C) = i
0_ b l 1 1 1 1 l 1 i l 1 l 1 1 1 1 I 1 1 1 1 l
2 R 0.110 0.115 0.120 0.125 0.130
2
as(Mz)

» Wide span of TH extractions... ag(M2) = 0.1171 £ 0.0031 (+2.6%)
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o_ from e*e event shapes & jet rates (FCC-ee)

» Computed at N>°LO+N®@LL accuracy. a—
» Experimentally (LEP): S |5

7 =1 — max

Thrust, C-parameter, jet shapes ) |
B_Jet X'SeCtlonS (_r B 3 Ei’j |f-_’;||j'}’j| Eillg Hl_} N .-
. ) i o
» Results _sen5|t|ve to non-pQCD 2 (S, I5) OPAL 3 jof ovent
(hadronization) accounted for
via MCs or analytically: » Modern jet substructure techniques:
"""" Full N°LL resutts || “Soft drop” can help reduce non-
C-parameter .
norm T ° ] PQCD corrections for thrust:
[Baron, Marzani, VT; '18]
3L i 050 ij{(e+e‘—)qq+X) 050 %%(e+e‘—)qq+X)
gg\cf Thrust with Q] -—-—-: ]1:2 1:]?" \ \\ L(i:):; :'--':
2r C—Parameter with y 040 | NLL:ILop];i“ 1 *9r \\‘ L?‘;N;i;':i; ]
C—Parameter with N5 = 5%'11[ ] T iit’:iz zD no Lig -
Thrust | - ] 030 0.30
norm ~ [ T e
T 020 g 020
00_.1'16 BN TR N N S N ST N N N
ag(mz) 0.10 | 0.10
Q=mz =mz
» Future: Baslocs <1% 0'%[].00;;“_%30?_0 TR o zw[tl.'ozolliﬁ_ﬂ 01

T

— FCC-ee: Lower-vs (ISR) for shapes, higher—TJs for jet rates
— TH: Improved (N?2°LL) resummation for rates, hadronization for shapes
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Hadronic Z, W decay pseudo-observables

» Z & W observables theoretically known at N*LO accuracy:

e The W and Z hadronic widths :

4
(@ =17 (1 @)
i=1

as(Q)

¢ The ratio of W, Z hadronic-to-leptonic widths :

) - O(a8) + 6,y + e + 5np)

DdE, Jacobsen:
arxXiv:2005.04545

TH uncertainties:
(o, included for 2):
+0.015-0.03% (2)
+0.015-0.04% (W)

had 4 i
Rwz(Q) = li‘:%g — REW, (1+Zai(Q} (asi@)) +@(ag)+5mix+5np) Param. uncerfs.:
W,z =1 (m, .,a, V_ )
ZW? ! cs,ud

e In the Z boson case, the hadronic cross section at the resonance peak in ete™:

had 127 TgIpd

+0.01-0.03% (2)
+1.1-1.7% (W)

Oy,

- mz ) (1’\%0‘5}2

+0.03% (W, CKM unit)

» Measured at LEP with +0.1-0.3% (Z), +0.9-2% (W) exp. uncertainties:

Recent update of
LEP luminosity

theory experiment
previous new {this work) change | previous [6) new [20, 21] change
[t (MeV) | 2494.2 + 0.8, 2495.2 + 0.6par & 0.4¢p, +0.04% | 249524 2.3 2495.54+2.3

w/ bias(*) change the Z
20.767 £ 0.025  20.7666 £ 0.0247-0.040%

Rz 20.733 £ 0.007cn  20.750 % 0.006par % 0.006¢n +0.08% values by few permil

o"z“‘d (pb) 41490 + Gy 41494 + 5par + Gip +0.01% 41 540 + 37 41 480.2 + 32.5 —0.144%

W boson GFITTER 2.2 (NNLO) this work (N?LQ) experiment (*) Voutsinas et all
bservables . CKM KM unit. .

observables (exp. CKM) (CKM unit.) arXiv:1908.01704,

Thad (MeV) - 1440.3 & 23.9par £ 0.2¢p 1410.2 & 0.8par £ 0.2¢ 1405 + 29 J t et al

et (MeV) 2091.8 % 1.0par 2117.9 + 23.9par + 0.7 2087.9 & 1.0par % 0.7, 2085 + 42 anp et al.

Rw - 2.1256 + 0.0353par + 0.0008¢,  2.0812 = 0.0007par &+ 0.0008¢,  2.069 + 0.019 arXiv:1912.02067
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o, from hadronic Z decays (today)

. . Z boson ag(mz) uncertainties
» QCD Coupllng eXtraCted from observable extraction exp. paraim. theor.
. . . o T 0.1192+0.0047  £0.0046  £0.0005  =0.0008
(I) Combmeq fit (_)f 37 pseUdO'ObserV' Rz 0.1207 £0.0041  40.0041  +0.0001  +0.0009
(i) Full SM fit (with o free parameter) o 01206 +0.0068  +£0.0067 +0.0004 00012
All combined 0.1203+0.0029  £0.0029  £0.0002  =£0.0008
Global SM fit 0.1202+0.0028  40.0028  +0.0002  +0.0008
DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
NN 45 J '.‘ Mo 4.5 = (ombin -
a  E Dashed/Full curves: 2018/20 by ; Combined 2 psetido-obs.
7Y gyt ettt S S R 26 4 T GlobalSMA 26
= s Combined Z pseudo-obs. [2018]
3.5 ry 35 Global SM fit [2018]
- R [ ] World average [PDG 2019]
3:— hzd 3
- o7 -
25 - 1 [2018) 2.5
o ---- R,[2018] ol
= o0 [2018] 5
1 '55 ] World average [PDG 2019] 1'55
T ————— S | F——% e —— — —— —— " — lo
050 \ &Y/ 74 0.50
:llllllIII|IIIIIIIII|IIIIIIIII|IIIII-I.L'|IIIII\--.'"1""""' OEHH\HH\HHE\HHH el laiaa
(907 0.08 0.09 0.1 0.11 0.12 0.13 0.116 0.118 0.12 0.122 0.124
og(m.) czs(mz)
» LEP lumi-bias updates lead to much better » EXP/TH updates lead to better
agreementamong I, R,, o, extractions: agreement with full SM fit;
* Improved o (m,) = 0.1203 + 0.0028 (+2.3%) * o/(m,)=0.1202 + 0.0028
PDG’19: a(m,) = 0.1205 + 0.0030 (+2.5%) PDG’19: a(m) = 0.1194 + 0.0029
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o, from hadronic

Z decays (FCC-ee)

% QCD coupling extracted from:

(i) Combined fit of 3 Z pseudo-observ:

7 boson asg(mz) uncertainties
observable extraction exp. param. theor.
All combined 0.1203 £ 0.0029 +0.0029  £0.0002  £0.0008
Global SM fit 0.1202 + 0.0028 +0.0028  +0.0002  £0.0008

(ii) Full SM fit (with o free parameter)

All combined (FCC-ee) 0.12030 £ 0.00026 +0.00013 +0.00005 =+0.00022
Global SM fit (FCC-ee) 0.12020 £ 0.00026 +0.00013 +0.00005 =+0.00022

» FCC-ee:

— Huge Z pole stats. (x10° LEP):

— Exquisite systematic/parametric
precision (stat. uncert. negligible):

AR, = 1073, Rz = 20.7500 +0.0010
ATP' =0.1 MeV, Tt = 24952 + 0.1 MeV
Acbad = 4.0 pb, o%* =41494+4pb

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

o 4.5

a F
4 — 20

C = 7 data, FCC-ee (91 GeV)
3'5:_ mmm 7 data, LEP (this work)
3 f_ D World average [PDG 2019]
» 2,50

ok

Amgz = 0.1 MeV, mgz = 91.18760 =+ 0.00001 GeV
Ay (mz) = 0.0275300 + 0.0000009

Aa = 31073,

— TH uncertainty reduced by x4 com
missing o.°, o®, ao a0 ?,0’0 terms

» 10 times better precision than today:

oa Jo, ~ +0.2% (tot), +0.1% (exp)
Strong (B)SM consistency test.

LFC21, ECT*-Trento, Sept'21
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1.5

1o

—_— — — e —_—— e —— — —— ——

1
0.5

0d

puting

0.122 0.124

og(m,)

6 0.118

—

0.12

o (m) = 0.12030 + 0.00028 (+0.2%)

David d'Enterria (CERN)



o_ from hadronic W decays (today)

» QCD coupling extracted from new N°LO fit of combined I’ , R, pseudo-observ.:

W boson as(mz) uncertainties
observables extraction exp. param. theor.
I, Rw (exp. CKM) 0.044 + 0.052 +0.024 +0.047  (+0.0014)
I'et, Rw (CKM unit.) 0.101 £ 0.027 +0.027  (+0.0002) (+£0.0016)

It Rw (FCC-ee, CKM unit.) 0.11790 +0.00023 +0.00012 +0.00004 +0.00019

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

» \ery imprecise extraction: =45

——————————————————— L — 126

— Large propagated parametric uncert.
from poor V__ exp. precision (+2%):
QCD coupling unconstrained: 0.04+0.05 ,;

m— R, T\7 (CKM exp.)
m— R, [\ (CKM unit.)
[ ] World average [PDG 2019]

— Imposing CKM unitarity: large exp. 2
uncertainties from I,, R, (0.9-2%): 15 :
QCD extracted with ~27% precision | /0
0.5

=)
ORI
Y
o
o
[#)]
(]
o
s3]
o
e
(]
e
\%]

— Propagated TH uncertainty much ) _ _
smaller today: ~1.5% s(m,)

o (M) = 0.101 £ 0.027 (£27%)
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o_ from hadronic W decays (FCC-ee)

» QCD coupling extracted from new N°LO fit of combined I’ , R, pseudo-observ.:

W boson as(msz) uncertainties
observables extraction exp. param. theor.
It Ry (exp. CKM) 0.044 + 0.052 +0.024 +0.047  (£0.0014)
', Rw (CKM unit.) 0.101 + 0.027 +0.027 (+0.0002) (+0.0016)

rt, Rw (FCC-ee, CKM unit.) 0.11790 & 0.00023 +0.00012 +0.00004  =+0.00019

) DdE, Jacobsen: arXiv:2005.04545 [hep-ph
» FCC-ee extraction: [hep-ph]

e 4.5
— Huge W pole stats. (x10* LEP-2). © 4 —— R, — ————————— 26
— Exquisite syst./parametric precision;  *°F
3 m— R, I, FCC-ge (160 GeV)
F“ti.gft = 2088.0 £ 1.2 MeV o 5E- World average [PDG 2019]
Rw = 2.08000 = 0.00008 o
mw = 80.380040.0005 GeV 150
[Ves| = 0.97359+£0.00010 «O(10%) D mesons 1-—————— gl —+————————————] o
, 0.5
— TH uncertainty reduced by x10 q||||
after computing missing a5, o2, o, 0116 0.117 0.118 0.119 0.12 0.121%(%1)22

a0, 00,00, terms o (m ) = 0.11790 * 0.00023 (+0.2%)
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Partial summary: a_at FCC-ee

m World-average QCD
coupling at N%2LO today:
— Determined from 7 observables

with combined £0.85% uncertainty:
Least well-known gauge coupling.

— Impacts all LHC QCD
X-sections & decays.

— Role beyond SM: GUT,
EWK vacuum stability,
New colored sectors?

m Uncerts. for e*e” extractions today:
+1.5% (mostly non-pQCD)
— Shapes, jets: £2.6% (mostly non-pQCD)
— Z pseudo-observ.: +2.5% (mostly exp.)

— 17 decays:

m New Z, W extractions:
— Z boson: New fit with high-order

EW corrections + updated LEP data:
+2.3%, £0.6%, (exp., th.) uncerts.
— W boson: New N°LO fitto I, R,

~47%,~27% (param., exp.) uncerts.

LFC21, ECT*-Trento, Sept'21

m 0.1% uncertainty only possible

with a machine like FCC-e*e-

e 4.5
< = : -
4———+ 4 ———————————1 2c
r 3 ] = Z data, FCC-ee (91 GeV)
3.5 | | == Z data, LEP (this work)
35_ i [ World average [PDG 2019]
2.5 /

| | o (m)=0.12030 + 0.00028
+0.2% (tot), +0.1% (exp)

2:

0.01716 0.2118 0.12 - 0.122 0.124
og(m,)
“< 4.5
<] E
A———"F——8% +— 18— ——— — — — — — — — — — 2c
3.5
Sf— —— R, T\, FCC-ee (160 GeV)
2.5; |:| World average [PDG 2019]
150 H o (m) =0.11790 + 0.00023
TR o +0.2% (tot), 0.1% (exp)
0.5F

08760117 0118 0416 012 0751 022

oaS(mZ)
What are the detector design improvements needed to
bring propagated syst. uncert. on W,Z pseudo-observ.

low 0.1% ?
below 0.1% David d'Enterria (CERN)



o, running at the multi-TeV scale (FCC-pp)

» Jets from pp collisions above LHC energies provide the only known
means to test asymptotic freedom & new coloured sectors above ~3 TeV.:

0_2- T T 7T I T T T I T T 1 I T T T | T |-:. 150- 100Tv I T lIlIrII T r|l||u| —T |||||1|
100 TeVv s € .
- B jet _-|- 125 m{g) sensmvity from as(Prm=) running of - '; -]

- 0=0(pr" >Prmin) [M;|<2.5 -[ Hli b oju=0(Pr* > D), Iny<2.5 - .;,

0.1 —

0.0 |
[ Shaded area: do/o (SM) Uﬂ_

—0.1 — (Uncertainties: stat 1% syst) _:—;_
" Solid: 1—a2(SM)/a2(SM+E 4rev)
- Dashes: 1—a2(SM)/aZ(SM+§ arey)

L 1 L L I 1 1 1 1 I 1 1 1 1 I Il 1 1 1 I | 1 :' :
-0.2 ! C
5 10 15 20 25 0-0 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIII| 1 1 IIIIII|

10 _ 1
Prmmn (TeV) L (ab™")

10.0 _—Dashes: Prmn at 3o deviation -:'
r Solid: m(g) at 3¢ 7.

Figure 5.5: Left plot: combined statistical and 1% systematic uncertainties, at 30 ab™ 1, vs pr threshold;
these are compared to the rate change induced by the presence of 4 or 8 TeV gluinos in the running of
ag. Right plot: the gluino mass that can be probed with a 30 deviation from the SM jet rate (solid line),
and the pp scale at which the corresponding deviation is detected.

» FCC-pp: — Jet cross sections with <10% stat. uncert. up to p.~25 TeV
— Sensitivity to m =4-8 GeV gluinos in o, running.
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Physics at FCC e*e" & pp machines

(1) QCD: a_ coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches

LFC21, ECT*-Trento, Sept'21 35/66 David d'Enterria (CERN)



PDFs impact on new BSM | QCD physics

New physics at high-x? RS QUARKS
SUSY, RPC, RPV, LQS..

Exotic+ Extra boson searches at high mass

xg(x,Q), comparison

= 5 Gluino Pair Production PDF U W
= “I[—=cmo £ u -
: 25 : :méufa E 200 = POFALHCTS 6% OL
. — HERALY C
— 2,01 = ABKMDZ © lmmu
— m— LHEC -
- [ — : smhﬂ.
o = & L]
ﬁ : < HERA 68% CL
o =
= MRHT 4 B8, CL
; e ABMN2 6, CL
E o Auenc
. LHC (14 TeV) — ATLAS 216
1 Lol n 19 . . <
02 03 04 05 06 07 08 0.9 VN i
X
New QCD evolution at low-x?
xg(x.Q), comparison
I"l T IIII|| L TT II'II| ,;(\ 20
NMPDF30 o
= a BFKL?
O = 1.408+00 GeV 15 J|MWLK? DGLAP
CGC?
£ 10 Gluon splitting
o

g—» g4
Gluon recombination
99 —»g°

Generated with APFEL 24.0 Web

T T T T
0.0001 0.001 0.01 01

ul sl Lo
10° 10 10° 102
x
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Improved PDFs with p-p data (today)

m 6 partonic processes in pp at the LHC have provided key PDF constraints:

Top quark pair production W + ¢ production Drell-Yan production

r W~
5,d

t'+

o = 6 ® PDF
z/y

P A —— LT TR c -
p—
») — Jet production Direct photon production Zpr
! ( 645 !\ X MNANNAN T ———— AW ZY
P ()
S

o000 0y —————— Yoo 0000 ————

u gt 100 GeV U at 100 GeV 5 at 100 Gev 5 at 100 Gev
115 115 = 115, TS 115 :
l ' dated N N LO 77 NNPDFA.0 (6B cl.+10) (77 NNRDF4.0 (68 .l +1q) | / {777 NNPDFA.D (68 c.l+1a) il
. 110 75 NNPDFA.0 (no LHC) (68 c.l+1a) 110 57 NNPDR0 (noLHE) (BB cl.#1a) | 1104 FAYaY. | 110 7557 NNPDFA.D (no LHC) (B cl.+30) | 1
a 5 i e 1 =
P D F H I 108 7 ues 105 Los I 108 i
S usin : ; :
2 g 2 e B SR
g e s || = = O
S0 — 2100 L0 S 100 [E e
Z g | £ e _ ZLnE =
i) = i a
L C R . F0.95 2095 0.95 5095
H un- ala. - : \ *
- 0.90 - 0.0 S 0.90/ (=21 NNPDF4.0 (68 cl.+1a) | 0.90
b 7577 NNPDFA.0 (na LHC) (68 cl41a) | |

. W '._‘ 1
0 0.85 0.85 , 0,85 e . - : T 0.85 e . T T T
I _X —_ 0 10+ 0= 102 10 100 10 10~ 10 10 100 10+ 103 102 10 10° o+ 103 10-: 10-2 10°
’ x B M *

h n I ~ % d at 100 GeV d at 100 Gev Cat 100 GeV g at 100 GeV
115 . 115 - 1154 e " :
27 NNFDFA.0 (68 c.l.+1a) I 27 NNPDFA.0 (68 £l +1a) LA s
- a [ s u 3
f T 105 £ I oS S 1.05-— -
or all partons 2 I ' —
E S = £57 ] - S = N
Z 100 Z 1m0 = Lo e ST
2 E] =
except u-quar
2 2
0.90 0.90 0.904 /1250 NNPDFA.0 (68 cl+1a) 3
| W 7 NNPDFA.0 (no LHC) (68 cl.+10) | |
0.85 +renr . T ——— 0.85 +rror T . — 1 085 o g T — T 0.85

10-+ 102 10 10-1 10° 1074 102 10 10-1 10° 10+ 10-* 10-* 10 10° hliiad 103 10-? 107! 10°

LFC21, ECT*Trento, Sept'21 37/66 NNPDF4.0: arXiv:2109.02653 David d'Enterria (CERN)



Improved PDFs with pp data (HL-LHC)

PDFs at the HL-LHC ( Q = 10 GeV ) PDFs at the HL-LHC (Q = 10 GeV )
IIIII I|

- PDF4LHC15
# + HL-LHC (scen A)
* + HL-LHC (scen C)

PDF4LHC15
+ HL-LHC (scen A)
+ HL-LHC (scen C)

g(xQ)/g(x Q)fref]
d(x,Q)/d(x,Q)ref]

Lt 1 1 |
107"

107"

107 1072 1072
X

1074 107* 1072
X

PDFs at the HL-LHC ( Q = 10 GeV ) PDFs at the HL-LHC { Q = 10 GeV )
IIIII I|

PDF4LHC15
+ HL-LHC (scen A)

PDF4LHC15
© + HL-LHC (scen A)

[R.A. Khalek et al. arXiv:1810.03639]

% = + HL-LHC (scen C) B # + HL-LHC (scen C)
o o)
B ‘o
a o
> £
oo Y
Ll Ll Ll Lol L B L Ll vl Linl
10°° 107 107° 1072 107! 107° 107 10°° 1072 107

m Significant (factor ~2) PDF uncertainty reduction (with little
dependence on projected systematics). But not at very low-,high-x...
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PDFs needs for FCC-pp

m Still large PDF uncertainties in pp at 100 TeV in key (x,Q?) regions:

xg(x,Q), comparison ‘

| IHIml 1 \II]III| LRI LI | IIIII|T| I TTT [ \IHHI] 1 III]IIII I IHII|T| [ TTENT .2“ L E
10° = Pltby J. Rojo, Dec 2013 . E
S NEW it
i PHYSICS 1 ¢ High-x
0L FCC 100 TeV . E
- 2 TeV squarks mmmmmspmimio ;
_F LHC 14 TeV P :
> F AN ST 04 0 %6 07 08 08 1
8 ‘IO3 = PRECISION ,” K "0',” ,', I"E GluunGtm:. luminosity
\_; E PHYSICS /: R!\ /: ”r ’,: E i ——
= - . . " ; '/ Jr’ n IOOTEV
- Higgs, top S
10 A . ; : . -
F LOW-X X . S S 5 7 -~
PHYSICS ‘{ J’ “. l{ z’ I’ t’ I’ J, ;’I 2 v i :
10E R e A e ey ot 73 e N
: \s«" A R A A - T G
[ y:-B ,” "-:/ y=-4’.-' ’/ y:o ,” ’:' y=4 ,z' "’ y=8/’ - x@(x.Q), comparison
= ‘ . L 2 T T T i
. - NNPDF30 =
1 | IHI|_|_|_| | \IIIIII| [ IIIIIII| 1 I\IHIll | IIIII|_|] L \IIHHI | \I\IHIl 1 IIIlI\Il l I\III|_|J L 1E1l] 1-3 uon O 140000 Gev 3
10° 107 10° 107 10 100 10t 10° 107 10" x o = o 4
12 1 3
_ - 18 Low-X
m FCC-ep required to reach <1% o % ;
uncertainty for o(W,Z,H) at FCC-pp, or = g uncert.|

FCC-pp data themselves will suffice? A IR I
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Physics at FCC e*e" & pp machines

(1) QCD: a_ coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches
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Precise jet substructure & flavour tagging

K (larger energy weigth)

N State-of-the-artjeF A = Z zf@f ’ p 3
substructure studies iCiot 2¢Pr
based on angularities: (normalized E"X 0" products) e .

m 'Sudakov”-safe variables of jet constituents: 1~ ®-—-®-—---- ®-- <—¢€p
multiplicity, LHA, width/broadening, (larger
mass/thrust, C-parameter,... ogmumpmi ! et

m k=1: IRC-safe computable (N"LO+N"LL) via SCET  , aeomim e
(but uncertainties from non-pQCD effects)
m MC parton showers differ on gluon (less so quark) radiation patterns:

Quark, hadron-level Gluon, hadron-level Separation, hadron-level
M N T M M T M ' N N N N T T

6 — — T ™1 T T U U 2 T
thia 8215 =—— thia 8215 = thia 8215
[—l:grwigz_m —— Gluon rad'& frag' I-Il)grwig 271 === ggrwig 271 —=—=
5F Sherpa22.1 ----- 1r poorly known Sherpa 221 ----- - Sherpa221 ===--
Vincia 2001 ==~ Vincia 2001 ==~ Vincia 2001 ==~
Deductor 1.0.2 === Deductor 1.02 === 151 H 5% Deductor 1.02 === ]
4+ Ariadnesopg e L Ariadne s.0p e H. 3 Ariadne 5.0 o
Dire 100 = Dire 100 = Fig Dire 1,00 =wwee
- Analytic NLL Analytic NLL mees = i Analytic NLL =
= 3 4F _ g 1 if .
= Q=200 GeV Q=200 GeV ~ f' F Q=200 GeV
e 1 R=06 R=06 g i R=06
,L R . 1L \ - i . U-quark vs gluon
\ e‘e—Z-uu e'e—~H-gg _ O discrimination -
5. _ 05 e, ISCrimination
1+ ; . N, power
Ny
; 5 SN
0 A 1 1 L L 0 o . | i N 1 . . . | " o 1
0 0.2 0.4 0.6 0.8 10 0.8 1 0 02 0.4 0.6 0.8 1
N5 [LHA] | M5 [LHA]
, -Trento, Sept ) ) avi nterria
LFC21, ECT*T Sept21 [G.Soyez et al ] David d'Enterria (CERN



High-precision gluon & guark jet studies (FCC-ee)

m Exploit FCC-ee H(gg) as a "pure gluon” factory: £ 00000000
H - gg (BR~8% accurately known) provides - - — - - .
O(100.000) extra-clean digluon events. .

00000000

m Multiple handles to study gluon radiation & g-jet properties:

» Gluon vs. quark via H—gg vs. Z-qq 4 | ——

- - st H — gg -
(Profit from excellent g,b separation) > i Pyt

» Gluon vs. quark via Z - bbg vs. Z-qq(g) ) sty Herwig? —— -

(g in one hemisphere recoiling z 77 " ! » with mMDT —

. . . = L + _

against 2-b-jets in the other). 5 7 k L

: + - i = 151 . + _

» Vary E  range via ISR: ee"— Z* y* ~ jj(y) 1. +++++++++++ |

» Vary jet radius: small-R down to calo resolution | .. T ]

"l .~ LH angularities ++I::
m Multiple high-precision analyses at hand: "¢ o o 0 o 1

— BSM: Improve q/g/Q discrimination tools Mz 16 Soyez et al]
— pQCD: Check N"LO antenna functions. High-precision QCD coupling.
— non-pQCD: Gluon fragmentation: Octet neutralization? (zero-charge gluon

jet with rap gaps). Colour reconnection? Glueballs ? Leading n's,baryons?
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Highly-boosted jets, multijets (FCC-pp)

m Proton-proton collisions at 100 TeV provide unigue conditions to
produce & study highly-boosted objects: top, W, Z, H, R_,,(l):---

Resolving small angular dijet sep. AR = 2M(jj)/p.()-
m Jet substructure: key to separate dijets from QCD & (un)coloured

resonance decays e.J. foe ol uds jets, m_ = 10 TeV
:‘F:.-, C fop jets, m, =10 TeV % i
RlO-TeV_) tt,qq,gg,WW Bors - antik;, R= 05 *L antHkn B =03
: . i — Herwig++ - — Herwig++
m Diffs. in MC gen_erators for g s s
qguark vs. gluon jets
(& jet radius). ot
0 200 400 Miat (G S:‘.JU ¢ 200 400 MF' (o S}UO
m Also unlque multuet (N>>10) : Wjets, m, =10 Tev ot = T0ToN
B S M y 1010} _I \/_ 14 TeV |1 gn.oe B antik,, R=0.5 '% : antik,R=0.5
QCD = 108:---1--- == /s=100TeV | — Herwigs 0.004'_ — Herwig++
. = - - I — Pythiag
studies ;5‘ 10°F — Pythia8 [
él 1047 0.002_—
® | anti-kyjets R=0.4
10°} T ) S S, S —— o o M 0w w A g s
. p;r > “JU Ge\l/ 400 Mw(ﬁée)oo 0 200 400 \, el

Niot [FCC-pp, arXiv:1607.01831]
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Physics at FCC e*e" & pp machines

(1) QCD: a_ coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches
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Colour reconnection

m Colour reconnection among partons is source of uncertainty in m, My,
aGC extractions in multijet final-states. Especially in pp (MPI cross-talk).

» CR impacts all FCC-ee multi-jet final-states

(potentially shifted angular correlations): @
— e*e’ ~ WW(4)), Z(4)), ttbar,
— H(2j,4j) CP studies,... O(1)

— String-drag effect on W mass
(Hinted at LEP: No-CR excluded at 99% CL).

» Exploit huge W stats (X10* LEP) to “turn the
m,, measurement around”: Determine m,

leptonically and constrain CR in hadronic ® kinematics
WW: Colour reconnection controlled to <1%
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Other non-pQCD phenomena

m High-precision low-p_ PID hadrons in e*e’,pp for detailed studies:

— Baryon & strangeness production. Colour string dynamics.
— Final-state correlations (spin: BE, FD; momenta; space)
— Bound state formation: Onia, multi-quark states, glueballs, ...

conservation of : '5 » Understand breakdown
baryon number g of universality of parton
- qq (] G 3% hadronization observed
How local? 3 at LHC.
strangeness

(G- e |

| m Baseline vacuum e*e-
1 studies for high-density QCD

;’* Q+03" (x16)

How local? [ *f i
e ALICE .
transverse momentum l -;f-' o potemTIY In small & Iarge SyStemS-
o e b 7 — PYTHIAS [1]
q i q q P q f ...... DIPSY [2]
v 7 s EPOS LHC (3]
H I |'? 10_3 ALICE. arXiv:1606.07424
ow local? rarer PP ERPEUUIN BN
10 107 10°
<d Nch!d ”)Il,ll-z Q.5
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Partial summary: QCD at FCC-ee & FCC-pp

¥ The precision needed to fully exploit all future ee/pp/ep/eA/AA SM &
BSM programs requires exquisite control of pQCD & non-pQCD physics.
¥ Unique QCD precision studies accessible at FCC-ee, FCC-pp:

V April 2016 . . . n n -
aS(QZ) : TD?;(;S:,‘::;?) (2) H|gh-preC|S|On PDFS (3) N LO+N LL Jet StrUCt
u] HC:[\,} Ql][]_l‘l\'()l'li[l (NLO) PDFs at the HL-LHC ( Q = 10 GeV ) PDFs at the HL-LHC (Q =10 GeV ) H Ig h g/q/Q d ISCrI m I n atlo n
0.3 o ¢'e jets & shapes (res. NNLO) i ~TPDRLHGTS : = PDRALHGIS
® ¢.w. precision fits (N3LO) 5 — ik el 5 — e 2 Separation, hadron-level
. - s . ’0;‘ 6;‘ Pythi‘a 8215 =——
(1) Per-mille o via hadronic | : o e
o % ncia 2.001 — — -
0.2 . It z, 15 i
Z,W,t decays, jet shapes,... )
s at the HL-LH)(() =10 GeV g
T ! i = —PDFALH‘C(:S : ‘s? !
e ¥ W) B 4+ HL-LHC (scen A) 7]
ﬂ. l LY e E S 4 HL-LHC (scen C) g + HL-LHC (scen C)
= QCD ay(M,)=0.1181 +0.0011 oar
1 10 100 ll}"l}l) ; ; .
Q [GEV] ¢ 0 0.2 0'.4 0[6 (;.s 1

M5 [LHA]

(4) Unique studies of highly-
boosted dijet & multijets

conservation of :

(5) <1% control of (6) High-precision
colour reconnection hadronization:

baryon number

P B e om0 TeV q @ g qq e g
g i antkk, R=05
L ekl e )-pr‘l 0 Distorted Gaussian (limiting spectrum, m_ =140 MeVEE
: — Herwig+ — Herwig++ B 9 How local?
F B
F — Pythia8 = Pythia8 P 8
ooos |- =l strangeness
. (@D sam»]
- o
M, (GeV) M,, (GeV) 5
§ [ W jets, m, =10 TeV ;'% glujets, m_=10TeV 4 H
Fom |- i , ow local?
Soos - antiky R=0.5 & anti-k,R=05 3
[ — Herwig+
004 - —Herwig++ il di 2 transverse momentum
[ — Pythia8
i —Pythiag 4 Ty ; _ _
ol ooz |- . 0 a q q q P q
~O [ — 9 10
NZ E=In(1/) WV

RRC S = e ® kinematics How local?

LFC21, ECT*-Trento, Sept'21 47/66 David d'Enterria (CERN)



Physics at FCC e*e" & pp machines

(1) QCD: a_ coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches
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Higgs physics at FCC-pp & FCC-ee

m Huge number of Higgs expected: 2:10'° (FCC-pp), 1.2:10° (FCC-ee)
o(pp—H+X) ~ 0.9 nb (ttH/HH/HHH access) o(e*e—H+X)~200 fb (low bckgd, no pileup)

o 'vE 3ge i Unpolarized cross sections ——————
o de = - i ; : ; - g'e’ = HZ
— - HE C g
b B _ s 8 [ —HZ,Z —= vv
10%- =18 | P11 |TWwWeH
= 20 ‘ 5 : —ZZ—H
10 E i : {
- 1 150
E IE -
- 3 100[—
10 = i
E MH = 125 Gev E 50__ ..............................................................................................
B MSTW2008 | i
10-2:_ A = B H H = B H
= |“. | 1 1 1 1 1 1 1 1 «LE - i — I T — | R I i 4
7 8 910 20 30 40 50 60 7080 107 800 220 240 260 280 300 320 340"_ . 36{)
N's [TeV] s (GeV)
gg—H | VBF|WH] ZH | ttH | HH Total Integrated Luminosity (ab™") B

G100 [pb] 802 69 |16 | 111 32| 19 _. Number of Higgs bosons from ete~ — HZ 1,200,000
] . F - ¥i¥ T . i i 'q
R 17 <16 1x10 a1 lxs2 [xa0 Number of Higgs bosons from boson fusion 50,000

m H couplings (down to 0.2%), rare & BSM decays, and H self-coupling
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Rare & invisible Higgs decays (FCC-pp)

CERN-ACC-2018-0045

B Complementary measurements of H—yy, H—>ZZ—4(, H—pp, H—>Zy—lly

10 FCC-hh Simulation {Delphes) T FCC-hh Simulstion (Delphes) g1t FCC-hi Simulation (Deiphes) B FCEC-hh Simulation (Delphes)
= S e L L R B = Tar el = LA LT L PR L) NI TR AL PR L PR = 1 T Tl T Tl
] - — Hi125) & Eo — H[1285) ] i - H{125) ] k] . — H{iz8)
2 o ie= 00 T.‘."V g9+ py N 2 | .3. - TOOTEEV mz= ] e .s=_roc_l Tr:‘l-" I m 1 3 20001 15 = 24;0 TE].-" kS 3
% 120E L - 200 pidi ke ] g soo[- L - 306 . E _ L=doan __ § tacol L - 30ab ] BRS
g oor g 3 L R 3 3 ..
ol E : L3 3 precision.
f . =00 12005_ _ 1 20/
[ 1 1000F- E
B0 T 3 . : it —_ 0
B 200] i P /—/‘"JIL E
40p T G001 =
L ] mr.lj:— | ‘10‘35— —f
8 ] : 0] ]
s | Sy O e e | = J 0 B o Bt g ) e
o 115 120 125 130 136 140 PIO 115 120 125 130 135 140 1o 1E 5 130 135 140 s 12 125 130 135
m, [GeY] m, [GeV] m,, [EeW] i, [Gav]
B H + large E ™%  BR(H—inv) from precise fit the E_™ spectrum
- background p, spectrum from Z—vv constrained to the % level
— ultimate precision: BR(H—inv) < 2.5 10* « SM (BR(H—4v)= 0.11%) reached with ~1 ab!
—_ L T i F‘IOEBE \u T T T T T T T LI
z ] E . awl
$ B . B 2.1 0 E \‘-\_ 1
- s F e, 3
L 10 e . 30 ab* = c 10 RSt 30 ab’ (100 TeV)
o - ] = C
o - .. . o 0% B(H - inv.) < 0.0001
I - . i 010"
102 : E o c
F . E UO‘-' 1074 )
o defaul ""._‘“\ ‘ : b 1074 fT .z-f““ﬂ.l:?mﬁ
o e BTt R
107 b -e--_default no exp. sys S Y . g 1078 E_ ___________
; 1% une. ‘ ; %10_” é‘ .......
B 1% unc no exp sys. Ly ; <10 48 ;—
107 E —— BR{H- ZZ - vvvv) e g 104
A I R T R R 109 . o L L
10 1 10 10? 10° 104 10° : 10 107 10°
Luminosity (fo™ DM mass [GeV]
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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 -
" FHH producton at pp coliders at NLO in QCD But various diagrams contribute to
M, =125 GeV, MSTW200& NLO pdf (68%cl) N - A ee .
0,10, ~diluted sensitivity to A, A,
§ 1ol 3 % i R Tripl‘eitzg:o::z‘:j:lm ‘+&32
. 8 ! :
g * ; |
E%‘ 3 0 5 ] 5 65 5 0 5 0
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 i el T
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 — bbet+e- 0(15%) A3 €[0.8,1.2]
Trilinear (g,,,)~ 3—6% HH — bb+H— _ _
Quartic (g,,,,) mildly constrained: 2c HHH — bbbbyy | O(100%) s € [—4,+16]
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Higgs self-couplings (A_,A,) at FCC-pp

FCC-hh Simulation (Delphes)

12

m 1D maximum likelihood fits of the
BDT discriminants

68% CL uncertainty on K,

bbyy bbtt bbbb | combined
3.5-8.5%12-13% | 24-26% | 2.9-5.5%

20 InL

10

= Combined -

|l|||l|||l|l|l|l

— driven by the bEW channel, - i
limited by systematics

mA few remarks: 8.7 0.8 00 1 11 12 k1.3

— small impact of (eg QCD) background relies on the fact that the data will help to
constrain the normalisations

— precision achievable only if good measurements of other couplings:
1% uncertainty on y, = 5% uncertainty on i,

— uncertainty on 6,,;: 0.5%-1.5% (~5% today): needs at least one order beyond

NLO with full top-mass dependence, possibly beyond N*LO in the infinite top-
mass limit

m Evolution with luminosity:

— 10% precision achievable with 3 ab™! of data, ie a 3-5 year early run
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Higgs self-coupling (A,) at FCC-ee

m Higgs trilinear indirectly constrained through loop corrections to G(H+Z)Z
2

el G

6240 =100 (267 + 0.01455) %

OZh =

[M McCullough, 2014]

Self-coupling correction o, : energy-dependent

d,: energy-independent (distinguishable). FCC-ee
0.04 - 5/ab at 240 GeV
m Tiny effect, but visible thanks to +0.2/ab at 350 GeV
extreme (0.4%) precision on o, 0.02p - Cs L15/ab at 350 GeV
coupling reachable at FCC-ee. g 1] — _
m Indirect limits on trilinear A coupling -0.02 T
at ~40% level combining 240+350GeV .| P(f_a€+|) = (Of 0) o
6 -4 -2 0 2 4 6
m Final Higgs self-coupling precision (FCC-all): 2—3% 0K\
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Precision H couplings, width, mass (FCC-ee)

m Recoil method in H-Z(Il) unique to lepton collider:
reconstruct H 4-mom. independent of H decay mode.
m High-precision (0.4%) o,,, provides model-independent

g, coupling: o(ee ~ ZH) « g2 with £0.2% uncert.  ,2° _(/_ B -1t

recoil —

2> liwithH >bb |

3 l —
> 50 E?IOII TrTT I TTrTrT I TITT I TIrTT ] Trrr EEH LILBLIL ' TTTIT I TT II_ > mh cMs slmulation IH_,tt wi‘h z_, m] cMs simu]a‘ion
[«3] L 4 E 400 RS —
S - Wz 5 ab™ ] § 450F [— Sioral FCC-ee wn: tmow E E FCC 00 fiezdacay
S | D= ) 1 3 | oo Sssol [ -ee
‘UE) 40 [ww 0.85% . ‘E 400 | —z 3 F |=2z e
e O (2.7% @ 500 fb-1) | & 3%F | _* § 0 |—w
W 30f 7 — 300 W, F |
r —Eee E
C HH 1 2s0f
20 1 0
- = 1 150
101 1
C e ] 50
C i ST It L0 D e E e e e g
50 60 70 80 90 100110120130140150 %0 60 70 80 90 100 110 120 130 140 150 100 120 140
my (GeV) Higgs mass (GeV) Higgs mass (GeV)

m Total width (I',,) with ~1% precision by combining o(ZH) and BR(H - ZZ):
4
o(ee — ZH)BR(H — Z7) o gHFZZ =T

2 2
93229
m Rest of Yukawa from other decays: o(ee — ZH)BR(H — X X) oc ZH22HEE = gy v
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Precision Higgs couplings (FCC-ee,FCC-pp)

m FCC-ee provides x2-20 improvement in couplings uncertainties
w.r.t. (model-dependent) HL-LHC expectations (2—5%):

(?“DH]dE"I HL-LHC‘ FCC-ee%g_}g@g, FC‘C'—INT

Lumi (ab™ ") 3 54+ 0.2+ 1.5 30

Years 10 3+ 1+ 14 25

guzz (%) 1.5 0.18 / 0.17 0.17/0.16

JHWW ((/76) 1.7 0.44 / 0.41 0.2'[}/0.19

gmnn (%) 0.69 / 0.64 0.48/0.48

9tece (70) 1.3 /1.3 0.96,/0.96 eeep
gtge (%) 25 1.0 / 0.89 0.52/0.5

gurr () 1.9 0.74 / 0.66 0.49/0.46

grup (%) 8.9 /3.9 0.43/0.43

91+~ (70) (1.8) 3.9 /1.2 0.32/0.32

guz~ (%) 1. — / 10. 0.71/0.7 hh
gree (%) (3.4) 10. / 3.1 1.0/0.95

JHHH (%) 50. ;}l?;i 2—3( )

I'y (%) (SM 1.1 0.91 EE
BRi, (%) 9 0.19 0.024 ce
BRexo (%) | SM (0.0) 1.1 1

m Most precise g,, ~0.17% coupling sets limit on new scalar-coupled
physics at: A 2 (1 TeV)/\/(08uxx /M, )/5% > 6 TeV
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Few-MeV m_  mass determination (FCC-ee)

m e*e ~H Z(I*l") recoil method: R R
allows Higgs mass reconstruction S a0l 0.85% :
with dm_ =8 MeV in Z-u*w :Ej of 2 (2.7% @ 500 fb-1) ;
o :(\/E_E—)z_ TR ) _ /—ee, pu -

recoil i) —Pgf= 8 FFVS T My ool b
(dm_ = £5 MeV adding other decays) 10 _
m Can m, be accurately reconstructed via 50 60 70 80 8010010120 13t KeVy
o(HZ) line shape scan? Like done for m  via e'e > W"W-...
s . m,,=80.385 GeV
[ BRI 7§ N\ memssions) /| With 7/ab @ 162.6 GeV.
_ § _— Exmmﬁf;”* J om, (stat)= +=0.5 MeV
T e Need systematics control:
i S « 6E,_._<0.5 MeV (6-10%)
L F i/ o Oglg, OL/L < 2:10%)
' : T/ « 60, <1 fb (2:109)
o ot 1
| IR RS | 56 i S i"',és"'aa [arXiv:1703.01626
S (GeV) Ecu (GeV) arXiv:1909.12245]
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Few-MeV m_  mass determination (FCC-ee)

m Can m, be accurately reconstructed via o¢(HZ) line shape scan?
L Prehmlnary MG5@NLO studies (Paolo Azzurrl)

0.25 — 2000
= FCCee ZH threshold - ;
£ —m E'125 Gr::' 01" =6 MeV m,=9 . - ol [dry /oy, ] ( Mevin“2)
- = m,=91 GeV TI'=2.5GeV o — H
5 — Am,=+1GeV = 1800 d 12
g w= I N o [dr5 fde,] [ Mevin™?)
o2l—4 ry=+1GeV = 1800 ;
- Amp = +1GeV i -
____'ﬂ rz= +1GBV i 14“]}_
- -
015 £ 1200
c -
L"‘f 1000
0.1 am:T_
&00 —
0.05 400 F-—— &, [am, /do,,] [Mevrio™
200 =~ f_[dmz fdo,,] [Mevib'™)
olkE= B e AT N R AN TN NN SN S A TR TN SO S M B ﬂ: | L 1 | 1 | L L | L L -
500 210 250 230 540 210 212 314 516 218 - {(23.23}

Vs (GeV)
® Optimal data-taking point for min Am (stat): /s =mZ+mH-0.2 = 217 GeV

" vou(dm, /doz)min=350 MeV/¥fb  With 5/ab @ 217 GeV: 6m,, = +5 MeV
Need systematics control: 8E, <5 MeV (5:10°), d¢e/e, OL/L < 10°, do, <0.1 fb (~107)

B Combining threshold HZ x-section with m _(recoil) should give: dm , = 3.5 MeV
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Generation of lightest fermion (u,d,s,v's) masses?

m LHC can only access 3" (plus few 2")-gen.Yukawas. What about the rest?

E>‘> [ T T T R | ] +
< " L ATLAS and CMS 2 e
g’ £ F LHCRun 1 Preliminary P
= S 401 — Observed id g
% & 19 = -..... SM Higgs boson ’/" 3
Q ") 2 ,", i
© Al % =
= "' T =
g b ] e~
<al . _
107 2L
7 5
f0’4 E =
e Bl ity e o i i ey ey
o’ 10! 1 10 10° et
ei g Particle mass [GeV]
e
2.106 CP' __H
104 =
<1o-12 Py \\ 5 10 maSS(GeV) e W-: Z? ba g, 7
’
v e’
DIRAC vy VL VL ( qb") o v
0
<3_10-10 1 /@ _____ %W’ ) (¢°)
o ’d’ vn “ . ’f@
L0 S %U RIS S @U M (bs) @ s ol P e
(¢") | S “ o <
U E . Y @
Vi vy vy (¢") (@) (¢")

LFC21, ECT*-Trento, Sept'21 58/66 David d'Enterria (CERN)



Light quarks Yukawas (FCC-pp, FCC-ee)

B Constraints on light Yukawa obtained from the upper limits on BR to all
untagged particles, using global fits in k framework
Higgs@FC WG

K, Limits from exclusive
| H- VM(p,(Dd))"‘Y

decays (BR~10%)

to be studied/added

0 15 2% 3% 4% 10! 100 10! 102 10 [ 107

B FCC-ee+ch+hh:
- first generation: 95% CL limits x, < 280, k, < 130

- second generation: 95% CL limit k< 6.4, x, measured with precision of <1%
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e Yukawa via s-channel e‘e' —» H (FCC-ee)
] Resonant s-channel Higgs production at FCC-ee (Vs = 125.00 GeV):

W, Z,b, g, 7t

>H< o(e'e—H),,, = 1.64fb
o(ete—H) =280ab (ISR++vs_ =T, =4.2MeV)

i e spread spread

] Prereqwsﬁe Higgs mass extraction 6m_, = O(3 MeV) via HZ @ 240,217 GeV
B Generator-level study for signal + backgrounds for 10 decay channels:
Most significant channels: H—- gg (for light-g mistag ~1%), H - WW* - |+jets

= 30
=> e* Yukawa limits. e’e’— H, Vs = 125 GeV . .
2 2fl For 10 ab™* &vs_ =T, Signif ~ 1.30
gol
5 Upper Limits / Precision on K,
%. 10 g
@ 10° Enmmmm
%] E
g 100 | : g
4F =

3 oy <05y
With current monochrorﬁat

Jy <25xy,_, (95% CL)™- =27 :
(per year & per IP) o Lo EF

1 2 3 4567 10 20 30 100 200
L (@b~ )

B Monochromatization improvable beyond (Vs

B Fundamental unique physics accessible:
- Electron Yukawa coupling: Limits X100 (X30) better than HL-LHC (FCC-hh)

- BSM scale affecting e* Yukawa pushed up to A__,, > 110 TeV
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Physics at FCC e*e" & pp machines

(1) QCD: a_ coupling

(2) QCD: Parton Distribution Functions

(3) QCD: Jet substructure & flavour tagging
(4) QCD: Non-perturbative regime

(5) Higgs sector

(6) BSM searches
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Indirect BSM searches (EW coupled) at FCC-ee

B [ndirect EW-coupled new physics EFT limits pushed up to O(50 TeV)
thanks to ultraprecise EWPO measurements in e*e” collisions with 102 Z’s
and 108 W's:

(mz, Iz, Arg, Ry, a(mz), my, m;, etc.)

20 20

10

80 80
— m ] ' EW nit (Today) -
- fit B FCC-ee Z
TOp— el s R LRI FCC-ee (No intr. unc)[— 70
— B FCC-ee (No par. unc)| —
— FCC-ee (No th. unc) | -
60— .| M- ECCee Moth wno) | T,
>k ]
SO i —150
i =
B A ]
= 40 : — 40
Iy -
L;_—__ clo] M L1 | N | R [ | SR B | SRR | IR | | SR e 30
S -
< -

Ol‘r!) Oﬂ']‘_,i O(f_,l OH} Oﬂ}j O(;J O”} O
Oy O [y B¢ fe dg dg iy L 1t

S parameter -/ T parameter

W
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Indirect BSM searches (Higgs coupled) at FCC

B [ndirect scalar-coupled new physics EFT limits pushed up to O(6 TeV)

thanks to precision H partial widths down to permil level:
J— [Higgs@FC "19]

.

—

107

102 i

B HL:HELHC W HL:LHaC

SMEFT, fit

HL+ILCasg
HL+IL G
B HL+ Ly

HL#CLIC
B HL+CLIC 1500
B HL:CLIC 3000

-

HL-FCCzi0

HL+FCCoes |
B HL+FCCooern |-

a1 e |

o

LFC21, ECT*-Trento, Sept'21
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[Ellis,You
[Ellis et al
[de Blas et al
[GD et al
[Barklow et al
[Barklow et al
[Di Vita et al
[Chiu et al
[de Blas et al

rSM

'15]
'17]
'16]
'17]
'17]
'17]
'17]
"17]
'19]

rH—}XX

H— XX
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Direct BSM searches at FCC-hh

B Direct heavy-mass reach (e.g. SUSY) in p-p at 100 TeV is x(5-10) times LHC:

E pp—GG— 7, iz, | HH->WwW 95% CL Limits
=, 5[ 5odiscovery ] HH— BB 10 14 TeV, 0.3 ab™
E =100 TeV, 140 PU, 3000 fb" | WW — HH

B 14 Tev, 3 ab™
5 ¢ Discovery

— 33 TeV, 140 PU, 3000 fb™

— 14 T&V, 140 PU, 3000 fb™* WwwW — BB

4 = 14TeV, 50 PU, 300 fb" . lele — LLCP - 100 TeV, 3 ab”’
B 100 Tev, 30 ab™

2 - .
n i i

0 , 2 4 m_ﬁ TeV] 0 5 10 15 20 25
Golling et al., 1606.00947 g

(FCC CDR, Vol. 1)  Mass scale [TeV]
£ High-scale mediation | Low-scale mediation

2 2
stop 5%107° ( 10 TEV) 2% 1077 (_1{} Tﬂv)

ity g

. 6 {17 Tev )2 a2 Source: European Strategy
ghiino || 7> 10 ( m; ) 6x10 ( m:) briefing book
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Direct BSM searches at FCC-ee: FIPs

167

% E Y Axion-like particles (ALPs),
CHER L dilatons,...
S 1070 B
i / Unique limits (up to x10° better
—4 PbPb, 5.52 TeV, 20 nb™
- RSN : i than today) over m =1-100 GeV
107 Bl \\ B/ Cuicome < 1 thanks to 10% Z decays.
1o
10
10—8 1111 111 1111 1 [ N
1072 107! 1 10 10° 10° 104
m, (GeV)
- 10?2 : Electron coupling dominance: L‘J: US: UE = 1:0:0 :
> [0 NN [ ey g Heavy-neutral leptons (HNLs),
o i e A . right-handed (sterile) neutrinos,...
)
- -5 e A . o e
10_6 N T Unique limits (up to x10° better
ek A than today) over m_=5-100 GeV
10~ X e
p 12
b R ) — == thanks to 10** Z decays.
1079 /4‘& ‘. SHI.P JR— c(pc:(wouztlu‘-ll-fo!ﬂ_l'
10710 > e
]0_1] . = S¢e Saw : Fcc:::':;":- s
10-12 P e L ' I gl ]
107! 1 10 10?
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Summary

m FCC provides unparalleled c.m. energies (100 TeV) & lumis (20, 150 ab™)

In p-p and e*e colls. to address many HEP fundamental open problems.

m High-precision Z, W, H, top studies (FCC-ee) & high-mass (FCC-pp) allow

setting direct/indirect constraints on BSM up to A> 50 TeV

(mz, Tz, Arg, Re, a(mz), mw, m;, etc.)

- 60
80 - 80 8F =
SHEPT ] P:CC it (Today’ J Individual Marginalised || 5
E ] -ce ] =

o o Feces (No int w70 71{==3 ncaso == e2so (2o
B FCC-ee (No par. unc)| - Il FCC-ee Hll FCC-ee|| S
E R FCC-ce (Noth.une) | 3 ]
80 . 60 6 ~
= =

= I = 40
[ Qo] s Js0 > =
E F W S S
2 C I =1

= a0 = 4 S 30
T | Lo 5
= 30 - —30 =

zZ F ‘ | = 2 3 2 20
20— B — 20 )
- XS ‘ | : 2 é

F 10
R =il | B - 10 =
- H 01 0 | : g

ot | | ! o & o I t I I I I
0¢ o,  ow O ow o oY O( o O ol == =} - = o 1 2 3 a 5 6 7 8
Wy D w 3 oy g LY v Cwr C y [+ Coyr -1
W HW HB 3W system mass [TeV] for 14.00 TeV, 3000.00 fb
S parameter T parameter [FCC-ee CDR]

custodial-symmetry

m Plus: 1* gen. Yukawas, right-handed v's, dark matter, QCD flavour,

Electron cou

< 2 - 10-2 ling dominance: U UZ: U2 = 1:0:0
Yukawa limits. e‘e’— H, 125 GeV - B ~~3
] 5 [ O P
= i -\ = =7
o o ] DELPHI /]
g @ 10 S50 \ .
o 107° —
3 \ —— wm
o 10°¢ ! \—/
1077 \ —rp——r—
I — CEPC. displaced vertex
by, <05y, 1078 NS S
dy, <025y, 107 S
1071 e
107" . e
34567 10 20 30 10-12 el ) i o " T
107! 1 10 10°
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(&) BSM physics reach at FCC

FCC-pp: Direct production of new

heavy particles q w

up to ~50 TeV >MZVV<
(~8 TeV at LHC): / .

Parton-parton masses: FCC vs. LHC

a0

o1
o

40

30

20

10

system mass [TeV] for 100.00 TeV, 25000.00 fbt

a

m FCC-ee,eh: Indirect sensitivity to
virtual corrections up to ~60 TeV

(~3 TeV at LEP for EWK sector)

IERIAR| G T WA Y

,—\)e

SM-EFT limits from EWK (8X<107®) and
Higgs (69,,<1%) observables uncertainties:

=z X2 80p 780
2 J C L Cﬂ - FCC-ee (EW) 7
U_-' 70:_ ................................... eff — 2 AZ [ T - FCC-ee (Higgs) _: 70
= = n B rCCcc (EW+Higes) |
: 60 TeV - e o
= % - ]
‘|:| 50:_ ........................................................................................................................................... _:50
® .
_‘é‘l\ T SECRITN: 1 SNt ¥ [ § N B B IR 440
. : 2 30:_ .............................................. I ISR . _:30
. [' | | | ; 2 F ]
o0—M- M-l g LR I FUSRRUIO | SR | W 420
o 1 2 3 4 5 &) 7 8 C ]
system mass [TeV] for 14.00 TeV, 3000.00 fb! 102_ ni mmm 11 | | --—:10
m Plus many more: Higgs self-coupling, I | EX
0]
I

TeV-p. W,Z,H,t; WW scatt., DM,...
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Direct BSM searches at FCC-ee: DM via H,Z decays

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

3 .

o 107! Estimated

’g FCC-ee

a sensitivity

= 10

&

E 1073 2
< FCC-ee h - DM DM A
- A
S

g

a4

s a]

._.
S
Lh

[ e e R e R R I R |
I I 1 I A O o WA 1

A. Strumia, 2015]

Z- I<DM\ [De Simone et al. arXiv:1402.6287

55 60
DM mass in GeV

® Precision (<10 and <10*) 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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o from photon QCD structure function (NLO)

1 2
*» Computed at NNLO: / dxF(a, @ P = 2L ey oo+ 288 oy 1+ 0(02)

T 47268 La (Q?)
The Pointlike Photon Structure Function at Large @~

*» Poor F2 (x,Q°) experimental measurements:  §<fosame [angme oo

[ — NLODIS,
[ - [ —-— Hadronic

» Extraction (NLO) with large exp.
uncertainties today: :

o, (m)) = 0.1198 * 0.0054
(+4.5%)

[M.Klasen et al. PRL89 (2002)122004] ¢
B [y oPAL @1<x<06 " FTASSO w02 w08 ]
» Future prOSpeCtS = a2s I A ALEPlr([(O.l <.x<.0.)5f6!?] * AMY (0.3 < x < 0.8) —
i ¥ L3 (0.1 <x <0.5/6) ¥ TOPAZ (0.3 <x <0.8) ]
— Fit with NNLO F? evolution (ongoing) | b ADE 01 onarty

- GRVLO (0.2 <x <0.9) ¢ LC1 (0.1 < x < 0.6)

— Better data badly needed: Belle-Il ? 1s [ GRVLO@3<x<08)  #LC203<x<08) -

— GRV LO (0.1 < x <0.6)

— Dedicated simul. studies at ILC exist: ' [ ssiwi<x<os

| = HO (0.1 < x <0.6)
T ASYM (0.1 <x < 0.6)

— Huge v (EPA) stats at wrs [ i
FCC-ee will lead to: da_la_ < 1% S o
" IR Nsius, anxivosor.2r8z) b

2009/04/28 2 1[GeV?*

Q e
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FCC-ee = Higgs boson factory

m Higgs cross sections: o(e'e—H+X) =~ 200 (HZ)+ 50 (VBF) fb

el & very woll conroiod ISR C e
— Small & very well controlled

backgrounds (S/B~102-107%)  #Higgs from Hz 1,000,000 200,000
— Extra-clean environment # Higgs from VBF 25,000 50,000

w/o pileup:

) i Unpolarized cross sections — S

= H P : : : —e'e’ — HZ

S ABOpr R e e — HZ,Z v [
3 — WW — H

2 200 : ? —ZZ - H

£ : : :

100

50

IIIIIIIIIIIIIIEIIII|IIII|II

—_——
800 220 240 260 280 300 320 340

360
Vs (GeV)

(sensitivity to self-coupling)

+ +
\\i\ |\~A
€ h c h

m Access to precise (down to 0.15%) Higgs couplings & rare & BSM decays
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High-precision parton FFs (FCC-ee)

m Parton-to-hadron fragment. functions evolution known at NNLO at high-z &
[D.Anderle et al., A.Vossen et al., B.Kniehl et al., at NNLO*+NNLL at |OW-Z:

V.Bertone et al., N.Sato et al., D.deFlorian et al.,...]
i el Lt Al M L 10?

do™ /dz [nb)] | >, (1fcm)dc iz
Vs=10.52 GeV | 10' s=1054GeV |

—

_n.l\)w-h(nm\IODCOO

.HlHH‘\\H‘HH‘HH‘\HI‘\HI‘H

5= 2.2 GeV [BES]
GeV [BES]
GeV [BES]
GeV [BES]

2

6

0

2

6 GeV [BES]
8

0

4

ﬁﬁ

mmhwm—n—np#wwmm

FDistorted Gaussian (limiting spectrum, m_ =140 MeV)_ —
—{Kotikov et al.,
— Perez-Ramo

GeV [BES]
.54 GeV [BaBar]
GeV [TASSQ]
2 GeV [TASSO]
5 GeV [TASSO]
3 GeV [TASSO]

1/6 do/dg

o
Q
m

ﬁ?mlmlwwﬁ'ﬁ'ﬁ?mlmlw

= 91.2 GeV [OPAL]
= 912 GeV [L3]
5= 91.2 GeV [OPAL]
5= 91.2 GeV [ALEPH]
5= 91.2 GeV [OPAL]
5= 133 GeV [DELPHI]
133 GeV [OPAL]

33 GeV [ALEPH]

7

33 GeV [ALEPH]|
61 GeV [OPAL]
61 GeV [ALEPH]

1
-2 1
10 ]
1

172 GeV [OPAL]
1
1
1
1

10

BABAR (prompt) —

AR ARRRERRE
o0 ~J
w2 M
[alolol
EXX:)
<<

——
——
]

+++-l+l+l-+l-++l+l+-l e

: data/theory

Np — — V3= 201 GeV [OPAL]
N S Ys= 206 GeV [ALEPH]
I T Y Y

6 7 8 9 10

00102030405060?08091 00102030405060?08091
& = In(1/x)

provide additional QCD coupling extractions:

Current das(m?)/as(m?) uncertainty Future das(m?2) /e (m?2) uncertainty

oo o
W — = W
oo o
W — = W

OC)
—

Method
(theory & experiment state-of-the-art) (theory & experiment progress)

1.8%,;, ® 0.7%,p = 2% 0.7%,, B 0.7% pp = 1% (~2 yrs), <1% (FCC-ee)
(NNLO™ only (+NNLL), npQCD small) (NNLO+NNLL. More precise ete” data: 90-350 GeV)
1%.1, @ 5%0np = 5% 0.7%., B 2%, = 2% (+B—factor1es) <1% (FCC-ee)
(NLO only. LEP data only) (NNLO. More precise ete™ data)

m FCC-ee (much broader z range) allows for o_extraction with 6a_< 1%

soft FFs

hard FFs
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o_ from lattice QCD

» Comparison of short-distance quantities (Wilson loops, g static potential,
vacuum polariz.,...) computed at NNLO in pQCD, to lattice QCD “data”:

n ; [FLAG Collab. http://itowiki.unibe.ch/flag]
K™ = K0 =y cial

HPQCD (Wilson loops) H.h
* Currently, it's extraction with ~ HPQCD (cccorrelators) | o L

smallest uncertainties: *1% Maltmann wiisonloops) | 18— =
(lattice spacing & statistics). PACS-CS (SF scheme) | — %"

ETM (ghost-gluon vertex) :l'L'.—I (D
Extracted value depends on BBGPSY st potent) o |
observables: A 1 S
Uncertainty increased: 011 0115 04142 0125 0.13
2013 (+0.4%) —= 2017 (+1.0%) o (M?)

o, = 0.1184 * 0.0012 (+1.0%)

» Future prospects:
— Uncertainty in a_ could be halved with (much) better numerical data.
- Reaching +0.1% requires 4"-loop perturbation theory (~10 years?)
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Heavy-quark production (FCC-pp)

m Charm: Data X2.5 theory (negative m Charm: Data X2 theory (agreement
gluon at very low x, vs>30 TeV) within uncert. but “kink” at vs>10 TeV/)

=10°z = 10%¢
=2 o top++NNLO | pp—> cc+X (NNLO, scale unc.) = top++ NNLO pp—> cG+X (NNLO, scale unc.)
10° = PDF=MMHT14 B1 0° £ PDF=NNPDF3.0
© 104 %— pF=},LR=2mG M © 104 ;_ LLF=}‘ln=2m“
1 03 ;? 1 03 E
- + ATLAS (pp)
21 2
107 107 = e ALICE (pp,pPb)
100 + ATLAS (pp) 10= = HERA-B (pA) ¥ LHCb (pp)
1 & HERA-B (pA) ® ALICE (pp,pPb) " v E653 (pA) + STAR (pp)
v E653 (pA) ¥ LHCb (pp) s E743 (pA) ®m PHENIX (pp)
107£ s E743 (pA) + STAR (pp) 107"} =+ NA27 (pA)
» “+ NA27 (pA) m PHENIX (pp) o ¢ NA16 (pA)
10 ' NA16 (pA) 107 ¢ + E769 (pA)
10_3 ¢+ E769 (pA) 1073 %_
\H‘ IIIH‘ \H‘ B \H‘ I | B A | | IIIIH‘ | | II\\I\‘
; 1UE toprs NNLO PDF=MHT14 Q 10 top++ NNLO PDF=NNPDF3.0
CZ\U 5 B HF=HR=2mc (Iar W “ E s B !.LF=!.,LR=2mc
- [a] I~
S 3 -' H\ s 3
S 3 f : .H ||I|| ||| |||| S a3l |~» I
© ks A
et THNAIMAARN
: I |!!!||I| !!!l i ml e ||I||I e !III ll
0.5/ 0.5}
0.4 0.4}
0.3 Fixed-target LHC |||||' ) un 0.3 Fixed-target
0.2 ool Lol ool I ||||||||||| 0.2 ool Lol
10 10° 10* 10° 10° 10* 10°
\F (GeV) \f§ (GeV)
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Parton lumis at FCC “precision” region
m “Precision” region at FCC-pp: 5-7% PDF uncertainty for o(W,Z,H)

14 TeV q 100 TeV

Quark-Antiquark, luminosity Quark-Antigquark, Iuminosity

e CT14
frkdiat PDF30
e S = 1.40e+04 GeV

100TeV

qqbar

’ 10 ) . 1{')2 hlq;: I['H'gv] I I K .1I0" I I I "
Gluon-Gluon, luminosity = e ? IG(I‘Q-)fb(T/I'Q-)-GIucn. luminosity

——y vt T AR ———r ; — ;

saa: CT14 !

bl DF30 :
- 77 S « 1.400+04 GeV - 100TeV !
i D i— ;g :
2 i
g° | 5
dos ] 2 |

PP | N —— . \ . . i T i e :
10% M, [GeV) 10° 10* ’ 10 10° M, [‘.&}lﬂ 10*
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Higgs self-coupling (A,) at FCC-ee

FCC-ee + HL-LHC
10 : : . . . . .
\ H i_ _____ HC +2 —“.7-“ + 350 CI\ 1 r_‘-';,_':w -
O e w; PR . Higgs self-coupling constrained to within
g || oGt ~40%.

m Addition of FCC-ee 240+350GeV Higgs
cross section solves 2™ minimum on i
from HL-LHC data alone.

Higgs@FC WG November 2019

8 T=T=T=uT = = U e e e e T . - -
di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC
...... 50%. ... 50% (4T)
............................................................................................... st LHG . e LHC
R s Ui S
HE-LHC - - e - — .FCC -eefeh/hh .Fcc«eefehmh
> ‘ 8%
TN X IYTIINTCTNn IO AT AT S S T LE FCC .LE FCC

. .  roccnenm MRl _|_ o S
m Final Higgs self-coupling B ]
precision (FCC-all): 2-3% ™y Di%";g:’“fi
— T ™ R

ILC 10% N 36% (25%)

AN S ..... e ;;‘;“1zw)

CEPC |l o Satsperaty | Lo Ltagme o)

CLIC, CLIC,
- | %1% s 49% (35/)

cLIC
= g o
0 10 20 30 40 50 o s

68% CL bounds 0N K4 [%] Al tture coliders combined with HLLHC
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Higgs coupling to neutrinos (FCC-ee,hh)

m Low-mass seesaw scenario with sterile v (N,) that mix with the SM v
with O(1) Yukawa couplings & EW-scale masses.

m N decay to Higgs+v. EXp. signature: mono-Higgs(jj+ME).

v pp: flavii, €QV£§€E, (L wVV
N—/\Hﬁra 0.,0: ete ,e"p: Yvjj, vaffﬁﬁ, YvVV 10-3
SOk ete ,pp: vvjj, wxffff-gt, vvVV
¢ v 1075
§ W y o FCC-ep
/ o -7
. 10
¢ FCC-pp
N AR
v h i
¢ v 1079F
7 FCC-
N o 10-111 ~F ce o 1
4 10 50 100 500 1000
et v h M [GeV]

(A|SO via invisible H - Ni\/ decays for mN<mH) [Antusch, Cazzato, Fischer, [JIMPA 32 (2017)1750078]

m With Z (EWPO), sensitivity down to active-sterile mix |8/>~10~** for m >10 GeV

LFC21, ECT*-Trento, Sept'21 77166 David d'Enterria (CERN)



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77

