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Particle physics: World context

m Apart from the Higgs discovery, all fundamental questions that motivated
the LHC still remain open! DM, matter-antimatter asymm., EW-Planck
hierarchy, nu masses, strong CP problem, DE, cosmol.const, inflation,...

m World priority is a high-precision Higgs factory to precisely probe the
crucial scalar sector of the SM:

— Model-indep. Higgs couplings I

down to 0.1%: Indirect BSM up to &

A~7(70) TeV (+tEW observ.)

High-priority future

— Higgs Yukawa couplings to initiatives
lightest fermions (u,d,s,e,nu?)
Flavor-violating H - qq’ decays? ushuny e EirTvatypani ool ooy e e rbion spsesia

protan-proton collider at the highest achievable energy. Accomplishing these compelling
goals will require innovation and cutting-edge technology:

- I + the particle physics community should ramp up its R&D effort focused
. F O | I Owe d b y e n e rgy fro ntl e r on advanced accelerator technologies, in particular that for high-field
. superconducting magnets, including high-temperature superconductors;
hadron collider (FCC-hh):
. . - 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
H Se IfCO u p I I n g + d I reCt B S M energy of at least 100 TeV and with an electron-positron Higgs and electroweak

faclory as a possible first stage. Such a feasibility study of the colliders and

Searc h eS u p to A I 1 OO TeV 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 (FCC)

G==

* 90.7 km tunnel

» 4 experimental sites

* Deepest shaft 400 m,
average 240 m

Two stages
» FCC-ee (~15 years)
* FCC-hh (>20 years)

4 . Y LHC
al . n
: Schematic of an
g B0-100 km
e 3 long tunnel
" T
»
1

¥

Exploit world-class international
community, facilities, and sci-tech
savoir-faire accumulated at CERN
over the last 70 years! “I believe FCC is the best project for CERN’s future,

we need to work together to make it happen®
- Fabiola Gianotti, FCC Week London, 5th June 2023
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Impressive FCC-ee luminosities

Optimal energy range for SM particles

LEPa statistics in a few minutes Sharpen and challenge our knowledge of already existing physics \S‘@
Detector calibration/alignment at all ys = & 4’1700
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" 03 l i i : | : _ — ,’f"/,:@,o// fo
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'\l{S Mon?tchr?orﬁajls?ft:aon 100 150 200 250 300 Motivates the competition
nique opportunity for electronYukawa RDP + in situ In situ only V'S [GeV] Luminosity is the name of the game

Precise and continuous v/s, /s spread, boost determination

Both with resonant depolarisation (RDP) and with collision events in up to four detectors

6.1012 Z b OS On S Essential for precision measurements
5-10° W bosons

2-10° Higgs bosons H.Z,W.t (and u,d,s,c,b,g jets) probed in pristine conditions...
4-10° top quarks
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QCD is at the core of FCC-ee physics

® Though QCD is not per se the driving force for FCC-ee, it is
crucial for a huge range of studies:

70-80% of H, Z, W boson decays have fully hadronic final states!

1. Precise o determination is needed to accurately & precisely predict
all SM x-sections & decay rates (Higgs, top, EWPOs,...)

2. Higher-order (N"LO, N"LL) calculations crucial to gain precise control
over hadronic final states & jet dynamics.

3. Heavyl/light quark & gluon separation (flavour tagging, substructure,...)
Is key for multiple SM measurements (H Yukawas,...) and BSM
searches (X - jj decays,...).

4. Non-perturbative QCD (hadronisation, colour reconnection,...) impacts
studies with hadronic final states: e*e’— WWi,ttbar (- jets), m,, m,

extractions.
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Precision QCD In e*e: collisions

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

q
Advantages compared to p-p collisions:
Js = 91 GeV ~ 1) QED initial-state with known kinematics
Yz 2) Controlled QCD radiation (only in final-state)
e~ a 3) Well-defined heavy-Q, quark, gluon jets
et g 4) Smaller non-pQCD uncertainties:
no PDFs, no QCD “underlying event”,...
Vs=160GeV p Direct clean parton fragmentation & hadroniz.
® Plus QCD physics in yy (EPA) collisions:
€ .
e+ L‘__;;'/ 5_+,._/e/
'Y -
é P, o, @\ / ! ——q
Y
Js =240 GeV - B " MD/ B Y !
\ﬁi:g (soft, VDM) (direct)
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Precision QCD In e*e: collisions (FCC-ee)

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

q
Advantages compared to p-p collisions:

Js=91GeVy » 9102 y,d,s 1) QED initial-state with known kinematics
vz 181222 2) Controlled QCD radiation (only in final-state)
e~ a 3) Well-defined heavy-Q, quark, gluon jets
et g 4) Smaller non-pQCD uncertainties:
w 107uds MO PDFs, no QCD “underlying event”,...
Vs =160 GeV p 3107 c's  Direct clean parton fragmentation & hadroniz.
YT Z .- 40" b's
w . . . .
®m Plus QCD physics in yy (EPA) collisions:
€ .
e+ e > u
f T %,
P, w, @\ / k —<—1
4 Y
Vs =240 GeV p B " - il Y !
N\ 9 10°g s _ G-
105 c's °
g 10¢ b's (soft, VDM) (direct)
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Very rich QCD physics at FCC-ee

. . . Hadronic
2 - -
sin0,, via F}Nd BCkXVd N-jet rates/\ H, W, Z, t widths
asymm. in Z—>qq
Mixed QCD-EW

— Fixed-order-PS . :
& ?Eg’bb matching ngher-order N"LO antenna corrections
>PIthNg Lund Pl pQCD NNLO functions
und Plane .
Jet substructure corrections, Top mass extrziction
q-g separation . via e'e—>tt
H Qrad Jet tagging CGS = llng Colour
eavy-Q rad.
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL C perturbative hadronization
Non-Global resummations QCD .
Logs Final-state

correlations
Event shapes

Beyond PS MC
Leading Color . tunin
8 , N'LL Parton Shower ~ Fragmentation &
Spin Monte Carlos Functions QQ transition Lattice QCD
correlations probabs.
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Very rich QCD at FCC-ee. Examples:

. . . Hadronic
2 - =
sin’e,, via Fwd-Bckwd  Njet rﬁy\ H, W, Z, T widths
asymm. in Z—>qq
Mixed QCD-EW

g>ccpb  xedorderPS | b er-order corrections
wolittin matching N"LO antenna
P 8 pQCD NPLO functions
Lund Plane corrections
Jet substructure : Top mass extrziction
g-g separation o Ul / via e'e—tt
| Q rad Jet tagging L coupllng | Colour
eavy-Q rad. ~ —~
dead-cone > reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL C perturbative hadronization
Logs inal-state
& = correlations
Event shapes
Beyond PS MC
Leading Color : tunin
8 , N'LL Parton Shower ~ Fragmentation - &
Spin Monte Carlos Functions QQ transition Lattice QCD
correlations probabs.
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Example: QCD coupling o,

m Z,W hadronic widths provide the most precise (0.1%) o_ extraction:

4
C H = 7 data, FCC-ee (91 GeV)
3'5:_ : == 7 data, LEP (this work)
sf_ |:| World average [PDG 2019]
2F /

L%}

1.5
N YW
0.50-
: : \\\\\\\\\\\\\ ‘ L1l
0.Q|16 0.118 0.12 0.122 0.124
Og(m.)

o.(m)=0.12030 + 0.00014

o, (m ) = 0.11790 * 0.00023

v N H

m— R T FC

|:| World average [PDG 2019]

. Strong (B)SM
consistency test

LTTTT

IRETY

\\\II‘I\\I\II:\\II\I\\I‘II\I\\\II Ll
6 0117 0.118 0.119 0.12 0.121

B Reduced parametric uncertainties: Higgs, EWPQO, top... x-sections & decays

Summary of future parametric uncertainties:

Quantity FCC-ee future param.unc. Main source

Process O (pb) 0a.%) PDF +a.,%) Scale(%)
ggH 49.87 +3.7 -6.2 +7.4 -2.61 +0.32
ttH 0.611 +3.0 + 8.9 -93 +5.9

Channel My[Gev] das(%) Amy Am,

H—cc 126 + 7.1 +01% +£23%

H—ge 126 + 4.1 +01% £0%
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r, [MeVv] 0.1 0.1 Sos
Ry, [1079] 6 <1 Sas
Ry [1073] 1 1.3 Sas

Msbar mass error budget (from threshold scan)
(BMFPTI )= (EMEPTIM)R (57 (1)) (0 (7))
40 MeV 50 MeV 7-23MeV 70 MeV

= improvement in as crucial da,(M.) = 0.001

D. d'Enterria (CERN)



Very rich QCD at FCC-ee. Examples:

. . . Hadronic
2 - -
sin?g,, via F}Nd Bck_wd N-jet VEV\ H, W,Z, T widths
asymm. in Z—>qq
Mixed QCD-EW

= Fixed-order-PS . :
g %.C(‘Z,bb matching Higher-order N"LO antenna corrections
splitting b pQCD NNLO functions
und Plane -
Jet substructure corrections, Top mass corrs.
q-g separation . in o(e’e—tt)
Jet tagging (0 o] Img
Heavy-Q rad. = Colour
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL C perturbative hadronization
Non-Global resummations QCD .
Logs Final-state
Event shapes correlations
Vv
I?:leyondI PS MC
Leading Color : tunin
spin  NLL Parton Shower Fragmentation - 8
correlations  Monte Carlos Functions QQ transition Lattice QCD

probabs.
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Gluon jets are badly known today

m MC LL parton showers differ vastly on gluon jet substructure properties:

p Quark, hadron-level Gluon, hadron-level ) Separation, hadron-level
thia 8.215 —— Pythia 8215 == thia 8215 ——
gmigz_7_1 —— || Gluon rad.& frag. Forwigar, ——- ) ggmig 28 T
5+ Sherpa 221 ----- 1+ poorly known Sherpaz21 ----- . ifs Sherpa221 ====-
Vincia 2.001 ——— Vincia 2.001 — =~ i Vincia 2.001 ===
Deductor 102 === Deductor 1.02 === L5 H Y Deductor 102 === |
4t Ariadne so.p e f L Ariadnesop e | f Ariadne 508 e
Dire 1.0.0 weeess Dire 1.0.0 === . Dire 1.0.0 s
= Analytic NLL e Analytic NLL e g-n Analytic NLL =
l,r 3r Q=200GeV || Q=200GCeV | = 1r Q=200 GeV |
o R=0.6 R=0.6 3 R=06
> e \ ete>H—a0 . u-quark vs gluon
e'e—Z-uu O 99 05| {3, discrimination
. - A, ., power
b o
0 - L " M L N 1 L L 0 N N e N N N L ! Il
0 02 0.4 0.6 08 10 02 04 0.6 08 1 0 0.2 04 0.6 0.8 1
A5 [LHA] M [LHA] M= [LHA]T
simulation / truth
. . . 1.6 . . . [G.Soyez et al.]
m Unphysical differences in z-qq H = gg
1.5 .

the radiation pattern of
g&gjetsinlLL PS:

m NNLL PS + high-quality
e*e  gluon jet data/tuning

1.4

131

1.2

1.1r

1._. .........

Ishowerldw, k2| ki) / I

0.9

"~ Difference in the azimuthal
angle between the two
hardest emissions

0.3 < k,/k,<0.5

a-0,-0.6 <a_Ink,/Q<-05 |

0 . 8 | | < |
0 ! /2 3nf4

F. Dreyer within PanScales

badly needed.

[S.Ferrario-Ravasio

T etall]
[Dy|
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m Exploit FCC-ee H(gg) as a "pure gluon” factory:

H - gg provides O(150.000) extra-clean
digluon events.

m Compare to Z - qqg(g): Multiple handles to study g rad./jet properties:

4

Example: High-precision g & q jet studies

I S

"0O0CO0CO

» Gluon vs. quark via H-gg vs. Z-qq
(Profit from excellent g,b separation)
» Gluon vs. quark via Z - bbg vs. Z-qq(9)
(g in one hemisphere recoiling
against 2-b-jets in the other).

» Vary E_ range via ISR: e*e’ - Z*,y* - j(v) n

35

3_

1/NdN/dM
N
[ (€]
[ [

—_
[&]]
I

» Vary jet radius: small-R down to calo resol 05 -

Z(I"1")+H(gg)

H— gg

with mMDT

+
+ +t
+ Tt
+

0
0

m Multiple high-precision analyses at hand

— Jet tagging: ML training on pure samples: Improve g/g/Q discrimination
— pQCD: Improve/retune NNLL parton showers, Lund Plane, jet substructure...

1

— non-pQCD: Improved gluon hadronization: Leading n's ? Baryon junctions ?

Octet neutralization? Colour reconnection? Glueballs ?
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Very rich QCD at FCC-ee. Examples:

. . . Hadronic
2 - -
sin?g,, via F}Nd Bck_wd N-jet VEV\ H, W,Z, T widths
asymm. in Z—>qq
Mixed QCD-EW

— Fixed-order-PS . :
g ﬁcg,bb matching Higher-order N"LO antenna corrections
splitting e pQCD NNLO functions
und Plane .
Jet substructure corrections, Top mass corrs.
q-g separation . in o(e*e—tt)
Jet tagging (0 o] Img
Heavy-Q rad. = Colour
dead-cone reconnection
Jet reco/flavour Higher-order non- Parton
algorithms pQCD NNLL C perturbative hadronization
Non-Global resummations QCD .
Logs Final-state
Event shapes correlations
Vv
I?:leyondI PS MC
Leading Color : tunin
spin  N'LL Parton Shower Fragmentation - 5
correlations  Monte Carlos Functions QQ transition Lattice QCD

probabs.
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Non-pQCD example: Colour reconnection

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

m CR “string drag” effect impacts all FCC-ee multi-jet
final-states: ete -~ WW(4j), H(2j,4)), ttbar, ... @
— Shifted masses & angular correlations (CP studies).
— Combined LEP e*e” - WW(4j) data best described
with 49% CR, 2.2c0 away from no-CR.

o (1)

I'vv > Aqcp

m Exploit huge stat WW at rest (X10* LEP) to measure @

m,, leptonically & hadronically and constrain CR: .
“Recent” PYTHIA option: QCD-inspired CR (QCDCR) (1505.01681): &Q (N_é)

Ordinary string reconnection Double junction reconnection ® kinematics

q i

i q i q
(qa: 1/9, gg: 1/8, model: 1/9) | (qq: 1/3, gg: 10/64 mode 2/9) Triple-junction also in
~—©—» > HERWIG cluster
Triplejunction reconnection Zipping reconnection model. (1710.10906)
! o
] if q

-3 <

: .
(qq 1/27, gg: 5/256 mode[ 2/81) (Depends on number of gluons)

q g q i f T
‘ ‘
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Non-pQCD example: Vacuum hadronization

m Precision low-p_ PID hadrons in 10* e*e” - Z - (10** hadrons) for studies:
Z

— Baryon & strangeness prod. Colour string dynamics
— Final-state correlations: space-time, spin (BE, FD)
— Exotic BR(10*?) bound-states: Onia, multi-quark states, glueballs, ...

conservation of :

barvon mumber B begsemr o » Understand breakdown
. 2 10-1 E _ = . .
T Y % ...-+“?ff“" AGK 62 5 of unlvgrsgllty of parton
. s = - hadronization with system
How local’ 2 B o ) :
ke s T size observed at LHC.
strangeness i, §
s samwq 7 i - .
® : {* - ) 1 m Baseline vacuum e*e
How local? : }* Ace 1 studies for high-density QCD
transverse momentum {/f 1 insmall & large systems.
qé@ q - w40 1 _ _
% ¢ eS| AlSO e.g. impact ultra-high-energy
1072 0 e TS sas R e i .
How local? 10 '°2<ch.,fdrr>lfo.5 cosmic-ray MCs (muon puzzle)

QCD&HI Comm.Workshop, Orsay, Sept 2024 16/34 D. d'Enterria (CERN)



Summary (1): High-precision QCD at FCC-ee

¥ 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:

< 03 i (2) N"LO+N"LL parton showers
= : low Q2 cont. (N3LO) et . . . . .
F R ey oS BNLO) Ultimate g/g/Q discrimination
' e'e” jets/shapes (_NN LO+res) F—»— R Separation, hadron-level
I S N 2 Y e
e (1) Per-mille o via hadronic et
sk Z,W,t decays, evt shapes... ‘. e
0.1 :_ I:.-::::: ..—-: :'H‘:‘.a.":}’i Ly 05 :
= a (Mz?)=0.1179 + 0.001b .
o0 5 it e o5 Y 1
QGev] s [LHA] conservation of :
(3) <0.1% PS+hadroniz.  (4) <<1% control of (5) High-precision baryon number
uncert. for EWPOs colour reconnection hadronlzatilion: q—qq\;q—q
-Q g i ian (limiting mm=140 MeV)E = H | |?
E—mo'm; 06— bb, Y5=92.4 GaV ALEPH [jet-charge] § 8 e
0102 = 7 strangeness
0.1:_'I—I—I—I—I—I—I—I—.-zzl 6 5 e
o.osa; et b 2 1 4
0.098 3 How local?
0.084F- >~7< 2 ™| transverse ent
ooonl £ ransverse momentumn
0.08 _ @ 5 8 9 10 qi‘f QPQ
0 088: | el | | | | | Ib | | ~Q (%) &= In(1/X) v
S SPVT‘tﬂAa?tumi-n ! |1i.'1|N§ii | data ®kif§ma_tjcs (6) Ultra'rare QCD How local?
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Heavy-ions at the FCC energy frontier

m Central (hadronic) heavy-ion collisions:

1) ONLY way known to experimentally study the thermodynamics & phase transitions
of a non-Abelian quantum-field theory. Collective v QCD, ¥ EWK in the lab.

= QGP = Least viscous fluid known. Test-bed for string theory
applications via AAS/CFT duality.

= Understand early Universe “bath” (~1 us): WIMP decoupling, °
axion mass, imprints on gravitational wave spectrum? ...

T (GeV)

1.0
lOJ

0.5

WIMP axion WIMP v decoupling n decay -

freeze—out maliss dccToupling n freeze—out BBN a :

EW transition l QCD transition l e annihilation i

d b l L b ann. v osc. V. ¢ i -

I i |—'_||—l—l : IE: .= '_L'_il—rg—lﬂ H I | I:} : = ~1% -5 0 5 10 =0

16'% 10°% 10°% 167 1s 10%  time x(m)
m Ultraperipheral (electromagnetic) heavy-ion collisions:

= Strongest electromagnetic fields in the Universe (~10*° T). % ,ﬁw
2) Unique SM & BSM studies via photon-photon collisions: MQQ%

light-by-light, axion-like particles, magn. monopoles, Higgs,...

Note: Likely, no other place in Universe produces Pb-Pb collisions at multi-TeV
c.m. energies (heaviest cosmic-rays colls.: Fe-Air up to vs__ = 400 TeV).
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Heavy-ion collisions at the FCC-hh

B CM energy /s = 100 TeV for pp means: vax~ = vsv/Z1Z:/A, 4, for A-A colls.

PbPb: /s, =39 TeV, £ _ = 110 nb*/month V/s,: X7 larger than LHC
pPb: /s, =63 TeV, £ _ =29 pb*/month

m Huge increase in pQCD cross sections (yields) to probe QGP:

.’g1 0f PbPb—ct (NNLO) | é
E E | |
10°F PbPb—sbb (NNLO) | —
: i \E:
10% = | E
10° - PbPb— jet(p_>100 GeV)+X (NLO) | ‘ -
& T \
= PbPb—W (NNLO) | |
10 ! IE
1L PbPb—Z (NNLO) I };
) f MCFM (N)NLO, top++ (NNLO) =
10 = CT14+EPPS16 bPbh—t (NNLO)I =
1075 EE
aF PbPb—H (NNLO)| =
107 } }E
1 0—4 |: 1 1 1 1 ‘ 1 1 || 1 1 ‘ 3
5 6 78910 20 30 40 50 60
/s (TeV)
QCD&HI Comm.Workshop, Orsay, Sept 2024 19/34

10"
c
1@2TE
_
1011<
<
1005
O
10°%
w
10° 2
107§
108
10°
10*
10°

L. : x10-30 larger than LHC

= Charm: x4 (40) LHC
= Bottom: x6 (60) LHC

= 100-GeV jets: x30 (300) LHC
= W: x7 (70) LHC

= Z:.x7 (70) LHC

= Top: x80 (800) LHC

= Higgs: x20 (200) LHC

-~
jet.c.b.t,..
W,Z.H,...

v vy v v
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PbPh(39 TeV): Bulk QGP properties

Quantity Pb—Pb2.76 TeV Pb-Pb 5.5 TeV Pb—Pb 39 TeV
dN,/dnatn =0 1600 2000 3600
Total N, 17000 23000 50000
dEr/dnatn =20 1.8-2.0TeV 2.3-2.0TeV 5.2-5.8TeV
Homogeneity volume 5000 fm? 6200 fm? 11000 fm?
Decoupling time 10 fm/c 11 fm/e 13 fm/c
cat7T = 1fm/c 12—13 GeV/fm?®  16—-17 GeV/fm? 35-40 GeV/fm?>
g R ) A
© fm/el Pb-Pb39TeV  + e FCC?

15¢

10l Pb-Pb 5.5 TeV
5l

1 [+ 5 = R B
{]O 2 4 6 8 10 12 14 T [fm] 10 10 1 til‘:‘lg {fm/c)

Fig. 2: Left: space-time profile at freeze-out from hydrodynamical calculations for central Pb—Pb colli-
sions at ,/syny = 5.0 TeV and 39 TeV. Right: time evolution of the QGP temperature as estimated on the
basis of the Bjorken relation and the Stefan-Boltzmann equation (see text for details).

x2-2.5 larger particle & energy densities (~40 GeV/fm3) than LHC
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PbPb(39 TeV): Thermalized charm in QGP

m Expect abundant secondary production of cc pairs in the

medium from gg —>cc, qq —>cc + NLO ... (=500 cc pairs!)

- T T L T T T i T T T [ T T I L T T I T
a0 :—bzﬂ fm —]
5 FCC *
80 - 39 TeV w/Shad w/Themal Prod. 3
% 70 - == 49 TeV w/Shad wo/Thermal Prod. ‘
- N ]
[ [ 5.5 TeV w/Shad wThemal Prod. 4
o 5
2 60 :
‘WB _ — = = 5.5 TeV w/Shad wo/Themal Prod. ]
. Bl ittt b s ik st =
s %% 5
401 -
3 0_ LHC ]

2 By L L ' 4 L 't I L A 'l J. ' 4 L l ' ' I. L

I I S BT

K. Zhou et al., arXiv:1602.01667
C.M. Ko, Y. Liu, arXiv:1604.01207

|

Pb+Pb 39 A TeV

— — — — — — — — —

-------------------------
-

— t,=0.2 fmic
— = 1,=0.4 fm/c

== 1,=0.6 Im/c -

2 4 6 8 10

T (fm/c)

m Up to 50-100% “enhancement” wrt primary charm
m Sensitive to QGP properties: T vs t, and T, (active ndof in QCD EoS)

x3 larger charm-anticharm densities than at the LHC
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pPb(63 TeV): Triple-parton scatterings

m Huge triple-parton-scattering (TPS) x-sections
for charm & bottom derived from c(NNLO) SPS

plus “pocket formula” and p-A Glauber:

SPS SPS SPS
o TIPS _ E Thh!—a " th’—}b Thh! e
hh!—abe — 3!
: O i /TPS <\Energy evolution of proton transv. profile?
o top++ NNLO o top++ NNLO
E10° £ 10°
N PDF=ABMP16+EPS09 = PDF=ABMP16+EPS09
?’éﬂ 104 |.LF=p,H=2mc g 104 },LF=},J,F‘=2I'I'I|J
&y 810°"
102 =
10
~ 1
Pb— ct+X (NNLO) =
-1
W 4K oPb— 3x[cc]+X (TPS) 107 ¢
10°2

® ALICE (pPb—s ct), 5.02 TeV

1073; /’ Pb—s bb+X (NNLO)
’ H pPb—s 3x{bb]+X (TPS
[DAE, A Snigirev, arXiv:1612.08112 | 10 yd PPo SRRXATPS)
10*5 \IH| 1 1 II\III| 1 1 HI\I\| 1 1 HIIH‘ | (. 10*5 |\|\|| 1 1 ||\I||| 1 \\Ill\l 1 1 \\I\H‘ 1 [
10° 10° 10* 10° 10? 10° 10* 10°
Vs (GeV) Vs (GeV)

B At Vsyv= 63 TeV: o(triple-charm) ~ 8.6 b, o(triple-J/y),o(triple-bb) ~ 1,10 mb
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PbPhb(39 TeV): QQ melting & recombination in QGP

Te =155 MeV FASTSUM
. —_ T T T T T T T T T T T T
FCC (T,~1GeV) can eH| rm-f—1 4% 1 055~ -
3 I =+
probe QGP temperature i ::! ﬂ _
through Y(1S) “melting” % o e e T
T v R T BT 185 =
eXpeCtEd by 450 MeV -] Y(15) : :- : :
- %p(1P) 2+ -+ ; =+ .
lattice-QCD " [ ] j\/\ Y
at T = 4-5 Tc 200 mev Bl x.(1P) S0 ir 121314 15 9 10 11 1(2(;;\3;}14 15 9 10 1L 12 13 14 15
[G. Aarts et al, JHEP 07 (2014) 097]
E:: 1.4 ]
m Melting compensated 120 -
_ I do, /dy=163 ub
by b-b recombination? F E
- . 0.8 -
Density of bottom pairs of Skl
large enough for Y(1S) 04l E
recombination? 0.2 {Fara0 ToV o
- B Y(1IS) Stallsllcal Hadronlzatlon Mn-del
0 ||||||||||||||||||||||||||||||||
[A.Andronic, et al., JPG38 (2011) 124081] 0" 08" 758" 206456 " dod EEDNP:: °
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PbPh(39 TeV): Boosted-top quark in QGP

I-I-

m Top-quark decays (t~0.1 fm/c) before
hadronization into W+b. But, boosted
t-W- qqg' traverses QGP: QGP

t = b+ 2jets (66%) W t t
ttbar — bbar + 2jets + 1 + MET(Nn) (45%)

W+

— Colour reconnection of decay b,q,q'? q

— Enhanced gluon radiation in QGP?

— Boosted t-tbar = Color-singlets probe o607 og g gereneatme
medium opacity at diff. time scales:

1 1 5 L] 1 z L] i ] B
90 | == unquenched B t= 25fmic - -
- B quenched [ I t= 5.0 fm/fc

s [ Ft=10fmc  EEEE t=100fmc

m Reconstructed m, (qq) vs p,(t) provides
space-time QGP tomography:

6

[0 2]

80 |

LN B e s B B e B B L B B B

T T Tt ] T T
tT ~>W"Wbb
—+ Total delay time and std. dev (§ = 4 GeVZ fm™)
[ Coherence Time
I W decay Time
B Top decay Time
---- Total delay time (§ = 1 GeV? fm™

5 75_

mIEee [GeV/c?]

N

70 |-

W

<1, (fmic)

N

: - : : 15%quénching :

200 400 600 800

: reco (i
100 200 300 400 500 600 700 800 900 1000 P fop (bin average) [GeV/c]

Prres (GB8Y) [Apolinaro et al, PRL (2018); 1711.03105]
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PbPb(39 TeV): H- yy in the QGP

Analysis based on NNLO MCFM cross sections.
Pseudo-data for H(yy) and yy backgrounds

after typical CMS/ATLAS cuts

m Pb-Pb @ 39 TeV (L _= 110 nb?) m Higgs boson (t~50 fm) final-state
" interaction in QGP?

~10000f~ p
8 & PbPb — H — vy, 39 TeV, Lim=1 10nb” | ¢ 00 ... ”
% 9000~ + Pseudodata . >
> N — Fitted S+B
LLl 8000_— ........... »
- —— yybackground | . T RS s >
7000 N | b -t ;
60001
- [DAE, arXiv:1701.08047] ]
5000~ MCFM, NNLO
- PDF: CT10, nPDF=EPS09 E
-_T L1 1 | | L1 | | L1 1 | | Ll 1 | | L1 1 | | L1 1 | | L1 1 | | L1 | 0-100% Foro (MB)! s _:

= | attQCD E0S, N=3

100 105 110 115 120 125 130 135 100 o (4, 5 7o
m,., (GeV) - LattQCD éog, N3
------ Latt DEO,N':4 _:
¥ S/VB~5.70c observation B e e
Tal st 1 10 102 ! 10°
in just 1% month [DAE,C.Loizides, arXiv:1809.06832 ] Py (GeV)
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PbPb(39 TeV): H- yy in the QGP

Analysis based on NNLO MCFM cross sections.
Pseudo-data for H(yy) and yy backgrounds

after typical CMS/ATLAS cuts

m Pb-Pb @ 39 TeV (L _= 110 nb?) m Higgs boson (t~50 fm) final-state
" interaction in QGP?

PbPb — H — vy, 39 TeV, L =110 nb’

% 9000:_ » Pseudodata ' S >
> i — Fitted S+B
m 8000? ‘ ....................... ’
- —— vy background S, >
70001 —t N ;
6000

[DAE, arXiv:1701.08047] [Ghiglieri & Wiedemann, arXiv:1901.04503]

50001~ MCFM, NNLO STy = —TWC o T 11273 (8~ nT)
[ PDF: CT10, nPDF=EPS09 99 TI9TS M 45 f

186"1'65"1'1'6"1'1"5"1'2'0"15'5"1'56"%5\'/'
s S/VB~5.70 observatioan( eV) m Negligible modification of Higgs

e N 995
in just 15t month decay width in QGP ~ (T/m)*~10%...

QCD&H' CuUitini.vvuinal Uy, viday, OCPL cucH 26/34 D. d'Enterria (CERN)
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nPDF (anti)shadowing via Higgs boson

m EPSO09 nuclear PDFs modify slightly x-sections wrt. pp PDFs:

-
N

Higgs boson cross sections

MCFM, NNLO (ggF+VBF+VH)
PDF=CT10, nPDF=EPS09

Uncertainties from 30 EPS09 eigenval

—

-

%)
T TTT

11T es

SAREIET rr r r e

\\\\\\\\
\\\\\\\\\\

nuclear modification factor

o
©
3

—— Pb-Pb— H+X

0.9
p-Pb— H+X
0.85
0-8 | | | | | | | | | | | | |
56 8 10 20 30 40 50 100
Vs (TeV)

- LHC: Small antishadowing: R, ,~ 1.07, R ,~1.03

- FCC: Mild shadowing: R, .~ RpA~ 0.97 [DAE arXiv:1701.08047]
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pPb(63 TeV): Nuclear parton distrib. functions
® Huge nPDF kinematical reach: Q?~ 2—411;108GeV2, X~ 1-107

109 ; n . T T T 171 |.;
‘ i szr ‘ ........ ‘ ‘_
7 - | e R |
e E 10 i.‘.:.-,.-.:.—..—.m--»-u--':'.".',".'?',' -~ - ‘ ................. by, "N ]
I Il
10° o |
T et
< 10° 5 T original EPS09 uncert.
3 104 0.8 = after reweighting with )
%—' p+Pb pseudo data
10° / Ly,= 1pb", /s = 63TeV
1 02 L\’ &4 ¥ . E 0 6 i L MR lxl.:-ﬂnge Il)rEdannuI\la\nntlwsj IprObE(ni . |\/% f |6\3:I:TV
‘0 7= HAU@Hrecanih 10 10° 10” 10t
+]-\ - :
; top(I*l): Antishadow.&EMC at x > 0.1
]-2 T T T T
10! - = - Q*=10000 GeV”® Rica Roalence
1w0* 1097 Ww® 10° 10°® 102 107 1 = 11
]
< 18 | Q=169 GeV ] g 10
Unknown = 16 | == EPPsi6 ] Al
&) b EPPS16 error sets < 0.9
% 1.4 G .
nuclear = o
~ [ 0.8 N .
o 1.0 I Range for Z/W at the LHC
at < 10 4 mﬂﬁw 0.6 — 0.7 Range for Z/Wi at the FCC ]
X - L.
0.4
0.2 0.6 '
. . _4 -3 -2 -1
(satu ratlon?) 00 10 10 10 10

v w0 w1 W,Z: Ultraprecise shadowing at x~10
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pPb(63 TeV): Nuclear parton distrib. functions
® Huge nPDF kinematical reach: Q?~ 2—411;1086eV2, X~ 1-107

10°%¢ - ; : T
‘ B =, -------- ‘_
0 - I
107 ﬁ” L0 [risssssnrmrs s G R ]
106 Oz T
Ko T
o [ original EPS09 uncert.
8 10* 0.8 = after reweighting with )
%" p+Pb pseudo data
10° L= 1pb", /5 = 63TeV
o B x range predominantly probed at /s = 63TeV
%ﬂ%@ 0.6 Ir———— gl.)..u.\).’lp AT
o 10 10 10 10"
; top(I*l): Antishadow.&EMC at x > 0.1
1-2 T T T T
10’ = - Q*=10000 GeV? Reea Ralence
1w0* 1097 Ww® 10° 102 107 1 = 11
[=5) .
]
=
S 1.0
o]
DG LAP 203 O @ - [l
z X
W BFKL? Rl
breakdown %, £

P
i

R

J|MWLK? DGLAP -
S CGC? mmﬁ«i 0.8

Range for Z/W at the LHC
Gluon splitting

below T
x<10+

g—r 99

Range for Z/ W™ at the FCC

5 Gluon recombination
99 — g7 0.6 :
(CCG f;) 107 10° 107 107!
N W,Z: Ultraprecise shadowing at x~10
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PbPb(39 TeV): SM & BSM via yy collisions

m Huge yy luminosities in AA thanks m Large eff. lumi up to szzl TeV
to collective action of Z=82 charges: < _.
~74 — 7 O -
Opppp .y .x L X0 =5-10%0 P 10—
£ IR e S
Z Sy o Tl
- < 10%
e 5
1 —_— Y X % 1029
AN A = 1028
AN A 107 PbPb, L = 3x10%cm?s", {5= 39 TeV [FCC]
Y —— PbPb, L = 5x10%em?s”, 5= 5.5 TeV [HL-LHC]
- Z,€ 10% pp, L = 10%cm?s, 8= 100 TeV [FCC]
vV —C 2 1025 pp, L = 10*'em?s™, {s= 14 GeV [LHC]
Z —— e, L 1.6x10%cm?s, 5= 240GeV[FCC|ee] | N
567 10 20 30 40 100 200 1000

W,, (GeV)
Ultraperipheral interactions: Nuclei survive.

m Unigue SM & BSM y-y processes acessible without pileup'
Ph Pb

el
Y
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PbPb(39 TeV): SM & BSM via yy collisions

m Huge yy luminosities in AA thanks

—

to collective action of Z=82 charges: < _.
~74 - K. 7 AP i
Opppb . yy X Z X0, 5-10 X0, . x g 1232
E Z ok
51030
“e | )—> Y 2 102
AN «n = X 1028
FaVaV Ve o
P VoV vy 1027
Y e,
D —— Z,€
vV ~—C 10%
Z

Ultraperipheral interactions: Nuclei survive.
m Competitive ALPs, GRAVs searches:

Pb Pb Pb

Ply

m Large eff. lumiup to Vs _~1 TeV

——
—
——
—
—
-
—

—
.-.""'-
T
—
-

—— PbPb, L = 3x10%cm?s", y3= 39 TeV [FCC]
—— PbPb, L = 5x10”em?s™, ys= 5.5 TeV [HL-LHC]
pp, L = 10*cm?2s™, 5= 100 TeV [FCC]
pp, L = 10*cm?s™, f5= 14 GeV [LHC]

——- g'¢’, L = 1.6x10%cms", {s= 240 GeV [FCC-ee]
| | | ‘ 1 | 1 | | | - | \ 1 11 |
567 10 20 30 40 100 200 1000
W,, (GeV)
',9 =
2 105
D’E E llllll LEPI &I
1
107 &
E oo
1 0—2 :_ FCCpPb 63TeV 29pb™
E FCCPbPb 39TeV 110nb™ -
E FCCpp 100TeV 30000fb™ et RS
10—3 Ll | Ll Lol L
1 10 10? 10° 10* 10°
mg (GeV)
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PbPb(39 TeV): Higgs boson via yy - H - bb

m Expected excllu.sive Higgs over bb background after cuts:

System Nominal runs Upgraded pA scenario

b
L5 Az (Npiteup) Nuiges Lyp Ai (Npiteup) Nuiges 4 H
(cm™%s7 1) (s) total (H — bb) (cm™%s7h) (s) total (H — bb) -
pp (14 TeV) 10* 107 25 77 (55) 10* 10’ 25 77 (55) b
pPb (8.8 TeV) 1.5-10% 108 0.05 0.050 (0.035) 1-10% 107 1 34 (25)
PbPb (5.5 TeV) 5-10% 10°  5-107* 0.009 (0.007) 5-10% 107 5-1074 0.15 (0.1)

(b-jet (mis)tag efficiency) after p%q cos b, my; cuts (L, =110 nb_l) J =
vy —+H— bb 1.02 nb (0.50 nb) 0.19nb 21.1 )
¥y — bb [m,;=100—150 GeV] 243 nb (11.9 nb) 0.23 nb 25.7 b

Yy = € [mee=100—150 GeV] 525 nb (1.31 nb) 0.02 nb 2.3 v
YY = qq [m,g=100—150 GeV] 590 nb (0.13 nb) 0.002 nb 0.25

m 50 significance in first PoPb (pPb) month (year):

Y
PbPb at | /5 =39 TeV cross section visible cross section Nevis \QX/:L/
g

— Measurement

§ 40 FCC,PbPb @ s =39 TeV, 2x110 nb § 35; FCC, pPb @ |s = 63 TeV, 8x29 pb" )
& 35:— * Pseudodata: y v — H(bb) + background © | * Pseudodata: y y — H(bb) + background Of H"Y COUp|Ing
° C 3 C
® F vy bbrtigd 2 30 ——yy Swbwavan [DAE,Martins,Rebello
> 30 = C y y y
F ‘ 25 a|1><iv:1904.11936] nOt based on
25 l_*__"" N3 l-*‘- decay but s-
200 _i_‘ ] : AR channel prod.
=T Tttt
L NS S L S N — Total Higgs
Fo— ~ —h— P ~ \ . .
5.1 | o 5 - <, width via:
00570 116 120 125 130 185 140 1as  Cr05 110 115 120 125 130 135 40 145 Ly =L (H—=77)/BH -1y
m,; (GeV) m,; (GeV)
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PbPb(39 TeV): BSM searches (e.g. magnetic mopoles)

m Heavy-ion collisions at the LHC generate the largest B-fields in the universe
B~10' T, i.e. x10°> magnetar fields (albeit over ~10 fm for ~1 fm/c):

BalGeV =

0.04

LHC magnets |§| ~83T ~ 1.6 x 10715 GeV?
Magnetars |§| ~2%x 1011 T ~ 4 x 107> GeV? L :::: ®
Fixed-target Pb collisions at SPS |§| ~5R 103 T ~ 1072 GeV? s —
5.02 TeV Pb-Pb collisions at LHC |B| ~ 4 x 1016 T ~ 7 GeV?
FCC: B-fields further increased by x10
miGeV e
e . = m Magnetic monopoles:
[Gould, Ho, Rajantie, - Explain charge quantization.
L Wl A arxiv:1902.04388 | - Predicted by GUT/string theory.
—Reheating o m B-monopoles via Schwinger mechn.

10

not accesible in p-p,e*e collisions
(pair prod. expon. suppressed),
but x-section o~exp(-m?/(gB)):

0.1k
0 1 2 3

Unique FCC mass bounds m>1 TeV
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Summary (2): Unique heavy-ion physics at FCC-hh

m Unparalleled HI physics with x7, x10 largery/s and £ than LHC:

energy densities: ~40 GeV/fm?3 ~500 charm pairs in QGP

;‘ T
~ @
] Pb-Pb 39TV 3 i — ————— Y(1S) melt.+recomb.?
- a3 ? 90|-b=0 fm B
10 = r FCC S
15 FOSS T -~ 1 G ev 80 _: >3 [ ]
0 1 i 39 TeV w/Shad wThemal Prod. 1 14 -
39 TeV 1 — g N ]
10 Pb-Pb 5.5 TeV * 1 ? 70 . == === 39 TeV w/Shad wo/Themal Prod ] 1oL =
;: 60: 5.5 TeV w/Shad w/Themmal Prod _: 15_ do, ;. /dy=163 b _E
5 g = == 5.5 TeV w/Shad wo/Themmal Prod. 1 F 1
T T s o ioye10035 ]
0 _ T [fm] 10 il n 1 m 405 E i o /dy=109 ]
0 2 4 6 8 10 12 14 102 107 1 10 r 1 0.6 .
2.0 " - time (fm/c) 300 LHC E [ ]
< 18f Q'=1.69 Gev* ] B 1 oaf =
[ == EPPS16 ] PP B EEIP PRI B I do, /dy=73ub -
é’)o el R— EPPS16 error sets 1 200 2 4 6 8 10 02 - ﬁ":w TeV e ¥ ¥ -
§ i: . t(fm/c) E Y(1§), Stafislical ‘Hadm:'lizatiml'l Mod?l | .
N” 1'0 Gluon Satu ratlon 00 50 100 150 200 250 300 350 400
o L
% 08 art
s’ -7 o - -
o down to x~10 Higgs in QGP & via yy
0.4
ol 33000;; PbPb — H — vy, 39 TeV, L =33 nb"' BSM via YY COI IS'
00 T gz&oo?br - Pseudodata
0t 10° < Fae00E —— Fitted S+B
90 -_rz unquenched B t= 251k 2400; —— ¥y background
B quenched L t= 5.0fm/c ’_: 2200:7
g5 [ t=1.0fmic I t=10.0 fm/ic =] i 2000
& FCC Vs = 39 TeV I 1800}
2 g0 [ 2™ Pp.30 00" PoPb { C 1600F-
S ‘/,_/I N e E MCFM, NNLO
s 3 - £ " original EPS09 uncert. 1400 ppE: cT10, NPDF=EPS09 2| recopbesmevaom
8: 75 o - B s - 102} )
E . 08 after reweighting with 1200 e b b b Lo b Lo L Rt
70LE ¢ = p+Pbpseudo data E 40 FCC, PbPb @ Vs = 39 TeV, 2x110 b i e
- L= 8pb™, 5 = B3TeV £ gsf % Pseudodataiyy - H(bB) + background L ” e w10
65 [ : . .15% quenching xvange prodominantly probed at 5 = 63TeY 2 4oL T T VY -bbroora Mg (GeV) +mmmmmmmam
o 200 200 500 800 0.6 i a1 i | s R O E I ould, Ho & Raja
p"ess, (bin average) [GeVic] 10 10° 10°* 107 255- —*—,l, M ag n . :Egiﬁjﬁ:&s
x 200 l,l, | 7] Rehealing/BBN I
c iz JEE—
E 10
— 1] ” 15 | .
Top quark = Parton rad. “chrono-fmeter )j/—\\h, mono-
. = | ke
- 5;/( ! % \\* ‘\L OIeS !
F S
& high-x gluon nPDF probe bt s =, P ~__ .
m; (GeV) 0 1 2 3 v
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Back-up slides
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Higgs — gg decay and BSM

® H- gg partial width known today theoretically at N*LO (approx) accuracy

g

=
I
I
I
I

a9

g

e

q

g

g

g

q

q

B Percent deviations on Higgs-gluon coupling in BSM models:
Table 5: Deviations from the Standard Model predictions for the Higgs boson couplings in %

Model

bb

Ww

+7.8 [T. Barklow et al.

¢ g9 T ZZ Y

1 MSSM [40] 148 08 -08 -02 +04 -05 +0.I +03
2 Type II 2HD [42] +101 -02 -02 00 +98 00 +0.1 498
3 Type X 2HD [42] 02 02 02 00 +7.8 00 00

4 TypeY 2HD [42] +101 -02 -02 00 -02 00 01 -0.2
5 Composite Higgs [44] -64 64 64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [45] 0.0 00 61 -25 00 -25 -1.5 0.0

7 Little Higgs w. T-parity [46] -78 -46 -35 -15 -78 -15 -10 -7.8
8 Higgs-Radion [47] -1.5 -15 +10. -15 ~-15 -15 -1.0 -15
9 Higgs Singlet [48] 35 35 35 35 35 -35 -35 -35
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Higgs decays widths & QCD coupling

® H - gg partial width known today theoretically at N*LO (approx) accuracy

g g g
8
H-== 8 Hi=m=me g H-----
g
g 8 8
g g g
g
H----- q H----- q H-----
q
q q q

Uncertainties: O(3%) TH + O(4%) parametric from os(mz)=0.118+1% (today):

Partial width intr. QCD  intr. electroweak total para. my para. o
H — bb ~ 0.2% < 0.3% <04% | 1.4% 0.4%
H — cc ~ 0.2% < 0.3% < 0.4% 4.0% 0.4%
H — gg ~ 3% ~ 1% ~32% | <02% 3.7%

B FCC-ee will need a much more precise as(mz) to constrain kg at +0.7% (exp
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Strange-guark jet tagging at FCC-ee

m FCC-ee will produce O(400) H - ssbar decays. Can we measure ys?
m ParticleNet jet tagger exploiting hadron PID (via dE/dx, ToF, RICH):

[2003.09517] Momentum weighted fraction: [L.Gouskos,M.Selvaggi etal.]l  goe oo simutation (1DEA)
%15"""!"'!"'!"'
& & Ko i |i= u,d, s,C, b, g
Leptons 9 0 : E I
o Lﬁpt&l& o =1 Lmnssanms s R e sl s e sl —_
o 10 E —svsg :
Strange pr = 45GeV Down pr = 45GeV -g » _SVS ud
- [ =——svVscC
) I a y
L . . = —EVED
Tagger exploits directly full list of jet 107 [resmmmpeafonmbeg E
constituents (ReconstructedParticles): - .
[O(50) properties/patrticle] L ]
X [~50-100 particles/jet] ool HW, o 1 0o . T, s
0 0.2 0.4 0.6 OB 1

~ O(1000) inputs/jet jet tagging efficiency
m Analysis e‘e' - HZ, H - qqg with N=2] exclusive jet algorithm:

Backgds: WW/ZZ/Z, qqH, HWW, HZZ

Combined jj (Hbb, Hcc, Hss, Hbb) fit yields: H — ss with O(80%) uncertainty
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Separating H-. ss and H- gg

m Does the H- gg(ss) Dalitz decay jeopardize the H- ss measurement?

Dalitz decay (afytz) Yukawa decay (ysz) T
s N R E
5
H H
1
BR S

H—gg 8.1 x102 1|

For m;>100 GeV:
Dalitz ssg decays
are no bottleneck
to the y; extraction

(high mass resum.

H—oss ~2x104 _ | needed)
Ratio is ~ 400 ]072 - I Yuke:wa+|ntelrferenceI | |
' R go[Gev] voome [M.Spira; G. Salam]
®m Need also NNLL parton showers

(matched to NNLO) ] ] H

: H - 47 —~ 88 R
and accurate/precise ‘ 3em———————t—=3 1 SEE———————i=%s |
S’ g (Strlng’ C|USter) Other gluon fragmentation sources:
hadronization: . 8 B Factories? LHC?

8
. .. ~ PP
High-precision hadron X Zobhs N ) A ¢ — 28
data (FCC-ee, B- >
factories?) needed to Z - bbg 8
3 “Hairpin” 8 [P.Skands]

reliably distinguish leading
s, u,d,g
fragmentation hadrons
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Y — yeg Diffraction?
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Flavor-violating Higgs decays at FCC-ee

c bd s
m Are there flavour-violating o @
Higgs decays H-qq’ ? - - > —@ B(SM)~10% — — = —-@ B(SM)~107-11
T N O S R sba
% - ez fbtagging = b seezh ey o togging [Kamenik et al. arXiv:2306.17520]
_8 j=udschbg - g j=u,d,s,cbg Y
5 0 R e T v ~a | - Projected sensitivities:
2 ¢ 8 f —oww ey 5
§ g [ —cwb e,.} / ] Ybs,bd,cu ~ 3'10-4, Ysd ~ 8-10“
e 0% / well beyond current
o - | f indirect constraints
107G~ 05 08 e (Bs and D meson oscillations)
jet tagging efficiency jet tagging efficiency
Up -taggi o
o BPT— DN kit — Expected reach strongly
e Y b s depend on the performance
p L et of jet flavor taggers:
'E — s b (7_classes) % — s'b (7_classes)
Tunable (tag&probe) with ultra-
: : pure Z -qq, W - qq’ samples
710 10
J / Qu/Gouskos: arXiv:1902.08570
00 02 o4 06 08 10 10750 0 04 06 08 o Bedeschi/Gouskos/Selvaggi,
jet tagging efficiency sl arXiv:2202.03285
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QCD coupling at FCC-ee (Tera-Z)

m EW boson pseudoobservables known at N3LO in pQCD:

e The W and 7 hadronic widths :

24(Q) =Twa (1 + Z (QST(TQ)):L O(a) + 6,y + Omix + 6np)

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

o Eg; RWZ(HZ (@ ( S(Q))wmz)wmmaﬂp)

Rw,z(Q) = Note: Sensitivity to os(mz)

from O(4%) virtual corrs.

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

Jhad _ 127 gy
Z my (]_—\‘t.ot)2

[DdE, Jacobsen: arXiv:2005.04545]

B FCC-ee will reach 0.1% precision on as(mz) (x20 better than LEP results):

— Huge Z pole stats. (x10° LEP): =S

.. . .. 4

— Exquisite syst./parametric precision: .

AR, = 1073, Rz = 20.7500 +0.0010 3

ATPY =0.1 MeV, Tt = 24952 + 0.1 MeV 2.5
Aok = 4.0 pb, cr%ﬂd = 41494+4pb 2 s

Amz = 0.1 MeV, my = 91.18760 + 0.00001 GeV
Aa = 3-1075, Ao\ (mz) = 0.0275300 + 0.0000009

— TH uncertainty to be reduced by x4 Oqf

16 0.118 0.12 0.122 0.124
from missing o.°, o®, ao %002 0’0 terms ag(m,)
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QCD coupling at FCC-ee (Oku-W)

e The W and 7 hadronic widths :

3%,(Q) = T (1 ; Z @ (2L + 0(a8) + b0 + 6 + anp)

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

m EW boson pseudoobservables known at N3LO in pQCD:

WE(Q)
Rw,z(Q) = = RRY, (1 + Z ai(Q) ( S(Q)) + O(08) + bmix + ‘5“?) Note: Sensitivity to as(mz)

lep 2(Q)

from O(4%) virtual corrs.

[DdE, Jacobsen: arXiv:2005.04545]

B FCC-ee will reach 0.2% precision on as(mw) (<300 better than LEP results):

— Huge W pole stats. (x10* LEP-2).

— Exquisite syst./parametric precision:
't = 2088.0 £ 1.2 MeV
Rw = 2.08000 + 0.00008
mw = 80.3800+0.0005 GeV

|IVes| = 0.97359+0.00010 — O(10%) D mesons

— TH uncertainty to be reduced by x10
from missing o.°, o?, o, ao a0 ,0%0 terms
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Combined

——————————————— 20

m— R, I, FCC-ee (160 GeV)

|:| World average [PDG 2019]

2 —
15 s\iiz T P = V.
1 ——
0.5
\IIIIII\I‘I\IIII|:IIIIIIIII|IIIII\IIIIIII\I\I\lIIIII\I\|

0416 " 0.117 0.118 0.19 012 0.121 0.122
otg(m.)
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H - yy counts after cuts

g ¥
13 t
H
t - - t
g t t ¥

Analysis based on NNLO MCFM v.8.0
pseudo-data for H(yy) plus yy backgrounds
after typical CMS/ATLAS cuts

System /s, L. H —vyy — 27240
(TeV) T tot yields yields

PbPb 3.5 10 nb~! | 500 nb 6 0.3

pPb 8.8 1 pb~! 6.0 nb 7 0.4

PbPb 39 33nb! | 11.5ub 450 25

pPb 63 §pb! | 115nb 950 50

m LHC (nominal L ): ~2 Higgs bosons/month in Pb-Pb

m HE-LHC (nominal L_): ~10 Higgs bosons/month in Pb-Pb

m FCC (nominal L ): ~500 H bosons/month in Pb-Pb

QCD&HI Comm.Workshop, Orsay, Sept 2024
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m Pb-Pb @ 5.5 TeV (L_= 10 nb?)

m Pb-Pb @ 5.5 TeV (L, =500 nb™)

Events/GeV

E aof— PbPb - H — vy, 5.5 TeV, L _=10.0 nb™
b - Pseudodata

& 70 :

o — Fitted S+B

LLl

H- yy observation in Pb-Pb (LHC, FCC)

—— vv background
50
40
30 H’ +

- MCFM, NLO +

20; PDF CT10 nPDF EPSOQ

100 105 110 115 120 125 130 135 140
m,, (GeV)

PbPb — H — vy, 5.5 TeV, L_=500.0 nb’
« Pseudodata

—— Fitted S+B

—— vy background

w
[&)
=)
o

3000}
2500(

2000 HL-LHC??
- MCFM, NLO
r PDF CT10 nPDF EPSOQ

1500 |||||||||||||||||||||||||||||||||
100 105 110 115 120 125 130 135 140

m,., (GeV)
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> LHC (5.5 TeV, 10 nb):

Nomin. lumi: S/VB~0.36 (0.5, adding 4!)
L. =500 nb*: 3s evidence
4.2s combined with H(41)

- FCC (39 TeV, 33 nb):

Nominal lumi: S/VB~5.2s observation
m Pb-Pb @ 39 TeV (L _= 33 nb)

3000 pPb — H — vy, 39 TeV, L_=33.0 nb”
O2800 ;

%) 4 4 « Pseudodata

[

©2600 —— Fitted S+B

L

2400
2200
2000
1800
1600
1400

—— vy background

MCFM, NLO

PDF: CT10, nPDF=EPS09

7III\|II\Ill\Ill\I\I‘I\I\l\lll‘l\l\l\lll
100 105 110 115 120 125 130 135 140

m,, (GeV)
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H- yy observation in p-Pb (LHC, FCC)

Events/GeV

m p-Pb @ 8.8TeV (L _=1pb)
90 pPb —H — yy,8.8TeV,L =1.0 pb’!
80_—‘|’ . Pseudodata

+ —— Fitted S+B
70
—— vy background

60~
502— +
40; + %
30 + + +

- MCFM, NLO + + +
20; DF CT10 nPDF EPSOQ +

100705716 115 20 125 136 135 140

mW( eV)
m p-Pb @ 8.8 TeV (L, =40 pb”)
~ 2800
Q)‘jzeoo_ pPb — H — vy, 8.8 TeV, L_=40.0 pb™
%2400:_ - Pseudodata
52200; + — Fitted S+B
2000; —— vy background
1800;
1600;
1a00. HL-LHC?
1200:—MCFM NLO
1000— PDF CT10 nPDF EPSOQ +
100 105 110 115 120 125 130 135 140

m,., (GeV)
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- LHC (8.8 TeV, 1 pb?):
Nominal lumi: S/¥VB~0.4 (0.6, adding 41)
L =40 pb*: 3s evidence
4.2s combined with H(41)

- FCC (63 TeV, 8 pb?):

Nominal lumi: S/VB~7.7s observation
m p-Pb @ 63 TeV (L =8 pb?)

int

=>6000— _ 1
8 e pPb - H — vy, 63 TeV, Lim—8.0 pb
:25500 « Pseudodata

o N — Fitted S+B
115000

—— vy background
4500

4000

3500

3000:— MCFM, NLO
- PDF: CT10, nPDF=EPS09

2500¢ o | | | | | M
100 105 110 115 120 125 130 135 140
m,, (GeV)
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