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“hot and dense QCD” < » “vacuum QCD”
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“hot and dense QCD” <

How do properties of the QGP emerge
from the fundamental QCD interactions as
a function of system size and under
varying conditions of initial energy density
and baryon chemical potential?
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“hot and dense QCD” <

How do properties of the QGP emerge
from the fundamental QCD interactions as
a function of system size and under
varying conditions of initial energy density
and baryon chemical potential?
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Key facilities involve collisions
with heavy ions
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Key facilities involve collisions
with protons
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The proton radius puzzle 1706.00696
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Need to understand non-perturbative dynamics of QCD proton charge radius [fm]_




European Strateg)

Category: Facilities and experiments with strong interactions as key topic
(1d13) NA61++ (SPS)

(Id42) PBC@CERN, COMPASS++, MUSE@PSI, MUonE, DIRAC++, NA61++
(Id46) Heavy flavour in Hl

(Id47 and 1d67 and Id110) LHC-FT: ALICE and LHCb (LHCSpin)

(1d90) NA60O+ (SPS)

(1d110) ALICE upgrade for HL-LHC

(1d135) QCD/HI at FCC-hh and FCC-eh

(1d143) COMPASS++/AMBER (SPS)

(1d152) QCD/HI at HL-LHC

(1d159) LHeC/PERLE

(1d160) QCD/HI at HE-LHC

Category: Synergies on a global scale
(Id76) J-PARC

(Id93) NICA

(1d99) US-based EIC

Category: Facilities & experiments with strong interactions as a topic
(Id13 and 1d50) AWAKE
(Id49) Super Charm-Tau Factory

Inputs considered

Category: QCD results in support for other programs
(Id117) Auger experiment
(1d131) LBNF/DUNE

(1d151) New physics with HI collisions

Category: QCD theory in support

(Id100 and 1d101) Precise calculations @ colliders
(Id114) MC generators

(Id163) QCD theory

Category: QCD and nuclear physics
(1d39) ISOLDE/EPIC

Category: National roadmaps
(Id21) INFN Hadron

(Id37) Germany ALICE

(1d56) INFN HI

(Id115) Germany Hadron

Category: Individual and community thoughts
(1d48) Town meeting on Heavy lons

(1d103) DIS

(Id140) personal input

(1d148) NuPECC
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Colliders and fixed-target experiments in operation or being prepared

I LHC ug coverage per facility Collider experiments
P RHIC o HL-LHC: heavy ion collisions at substantially increased
200 I 1 ?\]FI)SA (coliden !uminos-ity open an exc.eIIent window to study strongly
% L QGP __ FAIR (SIS100) interacting matter at high temperature
s o HE-LHC/FCC: prospects for a highly attractive heavy
~ T ~155/mm w ion program are recognized with nuclear collisions at
= |Crossover C g . .
& Critical Endpoi}'lt 5|gn|f|cantIY hlgher energies to studY the QGP at
5 - * correspondingly higher energy density and
T 100 temperature, while at FCC energies new probes will
o ! Hadron Gas become accessible
£
|<|_> i coor |  Fixed-target experiments
Suer | o SPS:unique coverage in the QGP phase transition
| matter region and the critical point region
o——————t———4= o HL-LHC: at ALICE and/or LHCb the most energetic

5_00 ] 1000 fixed-target experiment ever can be performed to
~Baryon chemical potential, ug (MeV) reach quark/gluon high-x PDFs
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The CERN accelerator complex

Heavy lon community at the LHC:
~1250 experimental authors
~250 theorists

Ready to explore Run3 and Run4

with pp, pA and AA
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Upgrade of ALICE for AA/pA/pp for Run4d @ HL-LHC
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ALICE Upgrade Simulation

Pb-Pb \s,, =5.5 TeV
0-10%, L, =3 nb"
ITS3, B=02T
Inl<0.8

pP..> 0.2 GeV/c

——— Rapp Sum (broad p)
------- Rapp Sum (drop p)
------- Rapp Sum (vac p)
—f— ‘meas.’ - cc - cockt.

Cylindrical
Structural Shell
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~
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slope estimates the thermal radiation
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3 layers of stitthed CMOS MAPS sensors of up to 508 cm?2
with 56 M pixels (30 x 30 um?2)

[ S S

ALICE Upgrade Simulation
Pb-Pb \'s,, = 5.5 TeV, 0-10%
—4— L,=3nb", B=0.2T

1.1< Mg (GeV/c?) < 2.

4] Syst. err. sig. + bkg.
E== Syst. err. cc + cocktail

0

0.5
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Next generation of AA/pA/pp experiment for installation beyond Run4 @ HL-LHC

Shower Pixel Detector (SPD)

< Timeoffight  proposal to replace ALICE
(TOF)

Silicon Genesis: 20 micron thick wafer

~100cm

A ——
e ' "' Screens hi
v
--lh—dl--
___insert-able
conversion layer

Ultra-thin chip (<50 um): flexible with good stability

< ~400cm >
Detector concept is an all Silicon detector: Physics potential:
o Pixel detector with fast and light CMOS MAPS o QGP properties via precision measurements in
o High-rate capabilities of MAPS will allow the heavy flavor sector

experiment to run at significantly higher luminosities o Access to new low-p; phenomena (y & hadrons)

(a factor 20 to 50), e.g. with lighter ions o Low mass di-leptons
13



The case for AA/Ap collisions at higher energies (HE-LHC & FCC)

Part of the FCC design is to operate PbPb collisions at 39.4 TeV and pPb at 62.8 TeV, and with lighter ions
New probes become available, e.g. top quark production from LHC to FCC increase with a factor ~80
(1) (unquenched) [fm/c]

0607 09 11 14 19 23
6_! TT I—I LI IJ-I I-I T I_Il TT I LI I LI l LI I LI I TTTT I L I_ 90 .-_ _ unquenched _ t= 2.5 fmlc -
- tt->WWbb ] | hed S t= 5.0 fm :
-+ Total delay time and sid. dev (G =4 GeV*fm™) - [ quenc = 2.Uim/c ]
> g Coherence Time - gs [ t=10fm/c NN t—100fmc
- [ W decay Time . % | FCC ‘/Sr:m =139 TeV : : N
_. 4— I Top decay Ume R ] — S [ 2o pp, 30 nb-! PbPb: :
9- — o Totaldelaytlme (q:1 Gevefrn'l) N > 80 .._...............,: ................. ALY ..
E F 1 < [ . : :
g - - gg 75 _ .................
— 7 £ ! , .
C N 70 |-
: . 65 |- B ... 15%Quenching
y 100 200 300 400 500 600 700 800 900 1(;00 0 200 400 600 800
pre (GeV) pFiop (bin average) [GeV/c]

Ltop

Top quark observables are sensitive to the energy-loss of heavy quarks in QGP
Boosted top quarks probe the QGP medium at later times as the decays of boosted top
guarks become Lorentz time dilated
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The CERN accelerator complex
Plan for an optimal use of the SPS beams in order to verify how experiments can coexist

CMS

LHC North Area /\ /\
- 5 z” LHC
ISOLDE AD
61% . 1.5% <0.1%
ALICE 120 LHCb X : >\/ X
e ™ - rr |
SPS ‘ b psg Jes LA SPs y NA
- 1976 (7 km) 100% | \/ 30% \/ 9% \/ 7.2%
TT10
A\ ATLAS e N
HiRadMat [~ ~ | |
: 9% \/ n%E?F <1.8%
ELENA  AD SOLDE o pe o P
M . ISOLDE Isotope Separator On Line Device
BOOSTER [ 1992 | PS Proton Synchrotron »”
OV D En o Exparimets e
RIBs REX/HIE AD Antiproton Decelerator \/ 3.6%
pPPAg P - st Area SPS Super Proton Synchrotron
n-ToF - Ly § n_TOF  Neutron Time-of-Flight facility
m S LHC Large Hadron Collider
PS NA North Experimental Area L Quantity of protons used in 2016 by each
H q Other uses, including accelerator studies (machine r‘ ,,,,, ., accelerator and experimental facility, shown as
n development) a percentage of the number of protons sent by

LINAC2

N\
LINAC3 . LEIR
lons —

o the PS Booster

Large community using the protons not going to the LHC
15



The SPS beam for QCD at high- i

(
NAG61/SHINE (2020+)

upgraded detector
executed during the LS2 and the measurements
are scheduled in the period 2021-2024

~150 physicists from 30 institutions and 14 countries

first year approved @ CERN

focus on charm hadron production
also nuclear fragmentation cross section &
hadron production

\_

NA6O+

new experiment
very high intensities (underground)
proposal in the period >2025

~70 physicists from 23 institutions and 7 countries

“ Vertex spectrometer Mo wall
Muon spectrometer

focus on production of thermal dimuons
sensitive to the order of the phase transition

er:




Emerging facilities worldwide at high-ug (~800 scientists community)

Complementarity of the operational and emerging facilities is essential to cover the QCD phase-diagram

compilation Tetyana Galatyuk, Nucl. Phys. A982 (2019)

Facility SIS18 HIAF Nuclotron | J-PARC-HI ( SIS100 NICA ) RHIC SPS SPS \

Experiment HADES CEE BM@N DHS, D2S CBM / MPD STAR NA61++ NAG0+
/miniCBM HADES

Start 2012, 2018 2023 2022 (Au) >2025(?) 2025 2023 2010,2019 § 2009, 2022 >2025(7?)

sy, GeV 24-26 2-27 2-35 2-6.2 27-5 2.7-11 3-19.6 49-17.3 49-17.3

us, MeV 880 - 670 880—-750 | 850-670 | 850—-490 | 780-—400 g 750 - 330 720 - 210 560 — 230 560 — 230

Hadrons + + + + + + +

Dileptons + (+) + + + +

Charm (+) /L +) y +

SECTION OF GRoyn{
FOR Sis100 Tun

17



Fixed-target experiments: proton and ion beams

heavy ions at CERN

100

hadronic matter

i PhYSics

‘Beyond
Colliders

CP

)

500

ps (MeV)

LHC FT gas LHC FT
ALICE LHCb LHCSpin AFTERGLHC | crystals
proton PDF's X X X
nuclear PDFs X X X
spin physics X X X
meson PDF's
| heavy ion physics X X
elast. u scattering
chiral dynamics
magnet. moments X
spectroscopy
measurements for
cosmic rays and X X X
neutrino physics

<

RHIC

PNICA

SISP NUCL
J-PARCPHIAF

o High-x frontier for gluon, antiquark and heavy-quark
content in the nucleon and nucleus

o Transverse dynamics and spin of gluons and quarks inside
(un)polarised nucleons

QCD community support for a fixed-target program
to coexist with the collider program at the (HL-)LHC18



Precision QCD
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The strong coupling constant o, (today at oa, ~1.8% up to p; ~ 2 TeV)

Determined by comparing experimental observables to pQCD (NNLO or N3LO) predictions.
Need for a high-luminosity e*e collider at EW scales and a high-luminosity ep collider.
oo, at 0.1% precision is essential for H, t, EWPO at colliders.

0.2

0.1}

[Bethke/Dissertori/Salam]

_ April 2016
(1) lattice v T decays (N3LO)
a DIS jets (NLO)
. (2) Tdecays 0 Heavy Quarkonia (NLO)
(e*e) o ¢ jets & shapes (res. NNLO)
® ¢.w. precision fits (N>LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

N (5)Z,Wdecays (e*e)
P oo (6) pp-ttbar (pp)

'.' ot .
- \ "
iy, 4wt ity

= QCD 0(My) = 0.1181 +0.001]

10 Q[GCV] 100 1000

FCC-ee

from hadronic Z decays  oa, <0.15% (today 2.5%)
from hadronic W decays oa.<0.2% (today 35%)
from hadronic rdecays Ja,< 1% (today 1.5%)
event shapes oa.< 1% (today 2.9%)

FCC-eh or LHeC
with DIS would be able to reach oa, ~0.1-0.2%

. (4) e*e jets (shapes, rates) (e*e

FCC-hh
from top quark pair production
test the running of o, up to 25 TeV (jet cross sections)

Lattice QCD
with adequate R&D on computing a robust calculation up
to 0.3% precision might be within reach

20



The low-energy precision puzzle...
From the report of the Physics Beyond Colliders working group: COMPASS++/AMBER, DIRAC++, MUonE

persistent discrepancies on proton niK scattering lengths are persistent discrepancy between
charge radius determined from benchmark quantities for chiral measured anomalous magnetic
spectroscopy (H, muonic H) and ep symmetry breaking in the strange- moment a, = (g-2),/2 and SM theory
elastic scattering quark sector T ot B Py 0 01 7130
! I T T I I I I ! DHMZ
- —i— CODATA-2014 DIRAC 2014 | e | PBTBEIgM 180.2:4.9 A
w | DIRAC 2017 — -| PRD 96 (2017) 052002
DIRAC+ projeciion | - | DIRAC-NOTE-2016-05 e i -
up 2010 | ————&——— H spectroscopy R
lalice | + - — PoS LATTICE2014 (2014) 080 | smxx e |
L e-p scatt . Y a4 -aom —— || PRD 8 (2014) 054502 181.5+3.5 .
08084 0% 0% 08T 0% 08 09 . ' a"m: | PRD 85 (2012) 074501
proton charge radius [fm] L4 " % PRD 74 (2006) 114503 i
RF-separated hadron beams for unique QCD gy =T
beam transport beam stopper _ - !
RF1 RF2 Roy-Steiner eqs | + - 1 EPJC 33 (2004) 409 |
ChPT 2loop | + . =Sl - JHEP 0405 (2004) 036 New (g-2) exp. ®! g %
L U 208.9+1.6 l
ChPT 1 loop | -+ + NI - NPB 357 (1991) 129 :
oo b b b b Lo llIIIIlIlIIIlIIlllIIlIIIIIIIIIIIIlIII:IIIIlI
. 9 . 01 0 01 02 03 04 05 06 07 140 150 160 170 180 190 200 210 22 Nmﬂ
) L f ay ] a,-11 659 000 (1071%) ' '
A long-term multipurpose hadron Study of nK atoms with DIRAC++ With 2-years of elastic muon
structure facility COMPASS++/AMBER would yield an experimental scattering MUonE aims for an

at the M2 beam line beyond 2021 uncertainty comparable with the independent measurement of the
(muon and hadron beams) theoretical one hadronic vacuum polarization 21



The low-energy precision puzzle...
From the report of the Physics Beyond Colliders working group: COMPASS++/AMBER, DIRAC++, MUonE

persistent discrepancies on proton niK scattering lengths are persistent discrepancy between
charge radius determined from benchmark quantities for chiral measured anomalous magnetic
spectroscopy (H, muonic H) and ep symmetry breaking in the strange- moment a, = (g-2),/2 and SM theory
elastic scattering quark sector T ot B Py 0 01 7130
- & CODATA-014 DIRAC 2014 PLB 735 (2014) 288 1002549 A
w | DIRAC 2017 PRD 96 (2017) 052002
DIRACH+ project DIRAC-NOTE-2016-05 e i
up 2010 H spectroscopy R
‘ d LATTICE2014 (2014)0B0 | SmxX )
epsaat FRD 89 (2014) 054502 e
08 084 085 086 08 088 08 09 ¢ - PRD 85 (2012) 074501 |
proton charge radius [fm] L4 " < PRD 74 (2006) 114503 i
RF-separated hadron beams for unique QCD e ===/
beam transport beam stopper . :
RF1 RF2 Roy-Steiner egs | + - 1 EPJC 33 (2004) 409 |
% S D Y sovsmmm | pevone . 8
ChPT 1 loop | -+ + NI - NPB 357 (1991) 129 :
- ; X 01 0 01 02 03 04 05 05 07 S0 Jm 1m T B fe 2n 0 = u/&u
) L f ay ] a,-11 659 000 (1071%) ' '
A long-term multipurpose hadron Study of nK atoms with DIRAC++ With 2-years of elastic muon
structure facility COMPASS++/AMBER would yield an experimental scattering MUonE aims for an

at the M2 beam line beyond 2021 uncertainty comparable with the independent measurement of the
(muon and hadron beams) theoretical one hadronic vacuum polarization 22



The low-energy precision puzzle...
From the report of the Physics Beyond Colliders working group: COMPASS++/AMBER, DIRAC++, MUonE

persistent discrepancies on proton niK scattering lengths are persistent discrepancy between
charge radius determined from benchmark quantities for chiral measured anomalous magnetic

spectroscopy (H, muonic H) and ep symmetry breaking in the strange- oment a, = (g-2),/2 and SM theory
elastic scattering quark sector [G. Abiendi ot al, Eur:. Phys. J. G (2017) 77:139

IIllllllllllllllllIlIIIIIIIIIl]IIIIII||IIIIIIIII

o | —&—— CODATA-2014 DIRAC 2014 | PLB 735 (2014) 268 100254 -
DIRAC 2017 | PRD 96 (2017) 052002
DIRAC+ projeciion | ol -
up 2010 | ——&—— Hspectroscopy @

® e-p s

L PN ) SIS R TR A T TR S R S R P BT
083 0.84 0.85 0.86 087 0.88 0.89

proton charge -+ PRD 74 (2006) 114503 :
RF-separated hadron beams for unique Q! 2089268 R
beam transport bea

RF1 RF2 4 EPJC 33 (2004) 409

I
I
Sl | JHEP 0405 (2004) 036 New (g-2) exp. i 9
77 o 208.9+1.6 .
NI | Nea 357 (1991) 129 !
9 e o l — : 11 I quimin) I Ll L.l | JEEyE | L1l I L L I Ll 1l I L1l I:l Lilll I
- ~ ~
- ’l ’v
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4
ay [m] a,-11 659 000 (107°)

A long-term multipurpose hadron Study of nK atoms with DIRAC++ With 2-years of elastic muon
structure facility COMPASS++/AMBER would yield an experimental scattering MUonE aims for an
at the M2 beam line beyond 2021 uncertainty comparable with the Jndependent measurement of the
(muon and hadron beams) theoretical one hadronic vacuum polarization 23
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The low-energy precision p

uzzle...

From the report of the Physics Beyond Colliders working group: COMPASS++/AMBER, DIRAC++, MUonE

persistent discrepancies on proton
charge radius determined from
spectroscopy (H, muonic H) and ep
elastic scattering

——8&—— CODATA-2014
up 2013
up 2010 | ————&——— H spectroscopy
— IO.%BI ~ Oé ~ IO.I85I ~ IO.é6I I Compe
RF-separated hadron b 3 Coher
beam transpo S e e\(

A long-term multipurpose hadron
structure facility COMPASS++/AMBER
at the M2 beam line beyond 2021
muon and hadron beams

niK scattering lengths are
benchmark quantities for chiral
symmetry breaking in the strange-
quark sector

DIRAC 2014 - _— PLB 735 (2014) 288
DIRAC 2017 - —a— PRD 96 (2017) 052002
DIRAC++ projection | -
"""" peam WNE
: (
ent ap 04d | PRD 74 (2006) 114503
Roy-Steiner eqs - + - 4 EPJC 33 (2004) 409
ChPT 2loop  + ' N - JHEP 0405 (2004) 036
CHPT 1 loop |- + - MBI | g 357 (1991) 129

01 0 01 02 03 04 05 06 07
ay )

Study of nK atoms with DIRAC++
would yield an experimental
uncertainty comparable with the
theoretical one

persistent discrepancy between
measured anomalous magnetic

moment a,, = (g-2),/2 and SM theory

[G. Abbiendi et al., Eur. Phys. J. C (2017) 77:139]
IlIIIlIIIIIl[IIlIlIlllllllllllllllllhlllIlIllll

DHMZ —a—i
180.2+4.9

BNL-E821 04 ave. N
208.9+6.3 !
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I
T3]
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]
|||||||||||||||||||||||||||||||||||||j||||||
140 150 160 170 180 190 200 210 22

1

/ "\" : ’\' \
a,-11 659 000 (10™) ' '
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With 2-years of elastic muon
scattering MUonE aims for an
independent measurement of the
hadronic vacuum polarization



The proton radius puzzle... the QCD community is motivated to solve it
With the PSI beams and the MUon proton Scattering Experiment (MUSE) experiment... ready to go

Dec 2018 N ‘ I ;".-. y . Measure simultaneously low-energy p*
| : ' ' L.~ and e* scattering to reduce systematics in
the search for hints of lepton-flavor
violation.

Data-taking from 2020 onwards with the
goal to reach sub-percent relative
precision (Q? = 0.002—0.07 GeV?) to
extract the proton radius difference e
versus 1 with a precision of 0.007 fm.

Solving the proton puzzle will require a
concerted approach with
complementary experiments worldwide.

Worldwide several additional QCD
precision efforts.

25



Nuclear precision with HIE-ISOLDE and the EPIC upgrade

Radioactive ion beam at CERN to study the emergence of nuclear phenomena from QCD

ISOLDE
Quantum Chiral Effective-Field Theory BOOSTER
Chromodynamics : | m
. '® © Riss REX/HIE
. - _I_"'{G_ « ,‘\ 2001/2015
e . PS
. B no o 9539 {628 m)
0 " LIN,-'\CE/ l
o _ _ - Strongly motivated in the
How did visible matter come into being L N < NUPECC Roadmap
and how does it evolve? O (~1300 users)
. . . ' single
Proposed extensions to widen physics reach particle "IPI((
EPIC = Exploiting the Potential of ISOLDE at CERN 0 ‘/
o gain a factor of 2-10 in radioactive beam intensity a ’

install additional target station(s)
install a ‘Storage Ring’ for short-lived isotopes
some unique isotopes worldwide

clusters

O O O

Mostly driven by particle physicists for the search for BSM phenomena Neutron matter



Partonic Structure
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R.A. Khalek et al. arXiv:1810.03639

PDFs measured from W, Z, top processes from LHC to HL-LHC

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

g(x,Q)/g(x,Q)[ref]

. + HL-LHC (scen A)
#5 + HL-LHC (scen C)

107
PDFs at the HL-LHC (Q = 10 GeV )

11l 1 { i | IIIIII
1073 102
X

107

o(x,Q)/u(x, Q) [ref]

LI llll'

------- . PDF4LHC15
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o factor up to ~2 improvement in
the mid-x region

o no improvement in the low-x and
high-x region

o requires to further develop
methodologies to not fit away BSM
effects when estimating PDFs from
pp collision processes, e.g. fit the
PDFs in-situ while doing
measurements
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The case for ep collisions at high energies (LHeC, FCC-ep)
“Precision” region at FCC-pp: 5-7% PDF uncertainty for o(W,Z,H) > ep collisions essential

14 TeV q 100 TeV o a clean experimental environment

with low multiplicity, no pileup, fully
,‘ _mr:'o’:':mm'" el constrained kinematics (x,Q?)
3 reconstructing the outgoing lepton

covasens PDF30
S = 1.40e+04 GeV

g'_ 3 : 5 ! o amore controlled theoretical setup
: £ s with many 1%t-principles calculations,
i ! factorisation tests

EIC (3-20 GeV e-)
E.,s=0.02-0.13 TeV

ac, ' dz 2 -
oo =.[ = fa(2,Q7) fo(7/2,Q )-Gluon.luminOSW

T

LHeC (60 GeV e- from ERL)
Ecms=0.2—-1.3TeV
run with the HL-LHC (= Run5)

FCC-ep (60 GeV e- from ERL)

E.ms up to 3.5 TeV

is required to reach O(1%) uncertainty
for ofW,Z,H) at FCC-pp

10 10 w, ) 10t
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The case for ep collisions at high energies (LHeC, FCC-ep) — novel ERL systems

Energy Recovery Linac (ERL) prowdes the electron beams at 60 GeV and h|gh polarlzatlon of 80-90%.

A o B

’ ' - ‘ N :; ‘:uﬁj‘ "' . B | o -
: & - ) : 8 ; ; l
Location L chosen for
geological reasons.

|}

Civil Engineering
Different Options
Fraction 1/3-1/4-1/5
Pt2 and Pt8

Smaller PERLE demonstrator at Orsay with maximal beam energy of 0.5 GeV operation from 2023-2025.
No showstoppers, but need more resources to bring it forward.
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DIS at the highest collision energies: test QCD and vital for particle physics
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Precision on large-x, highest-Q?, flavor decomposition
Reliable quantification of uncertainties (theory and
experiment)

Beyond the collinear parton model: establish three-
dimensional nucleon structure (spin-dependent,
transverse momentum, ...)

A T T T T T

LHeC 15t Run

50 fb-1 e-, P=-0.8

Genersied with APFEL 271 Wab
x,Q
—t
[

I
|’
= TT1 EATE FET RN FAR STRA FA1 FAT BT AT

100-' 1w0¢  10°

10—‘)‘10‘*‘ 10% 1

Genersted with APFEL 27.1 Web

31



DIS at the highest collision energies: test QCD and vital for particle physics
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DIS at the highest collision energies: test QCD and vital for particle physics
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o The set of PDFs from the FCC-ep program will reduce
the PDF uncertainties in searches for heavy objects

Relative uncertainty
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The QCD case for eA collisions at high energies (EIC@US)

address three key questions.

o How does the mass of the nucleon arise?
o How does the spin of the nucleon arise?
o What are the emergent properties of a
9 dense system of gluons?

\
The US-based Electron-lon Collider (EIC) can

J

Two realization concepts being developed.
First collisions from 2029-2030 onwards.

—/—_f_-——_\
12 GeV CEBAF

e —

=

eeeeee

10t L Current polarized DIS ep data:
F  OCERN aDESY oJLabf O SLAC [ JLab-12 vevevyy sy
Current polarized AHIC pp data:
wtl * PHENIX1® & STAR 1-jet v W bosons
c-“!‘t : & -
- & &
w - A
= 10° 3
fb : ﬁqufﬂ &
1 I'.'_',-G\ ﬁ.‘! ~ G" tl-*
10 "’5' \10
: 2
" ¥ , 91?-’"‘“
\Dd'ﬁ ! s[:.-{b .
3 .r"-. ot | "'. 3 N c | LB _a aa
1074 109

electron-proton DIS at EIC for HL-LHC-like-x PDFs
(towards 3D nucleon structures)

Research community at EIC is 1/3 European
Synergies with COMPASS, HL-LHC, LHC-FT, LHeC (ePb), FCC-eh (ePb) at CERN

34



Additional options for QCD when the LHC will retire

Beyond the HL-LHC there are options to use the LHC machine for novel QCD research

CMS

LHC

North Area

TT40 T4
SPS ‘
. »
il A ATLAS AKE
HiRadMat
il | T80
ELENA AD
ISOLDE
1999 (182 m)
m BOOSTER
0>
Ribs REX/HIE
N | - :...E.%S.‘ﬁ.’.e.?.?
n-ToF ]
2001 | PS

H 1959 (628 m)

\
LINAC3 LEIR
lons ‘ —

What strong interaction physics can one do

with the LHC after the HL-LHC?

(e.g. when the LHC becomes an injector for a future collider)

slide from Daniel Boer

Summary of opportunities and challenges

Opportunities and challenges for the strong interaction physics

case for continued use of the LHC after the HL-LHC:

Unambiguous signals of small-x gluon saturation [opportunities]
Should one go for the smallest x (i.e. highest energy), even when the
luminosity is modest?

e.g. plasma accelerated electrons (PEPIC, VHEeP)

Control over less-inclusive and diffractive processes in pp [challenges]

Required for global analyses of multi-dimensional PDFs

Observation of new strongly interacting particles [opportunities]
Elucidation of the role or the embedding of QCD in BSM theory

Other opportunities/challenges for QCD@LHC after 20407
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Particle Physics
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portal to the observable world

portal to the rest of particle physics

used in experiment

(applications)

“confined”
hadrons & ions

Equation-of-State

PDFs

used in Lagrangian
(first principles)

“deconfined” :
quarks & gluons ,l
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used in experiment
(applications)
“confined”
hadrons & ions

@

used in Lagrangian
(first principles)

“deconfined”
quarks & gluons
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We happily eat from... ... and likewise feed.

e.g. ALPs via yy coll.
instrumentation e.g. high-x PDFs
e.g. o
e.g. ALICE next generation e.g.gg>H
e.g. m, my
computing & e.g. form
software factors

Machine Learning e.g. dark photons

.g. low-x PDFs

e.g. hadronic cross sections

The beauty of QCD for the sake of fundamental
e.g. ERL technology guestions, but also essential for many other fields

e.g. need for a meta-level model for
computing support

accelerators
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QCD
Methods & Tools

43



“Experimental measurements are key to guide us into the unknown in the search for new physics”
(HL-)LHC experiments at the frontline the next 15-20 years
key to discovery potential is precision

Standard Model Production Cross Section Measurements Status: March 2019
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Standard Model Production Cross Section Measurements Status: March 2019
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precise
exploration

precise
measurements

Methods & Tools

e.g. EFT, PDFs, generators, NXO calculations, Lattice, «, ...
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precise
exploration

precise
measurements

Methods & Tools

e.g. EFT, PDFs, generators, NXO calculations, Lattice, «, ...

Profound experimental knowledge and theoretical

understanding of QCD will be vital to succeed in our exploration

with the LHC and HL-LHC, and all future colliders
(for both Direct & Indirect searches)
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Standard Model Production Cross Section Measurements Status: March 2019
oy 20w 10%. W HL-LHC W HLsLHeC M HLWHELHC 1 HL+ILCorg HL+CLICs0 M HL-CEPC 14
S, 10 3 y . B HL+ILCsp M HL+CLIC1s00
: yyyyy BN Higgrd ke W SMEFTyp fit M HL+CLIC:0 u
1 LHe b ]
|
e I [ ety | e | feses
o4 KN o 3
&5,
iy @ LHC pp ]
mu o -
“3h e ] £
ey LHC pp R X o N e B e T B
4o © 2 EEWENGE s e R nnn e e TR
.0 = o ] g
dg ©
.2
i e Ny
’ 5
. s ] 104
flao ]
o = ww:
] B e
ll 8]
i
107 R B % & E % A RE i R =
w 7y WE Ve 7 Ve t t b
b ol* g9 o of 9% o ok of ok ook ol ok o~ oF* of of

precise

precise
exploration

measurements

Methods & Tools

e.g. EFT, PDFs, generators, NXO calculations, Lattice, «, ...

Lattice QCD comes into the precision era
Made possible an essential link between theory and experiment
e.g. o, proton radius, (g-2), ...
e.g. form factors, PDFs, ...
e.g. phase-diagram T vs ug, ...
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QCD theory for particle physics, i.e. for all other physics themes this week

A typical for most the QCD impact is typically the limiting factor for many LHC analysis

LHC experiments

acceptance of the signal (SM and BSM)

~ o need N3LO precision for many 2->1 and 232
processes (including top quark processes)

coherent approach for higher-order calculations and
parton shower

_ o interpretations like the top quark mass

examples
|
O

X modelling of the background

Substantial further theory progress is needed to allow a precise interpretation for a wide range of HL-LHC data

o sustain the strong and concerted support for QCD theory work (e.g. MCnet Horizon 2020 network)
o foster a community-wide and long-term close collaboration between the experimental and theoretical

communities (e.g. inter-experiment workshops with theoreticians)

European institutions observe a leading and successful role to face these challenges,
and hence have a leading responsibility
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the visible universe humans biological ion hadron quarks

l l cell \ \ L
~100°000°000°000°000°000°000°000°000 l
0.00000000000000000001 meter
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Synergy with nuclear physics

the visible universe humans biological ion hadron quarks

l l cell \ \ L
~100°000°000°000°000°000°000°000°000 l
0.00000000000000000001 meter

synergy nuclear & particle physics

* understand the properties of hadrons
and nuclei from first principles

* novel detector technologies

NulRECC
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Synergy with nuclear physics

the visible universe humans biological ion hadron quarks

l l cell \ \ L
~100°000°000°000°000°000°000°000°000 l
0.00000000000000000001 meter

1
Systematics on O.p Sensitivity | synergy nuclear & particle physics
in Super-K from R. Wendell * understand the properties of hadrons

Detector Systematics ! . l ! '
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Flux Systematics

All Systematics

No Systematics

Multi-Ring PID

1 Ring PID

Solar Modulation

CCQE v,/ v,

CCOENVIT

Low-energy pA measurements at SPS

B Gy +v) [ - T E > 10 GeV - | | , needed to get precise neutrino fluxes

(v, +v) I (T +V2)1<E <10 GeV .
eI ITE O e — | ] from accelerator & atmospheric

v, IV E > 10 GeV

and nuclei from first principles
* novel detector technologies

HEEEREEEN

Dv, IV,E<1GeV

v 1¥1 < < 1008V — (Dune, Super/HyperK, IceCube...)
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Synergy with astro and astroparticle physics

the visible universe humans biological ion hadron quarks

l l cell I \ L
~100°000°000°000°000°000°000°000°000 l

0.00000000000000000001 meter

\ J
|

synergy astro(particle) & particle physics
cosmic rays
* star formation
* detector technologies
* hadronic cross sections
* neutron stars equation of state
* ultrahigh-energy neutrino interactions

AP

N

\
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Synergy with astro and astroparticle physics

the visible universe humans biological ion hadron quarks

l l cell \ L
~100'000'000°:000°000°000°000000°000 l
0.00000000000000000001 meter

! 0.035 Number of muons at ground from air showers
synergy astro(particle) & particle physics '

* cosmic rays (e.qg. Pierre Auger observatory)
* star formation . 0.03

» detector technologies S
) . S (i

* hadronic cross sections > i

* neutron stars equation of state G 0.025—

* ultrahigh-energy neutrino interactions

{
|

Precise measurements needed in pA and AA  §, 002

O

. . . Z—‘L
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o inelastic cross-section 0.015— =~ EPOS LHC —=— EPOS QGP
o multiplicity == SIBYLL 2.3c — - EPOS Extreme
II 1 1 IlllIII L 1 Illllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll
O dlffraCtion 1015 1016 1017 1018 1019 1020 1021
o forward rapidities Energy (eV) 54



the visible universe humans biological

l l cell l

~100°000°000°000'000'000°008:000°000
0.000000

ion hadron quarks

L

00000000001 meter

synergy nuclear & particle physics

* understand the properties of hadrons
and nuclei from first principles

novel detector technologies

\ J
|

synergy astro(particle) & particle physics
* cosmic rays
* star formation
detector technologies
hadronic cross sections

“to make the invisible visible”

applications for health, safety, energy, ...
QCD is an essential aspect

ECFA 178 b m((
European Committee for !E‘m

\

N
>
U
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Strong Interactions

Principal Components




European Strateg}

Tuesday morning

Wednesday morning

Scientific Secretaries:

Anton Adronic (Munster) and Ferenc Sikler (Wignher)

Session 1 (1 % hours) — QCD oriented

e Talk 1: Scientific aspirations

* Talk 2: Experimental QCD at high-energy colliders
 Talk 3: Theory challenges

* Reserve 15 min

Session 2 (2 ¥ hours) — Target oriented

 Talk 4: QCD with pre-accelerators @(HL-)LHC
 Talk 5: Precision at low energies

 Talk 6: Lattice QCD

 Talk 7: Fixed Target @(HL-)LHC

Session 3 (1 % hours) — HI oriented

* Talk 8: Heavy lon theory

 Talk 9: Heavy lon physics at high-energy colliders
* Talk 10: QCD at eA colliders

* Reserve 15 min

Session 4 (2 % hours) — Topical

e Talk 11: Around the world

* Talk 12: Synergies ApPEC/NuPECC/Neutrino
 Talk 13: QCD at ep colliders

* Talk 14: Use the LHC facility post HL-LHC for QCD
* Reserve 15 min
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(20+10) U. Klein (Liverpool)
(10+20) D. Boer (Groningen)
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Principal Components for QCD

Hot & Dense QCD

A coherent and
complementary “hot &
dense QCD program” at
the SPS brings valuable
and unique contributions
in the exploration of the
QCD phase diagram.

An (HL-HE-)LHC/FCC
based AA/pA/fixed-
target program is unique
and provides essential
science at the frontline
towards a profound
understanding of particle
physics.

Precision QCD

A globally concerted
“precision QCD program’
provides a unique
avenue to find new
physics that breaks the
Standard Model.

)

A high-luminosity e*e
collider at the EW scale
and a high-energy ep
collider provide a unique
environment for high-
precision QCD, essential
for most of our
aspirations in particle
physics.

Partonic Structure

A “hadronic structure
program” exploring the
complementarity of
ep/pp/eA colliders
provides vital ingredients
for the high precision
exploration in

searches for new physics
and as well steps into
uniquely unknown
territories of QCD.

Theory

It is vital to support
coherently the QCD
theory community to
succeed in all these
programs and to link
QCD to the rest of the
particle physics research
program, especially for
our HL-LHC exploration.

Organization

Strengthening the
synergies in research and
technology with adjacent
fields will reinforce our
efforts.

Global platforms,
networks and institutes
have the potential to
enhance the research
exchange among experts
worldwide and to
provide essential training
opportunities.
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Thank you for your attention
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From the previous Physics Briefing Book

5.6 Strategy Issues
The following points could be considered in the discussion on the strategy update:

e For the upgrade of the LHC Pb beam programme after LS2, luminosities of order
6 x 102" cm—2s~! are essential to reach the proposed physics goals.

e Some of the possible LHC measurements, which are crucial for understanding of
strong interactions, require dedicated low-pileup running. The resulting loss in the
total luminosity is expected to be small.

e Dedicated analysis, taking into account all relevant experimental and theoretical
aspects, should be performed to give quantitative estimates of the PDF accuracy
which can be ultimately reached with the LHC data. This is required for compar-
ison with LHeC capabilities, against the background of the exact requirements of
HL-LHC for PDF uncertainties, which should be established as well.

e The LHeC project offers, in addition to the PDF studies motivated by LHC needs, a
very rich and diverse physics programme by itself. If the project is to be considered
as one of the future collider options, dedicated effort towards the preparation of a
Technical Design Report is needed.

e The fixed-target programme at CERN gives a very valuable contribution to re-
search in strong interaction physics. It offers unique measurement possibilities
which can not be covered at other facilities.




curcpesn Sraecy) “Big Questions” on Open Symposium website

 What are the experimental and theoretical pre-requisites to reach an adequate
precision of perturbative and non-perturbative QCD predictions at the highest
energies?

 What can be learned from beams-on-target experiments at current and potential
future (pre- )accelerators to test strong interactions?

* How to probe the QGP equation of state and to establish whether there is a 1st
order phase transition at high baryon density?

 What is known about the make-up of the proton (mass, radius, spin, etc.) and how
to extract it?

 What is the role of strong interactions at very low and very high (up to
astrophysical) energies?



cuopean ey Strong Interactions

Copied from the input submission page:

e perturbative and non-perturbative QCD
 DIS

* Heavy lons



The upgrade of ALICE for Run4 @ HL-LHC: AA/pﬁi

de from Johanna Stachel

3 layers of stitched CMOS MAPS sensors of up to 508 cm?
with 56 M pixels (30 x 30 um?2)

near-term realization

of this technology in a
running experiment will
revolutionize vertexing

Cylindrical
Structural Shell

Half Barrels

Silicon Genesis: 20 micron thick wafer

I |
Ultra-thin chip (<50 um): flexible with good stability
expression of interest for an ALICE ITS upgrade in LS3 — ALICE-PUBLIC-2018-013

Johanna Stachel AN RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG
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e.qg. Lattice, ...

QCD in the organization

IT solutions
“institutes”

low energy
precision

Big Data
“institutes”

e.g. PSI, ESS, ...
e.qg. precision, ML, ...

long-baseline
neutrino

platform QCD @ CERN
ee/en/eA/pp/AA Raedl

Solid State devices
“institutes”

e.g. DUNE, T2K, ...
e.qg. NuSTEC (Th+Exp coll)

e.g. tracking detectors, ...

Electronics
“institutes”

eA/ep colliders &
fixed-target for QCD

e.g. EIC@US, NICA, FAIR, ... e.g. ASIC, ...

e FAIR
{\.

astroparticle
“institutes”

ALICE

e.g. EuCAPT @ CERN, ...
ALFA - a common framework for '\/AP

ALICE and FAIR experiments 2
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