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Introduction

e Summary report of ﬁ
QCD StUdieS appeared BPSyo'an CERN-PBC-REPORT-2018-008

end of last year, 81 pp E—

Physics Beyond Colliders
QCD Working Group Report

e This talk:

A. Dainese!, M. Diehl?>*, P. Di Nezza3, J. Friedrich?, M. Gazdzicki®® G. Graziani’,
C. Hadjidakis®, J. Jiackel?, M. Lamont'® J. P. Lansberg®, A. Magnon'?, G. Mallot'?,

* Ve ry broad OverVieW F. Martinez Vidal'l, L. M. Massacrier®, L. Nemenov'?, N. Neri'3, J. M. Pawlowski®*,
S. M. Pulawski'4, J. Schacher!®, G. Schnell'®* A. Stocchi'”, G. L. Usai'®, C. Vallée!?,

G. Venanzoni?®

* Se | eCted p hyS I CS Abstract: This report summarises the main findings of the QCD Work-
h ig h I ig h'tS ing Group in the CERN Physics Beyond Colliders Study.

* our thoughts on
possible PBC QCD arXiv:1901.04482

activities in 2019-20

* figures on following
slides from report
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Proposals and Studies

* experiments at SPS and fixed target installations at LHC

® cover a broad range of topics in QCD
* parton densities, proton and nuclear structure

heavy-ion physics

*
* low-energy dynamics
*

measurements for other fields of HEP:

LHC FT gas

ALICE LHCb LHCSpin

AFTERQLHC

LHC FT
crystals

COMPASS++

MUonE

NA6G1++

NA6O++

DIRAC++

proton PDF's
nuclear PDF's
spin physics
meson PDF's

X
X
X

X
X

heavy ion physics

elast. u scattering

chiral dynamics
magnet. moments
spectroscopy

measurements for
cosmic rays and
neutrino physics

Table 1.
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Schematic overview of the physics topics addressed by the studies presented in the QCD working group.




i?hyMCS

*Beyond
~Colliders

COMPASS++
COMPASS++

DIRAC++

future facilities
(selection)

M2 beamline

LS2

all starting dates are “estimated earliest running”

(possible) locations and time lines

LS4

LHC run 3 LS3 LHC run 5 LS5

LHC only LHC & SPS

LHC run 4

conventional beams
(no simultaneous running)
RF-separated beams

unpolarized

foreseen, to be worked out

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
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_ ECN 3 cavern: presently used by NA62
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PBC-QCD proposals
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LHC Fixed Target (gas)

e fixed-target setup using LHC beam in unique kinematic domain

e |arge forward boost provides access to very high x at sufficiently
large scale

{0 existing data
(HERA & fixed target)

e large luminosities 5 10°
(more difficult to reach 3
in typical DIS setups) <

d % JLab12 Eb=11 GeV
W>2 GeV

[1 EIC Vs =45GeV,y=0.01

Vs =90 GeV, y <0.95

e realization discussed for 10°
both LHCb and ALICE

[ ] LHC-FT Drell-Yan

4 GeV <M <15 GeV,
2=n®<5

::::

T T TTTI]

e experience at LHCb with
SMOG, to be upgraded to 1
SMOG2 during LS2

N

Pﬁ.ﬁyfsics
r . *Beyond .
~“Colliders |
1 ! Lot | bt 11 Y
3 ) 1
10 10 10 1
X
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LHC Fixed Target (gas)

e fixed-target setup using LHC beam in unique kinematic domain

e |arge forward boost provides access to very high x at sufficiently

large scale

e |arge luminosities
(more difficult to reach
in typical DIS setups)

e realization discussed for
both LHCb and ALICE

e experience at LHCb with
SMOG, to be upgraded to
SMOG2 during LS2

® nuclear gas targets
(or ion beam) for nPDFs

QCD Introduction

Q2 [GeV?]
5 00N A

10°

0 %

.:'-Cblljders

PHENIX 0
LHC dijets LHC

W&Z L~

CHORUS neutrino data
fixed-target DIS and Drell-Yan
EIC s = 45 GeV, 0.01 <y <0.95
EIC v/s =90 GeV, 0.01 <y <0.95
STAR pA Drell-Yan /s = 200 GeV

LHC-FT Drell-Yan
(4 GeV<M<15GeV, 2 <nkb<b)

»"/"

Lot

107
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LHC Fixed Target (gas)

e proton PDFs at large x vital for
core LHC physics program
(high-mass parton luminosity)
and interesting by themselves

e nPDFs even less constrained but
needed for many processes,
e.g., important for heavy-ion
physics core programs

QCD Introduction

2.0

1.5¢

0.5¢

0.0
1

—  (CT14nlo
- CT14nloAFTER

~1
L,,=101fb

2 <n? <5

Drell—Yan at v's =115 GeV
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LHC Fixed Target with polarisation

III| T T IIIIII| T T IIIIII| T T IIIIII|
" current and future data for Sivers asymmetries (selection):

10"
- ® COMPASS h*P,;<16Gev Yy yvyvvyvvy v

e gas target opens door for - cowesss 1
polarised targets (H, D, 3He) O ERVES i < 1ol

JLab Hall-A 7 P, < 0.45 GeV
10° 1

Q? [GeV?]

v STAR W bosons
[ <5< JLab 12 (upcoming)

* nUC|eon_Spin phySiCS at the E STAR Drell-Yan (upcoming)
LH C 102 - || LHC-FT Drell-Yan (proposed)

* complementary field of research

e Sivers effect: important and 3 m;;;
prominent spin effect e

0.l 11— I

* actively pursued at COMPASS, | 4 <M, <9 Gevie
JLab, RHIC, and (future) EIC

* polarized LHC-FT potentially
very competitive

e realisation not before LHC run 4

025000203 04 05 06 07 08

0
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future studies

LHC-FT running scenarios: dedicated or parasitic

* large range of corresponding integrated luminosities
(differing by up to two orders of magnitude)

* benchmark studies for prolonged PBC mandate: what is
needed to achieve physics goals

4+ minimum luminosity

4+ acceptance requirements, e.g., location of (polarized) target
has strong impact on high-x reach

* exploit experience of AFTER@LHC for corresponding studies

follow feasibility studies for technical implementation

QCD Introduction PBC Annual Workshop, January 2019
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LHC Fixed Target (crystals)

e magnetic (and electric) dipole moments of
many short-lived particles (heavy baryons, T)
poorly constrained

* e.g. spread in theory predictions for Ac

e exploit intense fields inside bent crystals for
measurement at LHC (e.g., LHCDb)

15
14
13
12
11 |
10
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LHC Fixed Target (crystals) o -

e magnetic (and electric) dipole moments of E ——
many short-lived particles (heavy baryons, 1) 5 — )
poorly constrained di :
* e.g. spread in theory predictions for Ac 2| T,

e exploit intense fields inside bent crystals for ; .
measurement at LHC (e.g., LHCb) —_—

magnetic moment / Py

z F | _ * example sensitivities for

A e — — 2.4x10% PoT (S1) and

B0 e — 2.4x1016 PoT (S2)

= u — e

=0t T — e requires production of

F— e — polarized particles
e — m exploit SMOG?2 data
e o * systematics evaluation
w0k e conflict with LHC-FT gas
A= AYK A —>An" B o Q, = Q' 12



motivation:

* persistent discrepancy
between measured (g-2),

and SM theory

upcoming
measurements at FNAL
and J-PARC

two main theory
uncertainties: hadronic
vacuum polarisation
(HVP) and light-by-light
scattering

aim of MUonE:

MUonE

anomalous magnetic moment
a=(g-2)/2

EXP

uncertainties on a, , ay

vvvvvvvvvvvvv

a,FXP - BNL E821 [Phys.Rev., D73 (2006) 072003]

1 FNAL g-2 goal [arXiv:1801.00084]

1 J-PARC E34 goal [JPS Conf. Proc. 8, 025008 (2015)]

a, Bt - Jegerlehner [arXiv:1804.07409]

- Prades, de Rafael, Vainstein [arXiv:0901.0306]

a HYP { Jegerlehner [EPJ Web Conf. 166 (2018) 00022]

- Keshavarzi, Nomura, Teubner [PRD 97 (2018) 114025]

1CS
SCNEl | MUonE precision goal
iders

‘‘‘‘‘‘‘‘‘‘‘‘‘

0 1 2 3 4 5 6 7
uncertainty [1 0_10]

iIndependent determination of HVP
with precision ~ extraction from et e- annihilation and Tt decays

QCD Introduction
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MUonE

: It (10-3 GeV?)
e extract anvp via sum rule O om o aes w5 w1
from pe elastic scattering g o nemers aden?
it to pseudo-data (Padé)
14 | pQCD + time-like data —a—

pseudo-data +—e—

e target precision requires E
e cross section with
accuracy ~ 10-°

10 -

(1 - z)Aah(t(z))

|

- higheSt demands On 00 0.1 O.‘2 O.‘S 0.‘4 O.‘5 0.‘6 O.‘7 O.‘8 0.‘9 1
experiment and theory '

pseudo-data and fitted curve for sum rule
giving anvp

e will require feasibility tests
— staged approach
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QCD Introduction

COMPASS++

proton charge radius from spectroscopy or ep scattering

persistent discrepancies on

_ H (1S-3S) |
proton charge radius rp i e |
determined from

spectroscopy (H, muonic H)
and ep elastic scattering

different fits to ep data yield
widely different rp

goal: rp from high-energy up
elastic scattering

% advantages over ep scatt:
4 smaller QED radiative corrections

HP [
HP
H world average 2010 [

ep scattering |
only A1 data |-

ep scatt. world data |
including A1 |

ep scatt. world data |-
without A1 |

S ——
_|_
+
+
+
S BE—
_l_
_—
_|_
e
_l_

+ very small contamination from magnetic form factor
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-1 Fleurbaey et al [PI
- Beyer et al [Scien
-1 Pohl et al, CREM/
-1 Antognini et al, CF
-1 Pohl et al, CREM/
4 Mohr et al, CODA’

- Horbatsch, Hesse!
- Griffioen, Carlson,
-1 Lee, Arrington, Hil
4 Lorenz, Hammer,
4 Lorenz Hammer, |
- Bernauer et al, A1

- Higinbotham et al
- Sick [Prog Part Nu

-1 Lee, Arrington, Hil
1 Zhan et al [PLB 7(
-1 Hill, Paz [PRD 82
- Borisyiuk [NPA 84



COMPASS++

e demanding measurement:

ol/o
—

0.998

0.996

0.994

0.992

0.99

0.988

0.986

0.984

0.982

uncertainty bands: AG_ only
AG,, added linearly
AG,,x5 added linearly

/

/

1072

e pseudodata and fits

* preferred fit gives Astat rp = 0.013 fm

10~

Q? [GeV?/c?

* experimental and fitting uncertainties to be quantified

QCD Introduction
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MUonE and COMPASS r, measurement

e poth measurements
* are highly demanding, strict precision requirements
* should be done soon in view of worldwide activities

e discussions in QCD working group on running scenarios

* requirements on beam and detector setup
parallel running possible? or interleaved running?

* conveners' opinion: to be followed up this year

e NAO64++ with muon beams
would run at same beamline

* only short running envisaged before LS 3
* need for coordinated discussions between the projects

QCD Introduction PBC Annual Workshop, January 2019
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COMPASS++ with it beams

pion plays special role in * Drell-Yan e
QCD (Goldstone boson) T B |
nn PDFs very poorly known | [ I
unique opportunity: Drell- ;| ™| SIS I il B
Yan with -and - beams: # |2 )
* separation of sea and
valence quarks e
. Ep, [GeV]
* highly complementary to
plans in ep scattering
(‘J Lab’ EIC) 2.5 ‘.‘ [ 1 NA3extraction (DY n* and =" data)

QCD Introduction

SMRS 10% sea contribution
-------- SMRS 15% sea contribution
— - ma SMRS 20% sea contribution
——e—— Projection for 280 days on C-target

Zsea/ ZvaI
N

—_t
(&)
-IIII|IIII|IIII|IIII

4.3<M/(GeV/c)<8.5
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Long-term prospect. RF separated beams

e RF separated kaon beams would allow wide range of unique
QCD studies with COMPASS++

* kaon polarisabilities (Primakov reaction, chiral symm. breaking)
* PDFs (Drell-Yan, prompt photons)

* kaon spectroscopy

o feasibility study for RF separated beams started in conventional
beams working group

* to be followed up: achievable beam parameters
(energy, intensity)

* what are minimum beam requirements for the different physics
studies?
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DIRAC++

e 1K scattering lenghts: 1 0
benchmark quantities fOr DIRAC 2014 | 2 1 PLB 735 (2014) 288

DIRAC 2017 | —a— -1 PRD 96 (2017) 052002

chiral symmetry breaking DIRAC++ projecton | - | DIRAC-NOTE-2016-05

In the strange quark sector atice | + . { Pos LATTICE2014 (2014) 080

1 PRD 89 (2014) 054502
3/2 1 PRD 85 (2012) 074501

® StUdy of K atoms at SPS ,, % T | PRD 74 (2008) 114503
would yield exp. error ~ - '

\ \ Roy-Steiner egs | 1 EPJC 33 (2004) 409
theory uncertainties ChPT 2100p |+

ChPT 1 loop |

# | JHEP 0405 (2004) 036
1CS
arioed 1 NPB 357 (1991) 129

pi-K atomic pi-K atomic
pairs at PS pairs at SPS
120 -

o3I T I O O I e rates at SPS » at PS

PRI e H R oo o B L LT PO RRLRR BTy Rty

..... ] 3000

60 f \\\ ..... ............ ...... ............. ............ ......... 2000

ot N L ﬁﬁﬁiﬁﬁﬁfﬁjﬁ"'é""""""'ﬁﬁﬁﬁﬁﬁ{ﬁﬁz ........ 1000 * required beam intensity
il 2

e 0 needs underground hall

=20 ........ - P 1000 N E CN 3

-40 ........ l .....................................

2000
00 T T TS 10 12 14

O(MeV/c)

-
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Heavy ion physics

e | HC-FT & SPS experiments offer a unique coverage of a primarily
interesting part of the QCD phase structure including the poten-
tial CEP (CP) & mixed phases

heavy ions at CERN

e (Complementary to running and = I
lann xXperiment H
pia ede e Snis g C quark-gluon plasma
|_
LHC
. FT
e Uniqueness:
100}
* Combined coverage of large
range in temperature and density ~hadronic matter
CP
* Interaction rate & observables ! )
>0 us (MeV)
* Tlmlng P RHIC SISF NUCL
PNICA PJ-PARCPHIAF
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NAGO++

e Motivation

* Signal of 1st oder phase
transition?

* Signal for restoration of chiral
symmetry?

* Transport properties at large
densities?

e Measurements

* mass spectrum of thermal
muon pairs

* Increase of dilepton yield

* open charm (see talk of
Enrico Scomparin)

QCD Introduction

300

T (MeV)

Pb-Pb central collisions

200 |—

| I I I I | I I | I I | I I

- /@ HADES Au-Au
L (preliminary)

¥

<l 5

‘; SPS range N

¢ CBM (FAIR SIS100)

| +NA60 (CERN |SPS)
Li i i

| e
. e” e
,-C '26
% AD
- iNAGOIn In .ot '}‘“N

* Theory estimate for T
* Theory estimate for T
slope

Medium temperature evolution in central collisions

10

ch

10

/dydM)/(dN  /dy)(50 MeV)

10

oo

(d°N

—

2

3 456 10 20 30 100

m (GeV)

NA60++ projection for the thermal dimuon mass spectrum

200

Black continous line: expected
yield assuming chiral mixing

Green line: expected yield
witout chiral mixing

Pb-Pb Vs=8.8 GeV
0-5% central collisions

NA60+: experimental
performance assuming no
chiral mixing (yellow band:
systematic uncertainty)

0 02 04 06 08 1 12 1.4
M [GeV/c 7]
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NAGT++

o (C E - pairs 1(SVIean Multiplicity of charm quark pairs in central collisions
* Mechanism of open charm e Al MbLs
production? -
* Impact of the onset of o
deconfinement on open charm =
production? -
* |Impact of quark-gluon plasma [
formation on J/vy prod. 0.1
pQCD HSD HRG QUARK COALESCENCE  SMES

Energyzdependence of charm quark pairs in central collisions
A10

<CccC

® nuclear fragment. cross section
* origin of cosmic rays 10
* cosmic ray background

e hadron product. measurements

* for T2K and Hyper-Kamiokande 10°
replica targets

—_
T IIIIIIII T llllllll T IIIIIIII T T TTTTI

10-2||||||111|1||
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Measurements for cosmic ray physics

Examples for QCD related limitations in flux calculations

e Anti-proton production and P

nuclear fragmentation ¢ PAMELA 20

* LHCb-FT
* ALICE-FT
* NAGT++
* COMPASS++

e Charm
* LHC-FT

e Hadron production
measurements

* NAO61+

QCD Introduction

10—¢

12

¢ AMS-02 2015

* Uncertainty from:

— Fiducial

Cross-sections
Propagation

B Primary slopes

Solar modulation

1

5 10

50 100

Kinetic energy T [GeV]
Relative precision on p production pHe collisions

[ 14084 /&4/ 85 85 8.

20 30
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[r— 4 T > T T T = 1 T T T rd
§ 3 ~ - // »/ffb/ﬂ 18.0 16.9 }243 16.1 145 131 /1&513
| / ]
O 15.2 /11.9/ 107 99 98790 92 85 /ss‘ﬁ 84 82 8394 83 85 85 138
Q? 2 }(/ e ~ pd .
109 81 g 78 76 77 _- 77 76 76 716 26 76 76 78 95 96 137
T - A% 2>

~

~ ~ :
/97/ 75 74 74 _5 15 175 }/rf 74 75 79 3947104 94 95 /9.9/\‘7’.1
140 7.8 p, 41 74 75 74774 74 175 syg{ 95 94 95 3872

1 [ras 84~ 84 85 85 g4~ 85 85 75 92704 94 93 96 A4

73/2/1 1.3 97 93
15 97 94 9
-

84 84
58 85 84 367 84 85 86 _u.
| 84 8.4/ £5 105 85 05 164
5%107! s (\fbc _ ~ s
4x107! —~— '

10.0 yaef X~

s
5

LHCb

40 50

60 70 80 90 10°
p [GeV/c]

50
45
40
35
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Thanks to the working
group members and to the
PBC coordinators
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LHC-FT gas: high-x PDFs

1
f 2
0.9 i—d\Z// UV(X’? )
Q=2 GeV Drell-Yan,pp Vs=115GeV ,2<Y" <5,p! > 1.2 GeV/e, L =10 fb"
0.8 :_NNPDCEI_B.O&ZZXZZE R PSS RARLARLARALARALARRLARRLRARRERARS:| BT
: 14 2 -
0.7 7 MMHT14 S i
- ABM12 g :
0.6 t CJ15 vy {7 10°
o (1/2) SU(6)
0.5 & - 107 =
04 ¢ 1 =10
03 | (0.28) DSE1 ]
" 3 -
: 20) NJL, pQCD
0.2 :(ozo) JL, pQC ol -
[ , (0.18) DSE2 -
0.1 ¢ & 0 01 02 03 04 05 06 07 08 09 1
; (0) CQM X, (per 0.05)
0 -

02 03 04 05 0.6 0.7 0.8 0.9
X
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LHC-FT gas: high-x PDFs

1.4

Q=13 GeV u—PDF
1.3/ — CT14nlo
- CT14nlo prof.

Drell-Yan, pp Vs=115GeV ,2< YL$ <5,p,>12GeV/c,L=10fb"
1

10 AFTER@LHC sim 10°
o
o
S
()]
2
X 10*
107
10°
102| 102
0 01 02 03 04 05 06 07 08 0.9 1

X, (per 0.05)
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LHC-FT crystals: MDMs of selected baryons

15
14
13
12
11
10

9

- D W s~ 01O N
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-1 PLB 326 (1994) 303

-4 PRD 77 (2008) 114006

-1 PRD 65 (2002) 056008

1 PRD 56 (1997) 7273

4 NPA 735 (2004) 163

-1 arXiv:1209.2900

- PRD 81 (2010) 073001

-1 J Phys G35 (2008) 065001
- arXiv:0803.0221

41 NPA 797 (2007) 131

- PRD 73 (2006) 094013
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_|_
_|_
+
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+
F’ ics +
*Beyond
~Colliders +
I RS E S RS SR R
0.1 0.2 0.3 0.4 0.5
magnetic moment / py
Zp
T T T T T
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+
P')_ics +
. *Beyond
~Colliders
-0.09 -0.08 -0.07 -0.06

magnetic moment / py
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-4 PRD 77 (2008) 114006

-1 PRD 65 (2002) 056008

-+ PRD 56 (1997) 7273

4 NPA 735 (2004) 163

- arXiv:1209.2900

- PRD 81 (2010) 073001
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- arXiv:0803.0221
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magnetic moment / uy
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