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Drell-Yan process

DY as important probe to resolve:
— Spin Crisis
— Mass Crisis
* Recent results from Drell-Yan experiments (structure and spin)
— SeaQuest (FermiLab)
— STAR (RHIC)
— COMPASS
* Drell-Yan prospectives: (spin/mass crisis)
— SpinQuest (FermiLab)
— STAR, sPHENIX (RHIC)
— Jparc (Japan)
— COMPASS++/AMBER

Some conclusions

Disclaimer: no LHC results reviewed, Drell-Yan at NICA — separate talk
Special thanks to Dustin K., Elke A., Wolfgang L., Vincent A. ..... for materials
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Drell-Yan process L

i

Hy(P;, S)

Pa) the momentum of the beam (target) hadron,
s = (FP.+PB) the total centre-of-mass energy squared,
Taw) = 0/ (2P - q), the momentum fraction carried by a parton from H,g,
Tp = Tq — Tp, the Feynman variable,
ﬂfﬁﬁ — Q*=¢q¢* =5 r, 3, the invariant mass squared of the dimuon,

KTa(s) the transverse component of the quark momentum,
qr = Pt = ky, + kg the transverse component of the momentum of the virtual photon.
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; Status of the theory: Pion-induced DY, DY Cross
section calculations theoretical calculations -
COMPASS
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Very big progress recently achieved: NLL threshold
re-summation mechanism with non-perturbative term
- good experimental data description — K-factors
issue is not there anymore (M. Aicher, A. Sch ™ afer
and W. Vogelsang, Phys.Rev.Lett. 105 (2010)

252003)

FIG. 2: Comparison of our NLL-resummed Drell-Yan cross
section based on fit 3 to some of the E615 Drell-Yan data.
The inset in the upper figure shows the scale variation of the

resummed and the NLO cross sections (see the text).
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FIG. 2: “K-factors” as defined in Eq. (27) at VS =19 GeV
as functions of the lepton pair mass (@, at NLO (symbols) and
for the NLL-resummed case. Also shown are the expansions
of the resummed cross section to first, second and third order
in the strong coupling.

The case of COMPASS (M. Aicher, A.
Sch™afer and . Vogelsang Phys.Rev.

D83 (2011) 114023)
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Introduction to the Spin | C'jFN
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On the one hand - Almost all visible matter of the universe we are able
to observe consists of nucleons.

On the other hand - SPIN is a fundamental quantum number (Pauli
principle), to some extent define a rules on how the atomic/nuclear
matter is constructed.

Thus we better understand well
how the spin of the nucleon (and
hadron in general) is “constructed”.
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Introduction to the Spin II NG
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Nucleon spin 2= A2 + AG + L

quark gluon orbital mom.

AY :sumoveru,d, s, u,d,s AqQ =q9-9 _
Can take any value: superposition of several states Parton spin parallel or anti

parallel to nucleon spin

First two component were extensively studied in the
SIDIS experiments with the longitudinally polarised
target (collinear case approach): spin fraction carried
by quarks and gluons is not sufficient to describe %2
nucleon spin (Spin Crisis, continued):

* Quark spin contribution A¥X=0.24 (Q?=10 (GeV/c)? DSSV § |:cmuimiz.
arxiv:0804.0422) R
* COMPASS Open charm measurement and other direct mse
measurements =» AG/G is positive but small o
> e

In order to create Angular Momentum of partons spin-orbit correlation has to be taken
into account =» transverse momentum of the quark k; appears =» 3D structure of the

Nucleon has to be studied
04/09/2019 Oleg Denisov 6
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3D structure of nucleon Il INFN

Unified View of Nucleon Structure
Wigner function 5 D

Tansverse

s g Generalized
Momentum W (x, kJ—’ rJ—-) Parton
Dependent Py " ' Distributions
distributions L dk |

.‘}efferspcn Lab
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Leading Order (TMD) PDFs INPN
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Huge progress has been made over the part 20 years in a study of TMD PDF in SIDIS,

pp collisions and in DY.
IMPORTANT: modern TMD formalism still to be validated as TMD factorisation is not

yet proven
f;;lr(?f.ﬂ'%) Sivers function

Nucleon polarization the correlation between the transverse

unpol. long. pol. transv. pol. spin of the nucleon and the transverse
. momentum of the quark.
E 2 i @ fJJi' @' @
 — : i H L
| 3 |NumberDensity Sivers i (x,k2) Boer-Mulders function
|
= |3 the correlation between the transverse
&8 2 @ -Or |2 B -© -
O | w spin and the transverse momentum of a
|2 Helicity Worm Gear guark in unpolarized nucleon.
g [ G-
© 1 —-— 1 2 . .
S |2 4 ®-@ |h@m =@ | Transversity h ;7 (x,k7) Pretzelosity function
z i @ @ the polarization of a quark along its k;
¢ |Boer-Mulders| Worm Gear |/;7&) = . . . . :
- Pretzelosity direction, making accessible to the orbital

angular momentum information.
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T-odd TMDs (Sivers, Boer-Mulders) restricted NN
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universality SIDIS€&=>DY b

The time-reversal odd character of the Sivers and Boer-Mulders PDFs
lead to the prediction of a sign change when accessed from SIDIS or

from Drell-Yan processes:

— Check the predictions:
fir(DY) = — fi=(SIDIS)

hi(DY) = —hi(SIDIS)

lts experimental confirmation is considered a crucial test of
non-perturbative QCD.

1. In case sign change is not confirmed we have to rethink
TMD PDF factorisation — major problem of the TMD

approach
2. Sivers function is very important by itself as gives a model-

dependent access to Angular Momentum of partons
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What we are made from and how it happened?
BEY OND

o Striking Higgs-boson discovery even if extremely (-_;[ é‘{)lb

Important is NOT the origin of mass: PARTICLE
v Higgs-boson mechanism produce a little
fraction of mass
v Higgs-generated mass-scales explain neither
the “huge” proton mass nor the pion nearly masslessness
v So very little input on ORIGIN, NATURE and STRUCTURE
of nearly all visible matter

« Strong Interaction Sector of the Standard Model (i.e. QCD) is
a key to understanding the origin, existence and properties of almost all
visible matter.

04/09/2019 Oleg Denisov 10



QCD Preamble (Mass crisis ,N;,?
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Higgs-generated mass .vs. emergent mass) & &

Kaon Proton

o M, ~ 140MeV o Mk ~ 490MeV o M, ~ 940MeV

@ Spin0 e Spin 0 @ Spin 1/2

o 2 light valence @ 1 light and 1 "heavy” e 3 light valence
quarks valence quarks quarks

Higgs generated masses:
M(U+d) -~ 7 MeV M(U+S) —~ 100 MeV M(U+U+d) —~ 10 MeV

Higgs mechanism produce ~few percent of the mass of
almost all visible matter  QCD

04/09/2019 Oleg Denisov 11



QCD Preamble (Mass crisis ,N;P

Higgs-generated mass .vs. emergent mass) & &

Questions to be answered:

e Mass difference pion/proton/kaon
» Mass generation mechanism (emergent mass .vs. Higgs)
» Gluon content, especially important pion/kaon striking difference

] Drell-Yan: Prompt photon production:
Methods: B N
T PIF X - : J
ME
P—-PI:IP_‘__H:X £

e 90’s: NA3, NA10O, E615

e 10’'s: COMPASS-II @ 90's: NA24, W70
@ 20's: COMPASS++ @ 20's: COMPASS++

As well J/Psi production and pi/K diffractive scattering at very low t.

04/09/2019 Oleg Denisov 12



Recent results from Drell-Yan experiments il
(structure and spin): SeaQuest (FermiLab) | it torse

SpinQuest Spectrometer

Main Injector
120 GeV

Drawing: T. O'Connor
and K. Bailey

120 GeV protons from the Main Injector

- 4.3s beam spill every 60 sec

- 19ns RF, ~10Ks p/RF bucket

- 5x10%2 p/spill

- Total integrated POT for E1039 (2-year): 1.4x10® POT

Unpolarized Beam and Target w/ SeaQuest detector

® E-906/SeaQuest: 120 GeV p from Main Injector on LH,, LD, C, Fe, W targets
— high-x Drell Yan

® Science run: March 2014 - July 2017

= dbar/ubar asymmetry, Quark energy loss
04/09/2019 Oleg Denisov 13



-

=y

04

Sum of components

600
400

200 b0V P0r i partof Aun 2
000 Y & Y

800

Drell-Yan

- E906
== CT10 NLO
== CT14 NLO
1.4H= MMHT NLO
k- EB66

SeaQuest
preliminary

1.2

0.8

0.6—

/09/2019

b v bvv v b bvvnn Py b bwv o v by
0 o005 01 015 02 025 03 035 04 045
x!

®  Cross section: convolution of beam and target parton distributions
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Recent results from Drell-Yan experiments
(structure and spin): SeaQuest (FermiLab) Il
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Xpeam

beam: valence quarks
at high x

target: sea quarks at
low/intermediate x

Striking preliminary results: disagreement
with E866 at large x??7? (800 GeV proton

Oleg Denisov

beam)
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Recent results from Drell-Yan experiments m;?

(structure and spin): STAR (RHIC) | e
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The STAR experiment
at the Relativistic Heavy lon Collider, Brookhaven National Laboratory

¥ the star experiment
Coils Magnel bi!_i/csn;tﬁf‘

LINAC
= “’\»EB}S.-J

mor}'sa
@

/
£ Forward Time Projection Chamber

N ADY) An(Y)

Sensitive to Sivers effect Yes Yes No
non-universality through

TMDs

Sensitive to Sivers effect No No Yes

non-universality through
Twist-3 T, x(x,X)

Sensitive to TMD or Yes Yes Yes
Twist-3 evolution

04/09/2019 Oleg Denisov 15




Recent results from Drell-Yan experiments m;?

(structure and spin): STAR (RHIC) Il oy
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no TMD te"volution

1
- STAR p-p 500 GeV (L =25 pb ) - STAR p-p500 GeV (L=25pb )
® RHIC p+p (500 Gev): W*- TSSA 08l o5 <Py <10GeVE 08l os<pl <r0GVe
0.6 06F
+ ‘i'!,‘f _:"|.'_ 0.42— I:I_q.;
AN(W ) ~ ("ﬂ‘l fu,’pT & fd_l,fp + A -fd_jpT @ fﬂfp) o.2L l_'}_‘ _ 0.2k
& a"'""_,,..i Pl i < 0
AN(W_) ~ (&‘n,fﬂpr & fd',."p + ﬂNfdpr @ fﬂfp) -0.2F 0.2}
0.4 F WSy —0.4f
_05'_ ___ Ka (assuming “sign change") 0 5:— _ _ K {no“sign change")
T Global y#DOF =7.4/% -r Global y3/DOF = 19.6/6
=081 3.4% beam pol. uncersainty not shown ~0.813.4% beam pol. unceriainty noi shown
° . ] s T T o s B R Y
Sivers asymmetry: y¥ "
== quark flavor identified ——  TMD evolved
— h|gh Q2 Og_srnn;:p-psnuﬁevn:zspb"] 0; srmwy—psuutie\f{f.:zﬁpb"}
OF <Py < 10 GeVie TEOF < P o< 10 GeVie
0.6
— icti irmi . 0 04t
statistically limited: O(10%) ool ——
== data favor sign-change < — <
. . Ty : W— v
if TMD evolution effects small =~ =% Z6 7o war 04 o no D vol
— —1 '0:3 ‘JT‘E?E&LE: o I'H‘JE'::!?IHZ:?M shown —0,3 _JT%E!-EE -TE:E';:E?IH.EM shown
more data from 2017 (400 pb) ™7 brampel waceiainy notche T beam el ey met et
=05 Q 0.5 -0.5 1] 0.5
soon y W

PRL 116 (2016) 132301
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Key elements:
1.
2.

3.

COMPASS facility at CERN (SPS)

COMPASS Spectrometer at SPS M2 beam line

(CERN)

Universal and flexible apparatus.

Most important features of the two-stage

COMPASS Spectrometer:

1. Muon, electron or hadron beams with the
momentum range 20-250 GeV and intensities
up to 10° particles per second

2. Solid state polarised targets (NH, or éLiD) as well
as liquid hydrogen target and nuclear targets

3. Advanced tracking (350 planes) and powerful PiD

=
INFN
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mustama (Monn Walle Calnrimala.r; 31{".#41!b new DAQ

DY@COMPASS - set-up e
mpl D ppX C s

COMPASS PT

Tracking system (both LAS abs SAS) and beam
telescope in front of PT

Muon trigger (in LAS is of particular importance -
60% of the DY acceptance)

HCal1 based trigger (veto) in LAS (to reduce DY
di-muon trigger rate if needed)

RICH1, Calorimetry — also important to reduce the
background (the hadron flux downstream of the
hadron absorber = 10 higher then muon flux)

17
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» First ever polarised Drell-Yan experiment was successfully
performed in 2015 at COMPASS

3
Xl O ------- Reconstructed events
4 COMPASS preliminary [ Events from 1% cell
Drell-Yan 2018 data (~50%) 15000 [ Events from 2™ cell

[ Evemts from LHe gap
"1 Events from LHe upstream 1" cell
Events from LHe downstream 2" cell

4.3 < M, /[(GeV/c?) < 8.5

o]
IIII|IIII|III\|II

10000

1 5000

-300 -200 -100 O oL s

-320 -300 -280 -260 -240 -220 -200 -180 -160 -140 -120
2 (CI’I]) z, (cm)
N E o COMPASS 2015 NH, data COMPASS x:Q* phase space (DY 2015 data)
"'>"‘ 10,’ Fo e Comb. background o COMPASS 2015 data 55 _
" E eeneas Jy (MC) = AL 33 2005 data oi8z - 2
(B N~ A N .;:MC)J =0 Drell-Yan NH; g
= 10‘1‘ P i =eemeee Open-charm (MC) Q ,':—-'
c B4t = oy
= Eo ==== Drell-Yan (MC) b _EJ
=~ _ 3 Total MC + Comb. background =
:: 10° = E‘
: 2 [ = 10— “
g 10° E | E
S i
O it 1
E I I L
4 6 8 10 TS
.2 '
M, (GeV/c) van
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DY@ COMPASS 2015 Run INEN
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® COMPASS: 190 GeV 7 beam on transverse P.Sun . Yuao, PRDBS, 114012
polarized H target (NH,)
=+ 2015 data (4 months) oy Tae
= Transverse target polarization ~80% s couPASS B /J("T 1 %
== consistent w/ signh change! o k_fl,.k”f’ ,r =
]
. R T.}."f“.*.f‘.h i
~ o COMPASS 2015 data sign change 0 —
_ =~ DGLAP
- s TMD-1 DGLAP (2016)
0. 1 - TMD-2 M. Anselmino et al., arXiv:1612,06413
g_m : i‘ :m COMPASS, proton, h"
7 - - "
i 0 __ 0.4 : . l.
B L : T g
-0.11 =
L TMD-1(2014)
. M. G. Echevarria et al, PRD89,074013
PRL119, 112002 (2017) no sign change o1 E
—0.5 0 0.5 L
xF 5{: 0
1 005 F
A% =0.060+0.057(stat.) +£0.040(sys.) ;
T orfE .
Ref: W.C. Chang (Academia Sinica) & J-C Peng (UIUC) T !
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DY@COMPASS 2015/2018 Run INFN
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COMPASS 2015 + 2018 (~50%)

COMPASS PLB 770 (2017) 138 : C%T:?::;ASS Drell-Yan 4.3 <M AGeVic?) <85
- h+ lﬁ:‘:QEf{Gtv.I"i‘}I{EI i . Zﬂl-'j+2f.llﬂ {~30%:) preliminary
A h_ {1"} =(.238 i /—Asiu{l?;fl _ o \",
T [ . L]
/ sinio —0) : N : ! 5
A o - = l _ ;
UT ! i sin(24 .~ g E
sin(( + ¢ — m) ; : A . ;
h 'S —— ; gl ' §
UT 5 ' sin(2,_+ 6.} :
sinL?e-q:l - ¢q} : : A‘T =M —
o —h e i :
aaincj;;H - ' : sin+ ¢, ,
UT ; T ‘
i : ! |
S]"fuq}h q}l"} * ' Hi"{lt(x_ '1]-,] ] )
UT . I L ! L L I L 1 L L I 1 : AT 11 3 I I - — | TN TN N N S N N S S ——
—0.05 0 {1?5 ~. 02 -01 0 01 02
A

COMPASS-II preliminary
2015 + 50% 2018 results
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Drell-Yan prospectives: (spin crisis) m;?
SpinQuest (FermiLab) | S
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field: 5T @ 1K

targets: NH, and ND,

elliptical: 1.9cm x 2.1 ecm (x,y), :7.9 cm (2)
3 active cells, 1 empty

helium consumption 100 I/day

~—

Drawing: T. O'Connor
and K. Bailey

120 GeV protons from the Main Injector

- 4.3s beam spill every 60 sec Feef il Rl {LANL)

- 19ns RF, ~10Ks p/RF bucket . i

- 5x10%2 p/spill Unpolarized Beam and polarized Target (w/ upgraded SeaQuest detector)
- Total integrated POT for E1039 (2-year): 1.4x10'8 POT ¢ E-1039/SpinQuest: SeaQuest w/ pol NH,/ND, targets: 2019-2021

== probe sea quark distributions
Polarized Beam and polarized Target
» development of high-luminosity facility for polarized Drell Yan

® E-1027: pol p beam on (un)pol tgt (2021+?)
== Sivers sign change (valence quark)
== TMD physics program complementary to future EIC program

04/09/2019 Oleg Denisov 21



Drell-Yan prospectives: (spin crisis) m?

SpinQuest (FermiLab) Il S
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E1039 proposal

| Drell-Yan Target Single-Spin Asymmetry
ppltdTs > p X 4= M - 9 Gel
o4l T T —
* DOE approval, March 2018
* Fermilab stage-2 approval, May 2018 -
* E906 decommissioned 6/2018 2B e
» Polarized target to be installed by fall of 2019 = oo "
- E1039 commissioning starts in late 2019 0 H %{ {: 4

- Run for 2+ years, 2019-2021+ Lo

$ 7.9 em NH, target
-0.2 4 7.9 em ND, target

________ Sun and Yuan, 2013

! Anselmino et al, 2000

T 1 T T T O T N T T Y
’ 0.15 0.2 0.25 0.3 0.35

Xtarget

120 GeV
beam

Ref: M. Liu (LANL)
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Drell-Yan prospectives: (spin crisis) m;?
SpinQuest (FermiLab) Il —

Let’s Polarize the Beam at Fermilab (E-1027)

Egzione o Toring
The Plan:

=  Use SpinQuest Spectrometer

= Add polarized beam Recyeler Ring (above MI)

Polar'metar’ RFy's

T~ \\gl /I;'? Sources
\_switchirg

402 MeV Tizac

Pust Uncalibrated and CNI
Polarimeters with Hg Jet Target

120 GeV/c Main Injector

Expected Precision from E-1027 at Fermilab

® Probe Valence Quark Sivers Asymmetry with a polarized proton beam at SeaQuest
<z r Anselmino et al
0.06 - ’
o.0af
0.02f
0 -tg 1
i 1.3 Mio
-0.02 - . Eonmilat 120 G DY events
r ermilal e :
i 42 <M <B.5GeV \g"_'lth_no
- 3.2 x10™ POT
-0.04 o :su% ilution
ol s e baow o by Lo s by v Lo L by ana |y
-0.1 0 0.1 02 03 04 05 06 07
= Experimental Conditions X

— same as SeaQuest

— luminosity: L, = 2 x 103° (10% of available beam time: I,,= 15 nA)
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Drell-Yan prospectives: (spin/mass crisis) m;?

STAR (RHIC) | o
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Expected uncertainties from 2017 Transverse Run (500 GeV)

Collected:
350 pb! > 14 times Run-11 for -1<n < 1.8 > A, W/~ & Z°, Collins, .....
< 15 STAR p+p 500 GeV (L = 25 pb™) =3 9 ;E_STAH p+p 500 GeV (L= 25pb™)
085« PY < 10 GeVie CTHo5<P) <10GeVie
0.6 0.6
0.4F T 0.4
0.2F S B 0.2 p—
ﬂ;u___' e~ S n:_ e i}
0.2 -0.2]
=W =T 42_—7—W——b|'\'
_0'4:_ + run 17 proj. {L=350pb™, P=55%) -0. © + run 17 proj. {L=350pb™, P=55%)
—0.6F — KGQ - no TMD evol. —0.6- — KQ- no TMD evol.
F EIKV - TMD evalved [ EIKV - TMD evolved
-0.8 T 3.4% beam pol. uncertainty not shown -0.8 - 3.4% beam pol. uncertainty not shown
C ' I 1 L | 1 I I L | - L L L L | L L L L |
133 0 05 " o5 0 0.5
yW y"
& [ STARp+p 500 GeV (L = 25 pb")
- 7 i . .
1 05 <Pr <10 Gete Will provide data to constrain
05: I - TMD evolution,
r [ - sea-quark Sivers fct
L T L S - - - - -
of- e - through rapidity distribution 2 neg. n

ok o2 Lrr - fest of Sivers fct. non-universality

[ —4— run 17 proj. (L=350pb”, P=55%) .
- — KQ-no TMD evol. —> Z° very clean channel no corrections
-1 EIKV - TMD evolved

[ 3.4% beam pol. unceriainty not shown

B 15 705 0 05 1 is
L _ Yzﬂ {T-2017 The Flavor Structure of Nucleon Sea 6 WENER
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Drell-Yan prospectives: (spin crisis) m?
STAR (RHIC) || i -

STAR Forward Detector upgrade & DY e
DY@STAR FOR 500 GeV

Kinematics:
DY e+e-in25<n<4.0 406GeV<M,,, <90 GeV
0% Add a postshower to the preshower & the FMS
.3 = pg B00 GeV-QCDDY
0 .
3 o 200 GeV-00DIDY & vill be able to measure A, DY
0L
107 = ., .::‘.‘.‘ o .
107 "LHL:M Design follows successful
i rlll Preshower design
e il y 'TT - 3 layers of u, x, y with
10° f ‘ ‘ SiPM readout
3 4 5 i} ; 8 EI] I 10
M, (Gevic?) _ S
After analysis 2.5 <n < 4.0 : : :
f 14 N 001With TMD Evolution . No TMD Evolution
“10* T Ged Background {2 ’ = ol i
o L Drell-Yan Signal 0 !
N 02|
YEnsERT e 001F ;
S 5 4 S SR S o0l
N S . s S S SO B [
o +_+_ L 0.02F 0.06 Octiy<t GV
T 2 [ 409 GeV
N OO OSSO SO <T>_T_ S -0.03 4:._05:_
E 20,04 s SN e
e _4_3_2_10123};1 0
AT 438 5018 Inv Mass / GeV ¢ ¥
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Drell-Yan prospectives: (spin crisis) m?
STAR (RHIC) I :

Further STAR Forward Detector upgrade s
2021+ : FORWARD UPGRADE

Objective:
unique program addressing several fundamental questions in QCD %R
- essential to

O the mission of the RHIC physics program in cold and hot QCD

QO fully realize the scientific promise of the EIC

» lay the groundwork for the EIC, both scientifically and by refining exp. requirements
» Test EIC detector technologies under real conditions, i.e SiPMs

di Aisica Nuclearo
Eezicne di Toring

Scientific goals:

P*Pp:

3-dim. characterization of the proton .y > PPN
in momentum and spatial coordinates ] 1B e R
p+A | : | Tratking
Nature of initial state and hadronization in nuclear Fiperd __-EST?'C Y
collisions - L = R, 1 £ = Ty
Onset and A-dependence of saturation s ——— iy | R
A+A TH i I g
Longitudinal medium characterization /__ \ . .
Precision flow measurements via long EChI )

range correlations 5 [ s | [ [

Side View

Upgrade includes: T EEE
Forward Calorimeter System: EM and Hadronic : -
Forward Tracking System: Si + sTGCs

04/09/2019 Oleg Denisov 26




Drell-Yan prospectives: (spin/mass crisis) m?
J-PARC | o
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Talkedby ko MR | SRR s ot FETTTNTN
Shin’ya Sawada ;g‘ : - ! ] [KEK/JAEA)

P} connter

i

Filer wall
Tler el TOF

Pol Tutce
deteciol

King lmage
" Clerenkos
Connier

T'CYF wall

st IFY2007 Beams Fiber iracker
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Bird's eye photo in January of 2016 -

The new beam line is under construction.
It will be operated since 2019.

Stage-1 approved by J-PARC PAC-18,
August 12, 2014.

30 GeV proton--
from main-ring P

=) Area

» Primary Proton Beam (30 GeV), 10%°per spill .
» High Momentum un-separated secondary beam (< 20 Ge‘u'/c)r Vi w
108 perspill

04/09/2019 Oleg Denisov 27




Drell-Yan prospectives: (spin/mass crisis) m;?

J-PARC I —

di Aisica Nuclearo
Eezicne di Toring

Exclusive pion-induced DY
mN->y'N

T (q)

GPD(H,E) n(p")

p(p)

® E50 experiment (Stage-1 approved by J-PARC) + u-ID extension

= 10-20 GeV 7 beam on high momentum P =10GeV 5 = mry
beam line at J-PARC "= i R

== good missing mass resolution in exclusive DY events (m7p — u*u™n) \I:L
== Statistical accuracy adequate

for discriminating between wlb
predictions from two current \% o
L]

GPD models.

GK2013 (red)
BMP2001 (black) ]

M, (GeV)se

GK2013: P. Kroll et al. Eur.Phys.).C73, 2278 (2013)
BMP2001: E.R. Berger et al. Phys.Lett.B523, 265 (2001}

It-t (GeVZ)
Ref: T. Sawada (Acad. Sinica)
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J-PARC Il o ezarse

Exclusive pion-induced DY
Exclusive meson-induced DY TN = y*N’
(o)

Eezicne di Toring
T (q)

p(p) GPD(H,E) n(p")

5 of ?’fﬂ.h\"n| Higgs Mass | ]
- 3 1Y B
’1 -5 r "' E D “1 T

| ey
. :.1"'. St

L l"
08} A /
0.4t/ ra Emergent Mass

0O 02 04 06 08 1
FIG. 3: Left Panel. Twist-two parton distribution amplitudes at a resolving seale { = 2GeV=: (5. A solid
(green) curve — pion <= emergent mass generation is dominant; B dot-dashed (blue) curve — 7, meson <«
Higgs mechanism is the primary source of mass generation; C solid (thin, purple) curve — asymptotic profile,
6x(1 - x); and I} dashed (black) curve — “heavy-pion”, i.e. a pion-like pseudo-scalar meson in which the
valence-quark current masses take values corresponding to a strange quark < the boundary, where emergent
and Higgs-driven mass generation are equally important. Right Panel. Ratio of valence u-quark PDFs in
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Drell-Yan prospectives: (spin/mass crisis) m?
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

@

S

CERN-SPSC-2019-003

SPSC-1-250
January 25, 2019

http://arxiv.org/abs/1808.00848

Letter of Intent:
A New QCD facility at the M2 beam line of the CERN SPS”
COMPASS++'/AMBER*

B. AdamsBJ_j} C.A. Aidala’, R. Akhunzyanva, G.D. Alex_e_evm, M.G. Alerg@ev“, A. Amoroso 2,
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COMPASS++/AMBER I

Drell-Yan prospectives: (spin/mass crisis)

Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
[GeV] | [s7'] | [kHz] duration
muon-proton Precision high- active TPC,
elastic proton-radius 100 4-10° 100 j..Li pressure 2022 SciFi trigger,
scattering measurement H2 1 year silicon veto
Hard E=on) RN [w) | E——
exclusive GPD E 160 | 2-107 10 u* NH] 2022 modified polarised
reactions 2 years target magnet
— Inputfor Dark | p production | 20-280 | 5.100 | 2 | o7 | LHZ | 2022 | Tqudhelum
Matter Search | cross section LHe 1 month target
target spectrometer:
T-induced Heavy quark 12,20 | 5- 107 25 T LH2 2022 tracking,
spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 7-10" 25 T cw 2022
1-2 years
Drell-Yan Kaon PDFs & | ~100 10° 25-50 | K°.p N'[-I;, 2026 "active absorber”,
(RF) Nucleon TMDs Cw 2-3 years vertex detector
W
Primakoff bility & pion ~100 | 5-10° =10 K~ Ni 2026
A ife time :
non-exclusive
Meson gluon 2026
PDFs 1-2 years
-induced High-precision
Spectroscopy | strange-meson | 50-100 | 5- 10° 25 K LH2 2026 recoil TOF,
(RF) spectrum 1 year forward PID
Spin Density
Vector mesons Matrix 50-100 | 5-10° | 10-100 | K~,«" | fromH | 2026
(RF) Elements to Pb 1 year

Table 2: Requirements for future programmes at the M2 beam line after 2021. Muon beams are in blue,
conventional hadron beams in green, and RF-separated hadron beams in red.

04/09/2019
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Drell-Yan prospectives: (spin/mass crisis) ’N;P
COMPASS++/AMBER II (- e
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Two stages program:
First stage (shorter term) — existing extracted beams
Second stage (longer term) — RF-separated extracted kaon and antiproton beams

Shorter term 2021/22 —~ 2026/28 (N.B. 2019/20 and 2025/26 — LS2 and LS3) :

a.) Standard muon beam:
- 1. DVCS with trans. polarised proton target
- 2. Proton radius measurement in elastic muon proton scattering

b.) Standard hadron beam:

- 1. Unpolarised DY with various targets

- 2. Absolute cross-section measurements p + He -> pbar X
- 3. Hadron spectroscopy with antiproton

Longer term (New RF-separated beam will be ready = 2026 ):

- 1. Hadron spectroscopy

- 2. Drell-Yan physics

- 3. Primakoff with kaon beam
- 4. Direct Photons with kaon

04/09/2019 Oleg Denisov 32
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Drell-Yan prospectives: (spin crisis)
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1000 mm
L
+ ] ﬂl]
; ,_\-Cf\MERﬂg’i'ecbilproton detector I : = - i &=
s i stirrounding the 2.5m long 1 : e
ASEEES  LH2target 3 - :
= [ [=_13)f
.3 DVCS: pp> p py : = =\
—~ r = =
T oL = I
. ._I}_ii__i_ “j_!""E_H"'_'"_ I - _}_
3 SR
3 u—{ } of H 1 al 'H]
£=0
:id:ﬂ i i
EY = il o) COMPASS |- COMPASS: 180 Gal, 390 S
- B n_ lmound [ 014 ] Gat® BCEALY wnd BECALS
[ [ = HERMES
B T I T ‘I";“I" ':;érl;%;lrr
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Figure 4: Expecied statistical mﬂt}ruf.l&‘"“ﬁ"”:'m as & function of —r, 1 and @7 from 2 280
days measurement with the COMPASS spectromeier, using 3 160 GeV muon beam and a HMHETDE%
polarisad MH; target  Solid and open circles corespond to a mindimom accessible || of 010 GV
and 0.14 GeV*, mspectively. Also shown is the asymmetry Ay’ */ "% measured at HERMES [29]
with its statistical arrors. Fipure from e f. [35].

Oleg Denisov
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QCD Preamble (Mass crisis ,N;P

Higgs-generated mass .vs. emergent mass) & &

Questions to be answered:

e Mass difference pion/proton/kaon
» Mass generation mechanism (emergent mass .vs. Higgs)
» Gluon content, especially important pion/kaon striking difference

] Drell-Yan: Prompt photon production:
Methods: B N
T PIF X - : J
ME
P—-PI:IP_‘__H:X £

e 90’s: NA3, NA10O, E615

e 10’'s: COMPASS-II @ 90's: NA24, W70
@ 20's: COMPASS++ @ 20's: COMPASS++

As well J/Psi production and pi/K diffractive scattering at very low t.
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Drell-Yan prospectives: (mass crisis) INFN
COMPASS++/AMBER V bt
S Hr o [ — Pion structure in pion induce DY
§ oL [ ] }iL Expected accuracy as compared to NA3
01 :— i ] {J ]E ! 3
- ]J { [ H,{‘ @ Xy =0" ¢ —o" ©: only valence-valence
r I ! | @ s =40" € — o™ €: no valence-valence
0y %‘2 o o5 R L 1 @ Collect at least a factor 10 more statistics
Xx than presently available
T MR ——— SRS 10% sea contbuton @ Minimize nuclear effects on target side
S T e ot o
o sE T e Projection for 2 x 140 days of
1_ : } Drell-Yan data taking
= asoweeviess o ' to w— 10:1 time sharing
01 02 03 04 05 06 07 08 09 X,.l ° lgﬂ GEU beams on Carbﬂ'n tar‘get
3 2sr (1.9A7,
32 e Improvement of shielding to double
st the intensity is under investigation
1;- 3.8¢ w(aawc)a.s_ -
01 02 03 04 05 08 07 08 09 !
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Extremely important to compare the gluon content of kaon
and pion (emergent mass)

Sole measurement from NA3 nr . {

l,|7

J. Badier et al., PLB93 354 (1984)

aN sax, | K
dN/d

@ Limited statistics: 700 events with K—

L

e Sensitivity to SU(3)s breaking

TOOevents K~
21220 " W 1
|

0241 s M= 85

@ Mostly only model predictions

L L 1 I L
4] 02 04 08 08 Lo X,

Interesting observation: At hadronic scale gluons C. Chen et al., PRD 93 074021, 2016
carry only 5% of K's momentum vs ~30% in «

@ Scarce data on wu-valence

o (x)

@ No measurements on gluons

@ No measurements on sea quarks T

14

U LU (X)

1.2

1

R

08
06— ,
C = This: u*p channel
0_4—_ == This: &'e channe!
O |—*—NA3
C A R R SN NN S S T NN SR ST H S
0'20 02 04 06 08 1
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Istiuto Mazionato

COMPASS++/AMBER V g

Mmoment there is no experimental information about gluon contribution in kaon.
Calculations based on Dyson-Schwinger equations predict 6 times smaller contribution
at hadronic scale in respect to pion (Phys. Rev. D93 (7) (2016) 074021)

Pythia-based MC simulation for prompt photons
production was used for preliminary estimation of
kinematic range accessible at COMPASS. It was
compared with corresponding ranges accessible by
previous experiments with pion beams.

compass 8

Full MC simulation for prompt photons and minimum 3 oo,
bias events was performed for K+ beam of 100
GeV/c and the COMPASS setup configuration of
2017 DVCS run. Possibilities to identify signal and
reject background were tested. Some optimization
of the setup from point of the material budget was
tested.

Py GeVic

NO competitors
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« After quite a while several Drell-Yan experiments providing data

« Drell-Yan as probe will provide an unique input in order to finally resolve the

spin and may be mass crisises as fundamental issues to be addressed:
— TMD factorisation

— Pion and kaon structure, gluon content, other properties

 Running Drell-Yan experiments is a beginning of the story, new facilities are
under construction, SPD at NICA one of them
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Running/planed Drell-Yan experiments INFN
Bacion i Tortns
(CCCZR“:'\:;ASS ot +p! «1/22 fgev x=01-03 2x102 o014 FPt=89% 494102 20124(;315'
F:;:')DA pb:{ ¥ f/‘rs’ _G‘;‘; x=02-04 2x102 007 FtZ90% 114104  >2025
AFTER plizp e x,=0.1-0.9 2x10%2 0.06 P,= 100%? 23x105  >2020
Vs — 120 b= . . . b~ 0: .
Z'I's:) pl+p fg"_'dzzr =0.1-0.8 1x102 004 P,=70% 68x10°5  >2023
:’R"I':c'\;'xl S fﬁ"_'ielro Xb = 00‘105 T 2x10% 0.08 P,=60% 1.0x10°  >2018
x, =0.1-0.5
SPHENIX L+ s=200 7 8 x 103 P,=60%  4.0x10%
(RHIC) P*P Js=510 '00‘605 6x102 008  p'_gg 21x108 7202
=0.35 -

SeaQuest p+p 120GV 0.9 3.4x10% - 2012 - 2017
(FNAL: E-906) Vs =15 01045
Pol tgt DY? o 120Gev s O0- P .=85%
(FNAL: E-1039) \s =15 R I 0.2* f 0.176 AU At

*8 cm NH, target §L=1x10% cm? s (LH, tgt limited) / L=2 x 10°° cm? s*(10% of MI beam limited)



. INFN
Coordinate systems i

di Flsica Nuclearo
Eezicne di Toring

Collins-
Soper




	�Recent results from Drell-Yan experiments and prospectives��
	Outline
	Drell-Yan process
	Status of the theory: Pion-induced DY, DY Cross section calculations theoretical calculations  - COMPASS
	Introduction to the Spin I
	Introduction to the Spin II
	3D structure of nucleon II
	Leading Order (TMD) PDFs
	T-odd TMDs (Sivers, Boer-Mulders) restricted �universality SIDISDY
	QCD Preamble (Mass crisis)
	QCD Preamble (Mass crisis�Higgs-generated mass .vs. emergent mass)
	QCD Preamble (Mass crisis�Higgs-generated mass .vs. emergent mass)
	Recent results from Drell-Yan experiments (structure and spin): SeaQuest (FermiLab) I
	Recent results from Drell-Yan experiments (structure and spin): SeaQuest (FermiLab) II
	Recent results from Drell-Yan experiments (structure and spin): STAR (RHIC) I
	Recent results from Drell-Yan experiments (structure and spin): STAR (RHIC) II
	COMPASS facility at CERN (SPS) 
	DY@COMPASS 2015 and 2018  Run
	DY@COMPASS 2015 Run
	DY@COMPASS 2015/2018 Run
	Drell-Yan prospectives: (spin crisis)�SpinQuest (FermiLab) I
	Drell-Yan prospectives: (spin crisis)�SpinQuest (FermiLab) II
	Drell-Yan prospectives: (spin crisis)�SpinQuest (FermiLab) III
	Drell-Yan prospectives: (spin/mass crisis)�STAR (RHIC) I
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	�STAR (RHIC) II
	QCD Preamble (Mass crisis�Higgs-generated mass .vs. emergent mass)
	Drell-Yan prospectives: (mass crisis)�COMPASS++/AMBER V
	�STAR (RHIC) II
	Slide Number 37
	Summary
	Slide Number 39
	Slide Number 40
	Running/planed Drell-Yan experiments�
	Slide Number 42

