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Pion-Induced Drell-Yan Process

Pion-Induced Drell-Yan Process

LO :qq-y ->1I"l" NLO: qqg -y~ 1ll"g, qg-y'~>1'lq
d?c 2na? [ x,x
S.D. Drell and T.M. Yan _ TP 2 — ~
PRL 25 (1970) 316 dMy,dxz — 9M3, <xn + xp> z 0 labea(x,) +aCxa(x)]
PDF
3 2
Journal of High Energy Physics d>o _ d°b . . . .
Article number: 90 (2019) dMy,dxzdpy = 0o z Hfﬂfp(MllHu) f Hel(b pT)thefn(xm b; p, Q)thafp (xprb: 1)

flp TMD

* transverse momentum kr, qr, pr

Drell-Yan process is an power tool to probe PDF and TMD of pion.
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Pion PDF Sets

PDI Year pQCD Cal. Q-cvl. Ref.
OW 1984 LO Yes [11]
ABI'KW 1989 NLO Yes 112]
SMIRIS 1992 NLO Yes [15]
GRV/GRS 1992 /1999 NLO Yes [13]/ |14]
JAM 2018 NLO Yes |16]
x[Fitter 2020 NLO Yes |18]
PDI Data Useced
Pion-induced Drell-Yan  Pion-induced J/¢  Pion-induced prompt-y | LN-DIS
OW NA3, WA39 NA3, E537 - -
ABIFEKW _ NA3 NATQ FA3T F61SH NAS3 FA3T WATO NADA -
SMRS NA10, E615 - WAT0 -
GRV/GRS NA10, E615 - WAT0 -
JAM NA10, E615 - - HERA
xFitter NA10, E615 - WAT0 -
—
Drell —Yan J/p prompt — gamma
- +
mip > utuX nrp - J/Pp X wip - J/P X
X
T
c
9
g c
p
X

sensitive to valance

2022/01/18

sensitive to gluon
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sensitive to gluon

The pion PDF is
mainly extracted
from N scattering
which has limited
statistics. At 2018,
leading-neutron
DIS data recently
joins the global fit
of pion PDF.

Leanding — neutron DIS

ep - nX

sensitive to quark and gluon
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Pion PDF Sets

2
Q° =9.6GeV| \/alence Sea Gluon
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X X X
GRV is lower than the others by Poorly constrained for GRV and SMRS has larger gluon
30%-50% for valence PDF sea PDF. contamination than JAM and

Phys. Rev. D 102, 054024 (2020) xFitter at x, > 0.1

Pion PDF is not as well defined as proton PDF. There are still many puzzles.
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COMPASS Experiment

« Afixed target experiment at CERN on
Prevessin site.

— — R S—

=

S gt

® Spectrometer |

COMPASS
: - A 60m-long spectrometer
yoN e B ST Multiple beam choice
LS Nt - ‘ Nom— 160GeV and 200GeV muon
190 GeV positive hadron
190 GeV negative hadron
Multiple target choice
Unpolarized nuclear targets
Longitudinal and transverse polarized
ammonia target.
Longitudinal polarized liquid hydrogen target.

©@eo "

® 0o

y « COMPASS is a high flexibility facility to study
L multiple physics programs

' - Pioninduced DY : PDF, TMD, nucleon spin.
COMPASS | DVCS : GPD
Exp. Hall - Hadron spectroscopy.

The high flexibility of COMPASS in terms of target and
beam allows it to study various physics program.
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2015 and 2018 Drell-Yan Data Taking COMPASS

Lithium
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DY Cross-Section Measurement

COMPASS setup

' Trigger Eff.
Drell-Yan events Ntruth,RD Beam Te|e5c0pe5 Eff. ARD
Experiment Beams from SPS Spectrometers Eff. Nmeasure
Collide with targets DAQ Lifetime
€ . COMPASS softwares COMPASS
_________ event reconstruction: CORAL mDST or nDST
| + analysis framework : PHAST To be analyzed by user
I COMPASS setup
Drell-Yan events Simulated by TGEANT
MC g I Trigger Eff.
Si lati Simulated by g ’ N
imulation Phythia8 + TGRANT N : Beam Telescopes Eff. I rec,MC
genMC Spectrometers Eff. !
| No DAQ Lifetime
I\_ NoVETOlifetime /! £ = gMC X £ X &
e === = I acc DAQ VETO
Dimuon Events, N;
Kinematics, x Efficiencies, €
— n . .
[VT; XF ;pT] ;\/? — M,u,u/\/g d o 1 d( N /El) @ gaCCl [trlgger, target,perlod]
d’c d’c d’c -

dx, L dx, @ eygroiltrigger, spill]

dde\/? ! ded\/? ' dxpdpr 3 ¢ AQ,i [Splll]
DAQ,1

Luminosity, L
@ flux estimation
@ target density
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COMPASS Dimuon Triggers

Formation of single muon trigger : LAS 0o LASXLAS
\ \ y=u. F Mefin 02539
: - ekny  6.025
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- - S
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interacting with targets. ®@ OT =HO003 x HO04 @ LASxOT (Iarge xF) 5402 0 02 04 06 08
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Luminosity £

oW
3 = -W 2"
- — 1
= ,— P01 P02 P03 P04 P05 B [¢PT T
§ = «PT 2™
E — Al
: =
= 25—
2
15
1
0.5— ——-_’_'—-
0_ et R | PO OO | PO N PR O MO | S| O3 [ &
284 2845 285 285.5 286 286.5 287 287.5
run number

Luminosity in 2018 DY data-taking
® W cells ~ 4.0(1/fb)
@ PT cells ~ 1.5 (1/tb)
® Alcell ~0.5(1/fb)
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Comparison between Real Data and MC

W cells

LASXLAS

LASXOT

A nice MC and RD consistency is achieved except for some regions with small statistics.
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Drell-Yan Cross-Section in d?c/dxg d+/T

Pion-Induced Drell-Yan Process

NLO: qqg -y~ U'l"g, qg-y-Ulq

d%o 2na® [ x.x
S.D. Drell and T.M. Yan — np 2 — —
PRL 25 (1970) 316 My, dxy  9M3, (Xn n x,,) z Q4 [9(x)q(xp) + ) q(xp)]
PDF

. Drell-Yan Cross-Section in d?c/dxg d+/7 is the main input of the global fit of pion PDF.
d’c . Ml3u d%o
Mydxp s dytdxp

. Energy scaling : M; ~ Is independent of the CM energy of the experiment.
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Past Pion-induced Data in d“c/dxg d+/T

E615 @0.185 < 4/t < 0.208

| S I' L |' T T 17 I TTTT
J. Phys. G: Nucl. Part. § 7| V¥ =086 - o208 y
Phys. 19 D1 (1993) ¥ 4l ’
% s N
The pQCD calculation 5 4 _ ]
in NLO is performed %’ al ]
with nucleon PDF of T e[ h
MRS and pion PDF of :E- - +
SMRS in this paper. an | AN
u—:l,1 I —.ﬁ-‘lliﬂl I'i.Efrl 1
XF

A nice agreement achieved between data and
calculation with a small deviation defined as K-factor
equal to the ratio between data and calculation :

K factor = Data/pQCDy;o

There is a obvious normalization issue around
20% between the results given by E615 and
NA10 which are the ones used the most in pion
PDF global analysis.

K-FACTOR

K-FACTOR

E615 252 GeV pion + W
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12 F +++.5 ” 3
15_.... - - _ug.i}i _ , ._.i_ ._E
8 E- ' =
= FNAL-615 =
.6;-”' IEER1IRETANRY =
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’ 3\/1_4 S L] 7
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1.8 .
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1 SR S -
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Comparison between COMPSS and NA10O

W cells

fT=0.258 - 0.282 ft=0.282 - 0.307 Yt =0.307 - 0.331 fT=0.331-0.355

COMASS 190GeV 7t~ + W NA10 data :
e Z. Phys. C - Particles and Fields 28 (1985)

NA10  194GeVw +W
J. Phys. G - Nucl. Part. Phys. 19 D1(1993)
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02 04 06 08 1 $5 0 02 04 06 08 1
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* [t = M,,/+/s is the energy fraction of dimuon respect to the energy of N system.
d’c _ Mj, d?c
My dxp Vs dTdxp

* Energy scaling of DY cross section : M} -

COMPASS data and NA10 data are in nice consistency except for the low x region.
The inconsistency in low x region could be caused by the unrealistic MC,
multidimensional comparison between RD and MC will be investigated.

COMPASS data has wider kinematic coverage but less statistics compare to NA10.
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Comparison between COMPSS and E615
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COMPASS data is larger than E615 data around 10%-50% in the low mass region but consistent with E615
in the higher mass region. COMPASS data have similar kinematic coverage as E615 but better statistics

uncertainty.
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Comparison with pQCD NLO Calculations

@

® No nuclear effect included.

do/dx(nb/nucleon)

COMPASS/Cal.

PT cells

¥t =0.254 - 0.438

0.25F

Cal. (GRV)

F Cal. (JAM)
Cal. (xFitter)

—#— COMPASS(Al cell) ]

Theoretical calculation
® pQCD calculation in NLO with nucleon PDF of CT14 and
pion PDFs of GRYV, JAM, xFitter.
Isospin average is applied to nuclear target.

W cells = (74p+110n)/(74+110) ~ 0.4p + 0.6n

a.
b.
C.

Al cell
PT cells = NH;+LHe

do/dx(nb/nucleon)

COMPASS/Cal.

Al cell

¥t =0.254 - 0.438

0.25- —4— COMPASS(PT cells)]

F Cal. (JAM)

Cal. (GRV)

Cal. (xFitter)

e

= (13p+ 13n)/(13+13) ~ 0.5p + 0.5n

~ 0.6p+0.4n

COMPASS results are in favor of JAM and xFitter
have larger valence contribution compared to GRV.

2022/01/18
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do/dx(nb/nucleon)

COMPASS/Cal.

W cells

¥t =0.254 - 0.438

0.25
= Cal. (GRV)
0.2 Cal. (JAM)
E Cal. (xFitter)

—#— COMPASS(W cells)

—SMRS
—GRV
— xFitter
—JAM

GRY
val (X)

x)/xq

=

xqvell
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Comparison with pQCD NLO Calculations

W cells
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The same conclusion obtained when looking into different /7 region.
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Comparison with pQCD NLO Calculations
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The same conclusion obtained when
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Comparison with pQCD NLO Calculations

Al cell

i1=0.254 - 0.277 i1=0.277 - 0.300 i7=0.300 - 0.323 i71=0.323 - 0.346
s & —4— COMPASS(AI cell) S 3 E 5 3 7 g 4 E
2 %t —— Cal. (GRV) 2 24 E < F 1 < 12 3
=1 F =1 " i =1 1.5— - =1 C i
£ r — Cal. (JAM) £ ] £ r ] £ = 3
8 3 . 8 9 3 rel F ] e} F E
= C —— Cal. (xFitter) = 3 e - b L o8 3
o % 2: i . o % 1.5 3 o % 1_— H}_{ ] o % ) E ]
.8 NG F E .8 NS ] .8 NS L ] .8 NS D.SZ— —:
T [ ] T e T [ ] S E ]
N ] 0.5 3 0.4 E
C ] 0.5 E F ] 0.2 =
o R AR ] 0 . o % SRR ' 00 1 o 3
B e Do S . 18 - . q gt — : . P& =
& 16F E S 18F = S 18F S 18F
B 1.4F & 1.4F 3 @ 1.4 @ 14E
a E E o E
< I'%E 2 I'%E 3 2 I'% 2 I'%E
o 1E o 1E E o 1E o U3
g 0.8F g 0.8F E g 0.8F g 0.8F
0.6F 0.6F 1 0.6F 0.6F
© 04k ] C 04k ] C 04k ] C 04k ]
02 0 02 04 06 08 1 02 0 02 04 06 08 1 02 0 02 04 06 08 1 02 0 02 04 06 08 1
Xp Xp Xp Xp
17 =0.346 - 0.369 it =0.369 - 0.392 11=0.392 - 0.415 f1=0.415 - 0.438
= T 08 3 = 04 E E
9 9 E E 9 035 E E
° L o g 5 E e
2 2 o5 3 2 024 3 2
= =R + E =P 3 =
Y3 e Y3 :
£ £ E_ _E .00.15 _E E_
= = E E
9 © 3 E
w o) E E
o) 751 3 3
< < E 3
o o ! E
= = ] |
O O 3 3
o s} E E
1 1

The same conclusion obtained when looking into different /7 region.
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Nuclear Effect — Energy Lose

E866‘/2NuSea, 800 GeV, J/¥Y p+W / p+Be ratio
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« Parton energy lose is caused by the gluon radiation of parton.

« The stronger gluon radiation occurs inside heavier nuclear material, therefore
the mean xf distribution is smaller.

* Energy lose effect only occurs in the initial state of DY process, but occurs in both
initial and final states of J/Psi process.
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Nuclear Effect Observation w/ COMPASS Data

W cells / PT cells W cells/Al cell Al cell/PT cells

¥1=0.254 - 0.438 *  {t=0.254-0.438 3 {1=0.254-0.438

XH] 10 =10
= F E 012 -4 = F E
8 01oF —4— COMPASS(W cells) 3 ég s —&— COMPASS(W cells) 1 §o1a —4#— COMPASS(AI cell) ]
5T —4— COMPASS(PT cells) 1 oot —¢— COMPASS(AI cell) 4 012 —4— COMPASS(PTcells) 3
f;“ 0.0t nlo w/ xFitter(W cells) 4 2 - nlo w/ xFitter(W cells) 1 2ot nlo w/ xFitter( Al cell) 3
4 E nlo w/ xFitter(PT cells) 4 £9.008- nlo w/ xFitter( Al cell) 1 & E nlo w/ xFitter(PT cells) ]
&a_.UUB_— = ‘E,:,'_ r b S&UUB__ _
x b 1 2fooef J = F - ]
ID.006r 94 ¥ r ] .00 HELa 3
% 004 = 004t E '%.004 3
0.002F 4 0002 4 0.002 =
- : o ] :
—0.0025 L L ! L L = _ F, L b Lo b b . —~0.002 =
e E 3 T ESSOOUOROTOTURS SOSSUOUOPOTOS HUUSUUIU FOOOSUUSORNUY. SOOPOTO RO RO ] ]
: ] Srape : HUEOMPASS ®
— g 12:_ .............. g E- .......... I’I]U W XFIH’C]’ ........ _ }:}
] &t ; : E ] o
] o B =
= ; 0.8F o
3 0.6f <
1 -0.2
Xg
E‘,,'I,QJuH‘ww|||||||||||||||w|‘uw|||||||||7 i—'I,ZJw||||||||||w|||w|||w|||‘||||||||w||||||w7
z I1E W cells / PT cells 1= f W cells/Al cell ]
=1 I :
o F ] F ]
0.9— _— - 0.8 -
o8l = 08f =
0.7 = 07E =
F —— GRvxCT14 . F ——GRvxcTi4 ]
06l = EPPsie 7 06 — EPPsie A
E Energy loss E E Energy loss E
Urﬁilll\‘\\Illllllllllllll\l‘\\\Illllllllll U\j\||||||||||\|||\|||\|||\||||||||||\|||\|||\7
91 02 03 04 05 06 07 08 09 ] 3 04 05 06 07 08 09
Xe Xg
Charles-Joseph Naim’s phD thesis
2022/01/18 TQCD meeting @ Academia Sinica 21/31



Nuclear Effect Observation w/ COMPASS Data
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Nuclear Effect Observation w/ COMPASS Data

W cells / PT cells
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Nuclear Effect Observation w/ COMPASS Data
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Drell-Yan Cross-Section in d?c/dp; dxr and d?c/dp; d+/T

Pion-Induced Drell-Yan Process

LO :qq-y ->1I"l" NLO: qqg -y~ 1l'l"g, qg-y~1l"lq
3 2
Journal of High Energy Physics d>o _ d*b .. . .
Avrticle number: 90 (2019) dMydxpdp; 0o z Herpp (My, 1) j Eel(b pT)th_,fn(xn, b; 1, ¢1) Frp—rp (Xp, b; 1, 1)
friSp TMD

. pr specrum of COMPASS data is at the level of a few GeV which is in the range of the
soft gluon radiation could make contribution to the TMD of pion study.

. pr broadening effect(nuclear effect) can be studied by comparing the p; spectrum
between light and heavy targets. < p; > of heavy target is larger than the light target due
to the multiple scattering of parton inside the nucleus.
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< p% > Spectrum
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« The trends of < pZ > measured by COMPASS is consistent with E615. < p2 >
decreases with the increase of xz and increases with M

- The nuclear effect, p; broadening effect, is validate : The larger < pZ > for
heavier target due to the multiple scattering of parton inside nucleon target.
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Systematics Uncertainty of Triggers
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Main contribution to the systematics, up to 20%.
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Summary and Outlook

- The pion-induced Drell-Yan data is one of the main resource for the global fit of pion
PDF and TMD. The measurement of Drell-Yan cross section is performed with
COMPASS 2018 data from .~ N scattering with 190GeV t~ beam and 3 kinds of
targets, ammonia polarized target, alumina, and tungsten.

» The pion-induced Drell-Yan cross section measured by COMPASS shows a
reasonable agreement with both pQCD calculation in NLO and the past results
given by NA10O and E615 experiments. The nuclear effects, pt broadening and the
energy loss effect are also observed by comparing the DY cross section between
different targets.

- We are now still struggling with the 20% systematics uncertainty from the trigger
dependence of Drell-Yan cross section (Systematic from E165 ~15% and NA1O
~5%). If this problem can be solved, COMPASS data would be used as a new input
of the global fit of pion PDF and TMD, and the study of nuclear effect.
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Multi-Dimensional Hadron Structure

Wigner Distributions
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Proton PDF

: . Proton PDF from NNPDF set
Deep Inelastic Scattering (DIS) 4 N 4,
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« SLAC-MIT group (Bloom et al.) in 1969 performed DIS ep scattering with around 20 GeV
electron beams. The proton structure was first studied. Until now, the proton PDF is well
defined due to the high statistic DIS data worldwide.

« However, the pion structure is not investigated as much as proton due to the lack of
pion target to perform DIS experiment. Pion PDFs are extracted with limited data
from the experiments with pion-nucleon scattering.
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Beam Flux

Random Trigger Method

2022/01/18
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A fixed time window(7ns) open for each arriving
random trigger and the number of beam is counted
within this time window. The averaged beam flux

per second is given by dividing the accumulated

number of beam to the accumulated time window.
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Trig. type#1 —
Trig. type#2 —

Efficiency of DAQ, &pa0

Trig. type#N —

2022/01/18

BUSY
Once Trigger-Clock System(TCS) detects the
— . limitation of the trigger rates DAQ system
FLT | s |FLT | Detector can handle. TCS sends a BUSY signal to
o controller | FEE prescalar to stop it sending more first-level
trigger (FLT) for a short time. This causes the
— ga;"’ lose of FLT. The limitation of COMPASS
e DAQ in DY run is around 30kHz.
g - —125
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Efficiency of DAQ is around 85%.
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Efficiency of Beam VETO, &yz710

Beam VETO trigger inhibits . LASXLAS o ®
the muon tracks which do E - S L
not interact with the targets. | |
It is anti-coincident with the b e sb g “ﬁ s
single triggers, LAS and OT. Vol !ﬁm m .
Beam VETO also cause the AR AR | SN 10
lose of true muon triggers
because of the time window SR 5
opened of VETO signal. | po4 [Pos | Pos P07 - |pos
R L S~ S SN -3 S— 'zhalf.s 0
E 1 —20
g, 0.95 S
Efficiency of VETO & oo e
0.85
75% for LASXLAS o
65% for LASXOT. o .
0.65 fl 6
0.6 0 T I | 4
055 P04 Pos | Po6. |PO7 < - P08 )
0.5 BT T — Y — ;. T 'zlfl?_s 0
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Efficiency of Acceptance

\ 4

S m—

Detector
+ FEE

EdetGeo

Data
Recon.

gtrig: Eveto

:> Nmeasured,RT

€acc = EdetGeoX €det. X EFEE X EtrigX Erec. simulated by MC

* Materials require for MC

(1) Drell-Yan process event setting in Pythia8
(2) Information of beam : profile, beam intensity, and pileup,

(3) Efficiency of trigger : geometric descriptions, detector efficiency, trigger matrix efficiency.

(4) Efficiency of detectors : geometry descriptions, detector+FEE efficiency.

MC simulates most of the efficiencies. Among them, trigger efficiency is the one affects
the most since it varied more than 20% along the time due to the instable hodoscope

condition.
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Systematics Uncertainty from Luminosity and Lifetime

Table 24: The overall systematic uncertainties of the Drell-Yan cross section contributed by
the luminosity and the lifetime estimation.

PT cells | Al cell | W cells

Beam Flux 1% 1% 1%
DAQ Lifetime 1% 1% 1%
VETO Lifetime 1% 1% 1%
Beam Composition 1% 1% 1%

Target Composition 2% - -

Negligible
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Systematics Uncertainty from Reinteraction

2022/01/18

.025

g B do,/dZ,, 0.01062 + 0.00045
R do,,./dZ,,  0.0003156 + 0.0009801
2000 Agion(fixed) 11.3+0.0
o [ Z,, . (fixed) 30+ 0.0
N .
0.015—

Negligible

0.01
o b e
=30 -25 -20 -15 -10 - 0

5
Zm {em)

The re-interaction effect is defined as the Drell-Yan cross section contributed by the
secondary pions scatter the target. The secondary pion is produced from the hadronization
of the primary pion beam and target interaction. The re-interaction effect is not simulated
in the MC simulation, therefore it has to be corrected. The re-interaction effect increases
with longer and heavier targets. In this analysis, only W cells requires the correction of
re-interaction effect. In Ref. [92], the formulation of the re-interaction effect is defined as
follows :

L/ )\inf,;m'on }
exp( L/ Nint pion) — 1
where L is the physical length of target, Ain: pion is the pion interaction length in the unit
of cm, 0,,casure 1S the measured cross section, ¢4, 1S the true cross section, o,.;,; is the
re-interacted cross-section.

Orneasure — Tdirect + Treint [l T
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Systematics Uncertainty of Periods
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Systematics Uncertainty of Z,;, Position

2022/01/18

Lo+l
T

o o
Lo

(nbnucleon)

(=]
=
.

gz01

=
o
2

Ratio =098 £ 081 o =
F34MDF = 22.19/9 3

(=]
[ ]
= |

[nbnucleon)
o o
o o &
Frrr B

¢
[
bl e

D_n s
E 1 1 1 L 1
2 1.4F Ratlo = 1:07 + 0.61
= |4 xNDF = 10.308
PR o Lt el A
=

M,y (GeV/c?)

=018
2
£ 0.4

=
o012

= 0.1

glg

.08
0.08
0.04
0.02

= 5 Ta

n
1.4
1.2
1
0.8
0.6

BT #/pPT 2™

L]

F Ratio=0.98 = 0.01 -
© AHMDF = 53810

(a) PT 15¢ cell/PT 2" cell

=
—

(nbnucleon)
o o o
]

07
8

0.04

=
&

L

(b)
TQCD meeting @ Academia Sinica

ETEEE TS
o, fGelie)

W 15t cell/ W 2 cell

g

=
e
o

{nbfnuclaon)
o

I R

o
o

=
T

Ratlo-=1.07 = 0.01-~
8

Negligible

42/31



Methods to Extract Systematics Uncertainty

* Subsamples

- NH3 =[1st, 2nd ] x [LL, LO] x [P0O1..P08] => 32 subsamples
- W =[1st,2nd] x [LL, LO] x [P01..P08] => 32 subsamples
- Al = [LL, LO] x [PO1..P08] => 16 subsamples

* Methods (See details later)
- ¥?* method
Pull method
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¥?* Method

PT cells « Method is used by PDG
% 0o M,=[4.30, 4.70]
¢ ﬂ_,a:_ f:[EiTg: :r}llzl.gl;lt:fd?s?:l;;‘??gﬂsz(svs} } ° Example
m; % : } {- - Use PT cellsin mass bin =[4.3, 4.7] as
s {}Y% 1 '} rt . ! ? ]I - For each bin of 3D cross-section, there
012 % t are 32 subsamples. We fit data points
'y 4441400000000 442044 gggggacgo . . .
iy | With polO function and get chi2/ndf
ook EEEEEEEEEEEEEREREEEERERERREaEEE | - Mean and statistical uncertainty are
v EiBEEiEREiEREERRRiRRERREERRERRRE calculated from weighted average.
0 5 10 15 20 23 30
I > Wiy 1 1
(a) M, = [4.30,4.70] PO = S R (T AL
- Systematic uncertainty is decided by the the chi2/ndf.
(1) If chi2/ndf<=1, then data is consistent. Systematic uncertainty is zero.
(2) If chi2/ndf>1, the systematic is evaluated as follows :
g;sy‘“ =V \2/(N —1) Bin by bin systematic
‘stat

uncertainty
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