Argonne &

NATIONAL LABORATORY

EXPERIMENTALLY
PROBING THE

EMERGENCE OF
HADRON MASS

PAuUL E REIMER
Physics Division

Argonne National Laboratory
18 November 2020

Nati

@?ENERGY ﬁf3_°3§§fg"‘;n'gﬂc?h%};:o‘;:j;;’z;zaﬁg This work is supporte_d in part by the U.S. Department of Energy, Office
of Nuclear Physics under contract No. DE-AC02-06CH11357.




Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

QUARKS

PROTON’S MASS

» Only a small part of the Proton’s mass may m
be attributed to the Higgs mechanism.

m, = 2.16" 338 MeV
+0.06

» From where does the remainder emerge?

= Caveat; Quark Conglgasate X d
Consider a frame invariant o L2 my = 4674248 Mev
definition of mass Trace S 9 mg/mg = 17-22
=, 2 Anomaly S 3 m = (my+mg)/2 = 3.45* 332 MeV
0, Q.
p* # Z P; v Gluon § §
Energy @ 3 s
" 35% -
= Rest frame decomposition / o, mg = 93115 MeV
Y-B Yang, et al, Phys. Rev. Lett. mg [ ((my + mg)/2) = 27-3t(1):;
121, 212001 (2018)
= Chiral limit trace anomaly 2.qvalence = 9 GeV K Mproon = 938 GeV
(P(D)|O|P(P)) = —pyupy = m 24valence ~ 0-1 X Mproton

— Mass entirely from gluons
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MESON MAss ’
QUARKS
= Pion, "
— My = 2/3 Mproton Constituent Quarks my = 2167338 MeV

+0.06

— M, = 0 Chiral limit Goldstone Boson

— Chiral limit trace anomaly d
(P()|0o|P(p)) = —pup, =mjz =0
* No Gluons in Chiral limit

my = 4.67" g;? MeV
mg/mg = 17-22
m = (my+mg)/2 = 3.457 032 MeV

— Higgs mechanism & DCSB*

S
= Kaon mg = 9311 Mev
— My =~ 1/3 Mproron + XM, Constituent e/ s /) = 2734
Quarki dditi Hi qualence =7GeV K My =140 GeV
— s-quark addition causes Higgs Y qvatence = 0.05 X M,

mechanism & DCSB to rebalance

H = 95 GeV « My = 494 GeV
*DCSB = Dynamical Chiral Symmetry Breaking Zanlence K K
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KEY QUESTIONS

» Do we understand the trace anomaly?
—Is there any glue in the pion?
—Is there any glue in the Kaon?

» Do we understand the energy-mass distribution
— of the pion?
—of the Kaon?

= What is the difference between the pion and
Kaon energy-mass distributions?

= How do we relate this to the proton?

Experimentally need to
know m, n/K and K PDF’s
"~ (also nice to know PDF’s
from lattice QCD)

—We need consistent QCD explanation
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CONSIDER HOw PDF’s ARE DETERMINED
Global fits

— Need to consider all data with physics-based constraints
— Some have more sensitivity though—see PDFSense Phys.Rev.D 98 (2018) 9, 094030

» Make assumptions (e.g. for the pion, based on sum rules)

1 1
j () — T dx = 1 j x[qg() + 300) + g(O)]dx = 1
0 0

» Make more assumptions about the analytic form
—e.g. Ax*(1 — x)B f(x)
— Notable exception NNPDF
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= No single experiment determines a particular distribution g(x), g(x), g(x), etc.
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HAT CAN BE MEASURED?

= Pionic Drell-Yan = Direct Photon

— CERN NA3 & NA10, Fermilab E615 — CERN WA70
— CERN COMPASS/AMBER — CERN AMBER

» 7-DIS w/Leading Hadron = J/W production
—HERA, JLab, — CERN AMBER
—EIC

9

Better Sensitivity to Quark Distributions  Better Sensitivity to Gluon Distributions
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HAT CAN BE MEASURED?

Better Sensitivity to Quark Distributions

= Pionic Drell-Yan
— CERN NA3 & NA10, Fermilab E615
— CERN COMPASS/AMBER
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PION VALENCE DISTRIBUTION AT LARGE-X 7
= Issue: What is the shape at large-x? 0.25|- }H l .
T
ATx*(1 — x)B 4 } }ﬁﬁﬁﬁ it
0.5 HH 3
= Can we validate that § > 27 i % 2
0.1 t S
Hf}
0.05/- IH;
B [
0_,.,l,mlHlllH.||l...l.,.,|,].1|1,H|HH|I.II‘.:1
0 01 02 0.3 0.4 05 06 0.7 0.8 0.9 1
X
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0.3

PION VALENCE DISTRIBUTION AT LARGE-X i
= Issue: What is the shape at large-x? 0.25- ] } S .
[ l N2 >
TN Q B 0.2 ] HH @90 2
ATx%(1 — x) T } H@ﬁg it
0.15] Y 3
- @c’ H} o
: & oo f
0.1 S 5 :
SR &
i i
0.05} i
- 5
0: IIIIIlllllllII[lIl|lIII|I]II|IIIlIllllIll[l'lIIlIIﬂ
0 01 02 03 04 05 06 0.7 0.8 0.9 1
X
Jy
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PION VALENCE DISTRIBUTION AT LARGE-X sufed
= Issue: What is the shape at large-x? \Nhat\NaS [IITTTIE

ATx%(1 — x)B

e nY
RS,

"“-'-I'"“ A

)
52 m|nn";i|"'|"} '|||,M =

= Can we validate that g > 2?

» What is a sufficiently “free” form
ATx(1 = x)P f(x)
— NNPDF

» What is a sufficient calculation of the
cross section? * How do the sea and gluon distributions
— Soft gluon re-summation necessary affect this?
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PION VALENCE DISTRIBUTION AT LARGE-X

ATx%(1 — x)B

= Can we validate that g > 2?

» |Issue: What is the shape at large-x?

— Perhaps not with the data at hand

-
My xn’:
{ Gl

2AM
M

080+

X, resolution not quoted in

paper or thesis
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PION VALENCE DISTRIBUTION AT LARGE-X

» |Issue: What is the shape at large-x?
ATx%(1 — x)B
= Can we validate that g > 2?
— Perhaps not with the data at hand

» Remember data from both NA10 and NA3
—NA3 data has both 7~ (zid) and =*(du) data
Sensitivity to pion sea quarks
* |s there a pion sea?
* Does it arise (solely) from gluons?

= JAM collaboration has considered these data
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JAM Phys. Rev. Lett. 121,152001 (2018)

100 L

L Qo/dyTder

oGy NAIO

:f:\;\: * 194 GeV

[

ey
+

t

02 04 06zp

100F r t t 4i=5
(x3) “F —
e 4
R
1071 zr = 0.85 B - +
e ry, =0.94
e
—o—o o
1072} T
¢ i=0

15  Argonne &

aaaaaaaaaaaaaaaaa



KEY MEASUREMENT: PION INDUCED DRELL-YAN DATA

» 7~ induced Drell-Yan data
— Valence quark determination

= Ratio of m/n* Drell-Yan
— Sea quark determination

~ 02
-] -
= 2+ 190 Gev $  NA3-like experiment
><'“ : i Proposed experiment
. . n . -
= Data with sufficient resolution 5 015 J l { } L }
- M 3 }
B H
L B
0.1 }‘ : “ “
s 25 1 [ ] NA3 extraction (DY = and & data) r : } 1 P
N> - v SMRS 10% sea contribution i o
SR U BT SMRS 15% sea contribution 0.05H I W]
w2 \VL e SMRS 20% sea contribution - " Pl
7} ~ ——e—— Projection for 280 days on C-target B ls
N 15— 0 C e L | I ¥
- + 0 02 04 0.6 03 1
- Xa
1=
M GeVioa D COMPASS++/AMBER

01 02 03 04 05 06 07 08 09 ML
COMPASS++/AMBER arXiv:1808.00848 T
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HAT CAN BE MEASURED?

Better Sensitivity to Quark Distributions

» 7-DIS w/Leading Hadron

—HERA, JLab,
—EIC

Laboratory is &
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§ | a=7.0CeV [ QP=15GeV® [ Qf= 30 GeV
LEADING HADRON VIRTUAL ) w g \ "

PioN DIS
Sullivan Process
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. _ T ._\ . ]
» Tag with beam-like neutron L o ZEUS 95-97
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LEADING HADRON VIRTUAL PION DIS

Sullivan Process

Possible kinematic

Ip) = |po) + a|Nm) + b|Am) + .-+ the EIC
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HAT CAN BE MEASURED?

Better Sensitivity to Gluon Distributions

= Direct Photon
— CERN WA70
— CERN AMBER

= J/WV production
— CERN AMBER

j x[q() + G060 + g(oldx = 1
0

= g(x) determined by “what’s left over”
= NLO sensitivity in Drell-Yan

(ﬁ)
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DIRECT PHOTONS - - -
= WA70

1
Gp = dx =0.33 —-0.43
& jo xg(x)dx SMRS Phys. Rev. D 1 yoo- |

45, 2349 (1992)
WAT70, Z. Phys. C 37, 535 (1988)

xg™"(x) =A7(1—x)"n= 2.1 & wp—eyX bt p—e X

\\ 5<Py <BGeV/c
A

5 <Py <6 Gevic

1/3 to 1/2 glue in momentum space?

Edo/dg®| pbarn Gev?]
o
Ed’0/dp’(pbornGev?)
YR - -

= Chiral limit trace anomaly
(P(p)|©g|P(p)) = —pup, =mz =0

—No Gluons in Chiral limit i" % s
B “oF o 4or 1

o4 02 0. 02 04 %
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DIRECT PHOTONS - = -
= JAM analysis

o
W

sea glue valence |

=
o

1
Gp = f xg(x)dx ~ 1/3
0

JAM, Phys. Rev. Lett.
121,152001 (2018)

DY+LN DY+LN

8)

j=—=YX

=
bo
g
<
+
=
Z

=
i

DY DY
DY 5 <Py <6 Gevic

normalized yield

= Chiral limit trace anomaly
(P(M)6o|P(p)) = —pupp=mz=0 | ,
—No Gluons in Chiral limit Y valence seme oo

sea
L y \v.
SMRS N\t

10 102 10 (Y
Q* (GeV?)
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GLUON SENSITIVITY COMPASS/AMBER -
Direct Photon Kinematic Coverage 0.9
« COMPASS/AMBER

S g 2.5 GeV/c

—Direct photons B3 NA3
o qg —qyforkK', K COMPASS
* Large background k-
m“’:h\\ 100:—
::E \\\ Minimum bias photons BOE
:::N’ﬁn ::: :
:::E; Gluon Compton Scanerin;—‘“‘{.~h."" 0‘E - 3 -2 - 0 y ! 2 3
pa ""1|
—J/\¥ production L
“qq =]y cqg -]/
“qg—=J/ cgg—=J/Y S
* Need to getrid-of understand excess color in
production model (Color evaporation vs NRQCD) — = 3=
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=To “see” QCD in full color
these measurements must
be repeated for the kaon

= Cannot over emphasize
this




PION TO KAON RATIOS

. . . . . 12 T T T T T T T T T T T T T T T 7T
= Regime in which Higgs mechanism ; | ' ' | -
begins to show importance = ]
0.8F :
o z :
EZ & u/u 061 ]
£ N I ® 7N Drell-Yan, <Q*> =27 GeV’ N
o 1| 04r Q' =27 GeV’, Full BSE N
¥ [k “ ‘(<:: I —_—— Q2=27 GeV’ (T =v5,Y5y.P; q.P=0) i
?T 10 : 025 N
3|3 & <[
z|z 08 1 = - .
el s ol v v L v e e
k| « 06 {1 &« 0 0.2 04 0.6 0.8 1
gl a 81) X
0.4 ] ;
0.2f4.1 £ M <85 700events K* . § o .
21220 * 7 = Predictions of the K/ Drell-Yan ratio based
%6 oz 04 o8 o8 0 X on Bethe-Salpeter Equations (BSE)

abor:

(DENERGY 5t 25 Argonne &

NATIONAL LABORATORY

102290 (1102) £8 O "oy "sAud ‘|e }o ‘usAnbN "1



PION TO KAON RATIOS g 14

% 12F

= Regime in which Higgs mechanism N
begins to show importance 1 :

0.8
o w i
2 = 06F
= 2 “F | == This: u*w channel
z o @ - L COMPASS/AMBER
c o ~ | == This: e'e channel
ol R j - 04_—
, 0.2 0.4 0.6 0.8 1.0 g B —o= NA3
% TS 02—...|...|...1...1A
A 5 0 0.2 0.4 0.6 0.8
z 41 = X
© vy}
8
J 2
»
A 700events K~ i § . . .
T eize0 = Predictions of the K/ Drell-Yan ratio based
0 o 1

0 0z 04 06 08 10 x, on Bethe-Salpeter Equations (BSE)
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KAON DRELL-YAN
COMPASS++/AMBER

Eyar, = 80 GeV
N
>0.2r
B | = 10% sea contribution
o H
\ - = = 15% sea contribution
()

= + = 20% sea contribution

~—a— Proj. for un channel

0.15F |11

= Proj. for un and ee channels

0.15- {

i 1 4 '.0.< h Gevllc)<8'51 _—
0.2 04 0.6 0.8 X
K
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= Ratio of Valence to sea quarks in the Kaon

Epoam = 120 GeV

%0.2
o
0.15
o+ + 4ttt ¢ ¢
L s o o e
0.2 04 0.6 0.8
Xy
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MEASUREMENT REQUESTS Pion measurements are not enough!

Pion: Kaon:

» 7-and n* Drell-Yan with attentionto = K-and K* Drell-Yan with attention to
kinematic resolution (quark-antiquark)  kinematic resolution (quark-antiquark)

= direct photons (gluon) = direct photons (gluon)
= J/y production (gluon) = J/y production (gluon)

Ip) = |po) + alNm) + b|Am) + c|AK) -

EIC Sulivan Process EIC Sulivan Process
= Leading neutron » Leading Lambda

Ratios of K/m may be sufficient

Global analysis with demonstrated consistency
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EXTRA STUFF
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BASIC CONTENT SLIDE
ONE OR TWO LINES FOR HEADLINE

G( Py — 1-(0—
16(JPy = 17(07)

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

x+ MASS

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as
MS at a scale o ~ 2 GeV. The c- and b-quark masses are the
“running” masses in the MS scheme. This can be different from
the heavy quark masses obtained in potential models.

139.57039+0.00018 OUR FIT Error includes scale factor of 1.8.

1Py = 3007)

1UP) = 13

m, = 2.16f8:gg MeV Charge = % e I, = +%
my/mg = 0.47733

1UP) = 34

my = 4.67f8:'1‘$ MeV Charge = —% e [, = —%
mg/mg = 17-22
m = (my+mg)/2 = 3.457 032 MeV

K* MASS
VALUE (MeV) DOCUMENT 1D TECN CHG COMMENT
493.677+0.016 OUR FIT Error includes scale factor of 2.8.
E I(UP) = 1(3F) Status: k% k%
p MASS (MeV)
VALUE (MeV) DOCUMENT ID TECN COMMENT
938.2720813+0.0000058 MOHR 16 RVUE 2014 CODATA value

770N, U3 DEPARTMENT OF _ frgonne aboratory Is o .
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1UP) = 0(3F)

mg = 93J_r1}, MeV  Charge = —% e Strangeness = —1
ms /[ ((my + mg)/2) = 27.3%9]
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QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as
MS at a scale o ~ 2 GeV. The c- and b-quark masses are the
“running”’ masses in the MS scheme. This can be different from
the heavy quark masses obtained in potential models.

u 1UP) = 13

my = 2.16i8:gg MeV Charge =2 e [, =+3
my/mg = 047§

d 1UP) = 34

my = 4.67f8:'1‘$ MeV Charge = —% e I, = —%
mg/mg = 17-22
m = (my+mg)/2 = 3457032 MeV

s 1UP) = 0(3F)

mg = 93“_”}, MeV  Charge = —% e Strangeness = —1
ms / ((my + mg)/2) = 27.3+97 33 Argonne &
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LIGHT PIONS AND HEAVY KAONS AND PROTONS

- 25 v i LS T (e )

Lattice challenges from & —
AMBER 2024 I
1—
» What can the pion PDF’s tell us [ 43<MQeVic)<BS™ @~ 00 S
about QCD mass emergence? o1 02 03 04 05 06 07 08 09 xxl
} 25-
= What does a lattice-based h: 2-
calculation of a m-PDF mean witha ' [
M, >= 300 MeV? :‘
4.0 < Mi(GeVic) < 8.5

01 02 03 04 05 08 07 08 09 _1

(@ENERGY iy,  Paul E Reimer 25 September 34 Argonne &




LIGHT PIONS AND HEAVY KAONS AND PROTONS

Lattice challenge »*717 T oo o
AMBER 2027

B R ) |\
o Vi o vl
F oLt L |
(Y

0.15F |\ 0.15F

o1 o1 O+ tibit 4 { H

= \What can the ratio of 1
us about mass, QCD a

» Or is a Kaon just a 500 MeV pion in
a lattice?

Expected statistical
uncertainty for Kaon

Not Drell-Yan. but sea to valence quark

ratio.
= Gluon PDFs for pions and Kaons
via prompt photon detection.
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