Leading Baryon production at HERA

W. Schmidke Target Fragmentation
BNL Workshop, 28.09.20

Qutline LB proton (LP) and neutron (LN) production:

» Motivations: LB production, virtual particle exchange, rescattering
* HERA & detectors: LP&LN detectors, resolutions, acceptances
» Data sets: DIS, photoproduction yp (inclusive, D*, dijets); LB yield

» LB in DIS & yp: energy, p_distributions, LP—LN rate

@ Comparison: LB in MC models, w/o & with virtual particle exchange
» LB production photon virtuality Q* dependences

» Comparison: LN exchange models with rescattering

» Comparison: LN in DIS & yp with hard scale (charm, high E_ dijets)

» Total LB rate — EIC
Not discussed here: diffraction, LP with Ep""Ep



Historical context

*» The HERA data are > 13 years old
ZEUS LB results from HERA-I, = 20 years old

* The published data compared to models circa ~15 years ago,
including: meson exchange, rescattering (absorption)

» Some pictures may still be in favor
others may be out of fashion or obsolete

» Here: will stick to published interpretations
plots with curves easily available

However:
the data are the data and speak for themselves

» Also:
- ZEUS published more detailed LB spectra, emphasized here
- I'm more familiar w/ ZEUS results
- H1 had similar results, some also shown here



Deep Inelastic Scattering (DIS)

» Photon probe of proton structure:

resolving power
(virtuality of the exchanged photon)

the Bjorken scaling variable
(momentum fraction of the struck quark)

the inelasticity 0
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Pictures: LB production, virtual exchange

e

y_virtuality Q*:

e
-
\ Q3~0 photoprod. (yp)
ok N
V/ Q*>1 GeV? DIS e.q.
D LB variables: A m-xch.
N L N p > d\\N
> 4o
',
s LB can come from 'standard' » B can be produced via exchange
fragmentation of virtual particles: isovector (p&n)
(baryon # has to go somewhere) and isoscalar (p only).

@ Cross section factorizes:
2\ — 2
, ep—>eNX(XL’pT ) - fn/p(XL’pT ) ® Oeneex
Compare: LP<>LN (x ,p,") data<-data . f , params. from low energy

Compare: LB (x ,p.*) data to

» MC fragmentation models
* Exchange model parameterizations

hadronic data.



Pictures: Rescattering

For e.g. LN production via n-exchange:

|In DIS y is 'small'; small chance both n, =
scatter on y: n reaches detector - >
» [n photoproduction y 'large’; if n-m separation
smaller n may 'rescatter' on y: n kicked

to lower x & higher p_ (migration) and may\
escape detection (rescattering loss, absorption) Y

> X

» Alternative language:

multi-Pomeron exchanges \ N

Compare: data<=data (xL,pTZ) distributions:

» Vary Q? (y size) in DIS; compare DIS—yp (Q*=0)

> X

o In yp reintroduce hard scale (charm, high E_ dijet)

Compare data<>models: particle exchange w/ rescattering




HERA Collider & ZEUS Detector:

» H1 & ZEUS: e HERA: 920 GeV p x 27.6 GeV e
General purpose collider detectors:
- EM & hadronic calorimeter
- solenoid field tracking

For these results:
@ DIS: scattered e in EM calorimeter
@ yp: scattered e in tagger

» yp+D™ decay products in tracking
e yp+dijets: jets in calorimeter

e tagger
HERA tunnel
e direction

LB:
fwd. detectors
HERA tunnel

p direction
6




LB Detectors:

HERA beamline in p direction from ZEUS: Vertical dipole acts as
* Analyzing magnet for Leading Proton Spectrometer (LPS) for LP
@ Sweeping magnet for Forward Neutron Calorimeter (FNC) for LN

B77 B72  B67 Q51,5558 B47 Q42 Q30,3438 B26 B18,22 Q6-15 |ZEUS

— A A |‘| protons
pialait = REDEDE] Sy ¢
e T -1 - H1
105 m S6 S5 S4 LPS S382 S1

L PS: Si-strip detectors
» Resolution: op/p<1%

FNC: Pb-Sci calorimeter @ 0° 105 m from ZEUS
» Energy resolution: ¢ /E~0.7VE

» Sci-hodoscope position detector 1A into FNC 7



» Magnet apertures limit ® <0.75 mrad

Detector acceptances

» Scatter plot e ZEUS
neutron hits: § | BT T PVIA T S
s Acc. vs O Zour §
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Both LP&LN: X

s p_resolution dominated by proton
beam p_spread; o~ 50-100 x MeV

» |PS different acceptance
first/last 3 detector stations
» Acceptance ~ p_°<0.5 GeV*

for xL>O.7
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Data sets, LB measurement

LB are selected from inclusive data sets (i.e. no LB tag):

» DIS: Q%> 2-3 GeV?, { Q%) = 13 GeV? subsets with various {( Q?)

s yp: Q°< 0.02 GeV?, e" tagged = 150<W <270 GeV

2 yp+D*: Q°< 1 GeV?, 130<W, <280 GeV, [n(D%)[<1.5, p_(D*)>1.9 GeV

- yp+dijets: Q2< 1 GeV?, 130<W._ <280 GeV, E_"®>7.5(6.5) GeV

LB yields:
» DIS, yp have very different inclusive cross sections o,

» For sensible comparisons look at LN yields:

rLB = 0LB /Ginf‘
1 d?orn

Tine A Ldp%

e.g.. r(x,p.,)=

s Additional benefit:

systematic uncertainties of central detector cancel;
only have LB systematic uncertainties



DIS x distributions: max. p_ranges

o LN: p *<0.476 x * GeV’
ZEUS
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» Below x = 0.7 yield drops
due to decreasing p_’ range
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» LP yield diffractive peak x —1
» Below x = 0.95 yield ~flat
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DIS x distributions: same p_range

o LP & LN: p 2<0.04 GeV?

Both detectors acceptances g
overlap at low p_

yield r._ (x ) for 0.35<x <0.9:

- do'LB!dx

1mc¢

l/c.

» For pure isovector exchange isospin
Clebsch-Gordan =r _=7%r1

» Data: M= 2 N
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1 d%crn

P * distributions DIS

Oinc dr1dpT ZEUS

ranges (1107, )"0 fdlx, dPF (GeV™)
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» Described by exponent|al in p

1 dQO‘LN

O incdx Ldp%

— 3 (xL)e_b(xL)pgl_

» Intercepts a(x ) and slopes b(x ) fully characterize (xL,pTz) dist.

-

fixed LP p_? range
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DIS p. * distributions: slopes & intercepts
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Model comparisons: DIS LP x

'Standard fragmentation' MCs:
EA
» MC yields all fall with x_ e
=
(except diff. peak ~1) g

» Not flat like data, fail

» MC p_* slopes b smaller

than data except highest x

log
scale ZEUS
| = ZEUS128pb? —— Djangoh+SCL+MEPS  (a) |
p%::D.S GeV: - Djangoh+SCI+CDM

Q>3 GeV: Rapgap+MEPS
----- Rapgap+CDM

e

.........
.........
[Tl SRR

0.3 04 05 06 07 08§ 09 1

» Standard fragmentation MCs do not describe LP (x ,p_?) distributiélhs




Model comparisons: DIS LP x

Model with exchanges of

several isoscalars/vectors:

» Different xch's sum to flat

yield as function of x

» Different xch's sum to flat

slope b as function of x.

log
scale ZEUS
L . ZEUS12.8 pb! —— Szczurek et al, e
P%‘:D-S GE:;: ----- Pomeron ---- N
1 : Q }3 Gev REggEDﬂ ——— A
A5W<225 GeV
1|7 . ”“IIR ............................
10 RN RARREREERE e
g e N TP
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X1,
10 (b))
; A e T Te—
6 r + . ¢ ]
4t t
I — Szezurek et al.
27
0 ....................
0.5 0.6 0.7 0.8 0.9 Xl

» Model with multiple exchanges describes LP (x ,p_*) distributions
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Model comparisons: DIS LN

» Compare to 2 MC models, 2 options:
- RAPGAP w/ 'std. fragmentation’
- RAPGAP mixture

'std. fragmentation’' & m-exchange 0.05
- LEPTO w/ 'std. fragmentation' O
Q
- LEPTO w/ Soft Color Interactions <2
» Std. frag.: too few n, peak too low x T
» LEPTO-SCI ~OK in shape, magnitude, <
@ 10
but slopes too small, ~not x dependent %7_5
5
* RAPGAP w/ ni-xch. closest to data

normalization and slopes too high

ZEUS

— RAPGAP-n
| -- - RAPGAP sid.frag.
--- LEPTOSCI
LEPTO std. frag.

intercepts  X_distribution

n::::

25 ¢

L o o o o o e o O
L p2 20476 X Ga¥*

D-IIIIIIIIIIIIIIII
02 03 04 05 06 0.7

slopes



Model comparisons: D

@ Compare to MC models:
- Color Dipole Model (ARIADNE, in DJANGOH)

- RAPGAP pure m-exchange

» Each model alone: wrong x _shape

CDM too low X, RAPGAP-m too high X

» Sum of models describes x shape

» Other DIS, yp std. frag. models also fail:
ARIADNE, CASCADE, PYTHIA, PHOJET, ...

1S LN

Forward Neutrons 70 <W <130 GeV

w 0.2

® H1 Data H1
—— CDM x 1.4 + RAPGAP-x x 0.6

0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

[T
3
B
T 015
%)
(=]
xS
-

Xg
Forwar d Neutrons 130 <W <190 GeV
® H1Data H1

—— CDMx 1.4 + RAPGAP-x x 0.6

0 ! \ !
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

L | | | | |

Xp
0.2 Forward Neutrons 190 < W < 245 GeV
e ® H1Data H1
O —— CDMx 1.4 + RAPGAP-x x 0.6
o)
u -
a
bn
<
-

0 |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Xr
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Compare mw-xch. models: DIS LN slopes

» Numerous parameterizations

of pion flux fn/p(xL,pT) in literature
» Coordinate space r__distributions:
@ lower x =z = lower meanr__ —~
= higher mean p_ = lower slope b E
» Compare measured DIS b(x ): N

» Best agreeing models shown here;
others wildly off
» All give too large b(x )

» More refinement needed:

=> rescattering migration & loss

= investigate Q° dependences

0

z=0.5
as F - light-cone
'I; R =02 GeV™”
= 06
£
A o04
= az
0 1
Q Q.5
b, (foh
I I I
| FMs-dipole ]
: Holimann et al. + :
N * A
| ¥ _|
= Bishari + i
N + 3 A
i * ZEUS 40 pb’’ i
B o =2 GeV’ _|
5 Pt < 0476 x GeW i
- [] Systematic uncerainty -
[ | | I |

03 04 05 06

07 08 09

1
XL



W .y, Q? dependence of LN production

» DIS kinematic variables, LB yield dependences:
(detector acceptance induces some variable correlation)

Forward Neutrons

2
o

@

~ 0.25 -
2

cn

e

» LN yield increases monotonically w/ Q? <
» Consistent w/ rescattering: larger Q*= smaller y, less rescattering
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correlated uncertainty
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Q? dependence of LP

LP(2)

<r

production

o X distributions:

ZEUS

I T 17T
| s ZEUS 12.8 pb?, Q%3 GeV?, 455W<225 GeV

=
L 0 ZEUS 1995, 0.1<Q%0.74 GeV>, 85<W<258 GeV » P<0.04 GeV™
| & ZEUS 1994, %002 GeV?, 176<W225 GeV 1

zero .06 - yp open points ]

DIS + yp:
: 2 :
» Total yield vs. Q°, 2 x ranges:
ZEUS
T T LI ||||| IJ
-
025 - | | =, 016
n n bq
=
",0.14 |
I _ E
5
0.12 |
015 I . . o1
& L
I i} 0.08 |
0.1 [ o ZEUS 1995, 85<W<258 GeV 15 . [
I 1 } 0.6<x, <0.97
I s ZEUS12.8 pb™, 45<W<225 GeV 2 |
| ® ZEUS12.8 ph”, 45<W<225 GeV  0.32<x; <0.92 Jm‘é |
ol il ol gyppressed
-1 2 0.3
10 1 10 10 :
Q" (GeV?)

» LP yield increases monotonically w/ Q*

0.4 0.5 0.6 0.7 0.8 0.9 1

» Consistent w/ rescattering: larger Q*= smaller y, less rescattering 20



Q? dependence of LN production
3 Q2 bins DIS + yp:

» X _distributions: » slopes b(x ):
ZEUS ZEUS
—l SRER AN LR L L UL L UL L i B L L L L B B B
o - - . %2 2] o - -1 <0476 xZ 2
Ez 0.2 ;_ & {It%fﬁﬁu"”ﬁevz P08 ._G-E‘-'_: E"] [ ° {Iéz}lfiﬂu“"eev‘* i Tﬂﬁ L G 7
B 075 L . ghiadeed  wa 1 T [ - e ‘ :
-~ n {GPr = B.9 GeV PR ] 8- . ‘402;3&9(?:‘; + ++ % _
£ 015 F = @h=d06e¥ s . = N = ]
L : A - I ﬂ y I
E 0.125 :_ . T 4 £ a3 _: 6 - * t I _
HIEHGTENT B |
0075 " + ,° = ar .
[ m ; o - -] L i
0.05 [ . - ]
- - 2 — [ Systematic uncertainty —
0.025 | ] Systemati uncerainty - i )
C i - L 4
ﬂ'...I...I...I.||I|||I|||I|||I||.- D....I....I....I....I....I....
0.2 0.3 04 05 0.6 0.7 0.8 09 1 04 05 06 07 08 09 1
X X
L
» LN yield increases monotonically w/ Q° s slopes for 3 Q? bins ~same
» Consistent w/ rescattering: » slopes for yp significantly larger

larger Q°= smaller y, less rescattering 21



P, lz.b ) (fm

Compare yp/DIS: LN x distributions

» Combine all DIS Q*>2 GeV*, compare to yp x_dist.: ratio
Ratio yp/DIS: ~70% mid-x 3 ZEUS -
rising higher x

o 1.4 e

#+ ZEUSE pb’

1.2 [ Systematic unceralnty

-
—_——

Qualitatively consistent w/ rescattering: 1

» Exchange model: mean n-nt 0.8 4 * R -

separation r _smaller at lower x =z: B :

l —r—r—r—r—y—r—r—r—r——r—r—r—r— 0.4 —r—r———————r—r—r—r— 0.6 N ]

2=0.5 2=0.5 . i i

ag light-cnnc ] oa cov-Regse . 0_4 | ]

| Ri=02Gev? T R2=005 GV [ (1/q,,) doy,, /dx (Q°<0.02 GeV") ]

. : B p: ]

o2 0.2 (1/5,,.) doyy /dx (Q*>2 GeV®)

0.4 s B 4

, Dr_é 0.1 D _| o vy by v s vy by v by by by |

i | 02 03 04 05 06 07 08 09 1

g BEem : ol T X,
a 0.5 L R a Q.5 L J

by (fm) bye LEm)

» Or from b(x ): @ lower x = lower b-slope =
higher mean p_=> smaller mean r_

TT

» Smaller r = more rescattering at lower x as in data
) 22



Compare LN yp/DIS: w-xch. w/ rescattering

» Ratio X dist. yp/DIS:

» Qualitatively similar to D' Alesio & Pirner (dashed line):

- neutron loss through rescattering vs x

o 1.4 —

LEUS

Also W dependence:

» Know for y(*)p: ox\W*? (W = y*p c.m. energy) 1.2 :_ D Systematk uncertalnty

o , o__ have different a's i [ — D Akskoand Pirer x (1-x) N
YP DIS-p - - - NE&Z .
» Assume same a's for p—n 08l NSZx(t)E 1
. 2 _ 2 - _— + ............. —]
s Also: W2 = (1-x JW? Voaetet

sLN o /o__ inherits x dependence 0.6
yp  DIS-p L -
=> scale rescattering factor 04F

- & ZEUS6phb

NP

P2 < 0476 x° GeV’

-- D" Aleslo and Plrner

_ {1/6,,,) doy/dx, (Q7<0.02 GeV?)

_ -0.13 . ' .
| by (1-x,) (0.1:.3 from different o's) - (/o) doyJdn (@2 GaVD) -
» Nice agreement with data (solid line) L
_ %2 03 04 05 06 07 08 09 1
» Also shown: model of Nikolaev, X,
Speth and Zakharov (muliti-Pomeron exchanges)
» Similar, but weaker x dependence 23



”‘C)@I malized  p_2distributions:
p =

-

ZEUS
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Compare yp/DIS: LN p_? distributions

p_*slope differences Ab:

) [ [] Systemnatic uncertainty

Ab (GeV™)
N

05} -
[ Ab = b{Q%<0.02 GeV?) - b{Q*>2 GeV?) ]

i
04 05

]

= ZEUSGpb'
p2 < 0476 x2 Gav”

n

L

ZEUS

06 07 08 09

1

X

» Small but clear difference:
b(yp) > b(DIS) for 0.6<x <0.9

o Qualitatively consistent w/ rescattering:

more rescat. @ small r _ ~large p_
fewer LN @ high p_=> larger slope
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Compare: m-xch. w/ rescattering loss,

migration, other exchanges
» Work of Kaidalov, Khoze, Martin & Ryskin:

- start with pure m-xch.

- some n rescatter on y

- rescattered n migrate in (x ,p.)

s yp overall ~50% loss from

pure m-xch.

» Reasonable agreement with LN in yp:

» Subsequent work of
Khoze, Martin & Ryskin:

H—l0-13:"'|"'|"'Z|El'-|lsll"'|"'|"'
o] - = ZEUS6 pb’
= 0.16 - P 002 GeV -
o] - pE < 0476 X7 GeV
E{, 0.14 L [ Systematic uncertainty ~
= - --- KKMR zexch.
_l;__:u__ 0.12 :_— KMR z+p+a, exch. 4, -
=~ 01°F +¢ -
N LI
0.08 . 7 —
- L ]
006 F . ° - =
004" -
002 [ " =
ﬂ :I 1 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 1 I'I
02 03 04 0506 07 08 09 1

- add (p,a ) exchanges (motive next slide)

» Again reasonable agreement with LN in yp

X
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Compare: m-xch. w/ rescattering loss,
migration, other exchanges

ZEUS
o [ III""I'_'1"I""IIIIIIIII E
» Rescattering loss+migration with 30T Gow e
- 10 :_ p2 < 0476 x2 GeV* '___,r"' _:
pion exchange alone does not describe © | I preemetouncertany
8r _ KMR m+p+a, exch. .- 4 -
slopes; too high in magnitude, 6L ]
. - ¥
no turnover @ high x , Ab ~ OK ar ! -
2 ]
~ O [
. . “-:'a_ - . EEEUBEPI:'12 ,
» Addition of (p,a ) exchanges gives good §15[  Nuamdow { E
L C
description of both slope magnitudes = ¢ { -
. o5F | AT ST
and X dependence, Ab still OK :
0f
05F :
Ab = b{Q%<0.02 GeV?) - b(Q*-2 GeV?) ]
A U T T T [ T I T T 0 A B A B

_1 [0y
03 04 05 06 07 08 09 1
XL

» Full model with multiple exchanges, rescattering best describes LN 54




Compare LN in yp+D*, DIS & mcluswe yp

» We have seen clear effects consistent ZE‘i,zlg”g‘;f; y
with rescattering going hi-Q*—lo-Q*—yp ﬂ T
» Going from hard—soft scale ot |
Increase in rescattering ok | * W g
» Suppose in yp we reintroduce a hard scale 0 X } HEY
by requiring heavy flavor: yp+D* with LN: o, |
» Yield yp+D* ~ DIS, b MM 680
clearly higher than inclusive yp: ol H

Q _

S o ﬂ # *

— 8_ _______________________ C {‘ _____________________________ ] Hﬁﬁ* m m
B[ * ___________________________________________________________________________________________ ol + 7
g i T, -

x,>0.2 16 17 18 19 2
T vk eyt

DIS

TP vp D*

» Hard scale (charm) in yp, small photon, no clear rescattering 27



Compare LN in yp+jj, DIS & inclusive yp
s Suppose in yp we reintroduce a hard scale o N
by requiring high E_ dijet: yp+jj with LN:
» LN x in yp+jj very different from DIS, inclusive yp
suppression @ high x , not low x
»Kinematics of high E_ dijets?

ZEUS _ ZEUS
é_I 0.2 _I ; IZ|E:JIS;0| Ibl-ll | T TT | I | T T Io L-Jlrﬁl I |(;| \l"I |_ : 1800 ;_ _+_
E : gg:legﬁEE o0 z o : data —> rewelghted DIS LIJ 1600 ;— i—o—_+_
o’ 0.15 Lo zEUS 40 pb’ o ° o - 1400 _ —— —o—
% [ Sl chyeattiy o . T 12000
L0 "+ atty, t 19 Reweight DIS distribution, 1600}
L= L o & , ‘ ] . C
= M0 e . ¢ 1 account for dijet/DIS 800 = e
s . 1 kinematic constraints s00t )
005 > * 6 — . i 00 . o emtn O 11 Gev?
L & ZEUS prb . : (= | After rewelg ht_ 200 f_ T oep —eXn o = 2GeV X prewgl
G <0.02 Gev? . .| sShape & normalization ~same t.... ... ... T
0_|.|||||||||||||||||||||||||||||!|: 02 0304 05 06 07 08 09 1
02 03 04 05 06 07 08 09 x: X,

* Interpretation complicated by kinematics, but to 1° order:
Hard scale (dijet) in yp, small photon, no clear rescattering

More details on extra slides, ZEUS LN+jj publication 28



Total LB rate in DIS

» ~ Exponential pT2 distributions observed in LB detector acceptance

» Extrapolate to pT2—>oo: LB rate in exponential peak

5 [T0.6— ! log
- C scale
""_0.5:— §% |
o [ "l e
- s . s
0'4—_+; QL . . :P e - oy
0.3 t ¢ 5 v
E @ & - [ZEUS exp. p: peak
0.2— © e g L[| e rats3cey?
- | ZEUS exp. p: peak Ay, W7 o LNQ?>2Gev?
01__ - LP02>3GEV2 o :....|....|....|‘...|....|....|....
L 2 2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
- o LNQ°>2GeV o
B 1 1 | | 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 | | 1 1 1 1 | 1 1 IDI
H.S 0.4 0.5 0.6 0.7 0.8 0.9

Integrate over x :
o1 (x>0.32) =0.310 = 0.003 (stat.) £0.008 (syst.)
o1 (X >0.32) = 0.159 = 0.008 (stat.) +0.012 (syst.)
o1 (X >0.32) = 0.469 = 0.009 (stat.) £0.014 (syst.)
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Total LB rate in DIS

Sum for total LB rate in exponential peak:
o1 (X >0.32) = 0.469 = 0.009 (stat.) £0.014 (syst.)

» Nearly ' final state baryons in exp. p_° peak

* I[mpressive that these low-acceptance detectors
account for ~half of baryons
* Where are the rest?

— 1 T | T | T | T | T | T | T | T T T
3)

S 0.9 m approx. ZEUS LB acceptance
Q

O

N
| o
L)
0.8— . ‘“
. |1 '] 3
| u |g erp 7 5
0.7— T
Q. 0. o
- o
L A i
— X IlglIe p
0.5 HOOOOHOGOOOOT I r T
NS S SN
- AOOOOOOOOOOOD
B OO OOOO00
ASOOOOOOOOOOODOOO
— OSMSOOOODOBOOODDOND
0-4 N 0 e e O e O N
P O O el )
= S S S S SO S :
e N, ,
OO OGO \
et T T %
0.3— S OOOOOODOOOODDOLNDDDE
O OO O O OO
BSOSO OO
B SN SN SOOI
L e el O el e O O )
2 R N el e e e O O e 2
0. QS PSON RSN NI I NI PT
OO OO o

GOOOO:OOQOO’OOO:O:OQO:Q‘Q000000000’0:0 Py
0040000.00’000‘0’000‘0QOQQO##QQOO#O*QJ
‘#..0’0..000‘0000000“0’.

oq—lower x ?

L)
L)

0 01 02 03 04 05 06 07 08 0.9 X!
L

Open question, address @ EIC?
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Total LB rate: HERA—EIC acceptance

» EIC will accept wider angle LN: %2_ R oo e

® 0.75— 4.5 mrad < =
max

» Factor ~2 greater p_range oo} E
0.6 f
~4 greater p_* range ol
0.2f -
|l :

00102030405060708091

» EIC LP 3 detector systems:

1% magnet spectrometer, off momentum detector, Roman pots
» Coverage to p_~5 GeV @ high x

» Vast improvement over HERA, address total LB rate

proton_pt_ws_X1_Reco

> YT 7T 7 T 1 1 1T T T
% o_g:— m approx. ZEUS LB acceptance —: g T
S o5 — T EIC
+o- HERA 3 S

0.6 : a”

0.5—

04—

03—

0.2—

0.1—

o 1 1.

0 01 02 03 04 05 06 07 08 09 x1
L

Info from Alex Jentsch, see his talk Wed. X,



Summary

» HERA measured leading baryon x , p_ distributions in DIS, yp

*» MC models with 'standard’ fragmentation do not describe the data
» Models with virtual particle exchange much better

» Pure m-xch. does not fully describe LN data: slopes wrong
» Evolution hi-Q*—lo-Q*—yp: evidence for rescattering of LB in large y
» More refined calculations w/ wt-xch.+rescattering loss+migration:

for LN reasonable x shape, magnitude; slopes still off
» Addition of (p,a,) exchanges: = good agreement with LN data

» Reintroduce hard scale in yp: LN rescattering reduced

» Total LB rate: ~%2 of baryons accounted for; more @ EIC...
32






Partial bibliography

HERA data | | boldface: bulk of
data on most plots in tables in papers results shown here

» ZEUS LN in DIS & yp: Nucl. Phys. B 637 (2002) 3-56
» ZEUS LN in D* yp: Phys. Lett. B 590 (2004) 143-160

» ZEUS LN in DIS & yp: Nucl. Phys. B 776 (2007) 1-37

data on most plots in computer readable acsii:
https://www-zeus.desy.de/zeus papers/ZEUS PAPERS/DESY-07-011-table.txt

» ZEUS LP in DIS: JHEP 06 (2009) 074

« ZEUS LN in dijet yp: Nucl. Phys. B 827 (2010) 1-33

data on most plots in computer readable acsii:
https://www-zeus.desy.de/zeus_papers/ZEUS PAPERS/DESY-09-139-table.txt

* H1 LN in DIS: Eur.Phys.J.C68 (2010) 381
» H1 LN & forward photons in DIS: Eur.Phys.J.C74 (2014) 2915
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Partial bibliography

Scattering / absorption papers

Older:
» N.N. Nikolaev, J. Speth and B.G. Zakharov, hep-ph/9708290
» U. D'Alesio and H.J. Pirner,
Eur. Phys. J. A7, 109 (2000)
'Durham group'

» A.B. Kaidalov, V.A. Khoze, A.D. Martin and M.G. Ryskin,
Eur. Phys. J. C 47, 385 (2006)

» VV.A. Khoze, A.D. Martin and M.G. Ryskin,
Eur.Phys.J.C 48, 797 (2000)
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Compare LN in yp+jj & DIS

» \We have seen effects consistent

with rescattering going hi-Q?>—lo-Q*—yp
» Going from hard—soft scale increase in rescattering
» Suppose in yp we reintroduce a hard scale

by requiring high E_ dijets:

= Still signs of rescattering?
» Or eliminated by high E_ scale? (—> Photon Remnant

» LN in yp+jj results...
JetE >6.5

p > > n
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Compare LN in yp+jj & DIS : p_* & x_dist.

» The p_* dist. in yp+jj again
exponentials w/ slope b:

N“"""16_IIII|IIII|IIII|IIII|IIII|IIII
o
@ & ZEUS 40pb’ p2 < 0.476 x2 GeV’
Q,,14 ep — ejjiXn ' :
o Q% <1 GeV?

12

0 ZEUS 40 pb!
ep —eXn
10 Q%> 2 Gev®

L+ o)
|III|III|III|III|III|III|II
——

0

+

o
<
C

Q
s ]
O
6 °+
o °4°
4 Q
Q *
2_ —
U_|||||||||||||||||||||||||||||_
0.4 05 06 0.7 08 09 1
XL

» Still ~same as DIS:

=> same production mechanism
o Statistics limit further conclusions

» But the x _dist. strikingly different!

_l DE LI I LI I LI I T T T I LI I LI LI I LI
» C
-1
-
T ,g [ O ZEUS40pb E
= = Ep — exXn
'D_I 02::- 2 GeW o o 0 g
| 016 - peoarexiGe g .
— o
L} o
E0.14 —
o
L 1 ; ¢ 5
T ooz |- o 4 —
o 4 by
01 o 4 -
o v
008 — —
C o
C e
006 —_ * -
- o ]
oo4 - ® ZEUS {prel} 40 pb’ 3
C ep — ejiXn " ]
o0z o oF < 1GaV =
U E P2 <0.476 x2 Gev’ .
C -
l] _I 11 | 11 1 | 1 11 | 11 1 | 1 L1 | L1 1 | 1 11 I L1 -1

0.2 0.3 04 0.3 0.6 or 0.

» Opposite trend in

i) 09

XL

hi-Q*—lo-Q*—yp w/o jet requir.

» There suppression @ low x,
» Here suppression @ high x

» Kinematic suppression?

37



Compare LN in yptjj & DIS : x dist.

Compare to RAPGAP MC with:
» t-xch. and full event kinematics

» NO rescattering

N—l _I (L | T | [ | T | [ | L | [ | L I_
B 025 e ZzEUS40pb’ p2 < 0.476 x2 GeV® —
3 B ep — ejjXn

e B Q®<1Gev? 7Y

o ~ — RAPGAP 5

e 0.2 :
= B :

% B i

T Y co%o0 |

& 015 oL
E -
= .

L:III|IIII|IIII|IIII|IIII

i o :
L 0 5
0.05° O ZEUS 40 pb' -
TR ep — eXn :
- Q®> 2 Gev?
B --- RAPGAP
ﬂ S | L1 1 | | 11 | L 11 | | 11 | L1 1 | | 11 | ] S
02 03 04 05 06 07 08 09 1

» RAPGAP DIS normalization high
» But shapes are described:
dijets suppressed @ hi x

» Normalize each MC set to data
» Take ratio of X distributions:

ZEUS

CL1-2_III|III|III|III|III|III|III|III

1 _—+—.T ratio yp+jj/DIS 1

08—

06 —

04— 1
- & ZEUS40pb

i p2 < 0.476 x2 GeV”

02— [ Systematic uncertainty ¢

B — RAPGAP normalized

-»-

P
[

D_|||||||||||||||||||||||||||||||
02 03 04 05 06 07 08 09

RAPGAP with n-xch., full event

kinematics describes different
shapes X distributions
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LN in yp+jj & DIS : kinematic constraints

» The requirement of high-E_ dijets
exacts a price on the phase space

available for LB production, seen in MC . - ZEL|JS |
E. - :I (L T I : T T T T I Ic;:
Can also investigate w/ data alone: g ol * egﬁeuxpﬂ E
* We can quantify kinematics w/ energy & " , o5 ® o -
measurement in the central detector: 5 | o2 Lo
XBP =E+ Pz Yl . . .
= fraction p-energy available 04 [ « o
for LB down beam-pipe (BP) - . -
— kinematic constraint: x <X_, 0.05 [ e ° "
» Very different for distributions DIS & yp+jj: ”n;_' | L'sT | .lu|4| | hisolﬁ;i;l NERENERERTE 1
- DIS typically >80% p-energy available ~— X

- In yp+jj much less available

» Now consider LN x distributions in X__ bins
L BP 39



LN in yptjj & DIS : x in X__ bins

ZEUS
. . L L S S B S R IS N S
@ In blnS Of XBP the XL dlSt i :D'SS{KBP‘P'E :ZD'E{KBP{D'?S :0.6&}(3‘;{0.?

for yp+ijj, DIS are ~same ooz qe i RV T L
both normalization, shape z [ & 1 oo ]
,.% DE. | e g el | P®esel | oo o

: : : P Forexo 075 Torscx.c08 | Toso <oss® |

s Unlversallty: for a glven XBP’ Z% 0.06 __u.? Xgp l::l.?si ____D.?5-‘-1KBP I;-B E ____u.a Xgp u.aso

= N ' T : T 3 :
. . r 004 * i T LT -

LN x dist. is sameregardless = " F adoi T o s T o°
L 0028 & o et ‘7
of process (at least yp+jjvs. DIS) ob. .1 Sowt 1 fowl 1\, i
0.075| 0.85Xyp<09 | | 00<X;p<095 + il 0.98Xgpct
» So different overall x_dist. 005 L4 ol NI | S A
T . I ° T L ¢ |
for yp+jj vs. DIS explained 0025 & * T e AR +T Ay
by different_ event kinematics R T T Y A N Y- 'xq
(as seen with MC) L
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LN in yptjj & DIS : x in X__ bins
o In X__ bins: bin-by-bin reweight DIS x distribution
by ratio X_, distributions yp+jj/ DIS, sum x _distributions

ZEUS data — rewelghted DIS ZEUS
T L L L L B
> - A o
I : g1o00| ——
- oF = 2 GeV o o 2 pn ] — —O——+—
3 o6 [ p%:l].-ﬁ'Exf_Ge‘u'z o . = LIJ 1600 -
l;;Eu”_ . E 14DD:— _+_—D— e
= ol °+ ++++ ’ — 120“:_ ——
01 [ o 4 t _ ] 1000 -
- ok ] o —
o8 - * 3 800
C o ] C —
006 ' ¢ — 600 -
- o A C ZEUS {prel) 40 pb’’
004 [ ° ZEUE{E;‘EHWPU‘ — 400 - . Ep—}ejj'?:{n 025? Gev”
- ep — ejiXn . . C D oep s e¥n Q- 2GeV X rewgl.
B o = 1Gew ] — =P BP
002 - P2 <0476 x2 Gev’ - E 200 -
u-...|...|...|...|...|...|...|..{.}.- pb— b b b b b b b
02 03 04 05 06 0OF 08 09 1 02 0.3 04 05 06 0.7 08 09 1
X, X

» Accounting for kinematic constraints: shape & normalization ~same
» No clear sign of suppression in yp with high E_ jet scale

EPSO07 contribution: https://zeusdp.desy.de/physics/diff/pub/eps07/Injj.ps 41



LN x inyp, yptj & DIS :

» Large suppression @ low x _seen

in inclusive yp w/o jet requirement,

consistent with rescattering,
IS not seen in yp+jj

» Conclusion (tentative):
introducing a hard scale via
high jet E_ reduces/removes

rescattering effects 0.05
» But complications of event kinematics
prevents a firm conclusion 0

=

T | T | T | T | T | T | T | T
| & ZEUS 40 pb’ p2 < 0.476 X2 GeV® |
| ep—ejjiXn o _
B Q% < 1 GeV? oo~ o _
| 1 © o ]

oo, ° A
B — A |
L o?-2GeV® O ¢ ) $ i i p -
n o T & -
_ o * 4 ¢4 -
| o e , A _
S ¢ 2 -
| &) A _|
| * a * i
& 4 .
| A © _|
| A ZEUS 6 pb’ . |
B ep — eXn B
B Q° < 0.02 Gey? |
* &

= | [ [ | | [ | | | [ | | | | | | | | | [ |
2 03 04 05 06 07 08 09 1

X

» Needed: input from theoretical community...
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