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Towards a quantum tomography of the proton (and nuclei)
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A new channel to probe for quark TMDs and evolution

Liu et al. PRL. 122, 192003 (2019)
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Constraining TMD evolution

H1 can bridge low Q2 DIS from fixed-target exp. and high Q2 Drell-Yan at colliders.
Fixing open issues of TMD factorization & universality
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Unpolarized TMD DIS measurements
Important baseline for EIC




The H1 experiment at HERA

- Tracking system

(silicon tracker, jet chambers,
proportional chambers)

- LAr calorimeter (em/had)

- Scintillating fiber calorimeter

Both combined using
an energy flow algorithm

1% Jet energy scale

0.5-1% lepton energy scale






Unfolding with Omnifold (via machine-learning).
Andreassen et al. PRL 124, 182001 (2020)
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Measurement of Lepton-Jet Correlation in Deep-Inelastic
Scattering with the H1 Detector Using Machine Learning for
Unfolding

V. Andreev et al. (H1 Collaboration)
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Model / Data
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TMD calculation does a great job
at low qT; collinear calculation
does a great job at large qT.

Large overlap between collinear
and TMD frameworks 12
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Omnifold allowed us to

do a simultaneous,
unbinned “unfolding”

First-ever
measurement that
uses
machine-learning to
correct for detector
effects.
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Simultaneous unfolding — Correlations
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Detector-level Particle-level

“This measurement also represents a ¢ ) )
milestone in the use of ML techniques for =

. . . . Z 2
experimental physics, as it provides Eu'::

the first example of ML-assisted unfolding,....
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dimensional explorations of nucleon structure i} -

with H1 data and beyond”

Phys. Rev. Lett. 128, 132002
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Lepton-jet
azimuthal
correlation in
slice of Q2.
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Jet substructure observables with machine learning

https://www-h1.desy.de/h1/www/publications/htmlisplit/H1prelim-22-034.long.html
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https://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-22-034.long.html

2 .

—r

All of them unfolded simultaneously!!!

%

4 (17TD)2

*Charge
Broadening Thrust
NC
| |
| |

Charge information

included

Charge independent

-0 T T T T T T T T
'S af @ Daa A Pytha H1 Preliminary 3
= % Rapgap <1 Pythia + Vincia 3 ]
S & Diangoh D> Pythia + Dire 02_’2‘3)2;’_‘7’ ]
23-() Herwig B Total unc. 5510 Gev g
= kr.R=10 B
o ;

1 E

0 L e ]
’?50 T l_;
o~ 3
£ o ]
£ 50F 3
s 1 1 1 1 1 ! 1 1 1
= g T g
0} A A 7
<1 3

= O%W@-%&w—
4501| PRI BTRTRT Y Lol oy IAA'IIIII_:

0.8 -0.6 04 -0.2 0.0 02 b4 0.6 08
Jet Charge()\ )

30T T T T | L
=< s . 2‘“3 l: :"‘“ " H1 Preliminary 3
o 25F # Rapoa thia + Vincia E
& @& Diangoh D> Pythia + Dire 02_’2'f$f’§‘7’2 E
gz,o-o Herwig B Total unc. g 106y ]
3 knR=10 3
o 15F E
= E
1.0F e > B>y oy
osf gs B £ 3
0.0 I | L L L 13
'_‘so_l T T T T T I_.
X b= = . 3
& o= B i
%'50‘1".I.HI.HI...l...l‘..l‘_
o I T
@ S0F A 3
C ofod L An g P
SO

450_lx PRI TR | bt o L nl;

22 20 18 1.6 -4 12 -1.0
log(A1)

0
0

T
Data A Pymia

T T T
'S 04k ® H1 Preliminary J
D045 Ragn < PyhiasVinca vﬁry
3 & Diangoh B> Pymia+ Dire 0:);‘(53(%‘?7
o 03F < Hewig I Total unc. #1067
= krR=1.0
021
A
L
47 :
BTSN ; - ¥ VO
T T T T T T
0\7100- E
Tl o - F —
%100 1 L 1 L | L L
g R B e
o 100F <O 3
-100 .|..|..|H.|..|‘.|§£&
2 4 6 8 10 12 14
Charged hadron multiplicity (7\3)
20T T T T T T
- @ Daa A Pyhia H1 Preliminary
=< % Rapgsp <! Pyhia+Vincia a2 b
S 1.5 @ Danoh D PyiasDie 0’2‘(5;’(%9_7
§ & Hewig I Total unc. o5 10 GeV
5] kr.R=1.0
© 1.0 .
2 bo A B> ny
0.5 &b&b Q@ =]
0.0 1 1 1 1 1 1 1
Tso_l T T T T T T LRE--
oo e o
£ 50F 3
Eo ) T DT DT P T P P -
2 ST T T Ty
T ook o i Py
Pttt N/ g
BOE L e e e e 1

-3.00 -2.75 -2.50 -2.25 -2.00 -1.75 -1.50 -1.25
log(A]s)

ao 1207 T T T T T prTTTpTTTY
[,< F @& Dan A Pythia H1 Preliminary
=10 © Rapgap < Pythia +Vinca 2 v
g [ © Dangoh D Pythia + Dire 00?2‘55?5.7
S 8FO tewig  mm Towunc. o5 10Gev ]
° k. R=1.0
= 6F E
4F %@ A
E % A &
2F A && E
G: ! L 1 L 1 1 1 |®-l-
50E T T T T T T T T ™

o

£l 1 1 1 1 1 1 Il 1

Rel. diff. [%]
g &

SR RS R AR MARLA ALY UL UM \RBE

o p Al
'SO_AIAAAA | I sl b aaalay Lol
0.30 0.35 0.40 045 0.50 0.55 0.60 0.65 0 0
PTD(\A)
=20 T T T T T T T T
= AR
< ‘3 :‘3 2 zY"‘a y H1 Preliminary
= # Rapgap yihia + Vinoa
5’1,5_—9 Diangh B> Pythia + Dire ogfz‘f‘;’f’;‘f 3
% _0 Hervig B Total unc. oB5 10 GeV
3 kr.R=1.0
1.0 ]
2
0.5F prog > B op,,
0okl ! I b Vg
'_'50:_1 T T T T T T T L
L S VS U ORI ORI PR
%'50-‘n“.l...‘u..u“..l....l“..l..‘.1‘.“1.
5 SOETTTTTTTTTTI T e T
@ 9 -
-SOZ_AIAAIAIIAAIIAIIAIIAIIIIIAll P TN T e

-3.50 -3.25 -3.00 2.75 -2.50 -2.25 -2.00 -1.75 1.
log(

q



~30T —— —— ———— 2 Dy g 2 O
< ® Daa A Pyiia H1 Preliminary 7<'f ® oan A Pynia H1 Preliminary < ® Daa A Pyia H1 Preliminary
5 2.5F @ Rapgap  <I Pythia + Vincia 4 @ Rapgap < Pythia + Vincia = © Rapgap  <I Pythia + Vincia
> (7 > o5 e
: S b & oangon D> Pymiaroie Moo T 15[ % Dangon D Pyinia+Dire oo o 8 15[ % Deangon B pymasore cymane
5 > 10 Ge k<] . s
3= ke.R=10 5] ke R=10 ° k. R=10
u o 1sf E -gw.of 1 o 1of >
= rof NRT R TR = > B> onp .
& g 0sf- & XS AP Sy, ] o5k o B B> B 1
[ E & A 6 o> :A"l’
o0k L L L L L L T T DORTL PS PUURS TUT L RPRUE SEOY ookt fuse toveolon Uit e o i s
s T -s T ATt B T B e
Z oo b5 E A N S o A " £ T T T T T T T T T Ty R e e A e aians
S le g D T Sy S [ o 4 aowan 1 ProMmnA Ste 9 Pokowen 1 Profminery 59 < 5 50
B3 e om 83 N S Roria Bl o vmon b pmaon 6 G o] B3l & o b masow 20 2 csmon = & PO 2 - - P
o o ° Towne g SO e = o i 0[O rews e Ry = =
- o 2, Atk = = s = 5o, " ) L ) 5 ) ES0E, e
F of o = E 5
- - —= 50l = 50
- o [}
i - - B - * El i+ - EI: z
g Py o Py g
an O L% e P St R Lo . B a -50) 50}, . | | L | | | 505, T | | | |
< oF g ST T T ] = 9 T — -3.00 -2.75 -2.50 225 -2.00 -1.75 -1.50 -1.25 350325 300 275 250 225 200 175 15
= 3 g T
PR Bl E ok 4 N Sl i log(Als) log(A3)
£ 5 . L . Sk L A A £ b, v . Lo
FR z ER z 39 A
3 0|
B L T L e T B T T e T T e O S AR AR RN AT ARRS R, i 1 SRR MU R S R e A S S AR M e ey
R h s h R & A - 1 e - ! [ Data Pythia 1 Preliminary ! [ ® Daa ythia reliminary | ata ythia reliminar)
Jet Charge (R}) Jet Charge (R}) Jet Charge (A}) Jet Charge (A}) D% mugs QO Pyas Vi X o SO0 R < pyias vinca i s 10f & Fapom < Pyinao Vinca K Y 4
B L omon b eviason o150 oy 8 |a omen > o o 150 Goy © " & on > v o 1s0Gey
DO Hews = Towiunc Eodaw 03[ O Howg = Tomiune s ] 5 gf O Hewg = Tomunc o leAg
- oo 2009 g - pranas = w.R=10 = wR=10 © e R=10
A : b T T L o 4
S |2 e 4 ey 1 Prefiminary L S 8 rew d onaeve 1 Preliminary of & 02| = 8
B0af o oumn b amaioe  10Q 00 3 S ofoimm ST sweycocy -
O[O tews m Tomue R ° D 02f O rewe == T e
= od " WA-10 =02 - 1A=10 1F < > 4 0.1
d?lg ok $8%, ] peS <
of A& . E o1 £ obromm O R N
4 e, R
& Fhaa i o* % i EOE j —100)
2 IS
-@-maf v AR A —\;mnE» ' =100 v T = - T —i =0
S -z & e EB0ET ) (v min e dusingalmaivemioe S
W B R RN D £ = ARSI i ot
g . > < 50| ! T 100
= — — pe i —
2" 000° 2" 8% 4 s o T L
R ; ‘ sof W ] ; RN
Charged hadron multpiciy (38) 08 08 04 02 00 0z 04 06 08 2 4 5 ® 10 iz 14 030 035 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Jet Charge (Ag) Charged hadron multiplicity (Ag) prD (VA2)
Zife :,»L ‘ﬁ :'Ivm V' TH1 Preliminary 4 :vlv:‘- : " Preliminary 4 < kW =2 . ou H1 Preliminary 24 . H1 Preliminary ] Shefe e 2 Ao . M Preimnary |
g’ [ ® O b mmesow ggccer | P i g . g ER T o 5 e 200 om0 Gev? 5 feoomm > E > aioe Ewogrmon
€ pQobkmy T o> 106 SR o> 10GaY 3 3 < e o 7> 10Gev S f® #1066V o 10} @ e S 10 e #7106V
o o AEAT AT 5 5 4 R s 39 3 3 .
2 = = (4 M s ° &t
@ ) 4 2 e T a2 2, 2, ¢ > q, ]
& NS @
& E 2 2 oy
ORI et te:...2 - Rt T TR R T o bt 0ot
_ B e - - T T _ ol T T T %
2 M—M—'G—Mj o £ E 1 ] = E PPN ” 3 S )
H e e B D Y k) 50 gsni. NIRRT 5 . g.wi. INRRRAMATRE B S0 o s sl
2 50 TE T T ETE 50 N DT B e B T DT
H {Ww W E a Soops] & on R . 27 &%
R YW " LA . L L SEL " " . S0E Ly L e TV Ot ek PR PR i L TR L T DR VU R T PO OB o il Do ereit cer]
030 035 0.40 045 050 055 060 065 0.70 3035 040 045 050 055 060 065 070 030 035 0.40 045 050 055 060 065 0.70 030 055 040 045 050 055 060 065 070 Ny T R N T R T R R o R s e s e e R Y R
piD (VA3) prD (v A3) prD (V' A3) prD (v A3) log(A]5) log(As) log(A}s) log(A]5)
* o Ca | A Pyma H1 Preliminary 2of ® B A mra H1 Preliminary { Owa A Pya H1 Preliminary |~ “315F o oun 1 Preliminary | 2P o W1 Preliminary 212 R1 Preliminary Tiosk @ 0w A A 1 Preliminary |
e fucediNg el S B [ o e b e g oo B 5 omm b oo owgeman] T [ 5 fww o ome it ER i { g w80t comoan T Frem < e
O vows Vowe 1 Toutwe f2eend B 5[0 ewe = Tomue PHEE 3 v T e 2acr07 S 3ok B o EN £ 100 S0} g oo b pme WS
e 5 holnce [} # 8 10f #7106V 3 #5 10Gov 3 #7510 Gev 5 7> 10GeV
s é» 10 3 s g kRt S WA-10 3 wR-10 S ol wR-10 B o7sf R0
£ 219 E ° ° °
o> g ] 210k 4 & o 210 3% B b o 2 @ @ 2 ar = A R 2osf 3= IO pe
i O® P *‘2’%’ - BB g, | osf e e a7 W ] 05| Aé,&'* P “50*&3’ "R"%,%’f osof 3% B g,
an o ¥ @ oz ozsf s
y 50T ) T T . s T T T
. E 1 3 OE } E 3 E 3
T ST T T T ot - - - - - - 25 -
B A 5 S0FT & s0F T X T L2y a3
of @ of
TR AT b 0d R 50 2 : 0t
20 8 8 z 10 22 20 18 18 12 a0 350325 300 2.75 2,60 225 2,00 1.75 150 350325 300 275 250 225 2,00 1.75 150 3507325 3,00 2,75 250 225 2.00 175 150 350325 3,00 2,75 250 2.25 2.00 175 150
log(A}) log(A}) log(A}) log(Al) log(A}) log(Al)



The road towards EIC during this decade

Every jet-related

observable in ep collisions

can and will be measured &
with H1 data C
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for future polarized ep and
eA data at EIC
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Summary

We report a measurement of lepton jet momentum and
azimuthal imbalance in DIS, which provide a new way to
constrain TMD PDFs and their evolution

Pure TMD calculation does a great job at low qT;

Pure collinear calculation does a great job at large qT.
Large overlap. Data can constrain matching between
TMD and collinear frameworks

First-ever measurement that uses machine-learning to
correct for detector effects. (using Omnifold method)

These results are the beginning of a decade-long
pathfinder program for the future EIC
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Motivation ) | (ko)
Lepton-jet imbalance 47 = kj| + 7| |
In Born-level configuration

Probes quark TMD PDFs

Liu et al. PRL. 122, 192003 (2019) Jet(Py)
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