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PUNCHLINE

* A new observable g« for SIDIS to study TMDs with order of

magnitude iImprovement in experimental resolution!
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QCD Is HARD

- Nonperturbative:

perturbative calculation falls

« Confinement:

we see no free quarks or gluons

can not measure thelir properties directly

* Hadronization:

a(Q%
coupling a (Q) explodes at low energy .|

v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

® c.w. precision fits (N3LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

= QCD o04(M,) =0.1181 £ 0.0011

o e'e” jets & shapes (res. NNLO)

1

10 Q [GeV] 100

we do not fully understand the real-time dynamic of how

quarks and gluons become bound states

ey

.28 GeV/c? c2 0
t 0
- @ |9 |9 ||@
up charm top gluon
Me'

down strange
J J
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ONE OF OUR BEST TooLS: COLLIDERS!

ete” (LEP expt.) e~ p (Jefferson lab) pp (Large Hadron Collider)

-
/‘

—

Dihadron in ete- Semi-Inclusive DIS Drell-Yan
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PARTON DISTRIBUTION FUNCTIONS
& FRAGMENTATION FUNCTIONS

Parton distribution function (PDF):
brobability of finding a parton 1 with collinear momentum
fraction x inside a hadron H

-ragmentation function (FF):
brobability that a parton 1 with collinear momentum fraction
Z hadronizes to a hadron H

e . :
* (Can factorize cross section of

°
e / a physical process (e.g. SIDIS)
'_)5;%‘_0 PDF Jip(¥) in terms of PDFs and FFs

o ~ fip(X) Dyp(z)  (more later)
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TRANSVERSE MOMENTUM DEPENDENT PDFS/FFsS

* Same interpretation, but now the
distribution also depends on the
transverse momentum k; of the
parton

* Describes the 3D structure of
hadrons

» (Can be rigorously defined by matrix
elements of operators

Wilson
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TMDSs IN DIFFERENT PROCESSES

Semi-Inclusive DIS Drell-Yan Dihadron in e+e-
o~ fqp(, kT)Dh/q(z, kr) o~ fq/p(x, kT)fq/p(x, kr) o~ Dpo(2,kr)Dpsq(2, k1)
h
*““ %% %iﬁw
"‘ gr < Q

* [MDs are universal across processes

» Two scales g, Q allows natural power counting
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SPIN-DEPENDENT TMDsS

» 8 TMD PDFs with polarizations, similar for TMD FFs

Quark Leading Quark TMDPDF's Q—» Nucleon Spin @ Quark Spin

Polarization I Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(U) (L)

NONO
J1= @ hy =
Unpolarized Boer-Mulders
1
912 ©m -G My =@
Helicity Worm-gear

T
fJ_ . é . L Trans}ersity
1T giT = — 1

Nucleon Sivers Worm-gear th - @ _ @

Polarization Pretzelosity

515 §T
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WHY STUDY TMDS

« Understand the 3D structure of hadrons

» Understand the nonperturbative structures of QCD as a
field theory (confinement, hadronization, ...)

* Improve QCD theory uncertainty in other processes
(VW mass measurement, ...)

» Precision in experiments allow discovery of new physics
(Higgs transverse momentum spectrum, ...)
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SIDIS SETUP

Semi-Inclusive DIS . o= (#) + N(P) — e () + h(P,) + X
o r~ fq/p(x, kT)Dh/q(Z, kT)

ep x=02P-9 o |nterested In the transverse
| y=P-ql/P-¢

. /' :=rrrq  momentum of the outgoing hadron
with respect to the photon, P

l Trento frame 5 ° SIDIS Cross section is studied
h Z,§ extensively at HERMES, COMPASS,
=¥ RHIC, and JLab

 [he upcoming Electron-lon
- Collider (EIC) promises
improved precision
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How TMDS ARE STUDIED

* Inthe limit P,+/z = g7 < Q, can factorize the cross section
into hard function and TMDs:

2

do © dbrbr 7.2 g2

(unpolarized)

* [ MDs have perturbative and nonperturbative parts:

fip (@, 07,1, Q) = frp(a, b (br), 1, ) fNF (, br)
[jlf(za bT7 Iy C) — le(Z, b*(bT)v 2 C) lN)ll\IP(Z7 bT)

\

Perturbative calculation |
Nonperturbative model

& evolution

Zhiguan Sun (MIT) |4



L EADING POWER FACTORIZATION THEOREM

X.-d.]i,J.-P Ma, and F.Yuan arXiv:hep- ph/0404 183, arXiv:hep-ph/0405085
A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P |. Mulders, and M. Schlegel, arXiv:hep-ph/06 | 1265

* Factorization theorem relates cross sections to TMDs

A, lepton beam helicity

do
= Uo{WUU,T + AeST \/1 — €2 WLL  s#= (0,5, cosdg, Sypsin s, — Sp)
dx dy dzd Pyr nucleon spin vector in Trento

+ €cos(26n) Wi 0 + Spesin(2gy,) Wy 20 e el

. sin : o0y = a’m K, /[ 0°(1 - )]
+ St sin(¢p —ps)W UT(ééh ?5) 4 €Sy {Slﬂ(¢h+¢s) ’ i
Structure functions

0

S Wlsjl;(¢h+¢5)_|_ Siﬂ(3¢h ¢S) Sm(3¢h QSS)}

+ASTV1 — €2 Cos(¢h—gbs)Wz(}S(¢h_¢S)}

Notation: M. A. Ebert, A. Gao, and |.WV. Stewart, arXiv:2| 12.07680 M D PD FS/FFS
* For example D. Boer, L. Gamberg, B. Musch, and A. Prokudin, arXiv:| 107.5294
> dbrb - .
Weos2on) — o, / 2T L1 by W H; V) Iy (br Par/ 2)
0 TC

where Z[H g™ D] = (Mbr)™(—Mypbr)™ S H gy D™
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CHALLENGES OF STUDYING TMDs

+ In SIDIS, need to reconstruct g from ¢ to measure FhT

* Momentum resolution at detectors introduces large
uncertainty in reconstruction of P,y ~ Agep < Q ~ | £

Trento frame vy

* As an example,
consider SIDIS kinematics.

17| = (20 £ 0.5) GeV

4 v

L —
~— | P,r] = (1£0.5)GeV

which i1s 507% uncertainty!
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CHALLENGES OF STUDYING TMDs

+ In SIDIS, need to reconstruct g from ¢ to measure FhT

* Momentum resolution at detectors introduces large
uncertainty in reconstruction of P,y ~ Agep < Q ~ | £

Trento frame

lepton
plane

103

102

101

co/|O| [%]

7 10°

I IIIIIII| T IIIIIII| I IIIIIII| I TTTTN

backward e

central w+

Exp. Resolution ep—en™X (18 %275 GeV?)
= - --Pur/z

/

(41% of w* sample) SIDIS cuts
10—1 | | | I I I | | I I | |
1071 10Y 101
O] [GeV]
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CHALLENGES OF STUDYING TMDs

. - E

Promise:
New observable g gives
Order of Magnitude Improvement
in Resolution!

In SIDIS, nee

* Momentum
uncertainty

tFTEHlt()Zﬁradlle Y ]1)35 T T T T T T T T —
- Exp. Resolution ep—en®™X (18 x275GeV?) 3

x —

N RN q+ il

107¢ e O=4 -~ Pur/z -

g _ RN R smthPhT/z ]

O 10lp~ B E

~ - ey ~ -

O u e N

b N ey ]

7
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CONSTRUCTING ( (In the light target limit M < Q)

* Angular resolution at detectors is much better!

» Notice the acoplanarity angle tan ¢,.,, = — P}, ,/ P}, & sin ¢, P,
in the target rest frame

Trento frame ¢y EIC frame tan Grest —

sin
pEIC \Ii 5 ZO0\/1 —y
e

target
rest frar?r/le A~Pl(zQ) < 1
; 0°=-g*
—— iz Z=P'Ph/P'q

y=P-qg/P-¢C

Zhiguan Sun (MIT) 20



CONSTRUCTING ¢+

- Want to construct an optimized observable that only uses

angular measurements

rest

» Already have tang@,c, =

Trento frame Y

sin ¢, P
¢h hT | @(/12)

zO\/1 =y

EIC frame ° dentify P,rlz=qr S
mc {7 the parton

X

\L' 2" transverse
momentum

target
rest frame

4+ Only need to write

~ Z
~
~
~
~
~
. \
~
~
~
~
~
~
~
~
\ \ ~
~
~
~
~
~

the prefactor

1/0+4/1 —y In terms

of angles as well
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CONSTRUCTING ¢+

» Consider the in-plane leading power kinematics

(P, collinear to §)

T
PhT<<Q:>‘9h+‘9e+a=5 :

Zhiguan Sun (MIT)

In terms of 6,, 8, , we find

sin 6,

Y=
COS

0 2 o
sin“ 0, B (1 B 81n6’h>2]
cos? a cos

Can easily translate 6,, 0,
into EIC lab frame angles/
rapidities

02 = (B2 [

22



CONSTRUCTING g

» Boosting to EIC lab frame and continue working in the
M < Q limit, we find In terms of lab frame rapidities 77, 17, :

Ai/] = — 1,
T
P, <0=>60,+0,+a== 4 1 A
hT h ) y = n @(/12)
1 + e2n
4 Z ) ) eﬂe_H/]h
’ | Q° = (2Ey) + O4)
x L 1 + eAn y
target o
rest h
frame :> Ov/ 1 - 2EN 1+ obn + O(4)

EIC
xr

- E, Is the energy of the
e nucleus In the EIC frame,

Fhme which Is known exactly,

the rest of the quantities

are all angular!
Zhiguan Sun (MIT) 23




CONSTRUCTING ¢+

(In the light target limit M <« Q)

- Now combine all the ingredients, we have the definition of

our new observable gs 4 o ™
| _ EIC
- ;gf)tp _ sin ¢, Py, 7 n @(/12) S; d+ = 2EN N i tan ¢acop
z0\/ 1=y \_ J
Mh
O\/T=y = 2Ey——— + O(A)
Al : has a simple
EIC frame q+ . P
Ly leading power
£r . :
\T_, 0 relation, which
allows for easy
target . .
rest frame factorization:
3 P
oy LP : hT
SANEEAV AR z_k . = — sin ¢h,——

(more later on power corrections)

Zhiguan Sun (MIT) 24



A DIMENSIONLESS VARIABLE

» Can also define a dimensionless observable ¢g

IS
SimHar‘ tO qb};k in unpolarized DreH_Yan [Banfi et al,, EPJC 71, 1600 (201 1), arXiv:1009.1580 ]

eﬂh_’/]e EIC
o
SIDIS — tan @, cqp,

1 e elin=1e

Trento frame ¢y EIC frame

Y
EIC o K
= \ ‘ e SIDIS Can be

related to g« In
target

rest frame |eadlﬂg power
Y relation:
< e z _k
\'\ xIr ¢* L:P ﬁ
SIDIS Q

Zhiguan Sun (MIT) 25



A DIMENSIONLESS VARIABLE

. gb,;k in unpolarized Drell-Yan known to eliminate experimental

'o\—o' 2
= 1.8
‘;l—
8 1.6
S 14
RS :
= 12
(e
o 1
>
= i
5 0.8f
Q06
- i
S 04
0.2

systematics

[ ——— L

——— Linear Scale Logarithmic Scale ———————
_I T TT | TTTT | TTTT | T TTT | TTTT TTTT [ [ T T 1T [ : [ [ (L '_ol 2
CATLAS ;J X
~{s=13 TeV, 36.1 fb" : . - 1.8
- Zly*—uu (normalized) =
L e
- — Statistical Unc. | \D 1.6
- |epton Efficiencies © 14
. == Lepton Scale/Resolution i | \b
— Model Unc. 1.2
i C
[ == Others o
L ---- Total = 1
el
-
- ‘s 0.8
©
- . 8 06
l. .'.. .-I C
C y 11 > 04
- L1 | L1 1111

O 5 10 15 20 25

30

100 300 900
pl [GeV]

B T T TTT I| T T T T TTT
- ATLAS

— Vs=13 TeV, 36.1 fb™

— Z/y*—uu (normalized)

:_ - Statistical Unc.

- |_epton Efficiencies

[ —— Lepton Scale/Resolution -
— Model Unc. ]
— = Others ]
L ---- Total ]
— e —
- DR J
- — 'I - . s . J—'—HL 1 1 | = .
107 107" 1

¢ (uu)

[ATLAS, EPJC 80 (2020) 7,616, 1912.02844]
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SPECTRUM COMPARISON | 4, = 2E, tan EIC
1 - elin=lle P
* @+ 1S a signed observable g+ = — sin h,——
N\
» Even and peak at O for unpolarized spectrum
* Single spin asymmetry (SSA) introduces odd contribution
0.30 :
== O =Pu/z
0.25 Q = 20 GeV — O = q. (unpol.)
x=0.1, 2z =0.15 - O = q. (unpol. + SSA)
Q 0.20
A
< 0.15
b
= 0.10

0.00 -

—I6 —I4
O [GeV]
Zhiguan Sun (MIT)
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FACTORIZATION FOR ¢@: CROSS SECTION

» Recall the leading power decomposition of SIDIS cross
section In terms of structure functions:

dx dy ((:ZadQﬁhT B UO{WUU’T + XS V1 — W
gi f?}f;ﬁ:jz,::!fz& _s) + e cos(2¢)W 608(2%) + Spesin(2¢,)W Sln(?cbh)
?rL;clfrl]eeon spin vector In Trento + Sy Sin(th ¢S) (Sjl;(r_qzéh bs) + ¢Sy [Sin(¢h—|—gb5)
ZOZE(;;il)c/y(/l[z_Qg(—ll_zzg/)z]) X W(S};(%MS )+ sin(3¢p —¢g)W Sm(3¢h cbs)}

+ A STV 1 — €2 cos(d, —ds) COS(%_%)}

| . . . LP . P
*  We can insert the leading power relationship |4 = —Smﬁbhﬂ]

<

as a 5-function and do the P, integral to get the
factorization theorem for g. cross section

Zhiguan Sun (MIT)
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FACTORIZATION FOR ¢@: CROSS SECTION

* As an example, consider the contribution from
. > dbrb - ~
Weest2on) — _g, / T 7 M B D) 0y (b Par / 2)
0

2T

: : do cos(2th) :
The contribution to =~ 1 s da from ecos(2¢n) Wiy, S

00 2m
dPyr P don 0(g« + singp P 2 . .
/0 " hT/o On Ol RS On i/ 2) < cos(26n) Inserting o-function

x (—22) /debT [#1 h WH DT Jy(br Pur/ 2) & integrate over dzPhT

2T

223 - ()7
—_ / dbp T[H hyVH; ]

T

X /027T %H @(_ qx )cos(2¢h) br g+ J2( I?Tq* )

sin® oy, sin ¢y, 2 sin ¢y,

Simple nontrivial kernel
from ¢, dependence

where  Z[H §™ D] = (Mbr)™(— Mubr)™ 3 Hs g DI™
Zhiguan Sun (MIT) 30
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FACTORIZATION FOR ¢@: CROSS SECTION

* We get factorization theorem for g« cross section in terms of
standard TMD PDFs and FFs

A, lepton beam helicity

do 223 S* = (0, Sy cos ¢, Sy sin g, — S;)

- — db { .0 (Z H F D nucleon spin vector in Trento
dx dy dz dq. s 00/0 7 cos(a:br) [ i 1] frame i

- - - e =(1—y)/(1 - 212
— T[HE OR O] SV eI R By]) T T
+cos ¢ sin(q.br) St (I HFED D] + e Z[H by D)

+ S I[Hh? AV

— sin ¢g sin(q.br) )\GST\/l — €- I[H glczgl)Dl] }

 (Can extract different contributions by unique™ dependence
on G«, A,, 8", €
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EXTRACTING TMDS FROM FACTORIZATION

* Practically, we take asymmetries with opposite beam
polarizations (4,, 3*) and by measuring cross sections as a

function of y (€)

* As an example, consider taking the double asymmetry
g« = — g+ and 4, = — 4, we single out the contribution

— sin ¢g sin(q.br) A\eSTV1 — 2 T[H §fT(1)151}
which allows us to access the worm-gear [ function gliT

*Note that the worm-gear L function &, drops out, and
transversity and pretzelosity are degenerate: €S, (h; + hllT/ 4)

Zhiguan Sun (MIT) 32
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IMPROVED RESOLUTION

» Simulated in Pythia, ©6(10°)
events, (Gaussian smeared

EIC Yellow Report Design Requirements, arXiv:2103.054 19

« Momentum resolution:
¢ 6,/p = 0.05%p/GeV & 0.5%

f/b: 0.05—0.1%p/GeV D 1 -2 %

Angular resolution
oy = 0, = 0.001

co/|0| [%]

* Order of magnitude

resolution improvement
in the TMD region

( $2GeV) from using g-

SIDIS cuts:

x > 0.001

0.01 <y <0.95

z > 0.05

0? > 16 GeV?
W? = (P + g)* > 100 GeV?

! IIIIIII| [ TTTITI

Exp. Resolution ep—en™X (18 X275 GeV?)

—

~

\\\ _q*
S~ O = == Pyr/z

.
.....
.
"""""""
.

""" singn Prr/ 2

/
I IIIIIII| I IIIIIII|

100 = backward e —
central ™" E
(41% of w™ sample) SIDIS cuts |
10 -1 I I I A I I | I S T | | I
10! 10° 10*
O] [GeV]
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STATISTICAL SENSITIVITY OF g« VS Py 7

* We test how well our observable can extract parameters of
a given nonperturbative model for unpolarized cross section

Ounpol ™ fl (Z, kT)Dl (Z, kT)

 Recall that the nonperturbative model enter I MDs through:

perturbative result ngf(m, br, 11, G) = flf(aj b* (br), i, C) fi N (%, br)
& evolution using SCETIib D f(Z br, i, C) le(z b* (br), 11, ) DNP(Z bT)

M. Ebert, |. Michel, F. Tackmann et. al, DESY-17-099

* We use a simplified version of the MAPTMD 22 global fits

1NP e—aqb%

Dll\IP — qew2br | (1 —a)(1 — ws3b7) e~ wabr

(Fixing X, z, Q%) A Bacchetta et al, MAPTMD 22, arXv2206.07598

» Parameters w; encodes the shape of TMDs at large distances
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STATISTICAL SENSITIVITY OF g« VS Py 7

» Use the central value and standard deviation of the global fits
in MAPTMD 22 as our Gaussian prior

- Use Bayesian analysis to test the posterior distribution
m(w; | dn) X exp [_ Z(dn — tn(wi))2] ()

On

n
0.050

0.025 -

0.000

N

iImpact of w;
on Py Vs g«

spectrum

—0.025 7

—0.050

0.050

0.025 -

0.000

relative deviation from central

—0.025 T

—0.050 3
q« [GeV]
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STATISTICAL SENSITIVITY OF g« VS Py 7

» Compare between using our new observable g« and using
transverse momentum P, directly:

20 = Stat. Sensitivity | ¢ @ EIC (10fb™") =
- ) -
- ep—oentX I P,r @ EIC _(_10fb ) =
- T { prior (MAPTMDZ22 fit)-

= f1D1‘w . _:

g 10 E _ 1y W2, W3 T E
§ E_ ? ? L ¢ == _E
3 0 - PI I ]: Py,r ; —
3 = hT P E
= q T E

4 -10 f— pr-ior c-]; —f
-z =0.1 | ;

20 -z =0.15 prior prior E

W1 W W3

* ¢+ has comparable statistical sensitivity to P, , while having
a much superior resolution
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ROBUSTNESS AGAINST BIAS

* Assess the robustness of the observables against systematic
uncertainties using the same setup

P, r1s highly susceptible
to momentum mis-
calibration, p. = (1 + op)p.
while gx 1s unaffected

Comparable robustness
against non-uniform
detector response

strength of bias on w; [GeV?]

e(X) =1+ AgXX ;;)Q JAX = \/ (X2) — (X)?

o O O =
= O o O

I |
o o o9
= O N

- Exp. Bias Analysis QA
C ep—entX —— (. ® w; .
L ~1D1| O PhT w2 =
— Wi, w2, w3 ]
- ¢ w3 ]
- L = 0.1 7]
- z=20.15 ]
- Q = 20GeV T 5
— x5 x5 x5 | x(—0.1)7
Aep,  Aey, A€y,  Aey, Op,
— —_—

—

-

non-uniform detector response

Zhiguan Sun (MIT)
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POWER CORRECTIONS (In the light target limit M <« Q)

» Consider leading corrections in A ~ P,+/(zQ) to y, Q*

TR =y + O\,

Ne+Nh 1 P
2 — (2Ey)° = = Q| 1— L S °
Q; = (2EN) 1= oBn @ COSgbh”l—y 20 O(A7)

» For definition of g« we can equivalently write

i EIC el EIC
Qs = Q*\/l — Y« tan g oo :(QEN T oA tan gbaCOpJ

- Measuring cross section In g« experimentally allows easy
reinterpretation and power correction on the theory front

Zhiquan Sun (MIT) 40



FINITE MASS EFFECTS

»  Useful when the target mass is on the same order as O

» To leading order in A ~ P,+/(zQ) we have M
}/ —
: 0
rest sin th % 1+ Y 2
tan ¢y oo, = 0 \/1—72y2/4—y+0(>\)
0 :
[ rost €OS(0c + 0p,) + cos O] tan( =) sin 0, st LP Py
= —F t = mLC
. 14 Siﬂ(ee 4 eh) all ¢aCOp S111 th -

» (Can easily boost to EIC frame and use EIC frame angles

Zhiguan Sun (MIT)
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SUMMARY

- [MDs are interesting subjects to study and can tell us a lot

erlh
about hadron structures ¢ = 2F, tan HEIC
1 - el P

* We have proposed an angular observable g« in SIDIS that is
sensitive to [ MDs and has superior experimental resolution

* We have proven factorization for the g cross section and
shown that we may access individual polarized TMDs

»  Studying g at EIC will allow us to push forward the

understanding of hadronization and confinement

Thank you!

Zhiguan Sun (MIT) 43



