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Outline

» Proton structure studies (basic ideas)
* By jet probes
* By quantum simulation (toy model)

e Conclusion



Proton Structure Studies
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Discovery of QCD




Proton Structure Studies

e Experimentally: Hard probes
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Proton Structure Studies

e A lot to answer (@ EicC, |

(L]
—
®

* Spin components

e Mass decomposition

Quark and gluon
internal motion §

e Proton radius

e 3D Parton distribution functions

Quark spin

e | ongitudinal + transverse

e Polarization of partons in a

(un-) polarized proton

¢ ¢

TMD Transversity Sivers Boer-Mulders



Proton Structure Studies

e Semi Inclusive DIS

e Tag one hadron, inclusive

over others, require P, |

(the ¢, of the system) small

qdr ~ AQCD

e Usually performed in the

GNS frame, Breit frame
e TMD factorization

K 6 = 6;,; fyp(X, kp, ) &, Djy(z, kr)



Proton Structure Studies

e Semi Inclusive DIS

Cahn-effect +

BM & Collins

e Tag one hadron, inclusive

over others, require P, |
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Proton Structure Studies

Worm-gear (Kotzinian-Mulders) ®

dSo

e Semi Inclusive DIS Cahn-effect + collte__
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Proton Structure Studies

Worm—gear (Kotzinian-Mulders) ®
Collins

e Semi Inclusive DIS Gahr-effect + L

BM ® Collins
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Jet Probes

¢ Jets
e Sprays of hadrons,

e Man-made objects, by algorithms

e perturbative (?)

d; = min(p; 2, p;H——. dis =P

AR; = A%+ A%n

e Find the minimum of d;3 and dl'j

o If dij is the smallest, combine i, j

*If d 5 is the smallest, then i is a jet
and remove from the list

o [terate till all partons fall into jets




Jet Probes

e Frame choice, flexibility

|

N GNS or Breit
Q,

/&A’\/ X qr=prlz; <0
e LHC-like e New jet play-ground ---
e anti-kr e Centauro jet, WTA jet ---
e Migrate LHC techniques e Jet physics possible for

low energy machine?




Jet Probes

e Precision T»

N GNS or Breit

&
X gr=prlz; <0

o | HC-like e New jet play-ground ---
o(qr) ~ f(x, k) ®, Sclkr, R) ®q J(PrR) o(qr) ~ fx, k) ®, Jwra(PrR. k)
Known to NLL ~ X( <f al., PRL 2079 = R>qrlpy 160 Kr) ®gy Jwralky)
Efforts to go beyond NLL.: Known to NNLL

| errez- , PRL 2
J(pyR) @ 2-loops  Liu, XL, Mock, PRD 2021 Gutierrez-Reyes of al,, PRL 20718

Challenging due to complicated

clustering procedure



Jet Probes

e Intrinsically non-perturbative when g, ~ AQCD
T

N GNS or Breit

<
X gr=prlz; <0

e LHC-like e New jet play-ground ---
6(gr) ~ f(x kp) ®, | Skl R) ®q J(PR) } o(gr) ~ FOr kp) ®, Jyr(PrR.K})

e, S K) ®Q{JWTA<k'T>}

e Well control via operator studies, reduced parameters
e Interesting phenomenologies different from the LHC

jets could arise



Jet Probes

e Abundant structures for hadron probes
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Jet Probes

e HExtremely limited structures for jet probes

Cahn-effect +

Worm-gear (Kotzinian-Mulders) ®

Collins

BM & Collins
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Jet Probes

e Non-perturbative phase
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Jet Probes

e Non-perturbative phase

h
2
: M Im(o) ﬂpﬂ
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Final state interactions

generate an asymmetry
To observe the asymmetry :

hadron e h notin the k-S plane

e Non-perturbative




Jet Probes

¢ The T-odd jets

Conventional wisdom:

e Jetis perturbative

e Jet axis is in the k-S plane

Wy wawar W,

— ARy iy, Wy + B iy [y l/fn[l/fnﬂ yfysl/fﬁ]+

(Op ) [JX)(IX|w|0) 21+ ﬁJT

‘@

Conventional

jet function



Jet Probes

'—

The ~

(-odd jets

recoiled hadrons

Jet axis

Conventional wisdom:

. . Depends on
e Jetis perturbative

observable!

e Jet axis is in the k-S plane

Not true

_ fi k
OIEIXUXIE10) « 2y 4T,

XL, Xing, 210%4.03328, 2021



Jet Probes

¢ The T-odd jets

recoiled hadrons

/

Cahn-effect +
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Unlock almost all possibilities

Only need one polarized beam

With reduced d.o.f.s and more flexibility

XL, Xing, 2104.03328, 2021




Jet Probes

Transversity
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Jet Probes
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Jet Probes

¢ The T-odd jets
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Quaﬂtum SimulatiOﬂ Li, Guo, Lai, XU, Wang, Xing, Zhang, Zhu, 2021

£ = jdz-e-fohxth B OB = (20,0, -2

* Now it can be calculated by lattice QCD
Same IR

i See Wai's talk tn this series
) =CQ fquaSI + O < > Ji, PRL, 2013, Ma and Qiu, PRL 2018, Lian <t al,, PRD

2020, Lin, Chen, Wang,Yang, Youg, J. Zhawng, + a long [ist

4.

Jquasit* J ~MA (@ (0, — 2y Ty (0) | )

(Q| Oy w0, | Q)
Path integral on Lattice

virtual time



Quantum SimulatiOn Li, Guo, Lai, XL, Wang, Xing, Thang, Zhu, 2021

£ = [dz-e-fXthth B OB = (20,0, -2

— sz—e—ixthz<h | eiHZl/_/(O, _ Z)e_iHZ]/—l_W(O) | h>

e” M~ lim [e_”%z]
57—0,N— 0 N Trotter, 1959

Classically: diagonalize Costy, hard



Quaﬂtum Simulation Li, Guo, Lai, XL, Wang, Xing, Thang, Zhu, 2021

£ = [dz-e-fXthﬂh B OB = (20,0, -2

— [dz_e_iXthZ<h | eiHZl/_/(O, _ Z)e_iHZ}’+W(O) | h>

e” M~ lim [e_”%z]
57—0,N— 0 N Trotter, 1959

Quantum: decompose to set of gates

9 Tocal e~ "% = HXR (-)XR (t)H ! !

AN AN J\ —i At J\ AN AN
‘ 0 > L/ U U () . A tZ L U U

non-Local H=ZQ2,Q7Z, e




Quantum Simulation Li, Guo, Lai, XL, Wang, Xing, Thang, Zhu, 2021

e A toy model

£ = l/_/(l& — m)l//+ g(l/_/l//)z (ﬂO gauge, 1"‘1) Gross, Neveu, 197¢

4! ¢,
Y = <l//2) — < " Staggered fermion ¢n = HUEUJ Jordan-Wigner

¢2n+1 i<n

| . .
f(x) — Z Z 4—ﬂ€_ZXMhZ<h | esz¢jzz+ie—sz¢j | )
I,j 2

H1 = Z n [0n6n+1 o 0n6n+1] +H2 T H3 + H4



Quaﬂtum Simulation Li, Guo, Lai, XL, Wang, Xing, Thang, Zhu, 2021

e A toy model
Prepare the state by QAOA

Farli et al.,, 4711.4028, 201¢
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Quantum Simulati()n Li, Guo, Lai, XL, Wang, Xing, Thang, Zhu, 2021

e A toy model 10) I H |-0 ﬂ QUBIT N
— : QUBIT 0
Evaluate evolution < H QUBIT 1

: ~ : 3 ml :
vy 1% _'_|. gng’{l|- L QUBIT n

ol ~ 1, = . :
— : =3 5l QUBIT m
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1 1
Sunll) = = Pl = =

Pedernales of al., PRL, 2014

| R . .
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,j 2

1
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Quantum Simulation

e A toy model

Results
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Summary

e Jet probe
» an active direction for hard probes of the
nucleon intrinsic information.
« New avenue to QCD strong dynamics
e Quantum Computation
« Future direction to explore

e The system and applications are still limited
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