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Introduction



Introduction

e The SM of particle physics has been successful in
describing all lab phenomena.
e Yet it has shortcomings:
* no explanation for dark matter, baryon-antibaryon
asymmetry, or neutrino mass
* the hierarchy problem
e Many models beyond the SM have been proposed to

address these issues.
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Introduction

e No evidence for new particles beyond the predicted spectrum has been

found yet.
o We follow the SMEFT framework to parameterize the BSM effects.
e Higher-dimensional operators are built of existing SM particles:

1
ZsMEFT = Lom + 24 And Zk:C,((MOI(cn)
n>

e All new physics is assumed to be heavier than SM states and accessible
collider energy.

(m)

e We focus on nn = 6 and semi-leptonic 4-fermion O, .

e We study NC DIS cross-section asymmetries at EIC.
e We find that the EIC can

* probe complementary and competitive to LHC DY
* resolve degeneracies observed in LHC NC DY data

Kagan Simgek (NU) June 21, 2022



Outline

PartI: Neutral-current DIS and SMEFT
Part II: Data analysis

Part III: SMEFT fit results
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Neutral-current DIS
and SMEFT



NC DIS and SMEFT ¢ ¢
We study the DIS in the process

(+H—=V'+X

which is, at parton level, mediated by a
photon or Z boson exchange in the NC case or a contact

interaction of two leptons and two quarks:

14 v 14 v

v, Z
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NC DIS and SMEFT

Parameterize the vertex factors in terms of vector and axial couplings:

e ffV vertex consists of the usual SM coupling and SMEFT shifts
characterized by Wilson coefficients, C:

f f
iwggfv )+ ivmggv )

v
SMEFT operators shift the usual vector and axial couplings, e.g.
gng) = gﬁ, + O(Cy) and géfz) = gz + O(Cy), in a gauge-invariant way.
e (lqq vertex is entirely SMEFTical:

4 l

1700185 + iy, ][7 518\

. 4, . 4
i) (11850 + il [ slgle)
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SMEFT operators

Operators that contribute to the ffV and ¢{gq vertices at dimension 6 are
(Grzadkowski et al. [1008.4884]):

! i \ (g |

= (¢ Dy )00 O}, = (1) (a7"9)

= (¢'i Dy elg)E"'0) of) = (T, t') @y lq)
Oqoe (9" zD;, p)(@r'e) Oeu = (2yue) (y"u)
q)q = (¢' 1D;4 ?)(77"q) Ot = (e7ue) (d7"d)
q,q = (¢t sz o) (gy"7q) Opy = (Lypl)(ay"u)
Opu = (" sz o) (") Ogg = (Lyul)(dy"d)
Oga = (¢'i Dy @) (@y"d) Oge = (47uq) (27"e)

There is one more:
Opwp = (! (p)W{WB"V = causes kinetic mixing of W3 and B
= universally shifts the ffV vertices after

diagonalization of photon and Z boson states
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https://arxiv.org/abs/1008.4884

SMEFT operators

The ffV operators are already strongly bounded by Z and W pole observables
(Dawson & Giardino [1909.02000]):

| | 95%eL, A=1Tev |

cly [—0.043,0.012]
c) [—0.012,0.0029)]
Cpe [—0.013,0.0094]
1
ch) | [-0.027,0.043]
3
¥ | [~0.011,0.014]
Cou [—0.072,0.091]
Cyu [—0.16,0.060]
Cows | [—0.0088,0.0013]

Thus, we restrict our attention only to the operators contributing to the £¢qq

vertex, which leaves us with seven Wilson coefficients of interest: Cq;, Cpy,
1 3
Ciy), Y, Caus Cogy and Coe,
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https://arxiv.org/abs/1909.02000

Vertex factors

Since we consider contributions only to

the ¢{qq interaction, we assume the usual

ffV vertices in our analysis: u u
1 3
/ f gﬁu) = %[Ceu + (Cﬁq) N Céq)) + Cou + Cye
1 3
gng) - g%u) = 1[Ceu — (Cg q) - C}q)) + Cpy — Cyel
(fA) _ 1 3
sl =0 g5 = HCou = (€ =Cy)) = Cou Gy
1 3
AH gt(;eSu) = %[Ceu + (C§q) o C&q)) —Cpy — qu]
e e
! !
s =g
s =4
d d

zn
the same as for eeuu but with u — d and

1 3 1 3
e —cy - e +c)
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Partonic cross section
Total amplitude for / + 7 — (' 4
M= Moy + Mg+ M
Total amplitude squared:
(M ? = My + Mgz + Mg+ Moy + Mg +O(CP)

Partonic cross section:

d? 1
7= a2

do = dxdQ? 167mx2s?

Make helicity-dependence explicit:

do = do™
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Asymmetries

Three types of asymmetries:

e lepton left-right asymmetries of unpolarized hadrons:
unpolarized PV asymmetries, Apy
e hadron left-right asymmetries with unpolarized leptons:

polarized PV asymmetries, AApy

e unpolarized e -¢* asymmetries of unpolarized hadrons:

lepton-charge asymmetries, Arc
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Asymmetries

Various cross sections entering asymmetries:

e unpolarized lepton + unpolarized hadron:

doy = i;fq/H[d‘T' +do +do +do |
e polarized lepton + unpolarized hadron:

doy = i;fq/H[dU’ +doc’ —do  —do ]
e unpolarized lepton + polarized hadron:

1 . _ .
dO’H = Z;qu/H[dU —do" +do —do ]

Active quark flavors: g € {u,,d,d,s,5}
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Asymmetries

Asymmetry definitions:

e unpolarized PV asymmetries:

APV: dTTo

e polarized PV asymmetries:

do;
AApy = dTI;

e lepton-charge asymmetries:

ALC = G50 (e H) + doo(e H)

Kagan Simgek (NU)
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Data analysis



Projection of asymmetry data
Preliminary EIC data:
e simulations with Djangoh Monte-Carlo event generator
e including full EW radiative events
e data across x and Q bins
e smearing of full-detector simulated events
e ¢~ event count from ¢ and £
Important points:
(1) bin migration and unfolding: due to radiative effects
(2) background radiation: due to final-state hadron

Remark: The full details of the simulation only matter for the

SMEFT part at the 20-30% level.

Kagan Simgek (NU) June 21, 2022



Event selection

Cuts on projected data:

Q >1GeV to avoid nonperturbative region of QCD

y>0.1 to avoid bin migration and unfolding
uncertainty

y <09 to avoid high photoproduction
background due to final-state hadron

|n| < 3.5  torestrict events in main acceptance of
ECCE detector

E' >2GeV toensuree  samples with high purity

Additional cuts in SMEFT analysis:

x < 0.5| toavoid large uncertainties from
Q > 10 GeV | nonperturbative QCD and nuclear dynamics
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Data sets

Data sets used in our analysis, shown with beam energies and nominal

annual luminosities:

D1 | 5GeV x 41 GeV eD, 4.4 fb~! P1 | 5GeV x 41 GeV ep, 44 fb~?
D2 | 5GeV x 100 GeV eD, 36.8fb~1 || P2 | 5GeV x 100 GeV ep, 36.8 fb~!
D3 | 10GeV x 100 GeV eD, 44.8 fb~! || P3 | 10 GeV x 100 GeV ¢p, 44.8 fb~ !
D4 | 10GeV x 137 GeV eD, 100 fb~! || P4 | 10 GeV x 275 GeV ep, 100 fb~!
D5 | 18 GeV x 137 GeV eD, 154 fb~! || P5 | 18 GeV x 275 GeV ep, 15.4 fb~!
P6 | 18 GeV x 275 GeV ep, 100 fb~!

P6: Yellow Report reference setting [2103.05419]

Since the most interesting results are obtained with the low-energy

high-luminosity 4th and high-energy low-luminosity 5th gets, highlighted by

red, we restrict our attention to these.

We take copies of these data sets by labeling them AD and AP for polarized

PV asymmetries and LD and LP for

Kagan Simgek (NU)
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https://arxiv.org/abs/2103.05419

Statistical uncertainty projections for PV asymmetries

For a given value of integrated luminosity:

1 PVasymmetries 1 1

VN [P VN

(SAstat =

Assumed reaches of beam polarization:

P, = 80% with 1% rel. sys. error

Py = 70% with 2% rel. sys. error
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Statistical uncertainty projections for PV asymmetries

Apv(e)
§ 10
E EIC/ECCE Preliminary| 10
L Djangoh e+p 18x275 GeV, 100 fb™!
jf e+p o€ (#X); P, =80%
E  with event selection
L 102
10°
= 109
1 1 1 1 1
- s z =
10 10 10 10 X‘
Apv(H)
g 10

EIC/ECCE Preliminary

Djangoh e+p 18x275 GeV, 100 fb”
10° esp > @ (+X); P, =70%
with event selection

10°
107
I ! o
10
10 10° 10% 107" <

dApv(e)/Apv(e) (unfolded)

10°

EIC/ECCE Preliminary|
Djangoh e+p 18x275 GeV, 100 fb”
e+p — €’ (+X); P, = 80%
with event selection

10

10° 102 107!

dApv(H)/Apv(H) (unfolded)

EIC/ECCE Preliminary|
Djangoh e+p 18x275 GeV, 100 fb"
esp > € (+X); P, =70%
with event selection

10°

104 10° 102 107!

The red boxes indicate the region of the phase space considered in our SMEFT analysis.




Uncertainty projections for LC asymmetries
For the LC asymmetries, we would have two different runs for
e”ande:
e The dominant uncertainty would come from the e~ -e™
luminosity difference, which we assume to be 2% relative.

e We introduce this value as an absolute luminosity

uncertainty in Ay, i.e. [6Arc]ium = 0.02.

Since we compare cross sections with two different leptons,

there may be sizable differences in higher-order corrections:
e QCD NLO corrections to A ¢ are small.

e QED NLO corrections to A ¢ are about 10% relative to the
LO values.

Kagan Simgek (NU) June 21, 2022
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QED NLO corrections to A; ¢
e.g. ep collision with 10 GeV x 275 GeV, 100 fb~! (the P4 data set):

0.500

— LO
— NLO

Arc
-
2
(=]

%25 ol

0.5F

0.0 0.2 0.4 0.6 0.8

Introduce 5% of the difference between NLO and LO A ¢ values as the QED NLO

uncertainty.
June 21, 2022
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HL EIC

10-fold luminosity upgrade beyond initial run: Assuming

everything else remains the same,

Ostat —

1
ﬁ Ostat
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Anticipated errors

| Ermortype | Apy(D,P) | Adpy (AD,AP) | Arc (LD, LP)
statistical Ostat %astat V0P, 0stat
uncorrelated
1% rel. 1% rel. 1% rel.
systematic
fully correlated
1% rel. 2% rel. X
beam polarization
fully correlated
X X 2% abs.
luminosity
uncorrelated
X X 5% x (ANEC — Apom)
QED NLO
fully correlated
v v v
PDF
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Error budget: Uncertainty components

AP5 | LP5
0.100 0.100 W‘
21 0.10 A
0.010 —] o o o~ NN
e M W
0.010 0.001 2 0.010 c bMy\)l\/\/\/
10t 0.001 ‘w
0.001 ) I PN AN MN
107 1079 107 T V\NV
1077 1079
0 5 10 520 2% 40 0 10 20 30 40
bin bin bin
— a4, — — Al
Ttat (NL) e Tt (HL) Tstat

Tyt (NL)

—— 1% sys (rel)

1% pol (rel)

— Opdr
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2% pol (rel)

—— Tpdi

2% sys (rel)

—— 1% sys (rel)

Thum

Tpar
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Error budget: Combined uncertainties

D4
0.100
0.050]
0.010]
0.005]
0.001
5.x107
1.x107

0 5 10 15 20 25
bin

— A

—— Otat (NL) + 1% sys (vel) + 1% pol (vel) + opar
...... Tstat (HL) + 1% sys (rel) + 1% pol (rel) + opar
—— Ostar (NL) + 2% sys (vel) + 1% pol (vel) + opar

...... Tstar (HL) + 2% sys (vel) + 1% pol (vel) + opar

Kagan Simsek

APS
0.100;
0.010;
0.001
1074
10-°

0 10 20 30 40
bin
Athcu

SM.O
—— Ttar (NL) + 1% sys (rel) + 2% pol (vel) + opar
...... Tt (HL) + 1% sys (vel) + 2% pol (vel) + opqr
—— Ttat (NL) + 2% sys (vel) + 2% pol (vel) + opqr

...... Tsar (HL) + 2% sys (rvel) + 2% pol (vel) + opqr
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SMEFT analysis: Pseudodata generation

A(e) :ASM,b‘i‘r;ge)U;mC +r/(3)0_lsor

pseudo,b

Bin and pseudoexperiment indices:

b € Range(Npin), ¢ € Range(Nexp), Negp = 10°

For PV asymmetries: For LC asymmetries:
unc unc __
0, = Ogtatb S5 Usys,b 0, = UOstatb @ Usys,b S Onlob
cor __ Ccor __
Oy = Opolb 0y = Olum,b

Random numbers:

9,7~ v (0,1)
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SMEFT analysis: SMEFT asymmetry as a fit function

( Nﬁt ( )

+ 3.1 Cio,
ASMEFT,b nzgnb N r(lu)mb, Ng; € Range(7)
b + ) fit C U’d

den en,b
Linearization:
N
Asmerrp = Asmp + ) Ce0Akp
k=1

This is the fit model on the pseudodata:

A(e) — ASM,b + ré) ;IHC + r ( ) COl‘

pseudo,b

= Cp ~ JV(O, ACk)

Kagan Simgek (NU) June 21, 2022



SMEFT analysis: SMEFT asymmetry as a fit function

eD 10 GeV x 137 GeV 100 fb!

-0.5 0.0 0.5
o

tq
ep 10 GeV x 275 GeV 100 fb™!

120 .
100
30

60|

count

40)

20
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SMEFT analysis: Best fits

X test statistic for each pseudoexperiment:

Nbin
Y = Y [Asmerrs — A}(,Es)eudolb]be' [AsmEFT 0 — Al(;s)eudolb,]
b=1

H 1= Hy 1y H;C%f : total error matrix

PDF errors:
1 dif
(H;dlf)bb’ =N Y (Asvimp — Asmop) (Asmmpy — Asmop)
pdf ;=1

PDF sets used: NNPDF3.1 NLO and NNPDFpol1l.1
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SMEFT analysis: Best fits

Polarimetry and luminosity difference can be limiting factors.

= use data itself to constrain these systematic effects

= simultaneous fits of Cy with beam polarization, P, and
luminosity difference, Apym

Fits of C with P:

( Nbin p)2
2(0) (P—P)
=) [PAsverTy — Aéi)eudolb] Hpp | [PASMEFT — Aéseudo b/H —5pr

bb=1 Tpot =0 of
Fits of C;, with Ajym:
20 _ N © ©
X = . bZl[ASMEFT,b — Apseudop ~ Alum] {f Ty | o u} [ASMEFTY — Apseudoy — “um]
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SMEFT analysis: Fits with P

AP4

AP5

Cey at 95% CL, A = 1 TeV

P4 (NL) P4 (HL) AP4 (NL) AP4 (HL)
—— without P — with P

031 030 -0.31 031 0.14 0.06 -0.13
0.23 0.22 -0.23 022 014 0.07 -0.13
Cou  Cea C}q C‘l’q Cu Cu  Cpe

e 15 to 20% weaker bounds in polarized case
o 30 to 50% stronger bounds in unpolarized case
e Improvement is more significant than worsening = include P in the fits
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SMEFT analysis: Fits with Ay,

—————C, at 95% CL, A = 1 TeV ———
LD4f -0.50 0.50 052 048 046 —-0.46 0.44 2
1 -
LD5{ 045 045 047 042 038 —-0.38 036 |
& '
LP4f -036 041 —-0.34 0.35 031 -0.35 030 -1 =
-2
LP5| -0.34 040 -032 033 027 -031 027
Cu Ca C, C Cu. Cu Ce LD4 LD5 LP4 LP5
—— without A, with A

e 15 to 20% weaker bounds

e Significant worsening = don’t include Ay, in the fits
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SMEFT fit results



Single Wilson coefficients

1C.., at 95% CL, A = 1 TeV |

[=)
—
—p
e
———

SRR R

S A A A A A N A M A
TP TI TP L IS IITISS
unpolarized Apy polarized Apy lepton—charge A

In terms of the strength of bounds:
e proton > deuteron
e low-luminosity high-energy > high-luminosity low-energy
e unpolarized PV > polarized PV > lepton-charge
e unpolarized PV > polarized PV if NL — HL
e improvement in bounds: HL > NL for unpolarized PV if with P
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Single Wilson coefficients

1 1 1
L — INL ] 10—

]

S =N W e Ot

Qbs Qb Qbs Q% va Q‘o va Qb §by §<o /\)Qby \)Q‘c) /\jzbv \8‘0

unpolarized Apy polarized Apy lepton—charge A

e UV scales ~ 3 TeV in NL case
e UV scales ~ 4 TeV in HL case
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Single Wilson coefficients

oL —

5
Cou 0| H +— P
-5
~10
10
o o H-H--HHH
N s
_s| Pfoes
~10
10
5|
0210||-|-|--||||||-||||| T
-5 Hrrri
—10
10
9 5
-5 5
71“vmwmwmwmﬁmﬁmvmwmvmﬁm -10
REEEAEZEZRE535554855 U GEifiAiRiA5448554448
unpolarized Apy polarized Apy lepton-charge A unpolarized Apy polarized Ay lepton-charge A
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Double Wilson coefficients

Compare the bounds from deuteron vs. proton data in the
nominal-luminosity case for all the three types of asymmetries:

4——195% CL, A = 1 TeV |— s—195% CL, A = 1 Tev|7

N

A

G/M/
/R —apra—
e T e

~
N\
N

Cye

<
-
P

0 2 4 -4 -2
C{iu C(f‘ll

e The unpolarized PV asymmetries lead to strongest bounds.

e Proton data imposes stronger bounds.
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Double Wilson coefficients
Compare the bounds from deuteron and proton data of unpolarized

PV asymmetries to the 8-TeV 20-fb~! LHC NC DY data
(Boughezal, Petriello, & Wiegand [2004.00748, 2104.03979]):

2 95% CL, A = 1 TeV
k 4

NN ] d
/(_PAL(NL)

95% CL, A = 1 TeV

-1 H ~1

A S
N

I

2 2
o
q
o=}

LHC Lac

~ (NC DY) T (NC DY) ||

=) -1 0 1 2 I -1 0 1 2
C,‘,, Ceu

The LHC fits are highly degenerate and exhibit a flat direction, which
remain even in the high-luminosity case. The EIC can resolve these
and constrain this parameter space strongly.
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Double Wilson coefficients
Compare proton data of unpolarized PV asymmetries to the 8-TeV 20-fb ™!
LHC NC DY data (Boughezal, Petriello, & Wiegand [2004.00748]) when the
LHC fit doesn’t have a flat direction:

9——105% CL, A = 1 TeV

v. 7 /|- P4

/ LHC

-1 ~ (NC DY) ||
” 'l P4+ LHC

-2 -1 0 1 2
)
q

When the LHC fit gives a strong bound without showing a flat direction, the
EIC can constrain the same parameter space even more strongly.

Kagan Simgek (NU) June 21, 2022 41 / 47


https://arxiv.org/abs/2004.00748

Multiple Wilson coefficients

Nﬁt Ne);p 08 2 - |
2 10 04 i
3 10* l | I
4 | 10° B | :

-0.4] 1
6
5 | 10 o |
7 -
6 1 0 Cz' u Cr d C((é) C'l(q;) Cf u Cq e
8(21
7 10 () —— P4 1d fit P4 6d fit

e beam polarization parameter, P, not included here

e 25 to 40% weaker bounds due to increased number of

fitted parameters and correlations among them
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Multiple Wilson coefficients

Compare the two-parameter fits of Wilson coefficients to the
projections from a six-parameter fit:

a——os% CL A= LTev——  o——Josw L. A = 1 Tov —— 2 5% CL, A = 1 TeV
1 1 1
S0 \ 5o /_\ 2T 4
! © U = ZA
-1 —Pa2dfit]] Y _pa2dfis]| ! — P4 2d fit
P4 64 fit P4 64 fit P4 6d fit
I -1 0 1 2 I -1 0 1 PR -1 0 1 2
Cuu Cul )
. . 1 3
e The eeuu vertex contains the combination Cé q) — CE q) and

the eedd vertex has Cg) + Cg).

e These may lead to degeneracies and flat directions in a
multi-parameter fits of Wilson coefficients.

e The EIC can resolve this part of the parameter space,
imposing strong bounds.
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Conclusion



Philosophy and methodology

e We investigate the BSM potential of EIC in the
model-independent SMEFT framework by focusing on
semi-leptonic four-fermion operators at dimension 6 by

giving a detailed accounting of uncertainties.

e We obtain bounds on Wilson coefficients from single-,
double-, and even multiple-parameter fits by using
techniques to simultaneously fit P and Ay, together with

SMEFT parameters.
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Findings
e We find that UV scales up to 3 TeV can be probed with
nominal annual luminosity.
e This value becomes 4 TeV with a 10-fold luminosity
upgrade.
e We observe that the strongest bounds come from

unpolarized PV asymmetries of proton.
e EIC is shown to be complementary and competitive to
LHC NC DY by
* equally or more strongly confining the Wilson coefficients;
* resolving the degeneracies observed in the LHC data.

EIC was designed as a QCD machine and it shows strong

potential for BSM physics.
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The End



