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* Short Overview of G14 Experiment/Data

* Brief Intro. of Boosted Decision Trees (BDT)
» E Asymmetry for Reaction yn(pg)=2pn(pg)

* E Asymmetry for Reaction yd—=> (dny) =

« E Asymmetry for Reaction yn(pg)=2>K°A/Z%(pg)



Short Overview of G14

* Longitudinal polarized deuteron (quasi-free neutron) target

* Circularly/linearly polarized photon beam

* Target contains solid HD, aluminum cooling wires and KelF
cell walls (C,CIF;):

2>Every G14 analysis needs to reject/account for the unpolarized
background events from Al wires, and KelF cell walls

Empty target run period to study the target-material background
(Al wires and KelF walls)
E — 1 N +— N ++
PP, N, +N_,

“»++ (target and beam are parallel)
“*+- (target and beam are anti-parallel)



Short Overview of G14

Fertex reconstrmcizon:

g-<10’

120

Acrmal I positions:
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Brietf Intro. of BDT

*Motivation: to separate signal and background events with better
efficiency than the usual cut-based method

For example: Selecting quasi-free neutron events from target-
material background events 2 need a set of kinematic input
variables (e.g., missing mass, missing momentum, missing
energy, invariance mass, etc)

*Multivariate BDT method “views” data in high dimension and
applies cuts simultaneously on all input variables

*Cut-based method: Apply cuts sequentially = not efficient
because viewing data in “projected” low dimensional space (very
likely lose useful information as a result of projecting



Brietf Intro. of BDT

A DECISION TREE *BDT= A forest of distinctly-constructed

decision trees

*Tree construction requires TRAINING
data for both BG and Signal event types
—> Different analysis task results in
different BDT algorithm

—> Automate algorithm: “learning” from
the training data only, no need for human
instructions

HUMAN TASKS:

*Provide training data with a good set of

input variables (training data are usually

. MC data where identity (bg or signal) of

1 each event is known)

II *Check for overtraining: 1s the BDT
performance good only for the training
data, or general for similar data?

SIGNAL NODES *What is the BDT efficiencies in

BACKGROUND NODES separating signal and bg events?






Measuring the £ Asymmetry for

prt- Channel



Introduction

* Three analyses: Target-Material Background
Subtraction, Boosted Decision Trees (BDT), and
Kinematic Fitting Methods (future talk(s))

* Comparison between BDT and Background
Subtraction (this talk)

* Short Intro. of Background Subtraction
* Comparison between BDT and Background Sub.

* Systematic Study for BDT



* I5t:ATOF cuts: | ATOF _|<I ns, no cuts on proton

. . MM(pm)
e 2nd :Fiducial cuts :
15[:!3[:; nd
e 3 :pand - momentum cuts 2
g > o

15000— 0.

1:IECIE§— MM{DT[_}
it 0.6 Y I R - R 1.4G' . ::z%:
Before applying the i cut(s)  zsef
*Rejected by the cut ook
*Survived the cut o3
is

*Details in Back-up Slides



TRAINING the BDT algorithm:

* Empty-target data utilized as background training data

* Quasi-free neutron simulation data (Hulthen wave function built-in)
utilized as signal training data®

* Input variables presented below:

Variable Name Description
CoplanaryAngle (Pp X Py ) - (Pr— X Py)
MissingMomentum | Total missing momentum
MissingEnergy Total missing energy
Missingd heta & of missing momentum
MissingPhi P of missing momentum
MissingBeta 3
MissingGamma ~
MissingPlus [rmissing __ ol pmissing|
MissingMinus Ermassing | o| pmissing
Missing Perp |Pransverse

*Comparison between MC and real data: back-up slides



TRAINING the BDT algorithm:
* Background training data: Empty-target data
* Signal training data: Quasi-free neutron simulation data (Hulthen wave function built-in)
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BDT output: a quantitative assessment of how likely an event is signal or background
(i.e., closer to -1, more likely a BG event, closer to +1, more likely a signal event)
Performances of the BDT on training and testing data are consistent.

Placing a cut on BDT output at 0.03 to optimally separate the signal and BG events

Cut efficiencies and optimal cut value

TMVA overtraining check for classifier: BDT prn TMY A
é 14 iISr'L'mlﬂ P S U B | I L ;.( et T T T T ] Signal efficiency ——— Signal purity
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Variable Name Helative Ranking
Missing M omentum 1.00
Coplanary Angle 0.37
MissingMinus 0.25
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MissingT heta 0. 06
.lll llll T MissingPlus 0.05
L Ay W MissingGamma 0.05
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Total Missing Momentum

30000

Pre-selection Cuts:
e MM (pn)< 1.10 GeV
¢ Missing Mom. <0.40 GeV/e
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Background subtraction

Background (BG) comes mainly from Al wires

35000 f— Use to normalize the flux inside the target and KelF target cell.

- Selecti of the empty target runs «  Empty target runs to obtain BG distribution.
30000— :

- : Steps:
25000(— :

F Distribution from the IBC 1. Apply cuts to clean up real data.
20000 (target independent). >Missing mass, missing momentum, coplanary

= angle, and target dimension cuts.

Sca:ll;n(fl‘ner_npty 1. Run the same analysis on empty target data.
10000
2. Normalize the IBC flux with full target data
o000 and obtain the scaling factor.
9
3. Subtract scaled BG (from empty runs) to

. ~ i i 32) and anti align yield (Y'?) of

Verified for empty run Y 12 xy 32 align yield (Y°#) and anti align y
Pty empty empty full target runs.

= 12 3/2 :
Yu=1/2*(Yempty “HYempty” )™ scaling factor show empty

12 — 12 32 = 3/2
YHD o Yfull - YBG YHD - Yfull - YBG

- 1/2 3/2 1/2 3/2
E = (PyXPeargee) X Vup > = Yyp*®) /(Y up/* + Yigp°/?)
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Comparison between BDT* and Background

Subtraction

n
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(1600.00=W<1640.00), E asym. vs. z BDT method

*BDT

T *BG sub.
+

g

-0.5
-1
_15 II|III|III|III|III|III|III|III|III| .
: 08 06 -04 D02 0 02 04 06 08
z vertex: (Og. ., Ogpr) Ogpy fOr energy bin 4
=
I],E;
0.6_—
0.4;
0.2_—
o =%
L

-05F

50

05

0_

4E

(2000.00=W=2040.00), E asym. vs. z BDT method

(2200.00<W=2240.00), E asym. vs. z BDT method

15 r
1 |
T D: T
s 4 % 05 ! :i: ﬁ :%:;i: § E
1 ::%—4 e L ; =1
TN N T TV Y N AR B A sl b v b b Lo b Lo Loy
-1 -08 068 -04 D2 0 02 04 06 08 ~1 -08 06 -04 D2 0 0.2 04 06 08

Cos(0_)

z vertex: (Ggqy,"Ogot) Ogpr fOr @nergy bin 14

|
L

z verteX: (Ogg,,,Oppr) Ogpr fOr €nergy bin 19

Conclusion: two methods are statistically consistent!

*Correction for remaining background after the BDT selection: back-up slide
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Plotting

E asymmetry vs. cos(b,) for 1480<W=1520
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Plottin

E asymmetry vs. cos(8_) for 1480<W<1520
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Plottin

E asymmetry vs. cos(8 ;) for 1960<W<2000
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Plotting E;p vs. cos(0¢M )

E asymmetry vs. cos(8) for 1960<W<2000

E asymmetry vs. cos(6) for 2000<W<2040
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Systematic Studies

*Tightening the z-vetex cut

*Varying the BDT output cut value (three tests)

*Using an artificially “improved” MC data (higher drift chamber
resolution)

*Tightening the missing momentum cut (to the same value as the
cut value in background sub. method)

*Using BG sub. as another test on systematic uncertainties

- > —2>Systematic Uncertainty=13.7% (a multiplicative factor)
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Conclusions:

BDT and BG sub. methods are statistically
consistent

BDT method 1s more efficient!
Systematic Uncertainty 1s around 13.7 % of £

SAID CM12 and ST14, and BoGa 2011 explain
well E for low energies W

Disagreements between the theoretical models for
high energies W

All three models can be improved by the E
measurements especially the high energies W

BDT was also employed for the next two analyses



Back-up
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¢ vs 8 before fiducial cut PROTOMN
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Estimate: Y, ../ Y up
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Study a possible (NA)—=>dn decay

using g14 data



Midr)

Introduction

Subtracting p Resonance Contribution

Beam-Target Helicity Asymmetry plots &
Model Consideration

Conclusions
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Introduction:

* Assume {NA} exists
as a quasi-bound

Y 7
e “dibaryon”
AT * Assume internal
d {NA} \ Ly,= 0 of the {N 4},
d

positive parity
* {N4} thenhas]J, =

— —) ~ +2or0nthe Adair
Yy VWV === " frame
—— SN * Look for dm angular

Yy VWV @mmm= (| "~ distribution in
the {NA} rest frame.
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Introduction: Frame & Angle Definitions

Beam Axis

Overall ¢c.m. frame NA rest frame



Introduction:

15t Hypothesis:
¢ Dibaryon (NA) system decays into dr final state (Jy,=J ;L 4,
% Dibaryon (NA) system has |J =1,] > with L , =1
1,2>(, >NOT POSSIBLE /
11,0> g4 2| =1L >@|L=1,L >, :function of Y, ,(0,0), Y, ((0,9),

where Y(0,9) is the spherical harmonic wave function of the
angular momentum between the deuteron and pion

Define: | ) |
E(cosd,) = = =2 =41
I, + 1, I,

where [~ ; <1,2|1,2>,, and [;~;. <1,0|1,0>,

zZ




Introduction:

2"d Hypothesis:
“* Dibaryon (NA) system has [J=2,J > with L , ={1,3}
2,2>y, : function of Y, ;(6,0)
2,0> y,: function of Y 1(0,¢), Y 4(0,¢), Y, _1(0,0)
OR
2,2>, : function of Y5 ,(0,0), Y;,(0,0), Y5 ;(0,9)
2,0> y, : function of Y5 _(0,0), Y;(0,¢), Y;,(0,0)

Define: |
E(cos @) =2

1, + 1,

_|2

where [~ ;, <2,2|2,2>,, and [~ <2,0]|2,0>,
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Introduction:

o14 data: Studying reaction: yd-> dn*

¢ Longitudinal polarized deuteron target
¢ Circularly polarized photon beam
¢ ++ (target and beam are parallel)

% +- (target and beam are anti-parallel)

— N
E(cosd,) = 1 N —

PP, N, +N_,

where N, ., N, _are yields of the da* system with parallel
and anti—parallel configurations, respectively.



Event Selections

 ATOF cuts
—> To reject misidentified protons

- To reject wrong timing (wrong beam buckets) events
* Fiducial cuts

- To reject edges of the detectors

- Reject non-HD events (mostly in the deuteron
backward direction)

e BDT method

*Details in back-up slides



Event Selection: Al Wires and KelF Cell
Wall Removal Using BDT method

TRAINING the BDT algorithm:
* Empty-target data utilized as
background training data

* Free deuteron simulation data utilized as

signal training data
* Input variables presented below:

T
&

s

&

Variable Name

Description

Correlation 'Angle

cos ((pr+ X pa) - (Px— X Pa))

MissingMomentum

Total missing momentum

MissingEnerqy

Total missing energy

MissingT heta

& of missing momentum

MissingMomentum_z

missing |

p.

MissingMomentum_perp

|_ Missing
Ptransverse
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Event Selection: Al Wires and KelF Cell
Wall Removal Using BDT method

Performances of the BDT on training and testing data are consistent.

* Placing a cut on BDT output at 0.195 to optimally separate the signal and BG events
BDT output: a quantitative assessment of how likely an event is signal or background
(i.e., closer to -1, more likely a BG event, closer to +1, more likely a signal event)

Cut efficiencies and optimal cut value

TMVA overtraining check for classifier: BDT dr TMV A

(1IN)dN/ dx

s % .:;‘!gn;lri l(:és:fmpf:z) I- t ‘S?gn:a"(;?-a::lm% %am}gfei ' ) é _ ;fj&i;zﬁ:e:;;wnq- —_——_—: g}%q:igdég;nﬂ'*}ﬂn?ﬁ i
EKolmozicrci:f;:ir:j:j:i:pz)gnal (backgrof::}_::rc:l.‘;bi(l?t:zf;i;:j:-:f;;1} ; %‘ 1: >\ 230 %
C 15 S C —2° “

8 I W I \\515

TN
= : ¥5
-1 T o a.ls ' 1S °a s o 05 1
BDT dr*n response Cut value applied on BDT dn*m output
Variable Name Relative Ranking
How often each variable MissingMomentum 1.00
was utilized in MissingEnerqgy 0.24
constructing the Missing Momentum_perp 0.17
decision trees MissingMomentum_z 0.14
Correlation Angle 0.12
MissingT heta 0.10




Event Selection: Al Wires and KelF Cell
Wall Removal Using BDT method

APPLYING the BDT cut to empty-target data

—

Z component of interaction vwartex

! = I B AL B B B B LI I
E ‘Before 3
oo ‘Rejected 3
= ‘JLJ Survived 3
El“-'%ll ' .—1 = ' J:#lz_:_-._. ?Li/_ﬁk\ﬂﬁ’\\‘ J‘ll.l 4III.k\L_‘ JIII'H“ EE'

EMPTY-TARGET DATA



Event Selection: Al Wires and KelF Cell
Wall Removal Using BDT method

APPLYING the BDT cut to GOLD?2 data

Total Missing Momentu

= componnent of interacticm weaertex alnlllg tél
gooofTT T T rr oyt rrrrprrrrp e r e r T T e e T T I‘get
e *Before E 2 B
E ‘Rejected E
E *Survived 3

o
i



IM{dr) vs. IM{dr")

E, vs. M(n'T)

IRl

I|||I|||||_|_L||||I||||||||||-||||||
Nl

08

0&

0.4 _ .
Signal Region
D2

'IIIII|III|III|III|IIIIIII|III|III|III|III|III'|'

_LI_I_I_I_I_I_LLI_LI_L

0.6 0.B 1 1.2 1.4 1.6
IM{=")

[ B T B I
1

* p and phasespace BG 1



E, vs. IM(n'm)

=3 A F=T LI B N I I N Y L D Y L L Y IO B IM{dﬂ] Vs. IM{dﬂ*]
LIJ E— 3 =] II LI I T I" T I L I LI} I LI I LI} I LILELILI I LI I LIl
EE . . E’ - | ?IE
o I | . 20
: Sal BGBackgroundReglon I,

|III|III|I_|_L|IIIIIIIlIII|I|||||||

¥
'I|III|III|III|III|IIIIIII|III|III|III|III|III

1
0sa —]
0&
I :

04 . .

E—']guﬂlR&'EﬂDu 2IIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII n
0.2 2 21 22 23 24 25 28 2§ 28 28 3

1 I 1 1 1 I 1 1 .. 1 1 1 I 1 1 1 IM{dn:-.I'

o2 04 0.6 0.8 1 1.2 14 1.6

IM[="T)
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Find € such that: BGSignalRegi0n=£BGBackgroundRegiOH

by employing 2D fitting based on Z? fitting algorithm (for Poisson distribution)

Apply p subtraction (incoherently) :

1 (NM™ —eN” Y—(N"* —¢gN”
E(coséd,) = ( = p+—) ( - p++)
Pde (N™®,_ —&eN”_)+(N", , —&N”. )

IM{cir) vs. IM{dm")

IM{cin) vs. IM{cin*)

[Mid)

From Two Previous Slide From Previous Slide
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Jo.=2 L, =1 .
22) = Y e

2) = o 1,11 O 1 ly ~4, (1,0 1,0>NA
2,0) = Y Y Y.

>NA A XV T O X0 T XXy T1a l, ~, <1,2 1 2>NA -0
I, ~4, (2,0 2,0)NA _
= E(cosd,)=-1

1, ~,. (2,2]2,2)

E(cosé,) has one fitting parameter: a’=|a, |'=1-a., | —a_,
Note that, the Clebsch-Gordan coefficient

for 2=1+1: |, [°= % (this is true for an unpolarized ensemble)

J. =2, L, =3derived similarly: NEED 3 PARAMETERS

44



E(cosf,) # +1-> Dibaryo has spin 1

Dibaryon (NA) system has spin 2

E Asymmetry of NA—7 d E Asymmetry of NA—r d
" * A at
155 x*/dof=0.76 155 x*/dof=0.89
1:__ 1:
0-53 i 05F e
NS AN
§ U: — . @ ﬂ:_l .......... e I —
“F | SN T A oTor _[1T'_‘_'T1
05F 1 = 05f -
-13 -13
-1-5f -1.5f
:||||||||||||||||||||||||||||||||||||||| :Il|||||||||||||||||||||||||||||||||||||
_2_1 _21

08 L6 04 02 0 02 04 06 08 1 08 06 04 02 0 02 04 06 08 1
COS(8 ) €0S(6 uvs)

*%: consistent with detected deuteron being unpolarized (newly produced) 45



*Selecting region with dominating PHASESPACE

background, and computing the E asymmetry
=2 2>-2>NO “SMILE” asymmetry

E, vs. IM(r'T)

E Asymmetry in Background Region (E >1.4 and IM(r"1)<0.6)

240 -
- 90 n
2.2__ n I - [
n 1
o —80 -_x
Lo " osp g
16F- S ) B \
C =2 0 I
14E % - N |
12F T r -]
. 0 s == \
= - St
C —70 L \
08 L
= -1 ; x\
osF- > f N
= 10 -sf
ﬁ2:||||||||||||||||||||||||||||| [] :|||||||||||||||||||||||||||||||||||||||
<" 02 04 06 08 1 12 14 16 41 08 06 04 02 0 02 04 06 08 |
IM(r*T) COS(6 )
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*Selecting region with dominating p background, and computing the E
asymmetry

2> 2>-2>NO “SMILE” asymmetry

Similar looking E plots for both BG regions, but different compared
to signal region->->-> the PHYSICS are DISTINCT

ET Vs, |M(]'E+'p:') E asymmetry in p Background Region (E <1.2 and IM{x*n)>0.6)
2 — -
- i 0.5
: : D_ \\’I_\ ‘ P
1 g i 7 P - —L
. i 05k I —kl\h"—
05— _ E e
Z ] -1
=L — )
-1

_1-5 11 1

=
=
A
[= 5]
o
@
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Systematic Studies

*First test (2 parts): Varying the p scaling factor () by +50,

*Second test: Loosening the E, cut to 1.6 GeV (from 1.2 GeV)
*Third test: Tightening the IM(mt "r") cut to 0.45 GeV (from 0.6 GeV)
*Forth test: Loosening the BDT output cut to 0.0 (from 0.195)

JNA:29 L dn=1
final-fitting result a3=0.53240.15
ﬂﬁ |":TSL-'5| Jgus-

1°% test (part 1) | 0.49 | 0.04 | 0.0016
1% test (part 2) | 0.56 | 0.03 | 0.0009

ond tast 0.49 | 0.04 | 0.0016
37 test 0.50 | 0.03 | 0.0009
A" test 0.47 | 0.06 | 0.0036

ng'f?i"ﬂff 0.00=56

Toverall (.09
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Systematic Studies (Cont.)

JNA_29 L dn_3
final-fitting result b2 =0.4640.25 H final-fitting result c2=0.35+0.17

bi [ ’jg ys CE} |0sys| ’jg ys
1¥" test (part 1) | 0.52 | 0.06 | 0.0036 | 0.35 | 0.00 0.0000
1¥" test (part 2) | 0.34 | 0.12 | 0.0144 | 0.35 | 0.00 0.0000
o tost 0.55 | 0.09 | 0.0081 | 0.40 | 0.05 0.0025
3 test 0.00 | 0.59 | 0.3481 | 0.42 | 0.07 0.0049
A™ test 0.56 | 0.10 | 0.0100 | 0.33 | 0.02 0.0004
ggvamﬂ 0.3342 Usvﬂmﬂ 0.0078

T overall .62 H T overall 0.09
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E({coso,)

Systematic Studies (Cont.)

*Adding into fit parameters £6,, and & Gy, ¢ sy

E Asymmetry of NA—m d E Asymmetry of NA—n d
2 2
15 15"
1;.- 1:.- IIIIIIIIIIIIIII +I-I-I-I ------------------------- -'a: ---------------------- -
_"I .E. I| ] I| IIJ ‘:
05 05fs I ]
of 8 o, A-[- s 47
- w - S SN Ry pa e
- - O s e
05 05 Y I I
pa £ =t DATA
C C 25 .2
- - Jb5 &c, 2
_15—_ _15—_ ---------- bl:ﬁ- .&cn:‘j&iﬂt
C T 2.0 2 ) 2 7 3
C C h *:\Iﬂstat.+ﬁsyst. & cﬂi-‘llﬂstatmsyst.
_E_III|III|III|III|III|III|III|III|III|III _E_III|III|III|III|III|III|III|III|III|III
-1 08 06 04 2 0 02 04 06 08 1 -1 08 06 04 2 0 02 04 06 08 1
CoS(B ) COS(8 )

Ina=2, L =1 Ina=2, L =3
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*Non-zero E asymmetry has been observed in the dnt system
*Ju,=1, L ;=1 can be discarded since £ # +1

"Ju, =2, L ;=1 fit 1s best given the data

"Ju =2, L , =1 fit parameter suggests the detected neutrons are

newly produced (not the target polarized neutrons):
|, [*=0.53+0.15(stat.) £ 0.09(syst.) = %

»J,=2, L ;=3 hypothesis overfits the data
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BACK UP



“E” Asymmetry 1n gl4 Data

“y yn |J — 21"]2 :+2>NA —)Y1’+1(®1¢)Zfl

2 O>NA = ain,—llfl + aoYl,o)((()]I T aiY1,+1ZE11

* Compute decay angular distributions

— Let a; =1—a”—a’ to normalize

I2~ﬂd<2,2

2, 2>NA ly ~ d <2’O

2,0)y4

__ 15(0)-1,(0)
E = 1,(©)+1,(0)



Event Selection: ATOF cuts

ATOF vs |p| for deuteron

180

160

140

120

100

80

60

2.5
Pl

NEED TO REJECT

ATOF, vs ATOF,.

MR AT

-15

- H - [
" - . = = -
i LTI Al il SE T B R R A B B R
5

-5

= 15 =0
ATOF_

ATOF vs |p| for fake proton

E a5
20—

r —120
25— —{100
20— =30

- — |80
15—

- 20
10—

— 20

Py 1 o

a a5 1 1.5 2 25

pl

MISIDENTIFIED PROTONS

ATOF, vs ATOF,.

W= 200 ¥ X
1w 2 F i 10?
=1 45 =
10 ]
107 E:_ — 107
o ]
_5:—
10 - — 10
1o~ ..
: N
15E- T
- s
= | | | i.|I'| | | RN A B R R A
- 11 1 1 11 11 11 1 1 11 1 1 1 11 1 11 1 1
1 205 . =Ty 5 o 15 =
ATOF_.
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Deuteron: ¢ vs 8 before fiducial cut

Deuteron: ¢ ws 8 after fiducial cut

ST

10

10
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 w'np m Event Selection (Cut-Based Selection)

— Particle Identification: Measured Mass Cuts
— Particle Identification: ATOF Cuts
— Detector Performance: Fiducial Cuts
— Quasi-free Neutron Loose Selection: Squared Missing Mass Cut
— K%Y Loose Selection: IM(pn,’) and IM(n*r,,") Cuts

* Quasi-Free Neutron K’Y Event Selection (BDT-Based Selection)

— Quasi-free Neutron Selection

— K'Y Selection, non-strange 4-body phasespace Rejection
— Separating K41 and K%Y

Quasi-Free Neutrons Target-Material BG
K°Y SELECT REJECT
Phasespace BG REJECT REJECT
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Outline (Cont.)

e Gold 2 Quasi-free Neutron K’4 and K?2Y
Event Selection

* Corrections for final E measurements
—Remaining Target-Material BG Correction

—Remaining Phasespace BG Correction

— “Purify” the BDT K4 /KY2V Selection
Samples

* Plotting the E for both K’1 and K’2"
* Systematic Studies
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Particle Identification: Measured Mass

Measured Mass of Pluses Measured Mass of Minuses

Gev

18 2
GeV

Total Squared Missing Mass

*Selecting events with 2 positive and 7000

2 negative tracks oo *Before
*Placing the measured mass cuts (red - eRejected
rectangles) to select ™t p - events :: *Selected
—>Measured masses computed from soooE-

measured TOF, pathlength, and 1000

2

momentum
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ATOF and Fiducial Cuts*

 ATOF cuts
—>To reject misidentified ] Vless
protons 16000~
- To reject wrong timing 16000~ J °Before
(wrong beam buckets) OO ‘Rejected
events o0 *Selected
* Fiducial cuts Imz
->To reject edges of the 8000
detectors SO0
- Reject non-HD events 4000
(mostly in the deuteron 200F

backward direction) 0
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Quasi-free Neutron Loose Selection: Squared

Missing Mass Cut

*Assigning the target with the neutron mass* - —->-> Reject events MM? < -0.2 GeV?
*Effect from the cut is shown below (distributions computed with deuteron mass)

*Extra cuts on Missing Mass (at 1.4 GeV), and Missing Momentum (at 0.6 GeV/c) 2>
remove unambiguous BG events

Total Missing Mass Total Missing Momentum
- 1800F=
6000 : - :
F *Before 16001 : REJECT
S . 1400
- *Rejected : E
- : 1200
% eSelected i REJECT -
C ; 1000H
3000 soof-
2m}n:— 600
- 400k
1000 t
- 200
L | N T I Y N N I N ‘S I | :IIIIII|III=IIIIIIIIII IIIIIIIIIIII
=02 04 06 08 T 12 14 18 18 2 %02 04 08 08 T 12 14 15 18

2
GeY Gelic

Note that for K'2" events missing mass can be up to 1.4 GeV, and missing momentum can be up to 0.6 GeV/c.

* More details in back-up slides o2



K’Y Loose Selection: IM(pm,-) and IM(n*m.,) Cuts

Question: Which = should be paired with the proton, ©*
>Procedure implemented used four IM combinations to decide! (back-up slides)

SOOoD IM(mrT ) ws. IM{pm) BAD IM{m* ) vs. IM{p1 )
SO e — e
= E
gn,s:—
B,TE—
oef-
= osf-
= ol
— oaf
& ozhb -
GOOoOD IM{m*rm™) vs. IM{(pm™) BAD IM(mt ) vs. IM{pm)
=oor SR e PESEE " —— =oor . v
= = ; = =
=Zoaf : Real 1m0 ZosfE =0
07— = [ o7 25
06— o6 20
05— 05— 15
0.4 f— 04— 10
0.3 oz
P N T S S N BN B P S SR P S SN M T
0.z 1A 13z 13 Ta T8 16 17 o 0.z 11 1= 13 T4 15 1.6 17 o
My IM{pm)
SOOD IM(pT)
1200 [— E
C 7oo
1000 [— soo
soof Real data soof-
F ool
S00 — E
- 300 [—
aoo|[— E =
= 200 —
mu} = 100;—
fos T 115 T TS5 T = 855 ¥ K O 65
Sew Sew
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BDT-Based Selection: Quasi-free Neutron Selection
TRAINING the 15t BDT algorithm:

Variable Name Description
MissingFEnergy Total missing energy
Missing M MMomentum Total missing momentum
Missingl heta & of missing momentuin

MissingBeta 5]

MissingGarmnima

~

C'oplanaryAngle (p(;m;} = p"r) . (p(fF“L'”f_co) > p,.f)
MissingPlus Ermissing | o prressing |

MissingMinus Fomissing | prissing |
MissingPerp | D prcern e e

TMVA overtraining check for classifier: BDTCat_pippimppim

__ TMva

Cut efficiencies and optimal cut value

— T T T T T
* Signal J'nf\ai'nfng sample)
+ Background {training sampls)

5 [EI] siendt rost sampte) [
7" Background (test sample)

(1/N) dN / dx

-0.2 1] 0.2 0.4
BDTCat_pippimppim response

L — Signal efficiency === Signal puwrity
. =====—= Signal efficiency *purity
Background gfficiency — vt 5B}
7 — C —60
1 £ 4 .
] S E e . - ]
_ o r ‘\//‘ﬁ_ — — 50
Je o o08[ ]
— é (%] o L s :
415 = E \ —40
Jla 'S = ut value 7
42 & 086 R S
4= W r —30
eI \[0.0B6\N -
-1 e [~ -
12 %4r 5 20
Jda i \ ]
Je 0.2 | For4350-signatand-1000-hackground -J10
B E [ events the maximum S/{S+B is \ \ ]
Ja [ 555087 wheri cutting at .0360 \—
=1 0 1 | T T T L PR - 0
0.6 -0.6 -0.4 -0.2 1] 0.2 0.4 0.6

Cut value applied on BDTCat_pippimppim_output

Significance
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BDT-Based Selection: Quasi-free Neutron

Selection

APPLYING the 15t BDT cut to empty-target data:
* Estimating 25% of target-material BG events surviving the 1t BDT cut

If we have an estimation of initial number of target-material BG events for the
real data (for example, the Gold 2 data), then we can estimate the number of
remaining BG events.

Total Missing Mass Total Missing Momentum

3{“] T 1T 1 T 1T T T T 1 T 1T 1 T 1T T L T 1T 1 T 11 T T 1 T T T T 1T 1 T 1T 1 T T T T T T T ]
F [ | [ [ | ] 180F- [ | | [ [ [ .
sl * Total: 12,622 events h 160~ o cut efficiency p=3,127/12,622=0.25 ]
. ] 140 =
- - - =10.25(1-0.25y/12.622 -
200 »Passed BDT & z vertex cuts: 3,127 events — 120E- * lI:‘-I" ||‘[l.-. (1-0.25)/12,622=0.004 =
C ] 100 — .
150 3 : *Before ]
- — m - —
C 7 C ° .
oof- | 1 a Rejected -
: | AT - eSurvived 3
50— ] | ¥ — C N
B 1[5V - ]
L N . i 210 _
l] r L L (- . o 11 | | L 1 1 ¥ 1 1 1 | 11 1 | | 11 1 | 11 1 | 1 1 1 | 11 1 | | n

0 02 04 06 08 1 12 14 l][] 04 06 08 1 1.2 14
GeV Gevic

EMPTY-TARGET DATA 65



TRAINING the 2" BDT algorithm:

* 4-body phasespace simulation data utilized as background training data
K'Y signal simulation data as signal training data

* Input variables presented below™:

Inlikelihood = In [fgn (IM(prmy).ma, L'A) X [Bw! Jir{?T—'_?T;{g). MKo, FE'G”

Variable Name Ranking Variable Name Ranking
In(likelihood) 1.0 cos (o (.14
cos @_ P 0.27 | P g0 .13
(P 0) decay distance .25 ;r;l and w0 DOCA (.13
cos @roga 0.20 (wm, ) decay distance (.13
._"5":1 (.20 (T o) decay distance (.12
cos (G 0.19 - PR o) 0.12
" and w, DOCA 0.17 Energy ?:-f K" (.12
(pm, ) decay distance 0.1°7 j]ru:x :. 0.11
cos Oppr 0.16 B 0.11
3, 0.16 [Pl 0.11
K" and A DOCA 0.15 Energy of A (.10

jjﬂ;t- (.14

*Ranking is known only affer the training



BDT-Based Selection: K’Y Selection

RESULT OF TRAINING the 2" BDT algorithm:

* Performances of the BDT on training and testing data are consistent.

* Placing a cut on BDT output at 0.24 to optimally separate the signal and BG events
BDT output: a quantitative assessment of how likely an event is signal or background
(i.e., closer to -1, more likely a BG event, closer to +1, more likely a signal event)

Cut efficiencies and optimal cut value

P (I — T T T TTT T T T T LI B — T == Signal purity
- E- §1§M] ﬁ'&:l‘s:llmﬂ&) ! ! Signal (:rfli'ningmmplle} | ] Signal efficiency - ---===Signal efficiency purity
z [/ Background festsample) " Backgrowd (mainingsample) Backgromd eficiency | === /teqrt{5+) .
T B - - - 1 2 - Jag ©
—_— -Kolmogorov-Smirnov test: signal (background) probability = 0,902 (055 - = 30 £
Z 5[ i E =< — — 1 g
- = T - e =
4 12 § i /o 1 °
- 1< = i : —20
. Je @t / 0.24 .
3 1% & 06 3
r s ) ( \ 15
C 18 cut value E
- 15 04f -
2 12 N =10
: s :
1 __ - ] 0.2 o Hits1 ] bi..'nglum t g 5
B ] 3 [ eveqts the maximum S/V3+B \ ]
- 16 [ 208411 when futting at 2351 | ——_} | \J
0 1 S I =2 ﬂ 11 11 | 11 | 11 1 1 1 1 | 0
086 04 02 0 0.2 0.4 0.6 -0.6 0.4 0.2 0 0.2 04 0.6

BDTCat_KOLambda response Cut value applied on BDTCat_KOLambda output
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BDT-Based Selection: K’Y Selection

APPLYING the 2" BDT cut to phasespace BG data:

* Estimating 5.7% of phasespace BG events surviving the 2" BDT cut

If we have an estimation of initial number of phasespace BG events for the real data (for
example, the Gold 2 data), then we can estimate the number of remaining BG events.

PHASESPACE SIMULATION DATA

IM(p;,) IM (7" 7T,0)

LA B e A B H 600 e e S O R |
'5"'33— _f snn:— =
soo| — - -

= = aoo0/— =
400 — C

- 300— —
300 - c .

= 3 200[— —
200_— —] - m
100 00— —

E . E 1

Pas 118 12 8= 38 T
GeV
IM(p;,)
18000 T T | NS | | =g = | T
= = 6000/ B
16000 — — F .
14000 - 5000 — -
12000F ) ) ) ) . *Rejected -
= Signal-selection efficiency is outstanding! S E

- Survived -
aooaf- B 3000} =
5000 = So00l- =
4000(— — F .

= 1000 3
2000 - = -

T N T B R T A I 7 B I TR B TR B R B 03 038 04 045 D5 055 06 065 o7
GeV GeV

K’Y SIGNAL SIMULATION DATA 68



TRAINING the 3" BDT algorithm:
K’ 3" as “background” training data, K4 as “signal” training data -
* Input variables presented below:

MM(K') computed using at-rest neutron target

7000

5000

Variable Name

3000F-

Description

1000~

Missing Mass

Total missing mass (deuteron target)

Missing Energy

Total missing energy (deuteron target)

Missing Momentum

Total missing momentum (deuteron target)

Missing Theta

@ of the missing momentum in lab coordinate

(deuteron target)

Missing Beta

Bmissing (deuteron target)

Missing Gamma

Ymissing (deuteron target)

Missing Plus

Ermissing _ c|pmissing| (deuteron target)

Missing Minus

Ermissing 4 o|pmssing| (deuteron target)

Missing Perp

| 115 S1Ng
transverse

| (deuteron target)

Coplanary Angle

(p[pwfﬁ X p_:,.) : (p(ﬂJrﬂ;ﬁ} X p,:,.) (deuteron
target)

Missing Mass off KV

MM (77 7o) (at-rest neutron target)

OrogA

angle between (77 7g) and (p7,) In (yn
rest frame

at-rest )
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RESULT OF TRAINING the 3¢ BDT algorithm:

* Performances of the BDT on training and testing data are consistent.

* Placing a cut on BDT output at 0.03 to optimally separate the “signal” and “BG” events
BDT output: a quantitative assessment of how likely an event is signal or background
(i.e., closer to -1, more likely a BG event, closer to +1, more likely a signal event)

TMVA overtraining check for classifier: BDTCat LambdaSigmad TMVA
é Signal (test sample) » Signal (iraining sample) 3 Signal efficiency —_--_--_- é:ﬁg;‘z;ﬁr;?enqﬁmn?&
% 5 Background (test sample) * Background (fraining sampla) - — Background efficiency Sissqri{S+5} - @
. = C 30 g
= - 1 5 1r = 1 8
= o ] a - . 1. =
I e 3 osf \/ /‘\\><\ EZSE,’
: T V21 B AN
3E EE % 06 [ A M 3 =
- 1= S N F1s
2 s 0.4l \ \ =
: I " [003 o
1 —] % 0.2 : For 1000 signat and-10p0 babggrokdd N, _25
s et i et W NN
"8 0a -0.2 o 0.2 0.4 0.6 ° e a2 w0z o o2 0.4 06
BDTCat_LambdaSigma0 response Cut value applied on BDTCat_LambdaSigma0 output
Variable Name Ranking Variable Name Ranking
Missing Energy 1.00 Missing Theta 0.22
Missing Mass 0.72 Missing Gamma 0.19
Missing Mass off K 0.70 Proga (.19
Missing Momentum 0.56 Missing Beta 0.15
Missing Minus 0.28 Missing Plus 0.08
Missing Perp 0.26 Coplanary Angle 0.05
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BDT-Based Selection: KA/ K2V Separation

APPLYING the 39 BDT cut to K’Y signal data:
- KA “signal” data: 87.1% events correctly identified as K4
« K03V “BG” data: 91.1% events correctly identified as K02V

MM(r'T, ) calculated witth at-rest neutron MM(r*r ) calculated with at-rest neutron

3 - | T | T | T | T | T | T | T | T | T : B ITT | ITT | T TT | T TT | T TT | T TT | T TT | T TT | I'TT | I'TT

- ﬂ . 6000 —
- eBefore KA - . *Before K030 1
am *Incorrect E auf- *Correct ]
wk. *Correct E = eIncorrect ]

- . 4000 ]
40003— l — B ]
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Total Missing Mass

Total Missing Momentum
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IM(pr) IM(r*r)
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Gold 2 Quasi-free Neutron K4 and

K939 Event Selection

MM(*, ) using at-rest neutron target
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Corrections for Remaining

Backgrounds

*ESTIMATING THE INITIAL NUMBER OF TARGET-MATERIAL BG EVENTS
(back-up slide)

*After the 15t BDT there would be 25% of target-material background
remaining

Estimate remaining background: 0.25x initial background: Y,,..sc

*Obtain the number of events that passed the 15t BDT cut: Ygpr 1

*Estimate the number of quasi-free neutron events:

Yquasi-free =YBDT_l _YtargetBG

*n » RtargetBG—
*Compute the ratio : R*"® —YtargetBG/Yquasi_free
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Corrections for Remaining

Backgrounds

*ESTIMATING THE INITIAL NUMBER OF PHASESPACE BG EVENTS
(back-up slide)

*After the 2" BDT there would be 5.7% of phasespace background
remaining

*Estimate remaining background: 0.057x initial BG: N ;.. c.cnaceBG

*Obtain the number of events that passed the 2" BDT cut: Ngpr 2

*Estimate the number of quasi-free neutron K°Y events:

NKOY =1\IBDT_2 _NphasespaceBG

*Compute the ratio : RPh=sepacebo= Ny o pc /Nioy
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Corrections for Remaining Backgrounds

*YBDT: # passed the first two BDT cuts
b _ vKY | yrremaining phasespaceBG\ 1, K'Y «YKOY: # KOY events
Vppr =1 +1 B (1 + ki ) ! e Yremaining: # remaining phasespace bg

‘ / \RphasespaceBG= Y remaining/y'KOY

Y}ES'DT _ (1 4 Bph-asespaceBG) [YKDY Y KUY ] YBDT — (1 1 HPh(LSESp&CEBG) (1 I Rim’g&tﬂ@) YI_II{';Y

target BG
Etarget BG(Z} Ephasespaceiz)
w w1
“-15; e p =-0.005+0.006 o8 e p =-0.02+0.03
- o 0.6 — 0
0.1
- 0.4
00S - 02
i S S et
-0.05; + -0.2;—
F D4
-0.1F E
Empty target data e
st prytare MiPhasespace BG reglon (Gold 2 data)
az -1In — -Ia — -Is — -|4 — -Iz ' Ay -1{: ' -a ' -s ' -4 ' -2

= z

If both backgrounds have zero E asymmetry, then

EKD}’ o (1 4 RphasespaceBC) (1 4 RtargetBC) EBDT

corrected ~—
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“Purify”’ the BDT KA/ Selection Samples

e NU¢ (NEr€) is the total number of KYA (K%XY) events in the real data (such
as Gold 2 data),

NZPT (NEPT) is the number of events that have the BDT output larger (smaller)
than 0.02 :

wa (wso) is the BDT efficiency for the KA (K9X%) events (i.e., percentage of
number of events that are correctly “identified”),

= ;F\'ZJ\BDT — WAI\'TKPHE (1 . WED} t’r"ue:|

p\erDT (1 o uJA)j\Iftrue + Wyo ;Vt’r"uej

—1 ;
] [;\rfDT . (1 — wso) :\TBDT]

Lsho

iNrKr'ue — |:L<Jﬁ - (

1 — -t 1 —«
NEge = [Lugo — ( “n) (1 — wso )] [*\*BDT — ( “’?A)JMEDT]
WA
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Systematic Studies

*Reserve the BDT selection sequence (select K°Y events first, then

select quasi-free events)2>NO CHANGE IN THE FINAL £ VALUES

*Loosen the 1* BDT cut to keep more target-material background -

check robustness of the background correction

* Loosen the 2" BDT cut to keep more phasespace background -

check robustness of the background correction

*Remove the K4 and K°2 “purify” procedure = check the sensitivity

of the final £ measurements on the procedure
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Plotting the E Asymmetry for K’4

E,.,(cosB,) for 1.70 GeV<W<2.02 GeV E, s, (cosB,.) for 2 02 GeV<W<2 34 GeV
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Plotting the E Asymmetry for K27

E pdcosh,.) for 1.70 GeV<W<2.02 GeV
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Conclusion

 Presented procedures to select quasi-free K'Y

e Presented the final £ measurements for KYY

* Presented systematic uncertainties

* Qualitatively, the proton models explain £y,
measurements better

* Qualitatively, SAID models follows the £,
measurements better than the MAID models
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Particle Identification: ATOF Cuts

REJECTING WRONG-TIMING EVENTS

ATOF, vs ATOF,.. ATOF_ - vs ATOF_-

T

b TV ] 6 ey 2

L
o




Detector Performance: Fiducial

@ vs 6 before fiducial cut PROTON

|
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Quasi-free Neutron Loose Selection: Squared

Missing Mass Cut

*Assigning the target with the mass of at-rest (free) neutron
*Computing the squared missing mass

*Study both K”Y signal simulation and empty-target data
—>—> -2 Place cut at -0.2 GeV?

Squared Missing Mass (free neutron target) Squared Missing Mass (free neutron target)
50000— : 1400
REJECT i 120 REJECT

40000— £ L
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K’Y Loose Selection: IM(pn,’) and IM(rt"mt,,)

Cuts

Question: Would a Gaussian fit well the IM(pr ;) and IM(7t" ;) distributions?
2>From K’Y simulation the answer is no, but double Gaussian or Lorentzian are OK

IMipr) ) I

1000~ 1000 1000

60— 0

-

0

0

0

-I | \..-L | 1 1 1 | 1 | |
?.[B L N R VS A S A AL

GeV
Single Gaussian Double Gaussian Breit-Wigner

e T .“_H.-'-ﬂ-..'_'._
Q.ﬂﬁ 108 11 (472 N S N T
GV
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K’Y Loose Selection: IM(pn,’) and IM(rt"mt,,)

Cuts

Question: Which = should be paired with the proton (7*)
—> Implementing the following procedure:

. Compute [M(pry), IM(pry ), IM(7*n7), and IM (7 m5),

. Compute the product of fBW(IM(p?rl_) my, ) X fpw (IM(n7 7y ), mgo, ['ko),

where fpw(m,mg,[') = e 2 RO 1s the probabihty distribution func-
tion of the Breit-Wigner cllstrlbutlon w1tL parameter mg being the centroid of
the distribution, and I" being the full width at half maximum (FWHM); these

varlables were obtamned from fits,

. Compute the product of fgw (IM(pry ), ma, ') X few (IM(777), mgo, ko),

. Compare results of Step 2 and Step 3. If the product m Step 2 1s greater, then
pairing 77 with p, and 75 with 77F; otherwise, reversing the assignment.
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Corrections for Remaining

Backgrounds

ESTIMATING THE INITIAL NUMBER OF TARGET-MATERIAL BG EVENTS

.

Plot the histograms of the z-component of the nteraction vertex of both full-
target (Silver 1&2, for example) data and empty-target data

. Scale the empty histogram such as the yields Yy = Yy for 0 < 2 < 30

cm (this region is outside the target, thus remains the same during the whole
experiment),

Scale the yield of empty data Y, for =15 < 2z < =2 cm using the scaling
number obtained i step 2 (note that events with z > —2 cm were never utilized
to get the estimated survival portion),

Get the number of scaled yield from the empty-target data (this is the best
estimate of the initial number of target-material background events).
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Corrections for Remaining

Backgrounds

ESTIMATING THE INITIAL NUMBER OF PHASESPACE BG EVENTS

. Plot the IM (pmy ). and I M (n+ 7)) distributions for the full-target (Silver 1&2,

for example) data, and record the the total initial number of events,

Fit each imvariant mas distribution with a sum of a Breit-Wigner distribution
(signal fit) and a 374 polynomial function (background fit),

Integrate the signal and background fits (for both ITM (pmy ). and IM (7% 7,)
distributions),

For each invariant mas distribution, compute the signal-to-background ratio
from the obtained integrations

Compute the weighted average of the two signal-to-background ratios

Compute the initial number of phasespace background events by ultilizing the
obtained weilghted-average ratio and the total initial number of events.
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