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Dihadron Process

Momenta and Angles

Kinematics:
P, =P, + P, » O u Scale: Q?
| | @ Bjorken-x: x
R==(P—P) =» CDR @ Invariant Mass: M,
2 @ Fragmentation fraction: z




Dihadron Fragmentation Function G~
(integrated
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 Sometimes called handedness or helicity-
dependent DiFF

« Accessible in the sin(® -®_) modulation of : Phys.Rev. D96 (2017) no.7, 074010 ]
-0.05

dihadron longitudinal beam spin asymmetries b2 03 0a 05 05 07 05 09 1

« Weighted by P~ I M,

* Not yet constrained by data; quark-jet
hadronization model predicts sizable G~

Ay (0.9, 2, My — SO —6n) My C'(y) 3oq cal 11(@)] 2] G1* (2, M)
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Event selection

ep-ennX

® Both pions in CLAS Forward Detector
@ Scattered e~ in DC and PCAL fiducial volume

Kinematic cuts:

Q% > 1 GeV?

DIS cuts W = 9 GeV

Omit radiative region | p, > 1.25 GeV

Omit exclusive region | Mx > 1.05 GeV

zp >0

y < 0.8

z. > 0.1
Zpair < 0.95

Current fragmentation region

—8<v,.<3cm
Vertex cuts #e
C. Dilks —8 <V, <3 cm




DNP2019 1t+1t- Asymmetries claSs
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Beam spin asymmetry modulations

Partial wave expansion of g,

DiFFs expand in { |L,M> } basis
¢-dependence only depends on M
L=0 terms identifiable with 1h

L=1 terms likely dominant for 2h

> Dihadron structure functions:

Py sin(m(on

* twist 2 Frur o)~ o1 {2 cos (m(¢on — f/ﬁp))flG'le’m)]

m=1 - sin@,-0)  [G}

Pem sin((l—m)t;bh'l-m‘?RL) — %

* twist3 F.; 7

~L|e,m)
—@cos ((l—m) (qbp_th))(erlJ_E,m}_'_thlG )

Q My, M z
+ % cos ((m — 1)dp + i — mepy) (:L‘gLDlﬂ’m> + ]\Z\/f.;z hi Eim>) ]
m=1 - sinq)R m=0 - Sin(I)h m=-1 - sin(2¢ -¢.)
1 1
eH " eH; eH;
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DNP2019 1t+1t- Asymmetries claSs

T ALy VS X T Ay vs. M T A, VS. Z
0'12; CLAS Preliminary 0'12; CLAS Preliminary 0'12; CLAS Preliminary
0.1-ep »en'nX 0.1-ep »en'ntX 0.1-ep »en'nX
0.08" 0.08" 0.08"
0.06 0.06/ 0.06/
0.04§— : 0.04?—; 3 0.04?— ; ;
0.02 ~§ } ; ¢ 0.02 — 0.021 3 ¢
0 0 I 0
z z ;! ! ¢
~0.02[- —0.02- ~0.02[-
~0.04- ~0.04" —0.041
~0.06 —0.06 —0.061
B = % Y e e R X T
X b z

A _sin(¢ -d.)
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DNP2019 1t+11- ASsymmetries

<>,
clas

T Ay VS X
0'125 CLAS Preliminary |+ AsSin 0,
0.1-ep - en'nrX 4 Ausin(o,-0,)
0.08] 5 ASInG,
0.061
0.04-
onzéﬁx”" t s
o[ 1 :
~0.02 *f\{/+/
~0.04]
~0.06F
B R T R I ¥ Y
X

+ -
T Ay vs.e My
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01Fep —ennX 4 Agsin(¢,-0,)
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0.06" . :
0.043— ‘¢ ------------------- *
0.02[ ' B ;
05
~0.02 — [ .
—0.04 IR
—0.06/-
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Mh

& Including additional modulations reveals more to the story
i There appears to be a sign change near M,

u A, has opposite M, dependence to A __

= A _is a constant 3-4%

i £3.8% polarization scale uncertainty

|
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Gliske, Bacchetta, Radici

Partial wave expansion Phys.Rev. D90 (2014) no.11, 114027
. l,m)
. ist 2 Py oy sin(m(pn—odr, )) « ‘ -
twist2 o o il 1 ® Gy
. Le,m)
o tWiSt3 FIJPE,mSIH((l_m)(bh_l_m(bRL) « 6 ® Hl —I_ . o e
U dihadr?n CoM frame P1
Modulations: product of two functions P, N ,
h
_ _ Associated Legendre polynomials
Azimuthal modulation — 6 dependence
— ¢, and ¢, dependence — depends on L and M
— depends on M and Twist 1 0
P()()Zl, PQOZ—(?)COS 19—1)
. ) b ] 2
* twist 2 S111 _m (¢h o ¢R)] PLO = COSI9 , P2,1 — sin 219 R
_ P 1 =sin?d, Py o = sin? 9
e twist3 SIn (1 — m) oy, + TI’L@R] b 22
) PE,—m — Pﬂ,m




Gliske, Bacchetta, Radici

Partial wave expansion Phys.Rev. D90 (2014) no.11, 114027
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Gliske, Bacchetta, Radici

Partial wave expansion Phys.Rev. D90 (2014) no.11, 114027
: Py sin(m(én—oér ) [£,m)
* twist 2 2 1 ey
Fror 1 ® 1
. Le,m)
] Pg,msm((l—m)th—l—mcgﬁRL) « e ® Hl ' —|— L.
* twist3 [’
LU
10, m) twist-2 twist-3
\ [6,m) | twist-2 | twist-3 11,1) | sin@sin (¢ — ¢r) sin 0 sin ¢g
‘ 0,0) 0 sin ¢y, 11,0) 0 cos 0 sin ¢,
11, —1) sin @ sin (2¢y, — ¢R)
10, m) twist-2 twist-3
12,2) sin” fsin (2, — 20R) sin” 0 sin (— ¢y, + 206r)
12,1) | sinfcos@sin (¢n — Or) sin € cos 6 sin ¢ g
2,0) 0 (3 cos? 6 — 1) sin ¢y,
12, —1) sin 6 cos 6 sin (2¢;, — OR)
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Orthogonality of Modulations . | .: 1) and 1 be integers
. tW|st 2 X twist-2 * The azimuthal modulations form an orthogonal set

—2 dth/ dor sin|[my (¢n, — Or)| sin[ms (dn, — ¢r)] = 53; (for m,,m_>0)

e twist-3 x twist-3

271r dCbh/ dor sin (1 —mq) ¢n + migg| sin[(1 —ms) ¢ + magr] = 0,

e twist-2 x twist-3

2; + d(?bh /J’W dpp sin|mi (¢n, — ¢r)| sin [(1 — mq) ¢p + madr] = 0

General modulations are 2-dim Fourier series terms: & (¢, ¢r) = sin (moy, + nor)

A i(mop+nodr)
C. Dilks A (¢, Or) = Z Z mn 13

m=—o0 n=—00



Orthogonality of Modulations

- 0 dependence is from associated Legendre polynomials P, (cos6), which are orthogonal:
2(€£ + m)!

f P["(cos 8) P[" (cos b)) sinfdf = YEEY, T Ok  Inner product includes a weight, otherwise
0 (2¢6+1)(£ —m)! there are some linear dependences
. U(E_mﬁ ifm#n « Ifinner product is not weighted, there is only
£ Pj"(cos0) Py (cosf) escfdf = ¢ = ifm =n#0 one nonzero overlap for L < 2:
00 ifm=n=20 (2ﬁ0‘0q0>3£0

 CLAS acceptance limits the integration ranges, however, so these modulations
may no longer be fully mutually orthogonal, given the data yield coverage:
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Orthogonality of Modulations

The integration limits can be applied by multiplying by an acceptance function
e Option 1: Model acceptance as a Fourier Expansion

« Option 2: Discretize the integrals and fold in the yield distribution over ¢, and ¢,

@ h, r, t = bin numbers, respectively ¢, ¢, 0

Discrete weighted inner product: o
@ D, =yield in bin (h,rt)

f— N N T D T T T :
(f9) flg ; ; ; Wnwr 0t Dt fartGnrt = f, g = modulations: P ™(cos6)-®™(¢,,9.)

Normalization (ensures <ff>=1) « f,,, = fevaluated for bin (h,r,t)
~1/2

Nf — y: y: y: whwrthhrtfhrtfhrt
h r t

HW, W, W = bin width

& N = normalization
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<fg> Matrices

* First verify orthonormality of
modulations assuming fully
uniform azimuthal acceptance

* 0-dependence not included

« Notation: |L, M >

twist

* |dentity matrix — full mutual
orthogonality

twist-2

twist-3

sin (—¢p, + 2¢R)

sin (¢n — ¢r)

sin (¢r)

2 sin (2@}1 — Q@R)
1
0

0

sin (@)

—1

sin (2¢n — ¢r)

—2

sin (3¢h — 2@3)

C. Dilks

IL,-2>
3

IL,2>
3

IL,2>
2

IL,-1>
3

L, 1>
3

|L,1>
P

|L,0>
3

const

<fg> matrix

-0.000 0.000 -0.000 -0.000 -0.600 -0.000 -0.600 1.000
0.000 -0.600 0.000 0.000 0.000 0.000 1.000 -0.600
: 0.000 0.000 -0.600 -0.600 -0.600 1.000 0.000 -0.600
: 0.000 0.000 -0.000 -0.000 1.000 -0.000 0.000 -0.000
_-0.000 0.000 0.000 1.000 -0.600 -0.000 0.000 -0.000
: 0.000 -0.600 1.000 0.000 -0.600 -0.000 0.000 -0.000
_-0.000 1.000 -0.000 0.000 0.000 0.000 -0.600 0.000
1.000 -0.000 0.000 -0.000 0.000 0.000 0.000 -0.000
const |L,0>3 |L,1>2 | |L,1>3 | IL,-1 > | |L,2>2 |L,2>3 | |L,—2>»3




<fg> Matrices

* Weight with data yield

distri

butions

* size of box proportional to |<fg>|
e X drawn on box if <fg> < 0

twist-2

twist-3

sin (—¢p, + 2¢R)

sin (¢n — ¢r)

sin (¢r)

2 sin (2@}1 — Q@R)
1
0

sin (@)

sin (2¢n — ¢r)

sin (3¢h — 2@3)

C. Dilks

IL,-2>
3

IL,2>
3

IL,2>
2

IL,-1>
3

L, 1>
3

|L,1>
P

|L,0>
3

const

<fg> matrix

-0.601 -@ 0.003 -0.800 10,255 0,390 -qe88 1.000
0[043 0,062 0,319 -0,316 0/034 0.397 1.000 -G048
0025 @ 0,246 -08do E’ 1.000 0.397 0,390
0[033 0,266 0,380 -@2 1.000 E’ 0[034 0,255
062 10213 | 0510 1.000 -@2 -06fe  |-03i6|  -0.800
-§8g7 E’ 1.000 0.510 -0,380 0,246 0319 0.003
_0.301 1.000 E 0,213 .0,266 @ 0,060 -@
1.000 0.001 -Ge§7 -0082 0[033 0[025 o[043 -0.801
const |L,0>3 | |L,1>2 | |L,1>3 | |L,—‘|>»3 | |L,2>2 |L,2>3 | |L,—2>»3




<fg> Matrices <fg> matrix

IL-2>, | 0601 -hegp  0.003 0000  [0,265 |-0300| -Cods 1.000

Modulations of interest L2> | opds  dose |0 |osfs| ol  |oser || 1000 | -Gods
are at m=1 -

fl G f‘ e H fI IL2> | op2s5 @ 0246 -08f0  |0.254 1.000 | |0.397
IL-1>_ | o[o33 0,266  |-0,380 -@2 1.000 0.254 0[034 10,255

twist-2 twist-3 IL1> | 0682 0,213 0.510 1.000 -@2 -06fe  |-03i6|  -0.800

| sin (¢, — ¢r) sin (¢r)

Tn
2 | sin (2¢;, — 2 sin (—aoy, + 2
( Qbh qu) ( Cbh qu) |L,1>2 -Q0d7 E’ 1.000 0.510 -0.380 L0,246 -0,319 0.003
1 |
0

0 sin (th) IL.O>, | 0.601 1.000 E 0213 0,266 @ 0,06} -96dp
—1 sin (ngh — (,bR)
—2 sin (quh — 2@ R) const | 1.000 0.001 -(8g7 -0082 0033 00025 0[043 -0.801
| | | | | |

C. Dilks const |L,0>3 |L,1>2 |L,1>3 IL,-1 > |L,2>2 |L,2>3 |L,—2>»3



<fg> Matrices

e The m=1 modulations are not
orthogonal, given CLAS
acceptance

* A fit to sindpR modulation alone
will be impacted by 50% of the
actual sin(¢ph-pR) amplitude, and

<fg> matrix

vice versa

m twist-2 twist-3

2 | sin 20y — 26g) | sin (—¢y + 2¢r)
1 ||lsin(¢n — @r) sin (¢r)

0 0 sin (¢n)

—1 sin (2én — or)

—2 sin (3¢n — 2¢r)

C. Dilks

IL-2> | 0601  -pegh  0.003 -0.800 0,255 0390 -qeds | 1.000
IL.2>_ | o043 0l062 0319 0316 0[034 0.397 1.000 -qegs
IL.2>, | olo25 @ 0,246 -06f0 E’ 1.000 | |0.397 0,360
IL-1>. | olo33 0,266, 0,380 -@2 1.000 E’ 0034 0,255/
IL1> | .0ef2 {0213 1.000 -@2 -0fe  |-03i6|  -0.600
IL1>, | -Qeé7 E’ 1.000 -0,380 0,246 0319 0.003
IL.0>, | o.001 1.000 E 0213 {0266 @ 0062 -96dp
const | 1.000 0001  -Ge§7  -0ef2 o33 00025 0043  -0.801

const |L,0>3 | |L,1>2 | |L,1>3 | |L,—‘|>»3 | |L,2>2 |L,2>3 |L,—2>»3




<fg> Matrices <fg> matrix

IL-2>, | 0601 -hegp  0.003 0000  [0,265 |-0300| -Cods 1.000

* Sindph modulation also

contributes, to a lesser
extent (20-25%)

° |mpaCtS OI:I m=1 mOdUIationS |L,2>2 0025 @ L0 246 .@9 E’ 1.000 0.397
are opposite in sign

IL.2>_ | o043 [0 -0,319 0,316 0034 0.397 1.000 -G048

IL-1> | o33 -0,266|  |-0,360 -@ 1.000 0.254 0[034 -0,255

twist-2 twist-3 IL1> | .gef2 | 10213 | | 0510 1.000 -@2 -0fe  |-03i6|  -0.600

| sin (61, — or) sin (¢r)

m
2 | sin 20y — 26g) | sin (—¢y + 2¢r)
IL,1> - . . . - ) ) .
: , 4667 E’ 1.000 0.510 0,380 0,246 0,319 0.003
0

0 sin (th) IL.O>, | 0.601 1.000 E 0213 0,266 @ 0,06} -96dp
—1 sin (2¢h — (IBR)
—2 sin (Scbh — 2¢ R) const | 1.000 0.001 -(8g7 -0082 0033 00025 0[043 -0.801
| | | | | |

C. Dilks const |L,0>3 |L,1>2 |L,1>3 IL,-1 > |L,2>2 |L,2>3 |L,—2>»3



<fg> Matrices

* m = -1 modulation also
heeds to be included,
though some early looks
show it may be ~0 in data

* -40% impact on sin(¢ph-PpR)
* -14% impact on sin(¢R)

<fg> matrix

m twist-2 twist-3

2 | sin 20y — 26g) | sin (—¢y + 2¢r)
1 I sin (¢, — ¢r) sin (¢r) I
0 0 sin (@)

—1

ISiI‘l (2¢h — (IBR) I

—2

sin (3¢h — 2@3)

C. Dilks

IL-2>_ | -0.601 -96dp 0.003 -0.800 0,255 0390  -Ceds 1.000
IL.2>_ | o043 ol 06k 0,319 0316 0[034 0.397 1.000 -q6g8
IL.2>, | olo25 0.13% 0,246  -06d0  [0.254 1.000 | |0.397 0,390
IL-1>_ | o[o33 0,266 0,380 -@2 1.000 0.254 0034 0,255
I —
IL1> | .gef2 10213 | 0510 1.000 -@2 -0fe  |-03i6|  -0.600
IL1>, | -Qeg7  [0.247 1.000 0.510 b*: 0,246 0319|  0.003
I
IL.O> | 0.601 1000 | [0.247 0213 0,266 @ dosz  -0egh
const | 1.000 0001  -ged7  -0ed2 0PI 0025 o043  -0.801
const IL,0> L, 1> L 1> IL,-1> IL,2> IL,2> IL,-2>
3 2 3 3 2 3 3




<fg> Matrices

* Some impact from m=2
modulations, but not much

<fg> matrix

from m=-2
m twist-2 twist-3
2
1 sin (¢, — ¢r) sin (¢r)
0 0 sin (¢p)
—1 sin (205, — ¢r)
—2 [sin (3¢5 — 2¢5)|

C. Dilks

IL-2> | 0601  -pegh  0.003 0800 0255 |-0300| -cjed8 | 1.000
IL.2>_ | o043 0l062 0319 0316 0[034 0.397 1.000 -qegs
IL.2>, | olo25 @ 0,246  -06o E’ 1.000 | |0.397 0,360
IL-1>. | olo33 0,266, 0,380 -@2 1.000 E’ 0034 0,255/
IL1> | .gef2 10213 | 0510 1.000 -@2 -06fe  |-03i6|  -0.800
IL1>, | -Qeé7 E’ 1.000 0.510 -0,380 0,246 0319 0.003
IL.0>, | o.001 1.000 E 0213 0266 @ -96dp
const | 1.000 0001  -Ge§7  -0ef2 o33 00025 0043  -0.801

const |L,0>3 | |L,1>2 | |L,1>3 | |L,—‘|>»3 | |L,2>2 | |L,2>3 | |L,—2>»3




<fg> Matrices Foo=1,
* Now include 0 dependence

1 2
« Uniform acceptance — almost the identity matrix 2,0 = 2 (3cos™ ¥ — 1)

|2,-2>3 -0.000 0.000 -0.000 -0.000 -0.000 -0.000 -0.000 0.000 0.000 0.000 -0.000 -0.000 1.000
|2:2>3 —0.000 -0.000 0.000 0.000 0.000 0.000 0.000 -0.000 -0.000 -0.000 0.000 1.000 -0.000
|2-2>2 —0.000 0.000 -0.000 -0.000 -0.000 -0.000 -0.000 0.000 0.000 0.000 1.000 0.000 -0.000

2,1 24 7—0.000 -0.000 0.000 0.000 0.000 -0.000 -0.000 -0.000 -0.000 1.000 0.000 -0.000 0.000
2,1 Zs —0.000 0.000 0.000 -0.000 -0.000 0.000 0.000 0.000 1.000 -0.000 0.000 -0.000 0.000
2,1 >, 70.000 0.000 -0.000 -0.000 -0.000 0.000 0.000 1.000 0.000 -0.000 0.000 -0.000 0.000
2 :0>3 —-().000 -0.000 -0.000 -0.000 0.000 1.000 0.000 -0.000 -0.000 -0.000 0.000 -0.000

[1.-1 >, 70.000 0.000 -0.000 -0.000 -0.000 1.000 0.000 0.000 0.000 -0.000 -0.000 0.000 -0.000
1.1 >4 —-0.000 0.000 0.000 0.000 1.000 -0.000 -0.000 -0.000 -0.000 0.000 -0.000 0.000 -0.000
1.1 >, 7—0.000 -0.000 0.000 1.000 0.000 -0.600 -0.000 -0.000 -0.000 0.000 -0.000 0.000 -0.000
1 0>, —D.OOD -0.000 1.000 0.000 0.000 -0.000 -0.000 -0.000 0.000 0.000 -0.000 0.000 -0.000
|0-0>3 7—0.000 1.000 -0.000 -0.000 0.000 0.000 0.000 0.000 -0.000 0.000 -0.000 0.000
const 1.000 -0.000 | 0.000 | -0.000 | -0.000 | 0.000 | -0.000 | 0.000 | 0.000 | -0.000 | 0.000 | 0.000 | -0.000 73

const |0,0>3 |1,0>3 |1,1>2 |1,1>3 |1,-1>3 |2,0>3 |2,1>2 |2,1>3 12,-1> |2,2>2 |2,2>3 |2,-2>3



<fg> Matrices

|2,-2>3
|2,2>3
|2,2>2
[2,-1 >,
|2,1>3
|2,1>2
|2,0>3
[1,-1 >,
|1 ,1>3
[1 ,1>2
[1 0>,
|0,0>3

const

* With CLAS acceptance:

0802 -fiAd 0020 0002  0.001 omas 0014 -G8 |93 4B | 1000
| oms  am oms [wsz2] [9s8] oms2  -mmss @31 -GEM 0023 1000 | -GESS
™ o6 [0248  -gB80 @75 34 0023 1000 | 0391| |-p38s]
o0 @11 [oeed  0.017 0.012 01035 omss | age DA 1.000 0.023 0023 -GB77
—u.@o4 (080 0474 -0Co31 0.018 0.012 0036 E’ 1.000 0438 -([H54 -@om 0.014
| oo omme  [o20] oes  omy oo 06t | 1000 E’ o409 G035 -0%81  OWAG

-0007 | -0:50 | -om24  [0243  [o.216]  |0.257] | 1.000 0.016 01036 036 0483 -Q058

o033 [0:266 @ | 100 0018 0012 0035 ows2  [os7]
4 021§  -amse E’ 1000 | [ o1 0018 0612 -G080  |-0318]  0.001
= 026 | 1.000 E’ D77 [024d o005 -oms1 oo [2dgl 3% oso2
oot oot | 1000 | omes  -amEs -0m24 oz 0016 0015 0029

0.001 1.000 0016  |o247]  [0:21§  |[0:266) | -0:950 | -ow28  -GWBO  -GAd 061 -pAGH

1000 | 0001 0001 | G | GE&2 OB | 0607 | 000 0004 0807 0026  OW 0802

const 0,0>, [1.0>, 11>, [1,1>, [1,-1>, 2,0>, 2.1>, 2,1>, 2,-1>, 2,2>, 2,2>, 2,-2>,




<fg> Matrices m=1 modulations highlighted for 2 partial waves (L=1 and L=2)

22>, | .0.802 540 01029 0.002 0.001 -0:257| omas 0.014 G077 @ Q055 1.000

22>, | omas  ome1 0015 |-0:323 0032  -GFS8  -0831 GO 0.23 1000 | -qEB5
22> | o002 ome  [02d8 @80 G075 0ES4 0023 1000 | 0391| |-p38s]

21>, | .0e07 @  [o2ed] o017 0.012 01035 0036 bﬂ A 1.000 0.023 0023 @77

2,1>, 0.604 (080 0474 -0Co31 0.018 0.012 0036 0.528 1.000 -([H54 -@a71 0.014

21>, | oet0  -om2s  [0230] 0605  -0®31 0018 0016 | 1000 || 0528 | -0400| @075 ;81 Omde

20>, | .0e07 | -0:50 | -om24  |[0243  [o.216]  |0.257] | 1.000 0.016 01036 036 (0443 -Q058

11>, | ooss  [o:26g) | ; Sa | 1.000 0018 0012 0m35 o032 [02s7]
[021d  -ags6 | 0509 || 1000 | PA@ o1 0018 0612 -G080  |-0318]  0.001
1>, | -dage om26 | 1000 ||ose | [D377| [02ad  oe0s  -owe1 ooz [D2dg  [Da@] o002

|‘I,1>3

110>, | o0.001 0.016 1.000 -0/B26 056 -0/624 73 -0/016 0.015 01029
00>, | 0.001 1.000 0016  [0247] [o21d  [0:266) | 0850 | -ow28  -@EEO  -GAIT 061 -pAGH
const 1.000 0.001 | 0.001 | -(086 | -@ag2 | 0033 | -0.807 | 0.010 | 0.604 | -0.807 | 0026 | 0023 | -0.802

const |0,0>3 |1,0>3 |‘I,1>2 |1,1>3 [1,-1 >, |2,0>3 |2,‘I>2 |2,1>3 [2,-1> |2,2>2 |2,2>3 [2,-2>



L=1 modulations - story is the same as it was without 8-dependence
L=2 modulations - different set of dominant non-orthogonal modulations
Could fit L=1 set separately from L=2 set for FF partial wave study!

<fg> Matrices

[2,-2>, | -0.802 -fAg] 01029 0.002 0.601 omas 0.014 -@Co77 @ -@855 1.000
2,25, oo amm oo (0822 om32  -CEs8  -0831  -G@1 0023 1000 | -G5S
2,25, | oz 0248 otg}  -Go3s  -0EB4 0023 1000 | 0391| |-p38s]
2,-1>, —-0.907 0.017 0.012 01035 01046 m 0.023 0,023 -@o77
—
2,1>, 0.004 -0C631 0.018 0.012 01036 -(CH54 -@o71 0.014
[2,1>, 70.0:10 0.605 -0031 0.018 0.016 1.000 -Ea7s -0c681 026
20>, | -0.007 foe4d  [p216]  |o.257] | 1.000 0.016 (0443 1958
1,-1>, 0033 0.012 01035
11>, 0.018 0.612
[1,1>, —-6 -07631 0.017
110>, | o.601 73 0016 0.015 01029
0,0>, 0.001 -@O80 -GAd1 o061 -BAGH
const 1.000 0.001 0.001 -CB86 -:882 0033 -0.807 | 0.010 0.004 -0.807 | 01026 | 0[wa3 | -0.602
const 0,0>, [1.0>, 11>, [1,1>, [1,-1>, 2,0>, 2.1>, 2,1>, 2,-1>, 2,2>, 2,2>, 2,-2>,
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Monte Carlo Comparison: Generated Reconstructed Data

C. Dilks
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MC Asymmetries

« Asymmetry injection: assign helicities using a random number generator, biased toward the
desired asymmetry or linear combination of asymmetries

« LetA(9,, ¢., ...) be the asymmetry to be injected (dependent on azimuth and other kinematics)

* Generate random number r, with a uniform probability within [-1,+1]
e Ifr<A(...) then assign +1 helicity; assign —1 otherwise

MC-generated MC-reconstructed MC-reconstructed and matched
* Asymmetry injection based on * Asymmetry injection based on * Asymmetry injection based on
MC::Particle dihadrons REC::Particle dihadrons; no MC::Particle dihadrons, which
« Fit MC:Particle dihadrons matching to generated have been matched to
asymmetries particles REC::Particle dihadrons
- Uniform generation in ¢h and R~ ° Fit REC::Particle dihadrons * Fit REC::Particle dihadrons
Asymmetry amplitudes should asymmetries asymmetries
be)::omplei/ely Ilionearly * ¢h and ¢R distributions match * Not much different from the full
independent those from data MC-reconstructed set
e Asymmetry amplitudes’ linear e Asymmetry amplitudes’ linear
dependence can be studied dependence can be studied

. Caveat: MC-reconstructed statistics are
C. Dilks 28

unexpectedly low... still investigating...



MC-generated Asymmetries

 Fit result always matches injected asymmetry (uncertainty smaller than point size)

» Single-amplitude fits (black points, here for sin(¢ph-pR)) agree with multi-amplitude fits (colored
points), since all modulations are mutually orthogonal (uniform azimuthal acceptance)

+ - + - + -
T Ay vs. My T Ay vs. My T Ay vs. My
0.3 0.3 0.3
02 Injected 0.1sin($R) 02f Injected 0.1sin(¢h-pR) 02fx . . . .
[ oo PO— P a 0l »—= o — 0.1Fn———= -— = 4
0 B n ™ B — 0f = * SU— * O +- e R +
C - Injected
_01L _o1l _0.10-2sin(¢pR)+0.1sin(ph-$pR)+0.2sin(ph)
- & Asino,-4,) only - & Asn(,-4,) orly & Asn(,,) only
—0.2 -k Asin ¢R —0.2 -k AwsimpR —02+ --k- Asin ¢R
- —8— A,sin(o,-0,) r —8— A,sin(o,-0.) - —8— A,sin(o,-0.)
L i Agsin ¢h L i Agsin (1)h L i Agsin ¢h
_037|\||\|||\|||\||‘|||\||||||\|'+'A4Sin(2¢h—¢n) _037||||\|||\||||||‘||||||\|||\|"+-A4Sin(2¢h_¢n) _03k||||||||||||||\|||\|||\ll‘ll'}-A4Sin(2¢h-¢R)
04 05 06 07 08 09 1 11 12 04 05 06 07 08 09 1 11 12 04 05 06 07 08 09 1 11 12
M, M, M,

C. Dilks 29



MC-reconstructed Asymmetries

Injected Asymmetry: A(ph,oR) =0

0.3 0.3
ALU - ) ) ) ALU : ) ) :
- Black points: single-amplitude - Black points: single-amplitude
0.2 fit to A-sin(¢ph-pR) 0.2 fit to A-sin(¢pR)
0 13_ Colored points: multi-amplitude fit (same for left and right)
0f 0f
~0.1 ~0.1
- —i— Asin(q)h-q)R) only § —— Asinq)R only
_0.2__ --&- Asin 0, _0.2__ --&- Asin 0.
. —&— Asin(¢,-0,) C —&— Aysin(¢,-0.)
L i Agsin ¢h B e Agsin ¢h
_0.3_||||||||||||||||||||||||||||_"}_A“Sin(zq)h-q)n) _0.3_L||11|||||||||||||||||||||||-'+-A4Sin(2¢h-¢R)
04 05 06 07 08 09 1 11 1.2 04 05 06 07 08 09 1 11 1.2
h h
m twist-2 twist-3 T
* Helicity is 50/50 random
2 | sin (2¢, — 2¢g) | sin (—¢p + 20r) L1> | fod2 023 |osto || 100 | pra . . .
- . * All asymmetries consistent with zero
L g B Using MC tructed set, not
: * Using -reconstructed set, no
0 0 S L,1 - -
_sin () 1> | der E it Rl B PN matched to MC-generated
—1 sin (2¢n — ¢r) | | 30
—2 sin (3¢, — 2¢r) const  [LO>  |L1>,  |L1>  |L1>



Injected Asymmetry: A(ph,pR) = 0.10sin(PpR)

— Asinq)R only
--k- Asin 0.
—&- A,sin(o.-0.)
i Agsin ¢h
L% Asin(29,-0,)

|Ill

08 09 1

1.1 1.2

h

0.3 0.3
LU - AL -
0.2~ 021
| dreeee T S i 010
0f s
~0.1 ~0.1
E —— Asin(q)h-(])R) only E
-0.2+ k- Agsin o, -0.2+—
- —&- Ajsin(9,-0,) -
B e Agsing, =
_ _|||||||||||||||||||||||||||_"}_A“Sin(zq)h-q)n) _ oo lvii o by
0'30. 05 06 07 08 09 1 11 1.2 0'30. 0.5 0.6
h
m twist-2 twist-3
2 [ sin (20n — 207) | sin (—om + 208 IL1> | .0e82 {0243 | 0510 | || 1.000 -@?
1 | sin(¢n — ér) sin (¢r) —
0 0 sin (¢) IL1>, | -geg7  |o.247| | 1.000 ||| 0.510 || [-0360
-1 sin (2¢n — ¢r) | C—
—2 sin (3¢, — 2¢r) const  [LO>  |L1>,  |L1>  |L1>

Single fit to sin(ph-pR) amplitude
pulled up by ~0.5 of sin(¢R)
amplitude, as expected from
<fg> matrix

Single fit to sinpR agrees with
multi-amp fit 31




Injected Asymmetry: A(ph,pR) = 0.10sin(dph-dR)

0.3 0.3
L f Ay I
0.2~ 021
0.1 }W i 0'1:_
0 };%1;‘ I 17 0 %;::;::
~0.1 ~0.1
E —i— Asin(¢h-¢R) only E —— Asinq)R only
—-02+— --&- Asin 0, —02— --&- Asin 0.
. —&— Asin(¢,-0,) C —&— Aysin(¢,-0.)
u i Agsin ¢h L i Agsin ¢h
_03_||||||||||||||||||||||||||||_"}_A“Sin(zq)h-q)n) _03_||1||||||l| ||||||||||||||-'}-A4Sin(2¢h-¢n)
04 05 06 07 08 09 1 11 1.2 04 05 06 07 08 09 1 11 1.2
h h
o fwist-2 wist-3 * Vice versa when we inject
2 | sin (20n — 267) | sin (—¢n + 20g) | 7 »| G882 9Hg | ostwo | 1000 prap 10% sin(¢h-¢R) instead
1 sin (gf)h — gf)R) sin (¢R) I
0 0 sin (¢) IL1>, | -geg7  |o.247| || 1.000 || | 0.510 | [-0360
-1 sin (2¢n — ¢r) | | 32
—2 sin (3¢, — 2¢r) const  [LO>  |L1>,  |L1>  |L1>




Injected Asymmetry: A(ph,pR) = 0.10sin(dph)

0.3 0.3
LU - AL -
0.2~ 021
L Ve L
0.1 _— """"""" o Y ---------------------- L 0 .1_—
Uy - % s
~0.1 ~0.1
E —i— Asin(¢ -¢_) only E —- Asing_ only
—-02+— --&- Asin 0, —02— --&- Asin 0.
. —&— Asin(¢,-0,) C —&— Aysin(¢,-0.)
u i Agsin ¢h L i Agsin ¢h
_03_||||||||||||||||||||||||||||_"}_A“Sin(zq)h-q)n) _03_||1||||||l| |||||||||||-'}-A4Sin(2¢h-¢R)
04 05 06 07 08 09 1 11 1.2 04 05 06 08 09 1 11 1.2
h h
e R—— — — * Sin(h-0R) single-amp fitis
. . L1 - . . - I, <1g> Mmatrix
2 |sin (20n —20m) |50 120 | 70| B | @A | j0s0 || om0 | peg Plhedl up 2. Olt =19~ Ml says
L | sin(dn —n) 2 (0n) B amplitude
0 0 sin (¢ IL1>, | -geg7 | jo.247| || 1.000 ||o0510 | |[-0360 - Similarly sin(R) single-amp
! sin (26 = ¢r) — | should be pulled down by = 33
—2 sin (365 — 2¢r) const  [LO>  |L1>,  |L1>  |L1> negative ~21%




Injected Asymmetry: A(ph,pR) = 0.10sin(2dh-pR)

0.3 0.3
AL - A i
0.2} 0.2
013 . PR Fo Jooremmme + 0.1
0f 0f
~0.1 ~0.1
- —i— Asin(q)h-(])R) only § —— Asinq)R only
_0.2__ k- Asing, _0.2__ --k- Asin 0.
i —&— Asin(¢,-0,) i —&— Aysin(¢,-0.)
L i Agsin ¢h L i Agsin ¢h
_03_||||||||||||||||||||||||||||_'+_A4Sin(2¢h-¢n) _03_||||||||||||||||||||||||||||-'}-A4Sin(2¢h_¢n)
04 05 06 07 08 09 1 11 1.2 04 05 06 07 08 09 1 11 1.2
h h
e R — — |+ sin(¢h-¢R) single-amp fitis
2 | sin (26m — 207) | sin (—on + 261 IL1> | .gede 10213 | 0510 1.000 -@? pulled dOWh a bltz) <fg>_ r_natrlx
| sin(on — o) i (o) - says negative 40% of injected
; . “m (60) sin(2¢h-pR) amplitude, to -4%
. — L IL1>, | -ged7 E 1.000 | 0510 | §/-0.380 * sin(¢R) single-amp fit not pulled
- sin (26 — 9r) | — by much (expected —1.4%, but
2 sin (30 = 20r) const  |LO>  [L1>,  IL1> L1 error bars too big to see it)




Injected Asymmetry: A(dh,dR) = 0.10sin(dR) + 0.12sin(dph)

0.3 0.3
Ay - A i
0.2~ 021
0.1~ 0.1
0f 0f
~0.1 ~0.1
E —i— Asin(¢ -¢_) only : —- Asing_ only
—0.2- k- Asing, —0.2— k- Agino,
i —&— Asin(¢,-0,) i —&— Aysin(¢,-0.)
u i Agsin ¢h L i Agsin ¢h
_0.3_||||||||||||||||||||||||| _'+_A4Sin(2¢h-¢n) _0.3_||||||||||||||||||||||||||||-'}-A4Sin(2¢h_¢n)
04 05 06 0.7 08 0 1 11 1.2 04 05 06 0.7 08 09 1 11 1.2
h h
m fwist-2 twist-3 e sin(¢h-¢R) single-amp fit is
0 g
2 | sin (20n — 207 | 0 (—on + 2600 IL1> | gede | jo21q | | 0510 p_uIIed up by 50% of injected
| sin(on — o) -~ sin(pR) amp, plus 25% of
5 T . (;’) injected sin(¢h) amp
1 — Lo, | g | pawr] || 1o * 0.5%0.1 + 0.25*0.12 = 8%
. sin (26 = 9r) — Similarly for sin(¢R): 35
—2 sin (36 — 2¢r) const  [LO>  |L1>  |L1> e 1*0.1 — 0.21*0.12 = 7.5%




Injected Asymmetry: A(dh,pR) = 0.10sin(dh-dpR) + 0.12sin(dph)

36

0.3 0.3
AL - A i
0.2~ 021
0.1 0.1
0f 0f
~0.1 ~0.1
E —i— Asin(¢ -¢_) only E —- Asing_ only
—-02+— --&- Asin 0, —02— --&- Asin 0.
. —&— Asin(¢,-0,) C —&— Aysin(¢,-0.)
u i Agsin ¢h L i Agsin ¢h
_03_||||||||||||||||||||||||||||_'+_A4Sin(2¢h-¢n) _03_||1||||||l1|11|11 ||||||||-'}-A4Sin(2¢h-¢n)
0. 05 06 0.7 08 09 1 1.1 1.2 0. 05 0.6 0.7 8 09 1 1.1 1.2
m tist-2 twist-3 * sin(¢h-¢R) single-amp fit:
. * * = 0
2 | sin (20n — 207) | sin (—on + 268) IL1> | .gede i3 | [ ost0 || 1000 | Dz 1 0.1 + 0.25 0.12.— 13%
T T (on —om) i (o) - * sin(pR) single-amp fit:
: * 0.5*0.1-0.21%0.12 = 2.5%
0 0 sin (¢y) IL1>, | .ded7 E’ 1000 || 0510 | |-0380
-1 sin (2¢h - ¢R) | |
—2 sin (3¢, — 2¢r) const  |LO>  |L1>, |L1>  |L-1>




Injected Asymmetry: A(ph,dR) = 0.20sin(dR) + 0.10sin(dph-dpR) + 0.20sin(dph)

—i— Asing_ only
--&- Asin 0.
—&- A,sin(o.-0.)
i Agsin ¢h

|IIII|IIII|IIII|IIII|IIII|II-I}-A4Sin(2¢h-¢R)

04 05 06 07 08 09 1 11 1.2

h

0.3 0.3
LU E ALU C
] 0.2
0.1
F 0f
- ~0.1-
E —— Asin(q)h-(])R) only E
—0.2+ k- Asing, —0.2—
i —&— Asin(¢,-0,)
B i Agsin ¢h
_ _||||||||||||||||||||||||||||_'+_A4Sin(2¢h-¢n) _
0'30. 05 06 07 08 09 1 11 1.2 0.5
h
m twist-2 twist-3
2 | sin (20n — 26r) | sin(—gn + 20) | 12| G082 | @y || os10
1 sin (¢p, — ¢r) sin (¢r I
0 0 sin (¢y) IL1>, | -ge87 | |o.247] ||| 1.000
—1 Sin (2¢h _ QSR) | el | C——
—2 sin (3¢5, — 2¢r) const  [LO>  |L1>,  |L1>  |L1>

* sin(¢ph-¢R) single-amp fit:

0.5%0.2 + 1*0.1 + 0.25*0.2 = 25%

* sin(¢R) single-amp fit:

1*0.2 + 0.5*0.1 — 0.21*0.2 = 20%
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Conclusions and Outlook
) Single-amplitude fits can be biased by non-orthogonal modulations with nonzero amplitudes

* Multi-amplitude fit, implemented via unbinned maximum-likelihood method, agrees well with injected
amplitudes

» [ vector of single-amp fit results ] = [ <fg> matrix ] * [ vector of true amplitudes ]
» <fg> matrix is invertible, so it may be possible recover true amplitudes from single-amplitude fits
* These ‘recovered’ amplitudes can be cross-checked with results from multi-amplitude fit
) The two most important amplitudes we would like to publish are the least orthogonal (50% overlap)

« Sin(ph—9R), for constraining G~ (not yet constrained by any data!)

* Sin(¢R), for constraining e(x) (see Timothy’s talk)

* How to proceed toward publication of SIDIS dihadron BSA: 2 papers, or 1 paper?
) Up next:

* Multi-amplitude fit to the data, including the most relevant modulations

 Fits to the two partial waves (L=1 and L=2), which are fortunately orthogonal

* Could model acceptance (Fourier series) to obtain ‘analytic’ <fg> matrix
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