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/1 Production in Deeply Inelastic Scattering at HERA

The Leptonic Tensor

Cross Section

@ Process: ep > h+ X

do = Ly 2 H* Ao/ ddy

1 1
4P-k NcNs

@ L,.: Leptonic tensor, H*": Hadronic tensor

0Q2:

r A3k
e = (2Tr)32k’
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The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Inclusive DIS Analysis

WMV(P7 q) = f H#V(P7 qa, h7p17 cee 7gn)d¢H — ,
oAV
(—g" — T ) Fi(x, @)+ gz (g + Fg PP)(a” + B PY) 3 Fa(x, Q)

Ly =8mQ%[(—gu — ququ) X 2k—q)6(22k—q)u]

L, =

L,uu W+ — 167TQ2[F1(X7 Q2) + 1):7%/,:2()(7 Qz)] J
. 2
8ra Q2L (— g, — L)+ 080" L (q,+- & p) (g0 + £ py) ]J




The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Semiinclusive DIS (SIDIS)

@ When the final state h is observed

WY (P, q,h) = [ H*(P,q,h,p1,...,pn)d®x J

@ |t depends on P, g and h

W#VN _gl“j_ q"(‘?g”’ PH’ quv hﬂ’ PV’ qu h” J

@ The current conservation

W, =g, =0 )

@ We need to build current-conserving vectors and tensors



The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Independent Vectors and Tensors

q.eL:q.E]_:EL-E]_:O’e%:]_’ 6%:—1 J

@ ~*P rest frame

Lepton Planc
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The Leptonic Tensor

Hadronic Tensor in SIDIS

W™ ~ e, elel, eled, eiel +€lel )

W™ = Weet” + Wiel'el + Wit (elef + efel) + Wrel'e) J

L, W = 8raQ*{2W, + 4(1‘” W, + 4(2y;y%/—1 —yeosy* Wit +
1+ 250 4 20 y>cos(21/)*)] Wyl
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The Leptonic Tensor

Hadronic Tensor in SIDIS

W™ ~ e, elel, eled, eiel +€lel )

W™ = Weet” + Wiel'el + Wit (elef + efel) + Wrel'e) J

LW = 8raQ2{2W, + 20w + 220 T=yeosy* Wy +
[1+ 2220 4 2 cos(24)| W}

_ 212=2y+y? 9uqvy 4 6-6y+y> 1
L;w = 8ra [#(_gm/ - 62 )+ ;/2 . @(qu +

2 2
pQ_.qPM)(qu + P&.qu/)]?
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The Leptonic Tensor

Hadronic Tensor in SIDIS

W™ ~ e, elel, eled, eiel +€lel )

W™ = Weet” + Wiel'el + Wit (elef + efel) + Wrel'e) J

LW = 8raQ2{2W, + 20w + 220 T=yeosy* Wy +
[1+ 2220 4 2 cos(24)| W}

_ 212=2y+y? 9uqvy 4 6-6y+y> 1
L;w = 8ra [#(_gm/ - 62 )+ ;/2 . @(qu +

2 2
pQ_.qPM)(qu + P&.qu/)]?

@ Azimuthal dependent terms missing
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The Leptonic Tensor

Leptonic Tensor in SIDIS

= 8 Q?[Are!” + Agell €] + As(el'el + €l'e)) + Agelel] J

A =1 + 2(1}/—}’) _ 2(1}/—}’) COS(2¢*)

Ay = 1+ 6(1 Y) 2(1y y)COS(2¢ )

Az = \/ — ycos(¢*)
Ay = cos(2 *)

@ Integrating over ¥*, one reproduces the reduced leptonic
tensor
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The Leptonic Tensor

Leptonic Tensor in SIDIS

= 8 Q?[Are!” + Agell €] + As(el'el + €l'e)) + Agelel] J

A =1 + 2(1}/—)’) _ 2(1}/—}’) COS(2¢*)

Ay = 1+ 6(1 Y) 2(1y y)COS(2¢ )

Az = \/ — ycos(¢*)
Ay = Cos(2 *)

@ Integrating over ¥*, one reproduces the reduced leptonic
tensor

@ Only when W; are independent of ¢*



The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Cross Section Structure

@ Define w;

wg = € WY

wp = epper, WY

wir = (ep€rn + erpery) WE
WT = €1u€1v W,'sw

@ Cross section

do = m S AiwidQ%dydpr2dzdy*, i=g, L, LT, T J
A = A;(y,¢*), Wi = Wi(Q27y7Z7P:) J
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The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Laboratory Frame

pi = pi? +22Q%(1 — y) — 22Qpiv/T— ycos(¥) )

@ When p; is specified, p; and ¢* are constrained in a curved
surface

@ Replace dp?2 by dp%, multiplying the Jacobian

‘ 2 ‘ = 2 £ )
VP2—(1-y)z2 Qsin?y*
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The Leptonic Tensor

Laboratory Frame

pi = pi? +22Q%(1 — y) — 22Qpiv/T— ycos(¥) )

@ When p; is specified, p; and ¢* are constrained in a curved
surface

@ Replace dp?2 by dp%, multiplying the Jacobian

_ Pt
‘ 2 ‘ \/pf—(l—y)z2Q2sin2zp*

@ Dependent on y*
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The Leptonic Tensor

Laboratory Frame

pi = pi? +22Q%(1 — y) — 22Qpiv/T— ycos(¥) )

@ When p; is specified, p; and ¢* are constrained in a curved
surface

@ Replace dp?2 by dp%, multiplying the Jacobian

_ Pt
‘ 2 ‘ \/pf—(l—y)z2Q2sin2zp*

@ Dependent on y*

@ The cosine terms in A; do not vanish after integration over 9*
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The J/4 Production in Deeply Inelastic Scattering at HERA
The Leptonic Tensor

Laboratory Frame

pi = pi? +22Q%(1 — y) — 22Qpiv/T— ycos(¥) )

@ When p; is specified, p; and ¢* are constrained in a curved
surface

@ Replace dp?2 by dp%, multiplying the Jacobian

_ Pt
‘ 2 ‘ \/pf—(l—y)z2Q2sin2zp*

@ Dependent on y*
@ The cosine terms in A; do not vanish after integration over 9*

@ The conventional leptonic tensor is WRONG
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The Leptonic Tensor
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Parameterization

@ Momenta in v*p rest frame

pHt = (XE;, 0, 0, —xE*) g" =(q3, 0, O, E*)
W2 *2 W2 *2

= ;vr\r/'t , pi, 0, =y /Z)

ki = (Ef, kfcosy*, kisiny*, k)

_ wWt@? _ wl—@? _ /2 _
E; = 2WQ'q6_ 2WQ'm§— *+M2X_W2j—Q2
_ 5-@? = 124 W _Q AV
E/f— 2W'kl*_2W(Q W2+Q2 S), kt*_ -y

@ Observables in the laboratory frame

P; =P+ 2°(L —y)Q® — 22y/1 — y Qpeosy*
$242%(1—y) @ —22,/1—y Qp; cosy*
Yo = %111["’ +2%( y)§y2z2ZE,2 y Qpf cosy ]
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J/1) Production in DIS—Numerical Results

Leptonic Tensor

L = 8%@2[(—guy _ quq,,)_i_ (2k— Q)QQk q)v 2] = 81 Q2 ™

p* p¢+p¢p

= G(—g")+ Gp'p" + G + Gapypl,

Ci=Ag G =2F(A —28A7 + A7)
BAT), G = #AT

A =1+ 2021 — 200 o5(2y)

Ay = 1 —|— 6(1_)/) 2(1}/ y) cos(2¢%)
Az = \/ — ycos(¢*)
Ay = Cos(2 *)
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Phase Space

@ Phase space for the scattered lepton and the final-state
hadrons

do’ = (2d;3k2/k’ = 327r35 Q2dW2d¢*

d3
A®n = (2n)*3*(P+q = py = ) s 0
*2dz

= o255 0(P0 + do — Pyo — PaO)dP
fa/p(X, wf)dxddy = 87r(W2+Q2)z(1 7) fa/p(X W)dpt2dz

@ Final results
fa/p(X, pif)dxd® =

(47r)45(W2—1|-QQ)z(1 7y fasp (%, 11 )d@2AW2d pidzdy*
= Gz /e (X ie)dxgdydpi2dzdy*
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

DIS at LO!

@ CS: below data
@ NRQCD: good agreement

3 3 3
4] o [}
o o >
g o g 2
S 001 2. ° o4
= 02 <z coapi o : S oul 03<r<onpisoacer ! 3
2 12 <Q? <100 o 1 2 Cor N e 2 - .
N 50<;uzmv e N 12 <Q? < 100 GeV' B 00LF bz 1 Gev.p > 64 GeV
S 0001 T ooon| 50w <225Gev ° 50 <W < 225GeV
T 2 5 10 £ FERT) EY ET
220 Gev?
p2IGev?] Q?[GeV?]
1.000 pi? > 1GeV, 64 GeV
— 0500 12 <Q7 < 100 GeV
% — 50 <W < 225 Ge\
o )
< oo =2
2 oos =
B 2
20w o 3 P
5 0005} pi - 64 Gev. pi? 1 Gev - e os * Hidate
12 <Q? <100 GeV N W Cs+ CO 7 > 64 GeVpi? > 1 GeV
- CS + CO 01 P P 1 . CS 4 CO
100 50 20 26 28 3 32 030 050 070
W[GeV] y* z

'Zhan Sun and HFZ, arxiv:1702.02097
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method

@ Definitions of soft and collinear regions

s=2p-q, Eg<§65, pi - pj < 50c J

@ Initial-final state collinear

da/1_I+CBﬁ»3+4+5 +2’ﬁ»3+4(55)[a5 r(1—e) (4w2 )]

= fp(y)dydog 27 T1—20) s
X(—1)62 < Parp (&, €)dg(1 — €)°6(y€ — x)dx

@ Final state gg collinear (hard)

2l
Es = (1 — §)Ess, E45=%, §5s<Es<E45,
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J/1) Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method

@ Definitions of soft and collinear regions

s=2p-q, Eg<§65, pi - pj < 50c J

@ Initial-final state collinear

da/1_I+CBﬁ»3+4+5 +2’ﬁ»3+4(55)[a5 r(1—e) (4w2 )]

= fp(y)dydog 27 T1—20) s
X(—1)62 < Parp (&, €)dg(1 — €)°6(y€ — x)dx

@ Final state gg collinear (hard)

2 2 \/s—Q2
E5:(1—§)E45, E45:sz_057:£/;, %55<E5<E45, 55_0527_3/,255<§<1
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method

@ Definitions of soft and collinear regions

s=2p-q, Eg<§65y Pi‘Pj<%5c J
@ Initial-final state collinear
rl—e mu? €
dofi B35 = p(y)dydad ¥ 23 (es) 22 FUED (420 )]
X(=1)8cPyrp(&, €)dé(1 — £)°6(y€ — x)dx

@ Final state gg collinear (hard)

2 2
Es = (1 — &)Ess, E45:52_057:£Z, V55, < E5 < Egs, VSQ Ss<E<1 J

@ Final state gg collinear (hard)

—02
N g ce<1- T J
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The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Two Cutoff Phase Space Slicing Method (Initial-final
State Collinear)

Es =(1-¢)E, 5222@ J
@ ps: light quark

0<E<E x<ékl |
@ ps: gluon

VoS < Es < By, x<&<1—4/=L6, J

18 /34



The J/4 Production in Deeply Inelastic Scattering at HERA
J/1) Production in DIS—Numerical Results

Color-singlet at NLO

@ QCD corrections are minor, cannot describe data

10
— ; + oae — o waae |
& e T g
3 ' — o 3 1 : AR - T
< S o
= 0.1 = o
= =
& o o1 2 o1
& 001f  03<z<09pT1GeV [ o 03 <2 <03pi>eacert o4 03<2<09,
d 12 <Q? <100 GeV T ooy 12 <Q7 <100 GeV! = ?>1GeV,pi>64GeV
= I 50<W < 225GeV T oooip Pf Sev. piBace
S 50w <225Gev 5 ) S0<W < 225Gev
© 000y T 0001 © “ °
15 2 0 T I 2 5 10 £ 2 EY ERT
2 Gev? 221 Gev?
P 2[GeV?] P 2[GeV?] Q?[GeV?]
1000 00|
o i i [ i - mom
2 i 1 3
[ 5 Mz
5 = = =
2 om0 > C)
5 07 > 64 GoV, pi? > 1 GeV . 1 daa 3 O e ; o N
12< Q% <1 eV T pi > 64 GeV, p/? > 1 GeV . ata ., )
3 oo} 2T e -0 S 12< 07 <100 GoV _ 3 s ol > 64 GV pi? > 1 GoV
S o0 — o O1F sow <225 cev o 12< Q7 <100 Gev
3 s0<w <225 Gov
1
00 B0 20 26 28 3 32 030 050 070
W[GeV] y* z



The J /) Production in Deeply Inelastic Scattering at HERA
Comparison between J/ Leptoproduction and Hadroproduction

Comparison between DIS and hadroproduction

@ Left: J/1 production in deeply inelastic scattering (DIS) at LO
@ Right: J/1) hadroproduction at NLO

@ Difference between J/1) production in DIS at NLO and J/¢
hadroproduction at NNLO

@ Difference A: pt_4 behaviour emerges in hadroproduction
@ Difference B: Gluons a and b can exchange gluons with ¢ (€) or other
gluons

20/ 34



The J/4 Production in Deeply Inelastic Scattering at HERA
Comparison between J/ Leptoproduction and Hadroproduction

Analysis in the Differences

4 pf4 terms are

BR(Y'—>u" ™) do/dpy (nb/GeV)

101!

107R

1074

1079

10-6

negligible (d

d line)

ashe

O CDF Preliminary

N\
N
N |
[ > ]
E N -
[ ~ 3
~

£ . 3
E ~ E
L ™~ - ]

T S A S E I AR
0 5 10 15

pr (GeV)

@ cc fragmentation dominates NLP, contributions from a (b) exchanging
gluons with ¢ (&) are suppressed
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The J/4 Production in Deeply Inelastic Scattering at HERA
Comparison between J/ Leptoproduction and Hadroproduction

K-factor at High p;

@ K-factor ranges from 3 to 12

@ Such K-factor cannot describe J/4 hadroproduction data

14+

12

10t

ONLO
JLo

N B OO

Ep =980 GeV Ee =20 GeV
Ep =980 GeV E. =50 GeV
Ep =3500 GeV Ee =20 GeV
Ep =3500 GeV Ee =50 GeV

TR S

| y| < 06 for E, =980 GeV,
| y| < 10 for E, = 3500 GeV

15 20
p: (GeV)

25

w
o
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The J /) Production in Deeply Inelastic Scattering at HERA

Conclusion

Conclusion

@ Measuring p: or rapidity in laboratory frame, structure functions, F1, F
and F3 are not sufficient to describe the cross sections.

@ QCD corrections to CS J/4 production in DIS in low p; region is minor.

@ CS J/ hadroproduction at QCD NNLO cannot describe the Tevatron
and LHC data unless Difference B provides large contributions.
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Conclusion

Thanks!
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Backup



The J/4 Production in Deeply Inelastic Scattering at HERA
Backup

DIS at LO (p? Distributions)

< <
8 (]
o o
= —~
2 a
o =
& -
g S 001 e e
T o0 03 < z<09,p;?>1GeV? S 03 < 2<09,p;?>1GeV
< < 12 <Q? < 100 GeV?
S 2 <Q* <100 GeV S peoteiooy G
T 0001} 50<W < 225GeV < 0001 e gl
1 2 5 10 20 50 10 15 20 30 50 70
2 2 2 2
Pt [GeV7] p 2[GeV?]
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Backup

DIS at LO (p;? Distributions I)

?[pb/Gev?]

do/dp

2[pb/Gev?]

do/dp

* Hildate
< 10 cs
P = Cs+ cO
% pasen
g 1
S T
r= Y S S Uy
o~ o1
v
=3 2
2<Q? <100 GeV [ O 001F 03<z<09,p?>64GeV?
001 50 <W <225 Gev N 12 <Q? <100 GVt |
T 0.001 50 <W <225 GeV
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2 2 «2 2
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1 o
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%o 1
02<2<09,-16 <y <13 Tttt _g— 01F 03<z<09 b El
001F 2<Q7 <80 GeV [ BN 2<Q? <100 GeV b
50 <W <250 GeV _g 0.01 50 <W <225 GeV k|
1 2 5 10 20 50 1 2 5 10 20
*2 2 *2 2
peoIGev] p?[Gev?]
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Backup

DIS at LO (p;? Distributions 1)

2[pb/ Gev?]

do/dp

2[pb/ Gev?]

do/dp

0.1

o
S
3
2
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Backup

DIS at LO (Q? Distributions)
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Backup

LO (W Distributions)
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Backup

DIS at LO (y, Distributions)

do/dy[pb]
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Backup

DIS at LO
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Backup

DIS at LO (z Distributions I)
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Backup

DIS at LO (z Distributions II)
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