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1. Intro to T(ime reversal)-odd observables

What is a T(ime reversal)-odd observable?

Foundations [Rujula 1971]

> Unitarity of S-matrix: 1 = § &7
» Transition matrix 7: S =1 +iT with
<f|7A-|’> = (2m)*6*(Pr — Pi) M. ,_fﬁﬁ
» (gen.) Optical Theorem: Mg — j-‘f:iZ/\/l}fo,-
X

» Time-reversal-symmetry under reversal of momenta &
spin + i <> f: |[Mg[? = |[Mz|?
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1. Intro to T(ime reversal)-odd observables

What is a T(ime reversal)-odd observable?

Foundations [Rujula 1971]

> Unitarity of S-matrix: 1 = § &7
» Transition matrix 7: S =1 +iT with

<f|7A-|’> = (2m)*6*(Pr — Pi) M. ,_fﬁﬁ
» (gen.) Optical Theorem: My — j-‘f:iZM}fo,-

» Time-reversal-symmetry under reversal of momenta &
spin + i <> f: |[Mg[? = |[Mz|?

» square OptTh: |Mf,‘2 |M,f’2 —2iIm(M;rAg) — ‘Afi|2
> subtract | M#|? on both sides:

IMal> — |(Mz2 = M — |IMg]2 —2i Im(MirAg) — | As]?
J d v . / N——~

vV VvV Vv
T-odd effect vanishes by T-invariance ~M3 ~ M4

Fabian Wunder Perturbative T-odd asymmetries in DY revisited 4/33


https://inspirehep.net/literature/75403

1. Intro to T(ime reversal)-odd observables

Introduction

What are T(ime reversal)-odd observables?

» change sign under naive time reversal, i.e. reversal of mom. and
spin w.o. interchange of initial and final state

» can occur in theories invariant under true time reversal, e.g. a wide
range of QCD scattering phenomena
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1. Intro to T(ime reversal)-odd observables

Introduction

What are T(ime reversal)-odd observables?

» change sign under naive time reversal, i.e. reversal of mom. and
spin w.o. interchange of initial and final state

» can occur in theories invariant under true time reversal, e.g. a wide
range of QCD scattering phenomena

T-odd effect in Drell-Yan:

» T-odd effects appear as angular asymmetries in the angle between
lepton and hadron plane (~ sin ¢ and sin 2¢)

» have been studied in: [Hagiwara 1984], [Mirkes 1992], [Yokoya
2007], [Benic 2024].. ..

What did we do?

» Order a2 calc. of T-odd str. fcts. for charged and neutral current
DY in col. factorization + small-Qt expansion to NNLP in Q%/Q2

Fabian Wunder Perturbative T-odd asymmetries in DY revisited 5/33


https://inspirehep.net/literature/200034
https://inspirehep.net/literature/335604
https://inspirehep.net/literature/750807
https://inspirehep.net/literature/750807
https://inspirehep.net/literature/2755432

2. T-odd structure functions of the hadronic tensor

2. T-odd structure functions of the
hadronic tensor
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2. T-odd structure functions of the hadronic tensor

Drell-Yan process

Differential DY cross section

_ 2
do_pp—%ﬁX - Q [ oW

d*gdQ  2(27)%s2@*
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2. T-odd structure functions of the hadronic tensor

Parametrization of hadronic tensor

W = (XMXY 4+ YEY)Wr + i(XPYY — YEXY)Wr, + ZRZY W,
£ (YRYY = XEXY)Wap — (XFYY 4 YEXY)Wan,
— (XMZY 4 ZPXYWa — (YHZY + ZEYYWa,

+i(ZPXY = X ZY W + i(YRZY — ZEY ) W,

T-odd (and P-odd) helicity structure functions

» Tranverse-transverse interference (double-spin flip) W,
» Transverse-longitudinal int. (single-spin flip) Wa,, W5

Fabian Wunder Perturbative T-odd asymmetries in DY revisited 8/33



2. T-odd structure functions of the hadronic tensor

Angular Distributions

N _ gigam 3

dQ "~z sn(2Wr + W)

x|gr Wr + g WL + ga Wa

+ gan Wan + g Wr,
+gv, Wy, + gv s

Collins-Soper frame

+ gAAp WAAP + gAp WAP )

where g; = gi(0, ¢) denote the angular coefficients

g = 1+cos’h, g = 1—cos’f, g, = cost,
8 = sin?6 cos2¢, g, = sin20 cos ¢, 8y, = sinf cos ¢,
8an, = sin? 6 sin 2¢, &, = sin 20 sin ¢, g, = sinfsing,
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3. Analytical results for the partonic structure functions

3. Analytical results for the partonic
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3. Analytical results for the partonic structure functions

Collinear factorization

We employ a collinear factorization approach with p; = &;P;,
valid at Q ~ Qt > Aqcp.

1 1
W(x1, x2, p*) / / 21,22,p) fa/Hl( )fb/H2<X2)
X

hadronic structure fct

partonic structure fct

parton distributions

with
2
2 @1
p Q2 )

2 2
L, Q%24+ Qs
Xl,zzey\/—s ;

212 = — .
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3. Analytical results for the partonic structure functions

Partonic structure functions — Orthogonal basis

Use convenient orthogonal basis:

Pt = (p1+p2)ﬂa
Rt = (p1—p2)",

Pk Rk P.q R.-q
Kt = ki —P" g R = P AR
satisfying

AN

PP— _R2—3, K2:—“?t, P.R=P-K=R-K=0.
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3. Analytical results for the partonic structure functions

Projectors for T-odd structure functions

Construct projectors on T-odd structure functions:

WAAp

wa

1
— o (XEYY £ XYY wi

2122

PRK — PRK —

1
— (VM ZY Y 28w

2122

PRK — PRK —
4Q% p (1 + p2)3/2 {6“ (Przz +RYzly) + ¢ (P“Zu*R“ZE)] W

ipz1zo

i
—(XHZY = XVZMYwyy = ————~
2( ) W 2Q2 (1 + 02

(P"R" - P”R”) Wy -
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3. Analytical results for the partonic structure functions

Contributing channels (at 1-loop)

Partonic T-odd structure functions

Only loop diagrams with non-vanishing imaginary parts give
contributions.

Quark-quark contribution  Quark-gluon contribution

TC L A > Y7

pugpgyl
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3. Analytical results for the partonic structure functions

Imaginary parts of 1-loop integrals

Scalar bubble By, triangle Cy, and box Dy:

ImBo(Q?) = ImBo(3) = 7, ImBy(d) = ImBo(£) =0,

1 s ~
ImGo($,0) = g(, ~log %) , ImGo(8,0) = ImGo(£,0) =0,

1 Q2

™

€

R Q
ImGo(Q%,0) = — (f — log F) , ImGo(Q?,8) = — o7 s g5

(-2
:*|0€*2
€ Iz

Q2

2
ImGy(Q?,0) = Q;i 5 (i — log %) , ImGo(Q%, 1) = ﬁ

€

! iog & g (€= D@ =),

at
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3. Analytical results for the partonic structure functions

Analytical results in terms of z; 5 and p?

Variables:
XA @O, @O
Z12> z; 22
it _ . (@-a)(@-d) .,
Qzé\ - p 9 Q2§ - p .

2 2
~qq __ &q31 1 zi + 2 2 :
Yare T T4z Vit 2 [CA > T G (21 Fi(z2) + 23 F1(21)>} ]
2 2
~qq _ _ 8qg1l 1 A% . (2F 2
R 2212 pm{ A 5 A 1(21 2(22) z5 2(21)) ,
2 2 2
~9q _gqﬁ;Zl R zf — z5 . F F
v = 712> p|:(CA 14 p2 CF) 2 + 1(21 2(2) — 2 2(21)) o

where C; = Cr — N./2 = —1/(2N,).
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3. Analytical results for the partonic structure functions

Analytical results

For gg-channel (w#(zi, 2, %)

~ qg _ 8qgi1 1-2

1 &Z 1 + 22122
Yan, = 2 zzm J14p2|2 ! 1+ p?
1—p?\ z #

+ Gz ((Fl(zl) — 22)52 + 2 log 1ip2ﬂ ;

1
~qg _gqg;ll_z2 1 & 1 _9
W, > 7z P 1_|_102[221( +2 2)
2
aF C122(1_22_1+p2+21(1 )|Og1+p >:|
- 1—221 21(1—22) 1—21
€ _ 5 -
4 o p{Cle( 142 + 22
+ C 212*222+z(1 2)lo P (1 - 2)Fa(z1)
2| — — —(1-— .
122 1+ 2 1 2 g1+p2 2)r2(Z21
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4. Small-Qt expansion of collinear results

4. Small-Qr expansion of collinear results
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4. Small-Qy expansion of collinear results

Leading power expansion

Plug partonic results in collinear factorization formula:

1
X2
W(x, %, p dz, | dnf, f ( )
= 5 [ [ (2) o

X 5 ((1 - Z]_)(]. - 22) - 1 i p2Z]_Z2) W b(217227p2) .

N J/

~~
from 2 particle phase space

Delta function expansion

2azp*\ _(1-2) 1-2)
5((1 —n)1-2)- 1 +p2) C(1-2z), i (1—-2)4

—5(1 — 21)5(1 — 22) IOg p2 + O(pz)
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4. Small-Qy expansion of collinear results

@1 dependence of phase space

$=100 TeV?, Q=100 GeV, y=2

Wl Delta function expansion

(- -=)- 222)

_ 01— 2z1) 61— 2z)
1-—z1)r (1-2)+
— 6(1— 2)3(1 - 22) log p? + O(p?)

Al Q7 dependent lower boundary
2(1 2
X102 = ety M
\/ s
2
sz — ety g
’ V s

x12 =X}, + O(p)
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4. Small-Qy expansion of collinear results

Expansion beyond leading power

_, _, _2122p2 _ (1 — z) 6(1l—2z)

6(“ (L= =) 1+p) 1=, Q-2

s 6(1)(1—22) 1)(1—22) 5 (1—=2) 5(1)(1—21)

i [(1_21)3,1 C-a):  (-z2, @0-=):
(1 — z) (1 — z) 0(1—2z) 6(1—2z1)

(1 — Zl)+ o (1 — zl)i,l + (1 — 22)+ - (1 — 22)1'1 + 5(1 — 21)(5(1 — 22)

+ log p? (_5(1)(1 —21)6W(1 = 2) + W1 - 2)6(1 — )

—log p? 6(1 — z1)5(1 — 2z2)

+6(1 — 21)6W (1 — 2) — 6(1 — z1)8(1 — Zz)) } + O(p* log p?) .

Generalized plus distributions

i log! (1 — 2) [t logl(1—2) 2) - T"f(z
[ oo [u—z)m]ﬁk (o) = [ 0 228215~ 7reca,

where T;"f(z) means the mth order Taylor polynomial of f about z =1,

=3 -y 2

= I oz
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4. Small-Qy expansion of collinear results

Expansion of lower boundary

» after expansion of delta functions we receive convolutions
of the form /(x) = fxl < w(z)q(%)

» we can expand the convolution about xg = x(p? = 0)
using

109 =3 U [ 92 (Een - a) (2) ().

n=0 0

» here derivatives of plus distributions are calculated as

£ oo,
— {bgl_l(;z)} — 5/0§ 1 (5(k)(1 - 2).

(T—2)"2 |, &=kl
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4. Small-Qy expansion of collinear results

Hadronic results

qq contribution, leading power:

LP;qg 8q3;1 3 _
Wang (.03, logp?) = 555 Ca (.ngz - *) a1(x) a2(:9)
X1 Xy 2

- fxgxlg 2% [010) (Pag @ @2) () + (Pag @ a1) () 32(9) |

- fx"{‘,’é Glatd) (fea)ed)+ (Aoa)ed)atd)],

LP;qq LP:qg
Wg qq(xlo,xg,logp2) 243 WAP qq(xf,xg)

= _pgzgig % [ql(xf) (lsqq ® C‘Iz)(xg) - (Isqq ® q1>(xf) E/z(xg)]

_ fi’?ﬁg G [a0d) (R 2 a)(d) - (foa)ed)aid).

Relation at leading power

Ws" =28 W,"  with a constant 3 = el
8EW; 2
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4. Small-Qt expansion of collinear results

Small-Qr expansion of Wan,

—_—
4x107 |- :
WP
----- - WP 2P
——— WAPL R WNLP y pf YWANLP
2x107 |- .
a
&g
0
—2x107 - .
s s s s s s s s

10 20 30 40 50 60 70 80
Qr (GeV)
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5. Comparison to ATLAS data




5. Comparison to ATLAS data

T-odd angular coefficients As g 7 at various Qr

as functions of lepton pair rapidity y at @ ~ Mz,
Vs =8TeV:

fely) ~ ot M)~ i A~
~N ———— ~N — P 7 A4 VA
s\Y) ™~ swrrw; 6\Y) ™~ swrrw, 2Wr+W,
0.00: 0.003 0.003
0.002 0.002 0.002
0.001 0.001 0.001
£ 0000 £ 0000 £ 0000 %
~0.001 —0.001 ~0.001
—0002 B =
i = Snan
= ooy o
~0.003 ~0.003
—20-15-1.0-05 0.0 05 1.0 1.5 2.0 -

20-1.5-1.0-0.5 0.0 05 1.0 1.5 20
Y Y Y

» As roughly constant in y
» Ag and A; growing linearly with y
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5. Comparison to ATLAS data

Transeverse momentum dependence of As 7

Relative importance of qg vs. qg at Q ~ My:

000 1<lyl<2 ) 1<lyl<2
000251 - 0.0025] — o
0.0020 0000f
0.0015 0.0015
< 0.0010 < 00010
0.0005 0.0005
0.0000 0.00001
—0.0005 —0.0005
0. - v ~0.001¢ - —
10 107 10 100
Qr (GeV) Qr (GeV)
0.00: 1<yl<2?
0.00251 == “
00020{ "
0.0015
< 0.0010
0.0005 e
0. e
0.0005
—0.001 - >
10 10
Qr (Gev)

» dominant contribution from gg channel
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5. Comparison to ATLAS data

Transverse momentum dependence of Asg 7

QR dependence of the @t spectrum around @ ~ Mz:

<lyl<2
0.0047— 1<yl

_ 5
0.00 L<lyl<2
= — o,
iy
00031 -1 0,003 — a-m
0.002: _ 0 002
= <
0.001 0.001 A
0.000 0.000
—0.001 7 —0.001 7
10! 10° 10! 10
Qr (GeV) Qr (GeV)
lT<lyl<2
0.005 ]
— o
0.0041 = &1
0.003
< 0.002
0.001 /\
[0
—0.001

10" 10°
Qr (GeV)

» moderate Q dependence of As and Ag

» large Q dependence for A;, sign change between
@ = 80GeV and 100 GeV
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5. Comparison to ATLAS data

Comparison of As with ATLAS data [ATLAS 2016]

Rapidity dependence of the Q1 spectrum at Q ~ M;:

| <35
0.02
).01 T
. —: ‘A L «r‘_\
).01
.03 T 1 Y o .
Qr (GeV) Qr (GeV)
small y large y
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5. Comparison to ATLAS data

Comparison of Ag with ATLAS data [ATLAS 2016]

Rapidity dependence of the Qt spectrum at @ ~ Mz: (no
data available for larger y yet)

1<|y[<2

0.02

10 10%
Qr (GeV)

small y

Fabian Wunder Perturbative T-odd asymmetries in DY revisited 30/33


https://inspirehep.net/literature/1466778

5. Comparison to ATLAS data

Comparison of A; with ATLAS data [ATLAS 2016]

Rapidity dependence of the Q1 spectrum at Q ~ M;:

+

< 2
0.02 L<ll<2
0.015

2< |yl <35
O . B
iz A 32 * .
& et s 0.02{ # - E
0.010
0.01
0.005
+ 4

] T+—|L — < 000
—0.005 T I" |
. ~001
—0.010 ——
—0.015 I —0.02
—0.02 ) ]
102 102
Qr (GeV)
small y

large y

Fabian Wunder

Perturbative T-odd asymmetries in DY revisited 31/33


https://inspirehep.net/literature/1466778

6. Conclusion and Outlook




6. Conclusion and Outlook

Conclusion

>

>

performed study of perturbative T-odd effects in charged
& neutral current DY at order a2

T-odd effects induced by imaginary parts of loop integrals
from hard matrix elements

@t expansion for matching to small-Qr TMD
factorization

NLP (i.e. ~ Q2/Q@?) contribution numerically significant
for intermediate Qt

data available only for Z-boson near Q@ = M, agreement
regarding non-vanishing of T-odd effects, beyond that

visually bad agreement between data and theory
prediction

Fabian Wunder Perturbative T-odd asymmetries in DY revisited

33/33



	Intro to T(ime reversal)-odd observables
	T-odd structure functions of the hadronic tensor
	Analytical results for the partonic structure functions
	Small-QT expansion of collinear results
	Comparison to ATLAS data
	Conclusion and Outlook

