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Introduction

e Physics of W-boson:

Cross-sections — pQCD prediction, parton distribution functions

Distributions (leptonic decay)— mass, width, polarization

Associated Jets — QCD showering, MonteCarlo modeling
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Theory calculations on the cross-sections

np — W-

X

NNLO available only for
the inclusive cross-section

Anastasiou,Dixon,Melnikov,Petriello (‘03)

w< VW AN
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—— AN AN
0o0g, L0004
—00., 000, —-
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theory uncertainty :
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Theory calculations on the cross-sections

NLO calc. for W + multi-jets processes
(W+3jets, 4jets, 5jets,,,)

e NLO for W+1jet, 2jets known for long time.
Arnold,Reno ('90), Campbell,Ellis (‘02)

e Around ~2009, several groups finished W+3jets.
Ellis,Melnikov,Zanderighi(09), BlackHat collab.,,,

e BlackHat + SHERPA collaboration

W e
further completed W+4jets (‘10) and W+5jets (’13)q

& PN\< y
: /
o ] 9
> o90000.9
-
©

Breakthrough in new methods 00000, 9
= QOQUQAO. g

to evaluate loop amplitudes (BCF,OPP,,,) gk__@_Q_E_Q_Q_Q_;_Q_Q_Q_Q_Q_J g
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Lepton Angular Distributions

e Information of the polarization of W-boson
— details of production mechanism

e Distributions can be expressed by using 9 structure functions.

d40' 2 2 A
—~ = F4(1+4 cos<éd F>(1 —3cosé P-even
dgad cos 0 cos fdg 1(1+cos™0) + Fol ) | P-eve
=+ F3sin29cos¢-|-F4sin20c052¢ ’ p
+ F5cosf 4 Fgsinfcoso )
+ [F7sin@sin¢ + Fgsin20sin ¢ } cosf: scattering angle
: : 0, ¢. lepton angles
: + F sin2gsin 2
P:¢—-0¢ ? ¢ in_ W-rest frame |

P-odd
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Density Matrix Formula

I g —
& o000 > q My Ax=4+.,0-—

. . H Mw v __
Amplitude: M o P p D =)

Squared: [M[? oc Y (e} - P)(ey - P [(D- ex)(D - ex)]
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N Py y(cos, g7) - Dy \(cosb, b)
AN
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Density Matrix Formula

& W-boson’s decay density matrix (lepton DM)

can be explicitly evaluated by using the LO amplitude.
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Density Matrix Formula

¢ W-boson’s Production DM

A WORE
AYAVAVAY ]
P)\)\l — (63 y P)(Gi/ ’ 7‘))*
V000 ——— 0000 +——

e Structure functions :
. 1

Fy= (P++ + Poo + P__) . Fs =V2Re (P+O + P_O) :
Fo = %P007 7 =iv2Im (P+o — P—O) 7
F3 =\/L§Re (P—|—O_P—O> , Fg =\/L§Im (P+O+P—O>7
Fp=Re(Py_), Fg=ilm (P4 _)

7,8,9 < Imaginary part

e Convolute with parton distribution functions

) ~ab—W ™ j
Fi(q%,COS 9) — Z/dyfa/p(x—knu%)fb/ﬁ(w—a/"“%)an — J
a,b



Lepton Angular Distribution b

d* P-even : F,.
p — Fi(1 4 cos? ) + Fp(1 — 3cos6?) 176
dq7d €OS 6d COS bde LO : Chaichian et.al.(‘82)

F35in 20 cos ¢ + F4 sin” 6 cos 2¢ NLO: Mirkes("92)

F5cosf + Fgsin6cos ¢ P-odd : F7~9

LO (one-loop) :
Hagiwara,Hikasa,Kai(‘84)

Fgsin?6sin 2¢ NLO: not yet

F7sinfsin ¢ 4 Fgsin260sin ¢

+ + + +

P:¢o—-0¢
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Measurement of Angular Distributions

16

ATLAS EPJC72,2001(2012)

At the LHC, only polar angular distribution has been measured, so far.
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Measurement of azimuthal angular distribution

ARATMEENBER)IL.
P-even T I DHBHTEINTLYS
(CDFZEER),

e Some of P-even distributions have
been measured by CDF collaboration.
— agree with pQCD (NLO) calc.
within errors.

e However, P-odd distributions have
not been measured at all.
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Our work : revisit the P-odd effects and demonstrate
the method to measure the P-odd distributions for the LHC.
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Parity-odd and naive-T-odd observables
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Parity-odd asymmetry

General arguments of parity-odd asymmetry
e Parity transformation: (p,s) — (—p, s)
e Parity-odd observables :

¢ with spin : (pp-8) — —(Py - 3)

o without spin: (Pp X § - Pp) — —(Dp X 7 Dy)

(need a source of parity-violation, e.g. weak int.)

(we don’t consider the other type of parity-violating
phenomena, such as charge asymmetry,,,)

19
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i Parity-odd asymmetry

T.D. Lee and C.N. Yang; C.S. Wu

e B-decay of polarized nucleus : C0%° — Ni®°0 + e~ 4+ 1
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i Parity-odd and Naive-T ( T )-odd

e P-odd observables without spins are interesting,

because these are naive-T (T)-odd at the same time.

%’-transformation: (p,s5) — (—p, —5)

unitary) Ti5,5)) = [i(~7, -5))

T-transformation: (p,5) — (—p, —5)

ant-unitany) i 5) = ((~5, )
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Unitarity and T-odd quantity

sst =1

e Unitarity of S-matrix Spi = b5+ i(2m) 484 (P — P)Ty,

Ty — Ty = iAy; where Ap; =Y, T;;me(zw)“a“(Pn — P)

absorptive part

gives  |Tyi|> = Tyy|? = 2Im(TypAg) + |Apil?

~ |2
e T-odd quantity ) subtract [T

T2 — |Tﬁ;‘|2 = (|T;4|? f;;|2) —2Im(T7;Ap;) — A g2
J

T
Time-reversal violation

— emerges from the absorptive parts of the scattering amplitude



~ 23
Unitarity and T-odd quantity

In perturbation theory, the absorptive part of scattering amplitudes
can be calculated by the imaginary part of the amplitudes.

\. J

Cutkosky rule

Therefore, measurement of naive-T-odd quantities can test the
perturbative predictions for the absorptive part of scattering
amplitudes; i.e. the scattering phase or the strong phase.
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T-odd asymmetry in hard processes

e T-odd asymmetries in hard processes have been calculated
in the e*e'—3jets, Semi-Inclusive DIS, DY and top decay processes.

Semi-Inclusive DIS Hagiwara,Hikasa,Kai ('83)

Top-quark decay \\\ l N??:/ ete — 3-jets

Hagiwara,Mawatari,HY (07) Korner,Kramer,Shcierholz, Fabricius,
Schmitt (‘80)

Brandenburg,Dixon,Shadmi (96)

Hagiwara,Hikasa HY('06)
Drell-Yan  (z.et) Hagiwara,Kuruma,Yamada ('92)
(SLSA)  HY(‘06)

‘ \\ (W-jet) Hagiwara,Hikasa,Kai(’84),

e Absorptive parts of these processes are related
with each other by crossing and analyticity Korner,Malic,Merebashvili ("00)

e So far, no experimental measurements for these processes



T-odd asymmetry in hadron physics 2>

(P-even, pure QCD effect)

e Large ?—odd asymmetries have been

observed in hadron spin physics % | M | ‘ o
- 01 1
S %
1. A-polarization ~ (ﬁp X DA - §/\> - 02f p,>1GeVic
in p+ N - AT+ X 0ale miren
B pp; ESeb2 GeY
. " o A pFBipMO0Geve Yy
2. Ayinp+p -7+ X 0o 02 04 06 08 1
'HF
T _ 44
o o
AN = —=—— ~ (Pp X Sp- Pr)
ol +ot FNAL-E704:
L o7 Ho—
e STSA needs chirality-flip amplitude, NEEE: %
in addition to the complex phase o ; O
\; 0 » ————————— F:.:LI—LH ——————————————————————————
e Non-perturbative QCD effects inside nucleon Teop s
20
1. Transverse-momentum-dependent PDF wf ”{H%H

2. Higher-tWiSt EffeCtS 4000 02 03 04 05 06 07 08 09 1

X



Strong phase in direct CP violation 26

e Direct CP violation in the meson decay

A(B — f) = |Dy1le!1191) | py|eilf2te2)

_ — (—0 (—0
A(B — f) = |D1q 61( 1+01) + |D2|€Z( 2+¢2) 0; : weak phases

¢; . strong phases

A2 — |A]? o« sin(f1 — 02) sin(¢p1 — ¢2)

B e

Tree diagram Penguin diagram

d
* H/é 7T
1% ‘
,_!_, -} - il
BU E-”,r, -
- 76
il o




Lepton Angular Distribution 27

d*o 5 5 P-even : F,.,
5 _ = F1(1+4cos“0)+ F»(1—3cosh) o
dg7.d Cos fd cos fde LO : Chaichian et.al.(‘82)
+ F3sin20cosé + Fysin? 0 cos 24 NLO: Mirkes("32)
+ F5cosf+ Fgsinfcosg P-odd : F,.q
, _ , _ LO (one-loop) :

T IF7sinfsing + Fgsin20sing Hagiwara,Hikasa,Kai(‘84)

P: ¢p—-0 + Fgsin®sin2¢ NLO: not yet

o MENEERAEIL. WRYUDRIBOIEREZ RIELTLVS,
e I AIKEFEHEIX. FEBMEMNSET S,
e AEEN T HEFIENDHNERD — BTEIEIIF,DH TRES,

e P-odd 754 f (. loop-level T. absorptive parthis£L 5,
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One-loop calculation

Hagiwara,Hikasa,Kai('84)

e Absorptive part for the W-jet production in one-loop level :

1. Annihilation subprocess : ¢ — Wy
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One-loop calculation

Origin of the imaginary part in the loop (Feynman) integrals;

1
> P 7 o( A\
A i Patimia)

{ log (z—i€) = —in 0(—x) 1
Lis(z —ie) = imIn(z)0(x — 1)
in the integrand
Methods of calculation;
1. Analytic calculation by standard Feynman parameter integrals

2. Express by loop scalar functions and use the fortran code “FF”
Passarino,Veltman ('79), Oldenborgh ('91)

e |R divergences are regulated by using gluon mass scheme or DR.

e Check of the results by the gauge invariance
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Parity-odd asymmetries

Ai(g3,cos8) =F; / Fy for i =7,8,9

A, A, A,
0.15 ; ‘ 0.1 . . 0.04 . .
Tevatron Ny | | — |qT=10 GeV
TR
0.1 : e
pp, \/§ = 1.96 TeV 0.05 Q"-.\,, -{ 002 ) e
_ 0.05
with CTEQ6M
° o — _—
A, ~5-15%, ,_ R
: -0.05 |- o I U i
Ag ~ afew to 5%, 0.1 \— k = )
A, ~ afew % ;
9 0.15 - 0.1 . -0.04 .
1 0 1 1 0 1 1 0 1

sindsing  sin20sing  sin2@sin 2¢



Parity-odd asymmetries

Ai(g4,cos8) =F; / Fy for i =7,8,9

LHC

pp, VS =8 TeV
with CTEQ6M

A, ~ 10-15%,
Ag ~ a few %,
Ag ~ a few %

0.15

0.1

0.05

-0.05

-0.15L

0.1

sin@sin ¢

- 0.04 ————

0.02

-0.04 L

-0.02H/

cosO

sin 20 sin ¢

i -0.01

-0.02 o —

31

0.02 ——

0.01="

§n29§n2¢
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Simulation study for the LHC measurement

R.Frederix(CERN), K.Hagiwara(KEK), T.Yamada(NCU,Taiwan), HY, in progress

(focusing on A,)



MC simulation with P-odd effects 33

MC tools are required by experimentalists to simulate their
measurement. Detect effects (acceptance, resolution),

ISR/FSR, hadronization — smearing of distribution, asymmetries

e \We have two tools:

(NLO for P-even,

g 1. aMC@NLO OHE-lOOp level LO for P-odd) multi-purpose

_ 2. LO MChandmade) LO calc. (no UV/IR div.) only for W+1jet

tree one-loop
Total cross-section, P

P-even dist. as (f1 _l_ o

aMC@NLO _l_ e

P-odd dist. A O



aMC@NLO

e Download the code from

https://launchpad.net/mg5amcnlo

34

Home
Peaple

Contact
News

Dewnload

aMCENLO

Help and FAQs
Event samples
DE

Special Codes

Communicaticn

Citations
Publicatigns

aMC@NLO web page

aMCENLO i= a collaborative project that aims at providing accur
predictions in the form ¢f publie MC tools for LHC Physica in th
Standard Model and beyond, by systematically including KLO
corrections in the simulations performed by event generators.

It is organized in a modular way and implemented in the MadGraph
framework. It is based on high-efficiency techniques for NLO
computations: the FKS subtraction method, the OPP/CutTools techn
to compute one-loop amplitudes (as implemented in MadFES and
MadLoop, respectively), and on the MCENLO formalism for matching
short-distance ernss sections with parton shower Monte Carle's.

aMCENLO is publie and available for download eince Now 2012. It
features the full antomation of the computations (QCD corrections
Standard Model processes at celliders. As time progresses and/or
upon request, the following features will be made available on t
web site:

+« Process-specific MCENLO codes, that generate hard events to
given as inputs to parton-shower Monte Carlo's

» Samples of hard events, to be showered

e NLO Event generation just in four lines

MG5_aMC> generate p p > mu+ vm j [QCD]

MG5_aMC> output
MG5 aMC> launch

l

parton-level

l

hadron-level
(pythia,herwig)
!
detector-level
(PGS, delphes,,)
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Measurement at collider experiments

oo et
Wt (= puTur,) + 1-jet : 5 | Saco. 1
& 600 —pa _
L | B §
e Cross-section of the generated s oot ij=1.3 ob”
events (Q;>15 GeV): 1.2 nb SN l ATLAS
e Cross-sections after cuts 2008 ]
P |nul < 2.5 0.94 nb % 20 40 60 alxi' —100
Er > 25 GeV : 0.75 nb B 1GeV]
@r > 30 GV 0.29 nb e Background :
W :
J\]{T > 60 GeV : 0.29 nb QCD. Z - -
pr > 30 GeV, || <5 : 0.13 nb SN
0.13 nb x 20 fb~! = 2.6 x 10° events | <10% level
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Measurement at collider experiments

e Two-fold ambiguity: (longitudinal) neutrino momentum cannot
be measured, but solved by using W-boson
on-shell condition.

g

— Two-fold ambiguity in determining

e W-jetc.m. frame cos@, 35, z4,,,

o \W-rest frame cosf, (siné, ¢)

jeti

* However, to measure A,, we only need to measure

Sin @ sin qb — y-component of p, in the lab. frame
cos 6 — use pseudo-rapidity difference of lepton

(to avoid cancellation) and jet, instead. An =ny — Mjet
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Measurement at collider experiments

e Events in the transverse plane

(pY), is invariant under the
Lorentz Boost from lab. frame to
the W-rest frame

pEL = pg(W — rest)

m . .
= —¥sindsin ¢

L _ B =}
Pe qr

Missing E; resolution may be crucial for _
the accuracy of (p')y measurement i




MC simulation : distributions (parton-level)

pg‘ HZ’)\E 4000
=SIinfsSiNn¢ ..

observable from lepton

=]

momentum and missing ET et s st s Sttt
before/after cuts An>1

e Asymmetric distribution appears when the scattering angle is fixed.

e Small pY, events are cut — Good for P-odd,
because sign mis-id becomes rare.



MC simulation : distributions (parton-level)

An(= ny — n;) distribution (instead of cosd )
10°

400} 200F ' = R
350} 180F :
a00k 160F 3
: 140 -
250 120F 3
200f 100F E
100} %% E
: 40p E
>0 20- -

after cuts p/>0/p/ <0

e Strong positive correlation with the scattering angle.

e Measurement of An is affected by ISR jets.
— Smearing of the P-odd distribution and the P-odd asymmetry.
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MC simulation : P-odd asymmetry

e Comparison of the P-odd asymmetry
at the parton-level and detector-level(PGS).

N(p] > 0) — N(pj < 0)

ALrp =
parton-level
0.15 S —
0.15— -
u.u5;— mmﬂd
ob - :
B .|..|.|.-.-
-0.05
. *"1*#
0.1
_u.15_..:.lq....;5..:E...-I1....6.....Il....zl....al....é...

An

- 0.15p
1 o.0sF

4 -0.05F

0.1F

-0.1

1 0.5

N(p; > 0) + N(p; < 0)

detector-level

4 -3-2 1012 3 4

An

5% - 10% asymmetry is predicted.

left-right asymmetry
(A, % [ BR)

R RA—ILAEE
p=Qr/2,QT,2QT

IREE
8TeV, 20fb ! CHFRET TS —

5A(bin) = /1/Neyt(bin)
~ 0.1%

A|/6A = 4 ~ 20



MC simulation : ISR/FSR and detector effec:é :

parton-level detector-level
015 ey 0,150 _
e Asymmetry reduction ok 1 o :
by ISR/FSR effects and 0.05f- S oot HJM[”%
detector smearing of - E - :
.uu55- ol - -u:uuﬁE -
10%-20% 0.1 1 -0
R e e e e R R L s e S R R N R
An An

e Possible sources: I resolution  — small, since small p', events are cut.
miss An measurement by ISR jets

— can be large, especially for larger An

e Scale uncertainty is also enlarged by detector effects:
— (probably) change of the ISR jets distribution



MC simulation : LO MC vs aMC@NLO 42

e LO MCvs. aMC@NLO : after the detector sim.(PGS)

%103 Total P-odd Asymmetry
G000 — T ARARSREALE LARAN RARES RALRN RRREE > 0-1_ T IRRRRS LS RS RARLN RN RS

: 3 ©0.08F :
._JD[]_ D Eﬂﬂﬁ;_ --.--"-.:-_;
400f 004 ; _
300F
200F
100f

X ~10000f .

0 I | | Lo bveaald Lol

4 320 T 2 3a4

e P-odd cross-section unchanged — consistent with the order of calculation.

e Reduction of the asymmetry in aMC@NLO,
due to the K-factor (~ 1.5 - 2) in the denominator (total cross-section).

— It must be important to check the P-odd part at NLO (2-loop calc).
At present, it is a kind of theory uncertainty.



Future prospects :

this study

W+ 1-jet © 1-loop

e LO in P-odd part

e analytically known
since long time ('84~)

43

next step

W+ n-jet © 1-loop

e LO in P-odd part
® no analytic cal.
e calculable by aMC@NLO

future

W4+ 1-jet © 2-loop

e NLO in P-odd part
e check the K-factor for P-odd

e check the perturbative convergence

of the P-odd asymmetries

other process

t - bWTg @ 1-loop

e LO is known analytically
e observability at the LHC or ILC

e reconstruction at collider is
challenging
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Summary

Naive-T-odd asymmetry emerges from the absorptive part of
the scattering amplitudes. In a hard process it can be predicted,
and comparison with experimental measurement

would be an interesting test.

We study the naive-T-odd (P-odd) asymmetry in W+jet
production at the LHC at one-loop level, with detailed
simulation study for the realistic experimental situations.

The asymmetry is 5%-10% level, and would be observable
even after NPQCD effect and detector smearing.

It will be a first observation of naive-T-odd observables
in hard process.



