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I
NLO QCD predictions for:

p+p— 4~ +jet “Znj

p+p—=ll+~y+ry “Zyy

where { = e, v.

For electron case, the final state radiation of photons from electrons are
included.

Z~~ production = by-product of Zvj production.

The calculations are implemented in MCFM.
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Z~j production: Calculation and Results
@ Zv production: Calculation and Results
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Introduction

Diboson processes: study of the anomalous Three Gauge Couplings
(aTGCs). For example:

o W+ process = WW+ coupling

o WZ process = WWZ coupling

o WW process = WW+~ and WWZ couplings
@ /~ process = Z~~v and ZvZ couplings

g r 3 Y 3 Y

Z~~: background new physics search involving MET+diphotons final
states
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Z~vZ and Z~~ non-standard couplings

[
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Non-standard Z’)’Z vertex: [Hagiwara,Peccei,Zeppenfeld,Hikasa (1987)]
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W~ measurement (ATLAS 1.02 fb™*, arxiv:1205 2531[hep-ex])
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@ The measurements are categorized according to pJ: low, intermediate and
high-pt regions.

@ Searches divided based on the number of reconstructed jets
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W~ measurement (ATLAS 1.02 fb™*, arxiv:1205 2531[hep-ex])
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@ good agreement between measured cross sections and theoretical
predictions for exclusive cross sections

Inclusive measurements are somewhat higher compare to theoretical
predictions
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Z~ measurement (ATLAS 1.02 fb™!, arxiv:1205.2531[hep-ex])

—@— Elettron channel (Inclusive)
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—A— Combined (Inclusive)
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@ The measurements are categorized according to pJ: low and
intermediate-pr regions.

@ Searches also divided based on the number of reconstructed jets
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Z~ measurement (ATLAS 1.02 fb™!, arxiv:1205.2531[hep-ex])

0 E —@— Elettron channel (Inclusive)
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@ good agreement between measured cross sections and theoretical
predictions

@ Note that: uncertainties in exclusive predictions smaller or comparable to
that on the inclusive predictions
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Z~ measurement (ATLAS 1.02 fb™!, arxiv:1205.2531[hep-ex])
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@ Reasses the uncertainties for exclusive predictions

@ Provide the prediction for 1-jet bin at NLO accuracy
( have the Zvj, working on W+, )
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Searches using Jet Bin

Example: Higgs search in WW channel [ATLAS-CONF-2012-098]
@ 7 — 1
c . - D %= BG (sys [ stat)
S gooo- ATLAS Preliminary g\ & wosowy
L” (s=8TeV,[Ldt=581" [Ja [ SingeTop
o) Bl z+ets [ W+ets
5000 H-ww"’ . evuv/uvey [ H225Gev]

-

[
=
o

N

jets
@ background composition depend on the number of jets in the final state

@ the overall sensitivity can be increased

@ How do we estimate theory uncertainties in the presence of jet veto?
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Exclusive Cross Section: perturbative uncertainties

Evaluating uncertainties: [Stewart, Tackmann: arXiv:1107.2117]

@ Directly varying the p, and uf for each oy
Potentially underestimate the uncertainties in individual jet bin
due to numerical cancellation.

Ototal =~ OB [1 +oas+al+ 0(0@)} 7 L=1In(p$"/Q)

os1(p$) ~ o8 [as(L2+L+1)+a§(L4+L3+L2+L+1)+O(a2L6)]

cut)

UO(PT = Ototal — Uzl(P%'ut)
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Exclusive Cross Section: perturbative uncertainties

Evaluating uncertainties: [Stewart, Tackmann: arXiv:1107.2117]

@ Directly varying the p, and uf for each oy
Potentially underestimate the uncertainties in individual jet bin
due to numerical cancellation.

Ototal =~ OB [1 +oas+al+ 0(0@)} 7 L=1In(p$"/Q)

os1(p$) ~ o8 [as(L2+L+1)+a§(L4+L3+L2+L+1)+O(a2L6)]

cut)

UO(PT = Ototal — Uzl(P%'ut)

@ Combine uncertainties in inclusive N-jet cross section

Af = A + A%

tota

— Agotal and A are treated as independent

— takes into account large logarithmic corrections
— Applied to H 4+ 0,1 jets, WW + 0 jets, W + 0,1,2 jets
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Existing calculations:

@ NLO prediction for W~ and Zv
Ohnemus (1993); Baur, Han, Ohnemus (1998); de Florian, Signer (2000)
Hollik, Meier (2004); Accomando, Denner, C. Meier (2005)
Ametller, Gava, Paver, Treleani (1985); van der Bij, Glover (1988)
Adamson, de Florian, Signer (2003); Campbell, Ellis, Williams (2010)
(EW corrections, gg — Zv )

@ NLO prediction for W+~j
Campanario,Englert,Spannowsky,Zeppenfeld (2009)
@ NLO prediction for Zv~
Bozzi, Campanario, Rauch, Zeppenfeld (2011)

@ Two-loop QCD helicity amplitudes for qg’ — Wiw and qg — Zv
Gehrmann, Tancredi (2012)
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Some Basic Tools

Some Basic Tools |
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Going Beyond Leading Order

What do we gain?
@ reliable prediction for total rates and shape of the distributions
@ reduced scale dependence

@ test the convergence of the perturbative series

[Anastasiou,Dixon,Melnikov, Petriello: [Baernreuther,Czakon,Mitov:
hep-ph/0312266] arXiv:1204.5201]
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Going Beyond Leading Order

In fixed order calculations, there are some regions of phase space that dont
match the data/not well behaved

@ Resummation

@ Shower MC: NLO+PS

[Anastasiou,Dixon,Melnikov, Petriello: [Baernreuther,Czakon,Mitov:
hep—ph/03l2266] arXiv:1204.5201]
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NLO calculation (1)

NLO cross section:

000000000000

@ Virtual corrections contain UV and IR singularities
Extract the singularities: dimensional regularization, compute loop
diagrams in d = 4 — 2¢ dimensions.
Singularities manifest in the 1/€% and 1/e poles.
UV singularities are removed by renormalization

@ Real corrections suffer from IR singularities when massless partons become
soft or collinear
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NLO calculation (2)

Subtraction Method

UNLO:/dUB-i-/ [dUV+/dUA:| _|_/ [dafzo—dofzo] +/dgC
n n 1 e=0 n+1 n

[Catani,Seymour]

@ do” composed from the underlying Born process do® and the dipoles dVdipole by
summing over all possible dipole contributions

do? = Z do® ® dVaipole

dipole

— Each dipole cancels the singularity at a particular kinematic region
— do” has the same singular behavior as do® at each PS point

o do* exactly integrable analytically over one-parton PS in d-dim
= has to be simple functions
After analytically integrated over 1-parton PS in d = 4 — 2¢ dimensions, the IR
singularities manifest in 1/¢> and 1/¢ poles.
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Z~y+jet:Calculation

Z~y+jet: Calculation J
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Z~j production at LO

24—>——o0000000” 3, 24

OOEEOET0” 3y

Aq(0 — tlqgrg) Ay(0 — £lqgvg)

@ Two separately gauge invariant classes of diagrams:
— v from quark line (“g-type")
— ~ from lepton line (“/-type")
@ only g-type diagrams for neutrino final state
@ Matrix elements are computed using spinor helicity formalism
@ Checked against MadGraph/MadEvent
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Z~j production: O(as) virtual correction

— self energy, vertex, box and pentagon one-loop corrections

g "z .
g O ’~//Z
g E
Aq(0 — £lqgvg) Ag(0 — £2qgyg)
Decomposition of one-loop amplitude:
AW (1,25,35,45,57,6,) = 2V2lgler T x { Qq (= Qq + v i rPz(s56)) AL (1q. 25, 35, 44,57, 60)

ng ) o
+Qq ) (—Qi + EVf,R(Vi + V;?)PZ(556)) Agf;(lqﬂa, 3, 44,5;,6p)
i=1
V4
R

1
+Qq (PZ(556)'A£7;;(1qv2(’7¢3g;47;517-,64)

Vi
2sy ey
a 1
+Qq (—Qq + v{ gvi RPz(tas6)) AL (1q, 25, 35, 4+, 57, 6¢)

0
VLR

2syew
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Z~j production: O(as) virtual correction

— self energy, vertex, box and pentagon one-loop corrections

g i .
S S )z
g g
Aq(0 — £0qgvg) Ag(0 — £2qgyg)
Decomposition of one-loop amplitude:
A1, 25,3, 44,57,60) = 2\/§e3g35r7';?;.2 x { Qq (—oq + vf,va‘RpZ(S%)) Agf{uq,z,-,, 3¢, 4,57, 6)

ng
Lo i i 1
+Qq > (—Q,- + EVLYR(Vi + v;?)PZ(S56)) Ag;;(lq,2a,3g,47,52,65)
i=1
V4
R

1
+Qq Pz(55e)Af,;§(1q, 25,3g,4~,57,6¢)

Vi
2sy ey
a 1
+Qq (—Qq + v{ gvi Pz (tas6)) AL (1q, 25, 35, 4+, 57, 6¢)

0
VLR

2syew
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Z~y+jet:Calculation
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Z~j production: O(as) virtual correction

+

Ag(0 — 00qgryg) are obtained from eTe™ — qggg one-loop amplitudes

[Bern,Dixon,Kosower:hep-ph/9708239]

% ’\’”* /Z

Decomposition of 1) o} amplltude \

AD(14,25,34,44,55,60) = 2v2e chl.i3,.2x{ Qs + v§ eVl kPz(s56)) AL (1,25, 35, 4+, 57, 60)
ng
+QqZ(— (VL+VR)7DZ(556)) 4219525, 35, 4+, 57, 62)
i=1
Vf,R (1)
+Qq 5P (s56) Agi(la, 23, 355 4157, 61)
wew

L 1
+Q (—Qq + vfﬁRvL’RPz(t“e)) Ag;i(lq, 24,3, 44,57, 6¢)

R 1
PZ(t456)A,(g-%(1qv 25,3g,4~,57, 52)}
2syew §
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Z~j production: O(as) virtual correction

Need to compute A,(0 — £0qgvg)

Decomposition of t

AV (14,25,34,44,57,60) =

i
+Qq (—Qq + v{ pv{ Pz

Y
VLR

25y cw

Heribertus B. Hartanto (FSU/FNAL) NLO predictions for ... Sept 6, 2012 21 / 48

1
6)) A(g;;(IQ)ZEJs?’g:“'w:stGE)

P2 tse) AL (La:29: 36,4757 60) |

+Qp




Z~y+jet:Calculation

Interlude: Spinor Helicity Formalism
For massless four-vector p;, define spinor products:

iy = a—(pr)ur(pi), [l = o(pi)u—(ps), i) Liil = 2pi - ps-
where

up(p) = Pru(p)  u—(p) = Pru(p)
Spinor sandwiches

(im0l =5 (p1) - u-(py)  (odd # of p)
(ifm--- |J U (p,) P o us(py) (even # of p)
[ifm---nlj] = s (pi) P~~~ P u—(p;) (even # of p)

Polarization vectors
" _ {glv"[k] _ [alv*]k)
ei(k,q) = ﬁ(qk}’ e (k,q) = V2 [0k .
Useful relations Gy = — GiY, lil=—[il, (iy=0, [i]=0
pi = il + )il
(v L)k Iy 1 = 2 (ik) [1)] (Fierz id.)
(if) (k) + (ik) {ljY + (il) (jk) =0 (Schouten id.)

Work with A((ij), [ij]) instead of |.A|*(p; - p;).
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Z~y+jet:Calculation

Ae(0 — tlqgvg):

Replace lepton current in e

+

M = L' ym —
“w
— applies to tree and virtual amplitudes

Example at tree level:

Ji(5;,6,) =

AO(18,27,35,57,60) =

Heribertus B. Hartanto (FSU/FNAL) NLO predictions for ...

e~ — qgg 1-loop amplitudes by ¢/~ current.
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Ag(0 — tlqgvg):

Replace lepton current in e

+te~ — ggg 1-loop amplitudes by ¢ current.

4

M= Le'e yr - Lyete v

— applies to tree and virtual amplitudes

Example at tree level:

J4(57,67) = ,%
- - . (28)%  [56]
A2 35.5760) = 1155 Gy o) [
then use
<56> [65] = S56
(25)[56] = (2[5/6] from [5](5] + [5)[5] = ps

= —(2/(1+3)|6] mom.conservation
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Z~y+jet:Calculation

Ae(0 — tlqgvg):

Replace lepton current in e

+te~ — ggg 1-loop amplitudes by ¢ current.

M= L v - Lyee vr
0 0
— applies to tree and virtual amplitudes

Example at tree level:

. (25)?
~13) (23) (56)
_;(2](1 +3)[6] (25)

(13) (23) s56

AVF,25.35,57,6f) =

qr<g-r2gr9p
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Ag(0 — tlqgvg):

Replace lepton current in e

+te~ — ggg 1-loop amplitudes by ¢ current.

_ ete /1 yete  \ /1
M= Ly, c Vv — L, %
— applies to tree and virtual amplitudes

Example at tree level:

. (25)?
~'13) (23) (56)
_;(2](1 +3)[6] (25)

<13> <23> 556
undo the Fierz identity

WV = 5 (k1]

A0, 27,35 ,57,6;) =

qr<g-r2gr9p

Heribertus B. Hartanto (FSU/FNAL) NLO predictions for ... Sept 6, 2012 23 /48



Ag(0 — tlqgvg):

Replace lepton current in e

+te~ — ggg 1-loop amplitudes by ¢ current.

M= L v - Lyete vn
n 1
— applies to tree and virtual amplitudes

Example at tree level:

. (25)°
~'13) (23) (56)
(2](1 + 3)|6] (25)

<13><23>S55
21+ 3)wl2) (5[7"6]
= o3 23) X(f S50 )
= Au(15,27,3;) x Jy(57,67)
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Z~y+jet:Calculation

Currents with photon radiation from leptons
i (:87.60) = ) o)
[6[~"|(4 +5)[6]

H - —
JM_V( v Z 76[ ) o tas6 [45] [46]
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Currents with photon radiation from leptons
(5+*[(4 + 6)I5)
tase <45> <46>
[6[7*](4 + 5)[6]
tase [45] [46]

gy (47,57.,6;) =

- g— @t
J;ZW(4775276Z) =

Compute Ag))(lq; 267 3g7 4’Ya 5677 6[)

AV 27,35, 4%,57,67) Au(ly.25.35) x Jj (43,57 ,67)

21+ 3)|7u[2) (517*|(4 +6)15)

2 <13> <23> ta56 <45> <46>
(25)°

(13) (23) (45) (46)

= i
— analytic expression for A,(0 — £0qgvg).

AN (15,27.35.47,5;7,60)
AV (k27,3547 ,57,67)

qr4g9gHr Ty Y7
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— Renormalization to cancel UV singularities.
— IR singularities cancelled by corresponding singularities from the real part.

— Pole cancellations are checked numerically.

What we don't include: virtual gg — Zvg

“000000000) >
4 000000000 >
A VVWWWWW\,
A Y
y
“O0O000000" < rO00000000 000000000 < r000000000

Formally NNLO correction O(a3a3)
[Agarwal,Shivaji: arXiv:1207.2927]
@ On-shell Z-boson, no decay to leptons

@ Contribute ~2 %
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Z~y+jet:Calculation

Z~j production: O(as) real correction

!

*OOOOOOOOOOOO*

i
g

1000000,
——000000, ——1{000000, 000000} —<—
Aq(0 — £093veg) Ay(0 — £2q97veg) A0 — £295vg8) Ag(0 — £295QQ)

©

Tree level contributions open up at O(aa?):
— gg initial state
— qq, qq initial state from 4 quarks amplitude

+

©

A, helicity amplitudes from ete™ — ggggg and ete™ — 9GQQg

[Nagy, Trocsanyi:hep-ph/9806317]

©

Need to compute Ay

©

Cross checked against MadGraph/MadEvent

©

Dipole subtraction to cancel soft and collinear singularities
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Photon isolation and fragmentation

Production of photons:

@ Prompt photons:

= photons directly produced from hard scattering:

= photons from fragmentation of QCD partons:

Probability for a parton i to fragment into a photon: Dj_,(z, MF)
Photon FFs must be extracted from data due to their
non-perturbative nature

@ Secondary photon: hadronic activities (e.g. 7° — 77)
Removed by isolation cuts

Z ET(had) < ETmax with Ry = A¢2 + An2

€Ry
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Z~y+jet:Calculation

Photon Fragmentation Functions

o BFG (set | and ||) [Bourhis,Fontannaz,Guillet:hep-ph /9704447]
@ GdRG [Gehrmann-De Ridder,Glover:hep-ph/9806316]
[ http://lapth.in2p3.frigenerators | —_ UyBFGIINLO
Na, —— dy BFG I NLO
= BFG Il NLO
Q 107 Al
E Q” =8315 GeV’

107 [~

01 02 0.3 04 05 0.6 07 08 0.9
z

z — fraction of parton momentum that is carried by the photon
FFs dominant in the low z region

After isolation cut, z is typically large

— Isolation drops the fragmentation contribution substantially
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Quark-photon FS collinear singularities

Impose photon-jet separation cut
to remove singularities

R(PY’J) > Rmin
— OK at LO
— What about NLO?

VR

Naive separation cut between photon and jet restrict the gluon phase space,
thus spoils IR cancellations.
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@ Absorb the singularities into photon FFs.

— Using variant of CS dipole subtraction method

[Catani,Fontannaz,Guillet,Pilon:hep-ph /0204023]
— Integral of subtraction terms has the form

1T —¢) [(4mpP\© a
D) =_—=_\-"9 2 2P
77T - 20) < Mz ) 27 QaPra2)

— Perform isolation in an IR-safe way
The NLO cross section:

1
00 = Tiioivect (MF) + / dz 3" 0D, - (2, Mr)
a

Mg = Fragmentation Scale
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Z~y+jet:Calculation

@ Absorb the singularities into photon FFs.

— Using variant of CS dipole subtraction method
[Catani,Fontannaz,Guillet,Pilon:hep-ph /0204023]
— Integral of subtraction terms has the form

1T(1—¢) dri®\© a
D) = — — QP
T T ET(1 - 2¢) < 27 QaPra(2)
— Perform isolation in an IR-safe way
The NLO cross section:

1
00 = Tiioivect (MF) + / dz 3" 0D, - (2, Mr)
a

Mg = Fragmentation Scale

@ Frixione's smooth cone isolation [Frixione:hep-ph,/9801442]
1—cosR\"
EF (R — Ruaay) < enEY | ———=- for all R < R
g:: had.y) < nE7 1 — cos Ry =0

— Soft radiation is allowed inside the cone but collinear singularities are
removed

— Remove fragmentation contributions

— Useful for theoretical calculation, difficult to implement experimentally
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MCFM (http://mcfm.fnal.gov)

® MCFM = Monte Carlo for FeMtobarn processes

@ parton level Monte Carlo program (with NLO accuracy) written in Fortran

= “one-stop shopping” for many NLO predictions.
= Latest version: v6.3, August 2012

Authors: J. Campbell, R. K. Ellis, C. Williams

@ Includes SM processes involving v, W, Z + jets, top quarks, Higgs.

@ Decays of unstable particles are included, maintaining spin correlations and

(sometimes) including NLO effects.

Anomalous couplings for W+~ and Z~ processes.

Photon fragmentation and realistic isolation included.
Cross sections and differential distributions, flexible cuts.

Analytic helicity amplitudes calculated from scratch or taken from
literature.

Slightly-modified implementation of Catani-Seymour dipole subtraction
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Z~y+jet:Results

Z~y+jet: Results J
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Setup

Standard Cuts:
Photon : |n,| <237, Ry, > 0.7,

py > 15 GeV  (low—pr),

py > 60 GeV  (intermediate—pr),

pF > 100 GeV  (high—pr).

Ry =0.3 and EF** =6 GeV (isolation) .

Leptons : mgg- > 40 GeV, ph > 25 GeV, || < 2.47, Ry > 0.6,
Eliss > 25 GeV .

Jets p’T > 30 GeV, |yj| < 4.4, kr algorithm with R =0.4 .

Scale: My = Uf = MF = MZ
PDFs: CTEQG6L1 for LO, CT10 for NLO
Photon FFs: BFG set Il
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Z7yj inclusive cross section vs LHC operating energy.

900 T T . . : :
800 } ---- NLO,p= M/2 _
—— NLO,u=M, i
700 - NLO, i = 2My .
600 L ---- LO.H=Mg2
— LO,u=M,
=) 500 [ LO, u=2M,
© 400
300 [
200 E pp - e'eTyj+ X B
100 p}>15 GeV —
, o e
Re] 14 | 3
3 12f ]
(=] 1 1 1 1 1 1 ]
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Vs [TeV]
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Exclusive cross section: pp — e e~y + (0,1) jet

Evaluating uncertainties: [Stewart, Tackmann: arXiv:1107.2117]

@ Directly varying the p, and uf for each oy

@ Combine uncertainties in inclusive N-jet cross section

Af = D% + A2217 Al = A221 + Aéz
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Exclusive cross section: pp —

ete ™y + (0,1) jet

T T T T T T T T
1200 |- LHC 7 Tev o L LHC7TTeV e
pY>15 GeV p¥>15 GeV
1100 |
200
& 1000 |- . 1 &
™ pp e ey+0jet = 150 pp - e'eTy+ 1jet R
g %00 <44 1% et 5 30 GeV, [ < 4.4
S wl /- 1= Myi2 | Swot /f/ W= M2 .
— u=M, IM
= oM K= Mgz
700 | w=oMz ] 50 W= 2M, |
—— combined incl. unc. —— combined incl. unc.
600 1 1 1 0 1 1 1
0 20 ) 60 80 100 20 40 60 80 100
P [GeV] P [Gev]
- . jet
ete ™y + (0,1) jets: (pr > 30 GeV)
_ 40.7% _ 47.4% _ +28.0%
ater) = Zgsoy 0(021) = Tgoy, 0(022) = D516,
0, 0, . . . .
(a0) = T1E%  §(o1) = T30 (combined incl. uncertainties)
- 0, . 0, . . .
5(a0) = L3k 6(01) = 95k (direct scale variation)
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Exclusive cross section: pp — e e~y + (0,1) jet

T T T T T T T T
1200 - LHC 7 Tev 250 L LHC7Tev
py> 15 GeV pt> 15 GeV e
1100 - g
200
= 1000 | g
£ . ) = _
= pp - e'eTy+0jet £~ 150 | pp — e'eTy+ 1jet b
ok L H ] oF
‘Sa 900 e <44 \:: - I > 30 GeV, || < 4.4
gool- 4 T n=Val2 . 72 W= Mg/2 i
— u=M, — u=wm,
u=2My 50 |- u=2m 7
700 : f 1 z
—— combined incl. unc. —— combined incl. unc.
600 L L L 0 I L
0 20 40 60 80 100 0 20 40 60 80 100

pF [Gev]
ete ™y + 1jet: (u=Mpyz)
021( ';3; >30GeV) =
o>2(pYr T1 ,>30GeV) =
o1(p'® T12 >30GeV) =

i [GeV]

(188 fb)[1 + 2.89as + O(a?)]
(188 b)[2.93as + O(a?)]
o>1(PY; > 30 GeV) — 02(p1 5 > 30 GeV)

— sizeable numerical cancellation for as term
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Photon p7 distributions
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@ deviation from the SM prediction may indicate the presence of anomalous
couplings

@ searches in MET+photon channel use photon as a probe (e.g. DM production at
colliders)
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Photon p7 distributions

T T T T
100 k pp - eey qF pp — e'eTyj
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@ Increased K factor for 0-jet inclusive but smaller and flatter for O-jet exclusive,
1-jet inclusive and exclusive.
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Photon p7 distributions

Ratio of pr distributions between electron and neutrino final state

T T T T
1L — O-jetinclusive | 16 — O-jet exclusive |
--- 1-jetinclusive 14 W --- 1-jet exclusive
LHC 7 TeV ' LHC 7 Tev
., o8f pi>15Gev | _ _ 12| pl>15GeV -
c|o cl|o
2IE g|£
8|3 o6l g3 *
QL Q2|8
oY iry e 08 T
BB ES 0.4 BN
gl © 5[5 o6 .
0.4 | g
0.2
0.2
0 0
0 20 40 60 80 100 0
pYGeV] pl[GeV]

@ In SM the ratio is sensitive to photon radiated from leptons
@ Expect cancellation of some systematic errors in experiment
@ Sensitive to models that modify the spectrum in one of the channels

= DM scenarios — only MET+photon channel is modified
= Anomalous couplings — both channel are modified
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Photon p7 distributions

Ratio of pr distributions between electron and neutrino final state

T
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@ Strong peak in the 0-jet ratio — soft photon from FS leptons
@ This peak is diminished in 1-jet ratio: hard jet that balances the Z-boson

@ The tail of the ratio tends to a constant.
Smaller than BR(Z — e"e™)/BR(Z — 3vi) ~ 1/6 due to selection cuts
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Z~+jet:Results

MCFM at Work

T T T ] T T T 4
+ - A + - A
pY>15Gev pp - ee y ] pi>15Gev pp - ee y |
104 L7 pi>60Gev  LHC7TeV || i pf>60Gev  LHC7TeV |
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10° g E
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) [
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Number of jets

Number of jets

Theoretical uncertainties include: scale variation, PDFs and photon

fragmentation.
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Z~~y:Calculation

Z~~: Calculation J

Heribertus B. Hartanto (FSU/FNAL) NLO predictions for ... Sept 6, 2012 40 / 48



Z~~y:Calculation

Z~y production at LO

6
1—e—
"r*/Z 1(,—4—
|~

5;
MWWy 3,
2——hvwwwn 4, 2——hwww 3,
Aqq(0 = £qGy) Aqe(0 — £lqgyy) Aee(0 — £Lqgryy)

@ Three separately gauge invariant classes of diagrams:
— both photons from quark line ( “gg-type")
— 1 photon from each line (“gf-type”)
— both photons from lepton line (“¢¢-type”)

@ only gg-type diagrams for neutrino final state
@ LO amplitudes:

Ag?(lq»2ﬁv3w4w5276z) = ASO)(]'Q72E!73§54"{752_76Z)
"45702)(1‘172573%4%5@62) = AEO)(1q725173ga4"/a52a6l)
"423)(1‘7725737747752’ 65) = Ag??)(647525 3"/74W72¢_771q)
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Z~y production: O(as) virtual correction

() 6,
1 4
g v /Z li—p
8 5; S vz
g www 3, 3 5¢
2L 4, 2L 3,
AR (0 — 0lqGy7) AL(0 — tZqg77) A0 — tZqg7)
@ Virtual amplitudes:
Aglq)(lq72<_773774775£7’65) = A6(1q7257374)+A6(1<772¢'77473)
A‘(qll)(lﬂ 2‘773‘/74"/752765) = 7Azl(1Qa27773g74’77527 6@)

@ Only need to compute A (0 — £0qGyy)

N\l 13
Agt)(1q725173’774"{v52a 65) = (;ljls ) |:_72 - ? - 4:| Agz)(lq72a73’774"/v5276[)'
12 € €
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Z~~y:Calculation

Z~y production: O(as) real correction

7[ 7[
1q—<—m< 1, 5,
A /2 - 6 \ vz 6 1g—e—
MM 5y
\ 4,
MWW 4
3
3
2¢—>—wTT00: 3¢ 2—>—tTII800: 3¢ 2g—>—
AR(0 — tiqagyy) AL(0 — tZqagy) AD(0 — tlgggyy)

@ Real emission amplitudes:
0 0 0

qu) (1‘7’2‘_7’3g74775’%6l7’72) = 'AE? ) (1q’2§73g74g,5%627 71) + Al(q ) (lq’277a 3g75’y74g,6z, 72)
0 0 0

Age) (1q72¢773g74’Y75’Y76Z77Z) = A% ) (1q72§73g74g75’y76[77 7@) + Ag ) (1q7 2574g73g7577627 7@)

0 0
AR (14,24, 3¢, 44,54, 67,7¢) = AY) (74,67,5¢, 34,4+, 23, 1q)
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Z~7y: Results J
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Z~7 inclusive cross section

pr>20GeV, |ny] <25, Ry,>04,
P >25GeV, ph>15GeV, |p] <25,
mg >12GeV, Rp, >07, EF™ >25GeV.
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m,7 distribution
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Conclusions

Conclusions )
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Conclusions

Conclusions

@ We computed NLO QCD corrections to Z+j and Z~+ productions
at hadron colliders

@ We present the phenomenology for the Z~,Z~+jet and Z~y
processes at NLO

@ Include the fragmentation contributions

@ We studied the perturbative uncertainty of the exclusive cross
section following Stewart/Tackmann’s method

@ Zvj and Z~~y processes are available in MCFMv6.3
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Conclusions

Conclusions

@ We computed NLO QCD corrections to Z+j and Z~+ productions
at hadron colliders

@ We present the phenomenology for the Z~,Z~+jet and Z~y
processes at NLO

@ Include the fragmentation contributions

@ We studied the perturbative uncertainty of the exclusive cross
section following Stewart/Tackmann’s method

@ Zvj and Z~~y processes are available in MCFMv6.3

THANK YOU
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Conclusions

BACKUPs
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Predictions for Zv and Z~y+jet.

Inclusive NLO (eTe™v + X) [pb]
py > 15 GeV 1.21fg:;§/‘;(scale):t3.5%(PDF):|:0.4%(frag)
p} > 60 GeV | 0.0545"5 7% (scale)+3.7%(PDF)+1.2%(frag)
Exclusive NLO (e*e™+ + no jets) [pb]
p} > 15 GeV 1.ozf;g‘;;(sca|e)i3.8%(PDF)io.5%(frag)
p} > 60 GeV | 0.0357"1%.5%(scale):4.4%(PDF)+1.8%(frag)
Inclusive 1-jet NLO (ete™ v + jet + X) [fb]
pT > 15 GeV 252t§;§‘2£ (scale)£2.0%(PDF)+0.6%(frag)
p} > 60 GeV | 24.675 1% (scale)£2.5%(PDF)+1.9%(frag)
Exclusive 1-jet NLO (eTe™ v + jet) [fb]
py > 15 GeV 18812-_3?;;;(sca|e)i2.4%(PDF)io.s%(frag)
py > 60 GeV | 15.37223%(scale)+-2.9%(PDF)+3.1%(frag)
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