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. Motivations

LHC: Precision measurements will be possible in Run2

ZZ+jet: A useful background process for Higgs-boson production.

ZZ+ y: Help for the determination of quartic gauge boson coupling.

Les Houches 2013: Physics at TeV Colliders
Standard Model Working Group Report

“VV'V do(V decays) @ NLO QCD do(V decays) A
@ NLO QCD + NLO EW
VV'+j | do(V decays) @ NLO QCD do(V decays)
. @ NLO QCD + NLO EW
VV'+ijj | do(V decays) @ NLO QCD do(V decays)
@ NLO QCD + NLO EW
7y do @ NNLO QCD + NLO EW gr resummation at NNLL matched to NNLO

Table 3: Wishlist part 3 — Electroweak Gauge Bosons (V =W, Z)
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. Motivations

Les Houches 2015: Physics at TeV Colliders High-precision N'-Ol prediction
Standard Model Working Group Report needed !
pp =V +j do  N2LOqcp do  N2LOqcp + NLOgpw+ decays

. do  NLOqcp+ decays
— V +2 do NZ2LO + NLOgw+ decays
PP / do  NLOgw+ decays QCD EW y
4 do NLO d I
pp— VV' +1,25 o QCD T decays do  NLOqcp+ NLOgw+ decays
do NLOEW
d NLO
pp — VV'V" ’ e do NLOgcp+ NLOgw+ decays
S do NLOEW J
pp — Y do  N?LOqep do  N?LOqcp + NLOgw
pp =Y +J do  NLOgqcp do  N’LOgqcp + NLOgw

Table 1.2: Precision wish list: vector boson final states.
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lI. Calculation details- LO contributions

q A q A q 7 q A q Z q v

Z z Z Z 0! Z

q g q q — v — 7 — 7
(@) (b) (©) T @ s T

3 partonic processes at O(at2,, () Only 1 partonic process at O (a2, /

qq — zz+g; qg — zz+q; qg — zz+q qq—zzty

Integrated cross section:

L0 (pp—ZZ + jet/v)=Yap | d x10%; fo,p (1) fo/p(X2)Bap—zz4 jet /y

oNLO — GLO 4 Vir 4 greal
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lI. Calculation details- NLO QCD calculations \

» Corrections of NLO QCD could be large ( typically at 0(10%) ) !
> Necessary to reduce the scale dependence !

State of the art (NLO QCD):
ZZ+jet: T. Binoth, T. Gleisberg, S. Karg, N. Kauer, and G. Sanguinetti, Phys. Lett. B683, 154 (2010).

ZZ+vy: G. Bozzi, F. Campanario, V. Hankele and D. Zeppenfeld, Phys. Rev. D 81, 094030 (2010).

What next ...
G(as) ~ ©(agw )
The NLO EW correction becomes mandatory !
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d d z
T4C1 NN Tac2 h2 TS Gl NS ' TI0G1 N10 TI0 G2 N1 TI0 C3MI2
pp—ZZ + jet pPp—~ZZ +y

Roughly 2K loop diagrams for each !
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lI. Calculation details-EW Virtual corrections

Loop amplitudes tensor reduction:
4-D 2
Ty =@M (qPqiaTm  \ith D; = [(q +p; ) — mf]

H1.-HM i‘l’[z Dl---DN—l

m

’N = 5: Reduced to 4-point integrals based on approach
raised by Denner- Dittmaier.
‘N<4:Standered PV dimensional tensor reduction.

Inhouse improved LoopTools package

FN L N(p,m)
J1--JM (detGpy)M— 0 : Numerical Instability !
( 2pip1 t 2P1DPN-1 )
Gy = : : . . . .
20N-1P1  2DPN—1PN-1 YES, Quadruple arithmetic NO, Double arithmetic
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L EW input-parameter scheme

a(0) - ag, = %GuMﬁ,sinzew , 8z, 6z, - %Ar

NLO QCD

pp—ZZ + jet

pPp—ZZ +vy 2 2 3
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QCD emission

pp—ZZ + jet + jet pp —ZZ +[y +jetJ EW: pp—>ZZ + jet

. . virtual corrections +
EW emission

pp —ZZ +[jet + yJ pp—=Z2Z +y+ vy

Problem: Identify the FS signal as ZZ+ jetor ZZ+y ?
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ll. Calculation details-IR-safe events identification

=

QCD IR divergence of
pp—~2ZZ +Yy

NOTE: Take photon emission for pp—ZZ + jet as example

W.r.t quark jet,

> Recombination g +y — 7y is necessary for Collinear singularities cancelation (KLN theorQn)
BUT, gluon jet should treated equivalence with quark jet O

2> Recombination q +g — g7 is also needed |:> the E;— 0 leads to Soft gluon poles !!!

Solution 1:

Construct an adapted definition of the allowed hadronic energy fraction
in a collinear jet-photon system.

Frixione isolation: S. Frixione, Phys. Lett. B 429 396 (1998)

1— o
[ priec >X(®),  XOEry € Gt )" ]
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Il. Calculation details-IR-safe events identification

Solution 2:

v’ Take jet energy fraction

Ejet
Ejet+Ey
v The residual collinear singularities absorbed to renormalized photon fragmentation function .

----E.W.N. Glover and A.G. Morgan, Z. Phys. C 62. 311(1994)

4 )

Q;al 1 (4 . o
D‘I—*}’(Z}’) - = 27[ Er(l _ 6‘) 5(_§ [Z}'(l - Zy)] 6[P}'q(z}') - €Zy] + Dz—w(zy)‘

- J

i 5 -
bare _ Qqﬂ"l 1 4?1-.-[‘57' ¢
ij—w(zw) ~ o EF(l — E)( #% ) P’Tﬁi‘(z"}') +

** Non-perturbative fragmentation contributions has been determined
by LEP experiment.

> 0.7, extract ZZ + jet events from inclusive events.
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Il. Calculation details-IR-safe events identification

Typical deviation like ..... (NLO QcD correctionsto pp—2Z + )

030 I T I T I T I T I T I T I T I T 180 I I I I I I I I I I I I I I I ]
L - ] 160 |- : -
. o fragmentation fragmentation
025 ) S Frixione i} 140 | Frixione il
—_ 120 |- -
> 020 |
q) ? - -
% é. 100 |- 1
%= 015} o 80 L i
N — i )
% 60 L -
D o010} B |
(o)
5] 40 - -
0.05 |- o0 L |
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QCD & EW corrections combined in approximate multiplying scheme:

N0 = 6MO[(1 + Sqcp) (1 + Spw) + 5;-ind|
= 0"9(1 + dnro)- \
Inclusion of photon density in

v NNPDF LN
THAN: :
GNLO — GLO +AGQCD +AGEW+AO'Y_md

RATHER:

_ 0 NLOQCD
Opind = Opina T AC,ing ™ -

Mixed O(aa,,,) contributions may important in
describing the large logarithms and/or kinematical
effects ! ! !
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Numerical results-pp —=ZZ + jet

o0 = 21348757 pb,  oNLO =3.08715%
7 N e
\/g O_LD O_NLD §QCD 5EW 5;|f—ind t51'\][]_.":!
[TeV] [pb] [pb] (%] | [%] || [%] [%]
13 1.8709(1)  2.708(4) 52.6 1522 |[0.13 |44.76
14 2.1348(3)  3.087(5) 52.6 }5.32 [|0.13 |44.61
33 8.6670(8) 12.63(2) 544 |5.66 |[0.10 W
100 41.916(5) 6045@8) 535 |6.10 Hoo—7421
P%u;et o0 oNLO 3QCD Spw 5}r—ind ONLO
(GeV] [pb] [pb] [%] [%] (%] | [%]
20 52701(6) 7.146(9) 42.0 |—4.59 0.11 jj—?/
50  2.1348(3)  3.087(5) 52.6 |-532|| 0.13 | 44.
100 0.76528(7) 1.176(2) 652 |-7.04|| 0.16 | 53.73
200 0.16125(2) 0.2759(4) 918 k10.9U\ 020) 71.07

pb. ™= Reduced scale dependence

Typically 1/10 dgcp suppression
on integrated LO CS.

Phenomenological negligible due
the small photon PDF.
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3 ]
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A significant suppression due to EW Sudakov logarithms can

be observed !
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I[II. Z—boson decays pp—:-- =4l + jet

> Simplest: Naive-NWA method mmm) very fast butinaccurate ! |
> Intricate: Computing stable particle produced amplitudes mms) aCCUrate but costly |

Intermediate solutions (MadSpin based on FLMW approach):

--P. Artoisenet et al. JHEP 03 015(2013) & S.Frixione et al JHEP 04 081(2007)

a) Generate the NLO events for the undecayed production.

b) Construct the virtualities of resonances and momentum reshuffling. reserve off-shell effects
¢) Generate the decay of resonance uniformly.  narrow width approximation

d) Unweighting procedure rejection or acceptance condition

doyo-
d{}_ Wmax(X) _ dedk (X) X de
Xak(x > rW X
e (Xakl,)) > rWaax(X)
: Spin correlation and off-shell effects are
Decayed events with 1 ,
kinematics X g (%, ¥) A random number r € [0,1] reserved at tree-level accuracy !
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Retain the spin-correlation and off-shell effects fairly well at NLO calculation !
2> The MadSpin is used to decay resonance rather than naive-NWA !

371

10 | (@)
[ [—nNwaA ——NWA -
9t  |----- MadSpin S o ----- MadSpin
Q2 S
= 8r 8
<
% 7_' ﬁb' 0.1
© o
6 N
5 . L . L . 1 s 1 . oo b4
4 : . . : g S —
— 2 T ~ 7 ° . ° °
S 0_“_‘——1_.—\_—____\_\_\__ S 3'_—‘_'—_\14___’_‘ Using MadSpin in NLO calculations
© 2 | | | | T~ 3| ] could be a better choice !
0 0.2 0.4 0.6 0.8 1 () 20 40 60 80 100 120 140 160 180

¢|" I, Pr.i [GeV]

Distributions of Z-boson leptonic decays
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IIl. Numerical results-pp—=ZZ + y

Vs =14 TeV Frixione isolation fragmentation function
inclusive exclusive inclusive | - exclusive .
71/ 281603)2%5% | acd somectionel
orw /(7] [ -6.76 ]
8~-ina/[%] 0.02 0.004 0.02 0.002 ] ‘ Phenomenological negligible !
dqcp/[%] 67.4 52.6 63.9 48.6
onro/ (%] 56.11 42.29 52.85 38.56
oNO/[fb] | 37.18(4) T4 | 33.89(4) 15Nk | 36.40(2) 7T 00 | 33.00(2)F] 4050

Table 1: The LO, NLO QCD+EW correfteda
at the 14 TeV LHC by taking p$t >/20

methods (see section 223.3]) by

tegrated cross sections and the corresponding relative corrections
eV, |y,| < 2.5. The results are given in two photon-jet separation

plying thle jet veto condition p§,; < 100 GeV as well as without it.

Reduce scale dependence ! (further by
jet veto)
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IIl. Numerical results-pp—=ZZ + y

T T v T T T v T T T Y 140 T T T T T T T T y T
N — 1O : | [——acD
i =Y o— QCcD 120 | |--- QCD(veto) |
_ ! === QCD(veto)| | 4ool [ NLO e Y =
:;} '“,__-'_",'-‘T:_ .......... - NLO | [------ NLO(veto) e |
O 01F T NLO(veto) | Nearly -20% |
= i Qo = —
£t E = I R
:_P e ;;I 60 :_'_-i_ Y“W‘;--r P -’: LLLLLL e eerid e
o - 7o) I —— gragrmm—— - .- o
-.-'g — 0L 0 Tl I T -
© R L e O L T
L 20+ T -
cotgr = ok -
1 " 1 L 1 " 1 L 1 " _20 I 1 L | " 1 L | " 1 L
50 100 150 200 250 300 50 100 150 200 250 300
P, , [GeV] P, , [GeV]

EW correction is significant in the high energy region !

Figure 6: The distributions in the leading Z-boson transverse momentum at LO, NLO QCD and
NLO QCD+EW accuracy for pp — ZZ + v+ X at the 14 TeV LHC (left). The relative corrections
for corresponding NLO QCD and NLO QCD+EW are also present (right).
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— e et T
X 60f - — .
_— I pr— Y ge— L JR— -
Lo Pk g o ! - '-.____:"' - A 1__'__:____[""'
) R -
PRy SRS B T
L | X | L 1 L 1 L 30 1 1 1 1 n | 1 1 L
0 0.2 0.4 0.6 0.8 1 (D) 0 0.2 0.4 0.6 0.8 1 ()

¢I' I . . . . .¢I' I, e
EW correction is universal in angular distribations !

Figure 13: The distributions in the leading and next-to-leading negatively lepton transverse momen-
tum (upper box) and relative deviation (lower box) for pp - ZZ + v — 4¢ + v+ X at the 14 TeV
LHC.
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» We completed the first NLO QCD+EW corrections for ZZ + jet and ZZ + y productions
at LHC.

» The jet-photon separation is proper coped the with quark-to-photon fragmentation and
Frixione isolation.

» EW corrections relative small in the integrated cross section, but non-negligible especially
in high energy region.

» The spin correlation and off-shell effects are partially retained by using MadSpin.

Thank You !
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