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I Motivation of the calculation

Karlsruhe Institute of Technology

pp — WW, ZZ, WZ are important processes at hadron colliders:

m Probe of the non abelian structure of the electroweak sector of the SM

m Important backgrounds for Higgs search
= measuring and predicting these processes with high precision is compulsory
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Calculational setup

Kt i o el
m QCD corrections: NLO corrections to gg — VV, gg — WW, ZZ included (formally a
NNLO contribution) [see Ohnemus (1991); Frixion et al. (1992); Frixione (1993); Dixon et al. (1998); Campbell, Ellis (1999); ...]

m EW corrections: NLO virtual and real corrections to gg — VV including g and vg
subprocesses, vy — WW included at NLO (MRST2004QED PDF set used)

—WvwW\
Born

(VVVW\
M N gerneric QCD corrections
AAAAAS ——ee ANV

generic EW corrections

A ——h v —AN

Tools: FeynArt/FormCalc/LoopTools cross-checked with home-made implementation of
1 loop integrals (LoopInts), MadGraph HELAS routines
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Renormalization and substraction method

Karlsruhe Institute of Technology

» Renormalization: on-shell scheme used for EW corrections, calculation cross—checked
with dimensional and mass regularization schemes for the infrared singularities

m Infrared singularities: substraction method

O_NLO :/ dUBorn+ dGVirt+/ do_rcal
bn é

n n+1

with each contribution divergent = cancel soft & collinear singularities before
Monte-Carlo integration:

C7_NLO :/ (do_real|€:07da_A|E:0) +/
$ntl

where do® a substraction term with the following properties:

daBorn+deirt+A dCTA ‘E:O
1

n

a do® cancels soft & collinear divergences of do"?!

[ do® done (partially) analytically in d dimensions = /, P, K operators
1

The calculation has been done with Catani-Seymour dipoles, cross-checked with phase-space
slicing method [catani, Seymour, Nucl.Phys. B485 (1997); Baur, Keller, Wackeroth, Phys.Rev. D39, 013002 (1999)]

Overview of the calculation
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I EW corrections and photons Q(IT

m What value for « in EW corrections? use G, scheme:

V2GrM}, | M3,
o= — - —
T M%

1
Charge renormalization constant shifted: §Z, — 626\0“ = (SZe\a(O) — E(Sr

= EW corrections independant of light quark masses

When physical photon in external state: (0) has to be used!
= rescale all contributions by (c(0)/c)' (i = 3 for v, otherwise i = 1)
m Spin correlation: in gy — WWpgq real correction some diagrams include -y contribution

= spin correlation between the subprocess vy — WW and the initial quark/antiquark to
be taken into account

Overview of the calculation
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I Parameter set and uncertainties

Parameter set:
® «in the G —scheme, a(0) ™! = 137.036 for o/ x(0) rescaling
s oNEO(MZ) = 0.12018F9 937 (90% CL) (MSTW2008) or
ag(M2) = 0.1190 (MRST2004QED)

o NEO(M2) = 0.1170715 50359 (90% CL) used at NNLO for gg — WW, ZZ
subprocesses (with MSTW2008)

a M, = 173.5 GeV, My = 80.385 £ 0.015 GeV, Mz = 91.1876 £ 0.0021 GeV,
My = 125 GeV

a Full NLO QCD+EW total cross section: §=W = gNLO QCD+EW /;NLO QCD
(calculated with MRST2004QED) and g t°tMSTW — sEW . ;NLO QCD,MSTW

Uncertainties on total cross sections:
m Scale uncertainty: calculated with %MO < pr = pr < 20, o = My, + My,
as central scale
u PDF+a; uncertainty: use MSTW2008 PDF set with correlated
PDF+a; 90%CL uncertainties

u Parametric uncertainties: impact of the experimental errors on My and Mz

Overview of the calculation
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QCD distributions at 14 TeV

NLO QCD effects (no cuts):
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= Large QCD effect at high pr driven by leading-logarithmic term c log™ | —= | in
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gluon—induced processes [see also Frixione et al., Nucl.Phys. B383, 3 (1992); Frixione, Nucl.Phys. B410, 280 (1993); Ohnemus,
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Differential distributions and radiative corrections hierarchy
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EW distributions at 14 TeV

NLO EW effects (no cuts): Karbrahe institute of Technoloay
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m Virtual Sudakov factor in the gg — VV’ correction < «log YR
w

|\m‘ also Bierweiler, Kasprzik, Kiihn, Uccirati, JHEP 1211 (2013) 093; Bierweiler, Kasprzik, Kiihn, arXiv:1305.5402 (Z(H?ﬂl

m ~v-induced processes compensate this Sudakov effect in WW and WZ channels, not in ZZ
channel

m vy dominates in Myw distribution

Differential distributions and radiative corrections hierarchy
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The hierarchy of the radiative corrections ﬂ(l'l'
There is a radiative correction hierarchy in the p7 distributions

a QCD corrections: WZ > WW > ZZ because of non-abelian structure, coupling strengths
and PDFs (PDF(u)> PDF(d)):
dARCPNLO

1 1
. o/ ~ sQCD _, * ¢QCD _,  ¢QCD
e F120% 2 557 o S oy o 5207 (full)

1 1
Qco ., l.qep QCD
057 o o > 6

>~ 5%z (leading-log)

m EW corrections: same order as for QCD corrections but with larger ratios,
dAFYWNLO
LO 90 "W T 190 W72
The explanation for larger ratios in the EW corrections: /—channel massive boson exchange
diagram in WW and WZ channels, not in ZZ channel

1 1
£0.3% ~ 5BV~ 6EW ~ BwW

4 2 + wty2
uy—WIW T ady uy—Zu Ay uy—wtd ! uW —Whu &3 2 T )
do ~ (Tz“daL + TdUL + Zdﬁ”. P log M%V
W=
v w u u v w
u W=
w- w+ z
U u i Wt U
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Leading-logarithmic approximation vs full result
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m Leading-logarithmic approximation: off by up to a factor of two at pr ~ 700 GeV (WW
QCD case)

m But still converges at very high pr (checked numerically at a super LHC)

m Approximation works better in the EW case than in the QCD case,
almost perfect for EW WW distribution

Differential distributions and radiative corrections hierarchy
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I Experimental results summary

wpp —Z7Z:

Up-to-date results since HEP-EPS 2013:

app > WHZ4+W—2Z:

npp — WW:

Experiment 7 TeV 8 TeV
0.9 0.6
ATLAS 6.779% pb | 7.179% pb
CMS 6.247%%€ pb | 7.7+ 0.8 pb
Experiment 7TeV 8 TeV
1.7 1.6
ATLAS 19.0777pb | 20.3%15 pb
CMS 208+ 1.8pb | 24.7 4 1.7pb
Experiment 7TeV 8 TeV
ATLAS | 51.944.8pb /
CMS 52.4£5.1pb | 69.947.0pb

Karlsruhe Institute of Technology

[ ATLAS Collaboration, Eur.Phys.J. C72, 2173 (2012); arXiv:1210.2979; JHEP 1303 (2013) 128; ATLAS-CONF-2013-020; ATLAS-CONF-201 LUI]]

[(‘\IS Collaboration, CMS-PAS-SMP-12-005; Phys.Lett. B721, 190 (2013): JHEP 1301, 063 (2013)

Total cross sections and experimental data
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Experimental results summary
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How to obtain the total cross section?

fid _ Nsignal
L

» Measure the cross section in the detector fiducial region, o

" ofid

» Extrapolate to the full phase space, 0*°" =
BR(VV/ — X) X Ageometry

where X is the final state measured:
e.g. for ZZ itis X = 44, for WW itis X = £0'vv/’

Ageometry rescaling factor to extrapolate to the full phase space, estimated from MC
fid,cut
ofid,

predictions: Ageometry = = we only compare to the extrapolated total cross

tot,cut
otot,
section, fiducial cross section yet too difficult to calculate including EW corrections

Total cross sections and experimental data
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I Z7 total cross section

40 -

30 ¢

20 -
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EW correction factor: NLO EW corrections negative and sizeable, & EW — 0.97

.
u Parametric uncertainties negligible (< 0.1%)
= Scale uncertainty: A* = +3.2%/ —2.4% @ 7 TeV down to +1.2%/ — 0.8% @
33 TeV
u PDF+a; uncertainty: use 90% CL MSTW2008 PDF set, +4.2%/ — 3.5% @ 7 TeV
down to +3.9% @ 33 TeV
o(pp — ZZ) [pb] 01 o(pp — ZZ) [pb]

NLO QCD+EW, 1o = 2My

NLO QCD+EW, 1o = 2Mj

40

,,,,,,,,, 30
o (| U —

e 10}
097 L ‘ P e ———
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. . . . . 0 . . .
7 10 15 20 25 30 33 7 10 15 20 25
V5 [TeV] V5 [TeV]
Total cross sections and experimental data
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I Z7 total cross section

Karlsruhe Institute of Technology

Total uncertainty and comparison with experiment:

o7z = 59573 pb @ 7 TeV o7z =133 pb @ 8 TeV
50t o(pp — ZZ) [pb]
NLO QCD+EW, /o = 2My Rt
40 + 1
30 + AN n— B
ATLAS ——=—
1.3
20 + 1
¢ 1.2 + B
1.1+ B
10 1.0 B
0.9 4 ‘ 1
ol ‘ .7, 8 . 9
7 10 15 20 25 30 33
V5 [TeV]
ATLAS @ 7 TeV: agree within 0.80 ATLAS @ 8 TeV: perfect agreement (< 0.30)

CMS @ 7 TeV: perfect agreement (< 0.30) CMS @ 8 TeV: agree within 0.40

Total cross sections and experimental data
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I WZ total cross section

a EW correction factor: NLO EW corrections negligible, 5®W = 1.00

a Parametric uncertainties negligible (< 0.1%)
a Scale uncertainty (W™ /W~Z): A¥ = +4.6%/ — 3.6% @ 7 TeV down to

+1.2%/ — 1.0% @ 33 TeV

Karlsruhe Institute of Technology

a PDF+q; uncertainty (W' /W~ Z): use 90% CL MSTW2008 PDF set, +4.3%/ — 4.0%

@ 7 TeV down to +3.9%/ — 3.7% @ 33 TeV

: : : : : 160 : : : 7
120t o(pp — WZ) [pb] o(pp — WZ) [pb]
NLO QCD+EW, 1y = My + My 140 *11\%1;0 QCD+EW, 1o = Mw + Mgz ]
T Uo T
100 1y o4 oo ] 120 | - g
1.020F T 1.02
100 j
80 F 1.0 0 1
0.98 | e 80 -0.98
60 0.96
60 096 -
40 40 1 ’
APDF(WHZ)
20 APDFHos (WHZ) oo 1
20 F e e ATW L) e APDF W-Z)
,,,,,,,,, 0r APDF+0s (WZ)  wemeeene ]
U L L L L

7 10 15 20 25

Total cross sections and experimental data
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WZ total cross section

Total uncertainty on W+Z + W~ Z production cross section
and comparison with experiment:

ow-z witz = 18.3733 pb @ 7 TeV Ow-ziwiz = 227737 pb @ 8 TeV

o(pp = WZ + W~-Z) [pb]
200 s NLO QCD+EW, 4o = My + My 1

0 L L L L L L
7 10 15 20 25 30 33
V5 [TeV]
ATLAS @ 7 TeV: perfect agreement (< 0.20) ATLAS @ 8 TeV: agree within 0.85¢
CMS @ 7 TeV: agreement within 0.850 CMS @ 8 TeV: agreement within 0.60

Total cross sections and experimental data
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I WW total cross section
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a EW correction factor: NLO EW corrections positive and small, 6*W = 1.01 — 1.02
(same when calculated with the newest NNPDF 2.3 QED set [nnppr Collaboration, arXiv:1308.0598 ] )

u Parametric uncertainties negligible

a Scale uncertainty: A* = +3.2%/ — 2.4% @ 7 TeV down to +0.5%/ — 0.3% @
33 TeV

= PDF+a; uncertainty: use 90% CL MSTW2008 PDF set, +4.2%/ — 3.3% @ 7 TeV
down to £3.9% @ 33 TeV
400 : : : : : 400 ‘ ‘ ‘ ‘ ‘
40l 0(PP =~ WTW7) [pb] 40l 0(PP = W W) [pb]
o NLO QCD+EW, 1o = 2Mw o NLO QCD+EW, o = 2Mw
300 300 |
250 250 L

,,,,,,,,, 1 APL}F
- 200 | APPF+as coeee

0.96
7

-~
[S]
S
o
&

)

S

7 10 15 20 25 30 33 7 10 15 20 25 30 33
V5 [Tev] V5 [Tev]
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I WW total cross section
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Total uncertainty and comparison with experiment:
oww = 45.773% pb @ 7 TeV oww = 55.67% pb @ 8 TeV

400 : : . .
+ —
40 | o(pp — WTW™) [pb]
NLO QCD+EW, 9 = 2Mw
300 +
250
Atot ,,,,,,,,,
200 + ATLAS —=—
.4 — &
sop OMS —— 7 T T ]
12+ 1
100 IS N
50 L L0 |
ol ‘ 7 . 8 9
7 10 15 20 25 30 33
Vs [TeV]
ATLAS & CMS @ 7 TeV: 1.10 excess CMS @ 8 TeV: 1.80 excess

Total cross sections and experimental data
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Time to conclude... But before, jet veto issue
Fixed jet veto against dynamic jet veto, an example with WWZ production:

[I) T. Nhung, L.D. Ninh and M.M. Weber, arXiv:1 wv\l‘.”m?]

* Fixed jet veto: veto events with pr ; > 25 GeV and ; < 4.5

1
* Dynamic jet veto: veto events with pr ; > EmaX(MT,W+ s My w—,Mr,z) GeV

200

5%

5[%]

— — - OjetincQCD —— Ojetindl QCD
Fle=tatev | |- 0jetexciach | 200F - ojetexciacn |
-~ Ojetincl EW - 0jetincl EW
0jot xcl EW 0 jet excl EW
=
oo N~
e I in 1A e e T ey T I
[ L ERIEHRIEIH 00 _pr T [t a1 LB

100 200 300 400 50% 600 700 800 900 10
Py (GeV]

100 200 300 400 500
Pry [Ge

\9]00 700 800 900 10!

m Fixed jet veto: over-reduction of QCD corrections, driven to negative K—factors
m Dynamic jet veto: more reasonable reduction of QCD corrections, EW corrections
marginally affected = better choice to study the pr observable with jet veto

Total cross sections and experimental data
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Time to conclude... But before, jet veto issue

Fixed jet veto against dynamic jet veto, an example with WWZ production:

[D.T. Nhung, L.D. Ninh and M.M. Weber, arXiv:1307.7403 ]

* Fixed jet veto: veto events with pr ; > 25 GeV and ; < 4.5

% Dynamic jet veto: veto events with pr ; > Emax(MT,WhMT’W_ My 7) GeV

300

— — 0jetincl QCD
- 0jetexcl QCD
- 0jetincl EW
- 0 jet excl EW ] <
P R i;gt\\i;iis*&iiii;;
AMaOja;sH H _ H HHHH
T T T T T TS N
AR T T T T N e M h°hHhH
R R NN AR Y
RN SRS R \Jhﬁ [] Ejﬁ

-1 OOO

Il Il Il Il Il Il Il Il Il I
100 200 300 400 50Q 600 700 800 900 1000
P, [GeV]

Dynamic jet veto increases scale uncertainty = issue here to be discussed?

(see also I. Stewart, F. Tackmann, Phys.Rev. D85 (2012) 03401

Total cross sections and experimental data
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I Summary and outlook
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Diboson production at the LHC:

u Status of the calculation:
On-shell WW/WZ/ZZ production cross sections known fully at NLO (EW+QCD)

u Radiative corrections hierarchy: gluon/photon—induced processes driven by
double-logarithmic terms
= first comprehensive explanation why WZ > WW > ZZ thanks to non-abelian gauge
structure, coupling strengths and PDF effects

~vy—induced processes further enhanced by —channel massive gauge boson exchange

u EW effects: y-induced processes compensate or even overcompensate the virtual
Sudakov effect in WW and WZ pr distributions

= Uncertainty on total cross sections: +7%/ — 6% @ 7-8 TeV, +5%/ — 4% @ 33 TeV

u Comparison with experimental results:
WZ and ZZ total cross sections predictions agree very well with experiment
WW total cross section at 1o @ 7 TeV and 1.80 @ 8 TeV
(as a side-point: single-top interference is negligible in WW production)

m Jet veto issue: dynamic jet veto seems better that fixed jet veto, what is actually used in
experiment? Scale uncertainty larger also...

Conclusion and outlook
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Thank you!

Conclusion and outlook
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EW leading-log equations for ZZ, WW and WZ
w ZZ pr distribution
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Z\2
77 70 O
da™ 7 = (8 do" T — 1og® [(pT) ]
2w
u WW pr distribution
4 2 wty2
dau«,aw+w—u _ <4Ll;v da_zfy~>2u+ “deazwawﬂt_"_ ldO_MWj;HW‘Fu) a og? l: ) }
CL,AA

34our IYe
4 2 +\2

dotr—wrwma _ (v v . aiwdo_ud"/ﬂw'*'d N ldotryjy'ﬂw+d e (r)
4, * 4k 4 2w M3,

27

w

u WZ pr distribution

2 wty2
da_u-y~>W+Zd _ CL,uCWZdUwawmil 2 r )
=3
w

2 d —\2
do®r =W Tz _ ‘L,A;Wngz—y—w*ug log? (pr 2)
ay 27 M3
1
——. L = (ié — sin’ OwQr)/(sin Ow cos Oy ), cr.r = —Q sin Oy / cos Oy,
/2 sin Oy
ey = (6l + k) /(4ci,,) = 0.18,¢5, = (¢] 4 + ck.a)/(4ci,,) = 0.26,

1 c cot 6 cot 6 1 C cot 6 cot 6

d 2 CL,u w w u 2 CL,d w w

- — i — — —— ) =2381,¢ — ’ 1 —4.13
¢ 2(1 CL,d ( CL,d ) ‘wz ( )

with ay =

—a
w
CLu 2 "L CLd CLu
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J. Baglio — LHC Runl Aftermath, Where Theory meets Experiment

02.10.2013 19/18



	Introduction
	Overview of the calculation
	Differential distributions and radiative corrections hierarchy
	Total cross sections and experimental data
	Conclusion and outlook
	Appendix
	Backup


