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Why WTW ™ is interesting...

e Probe non-abelian structure of the Standard Model:
— simplest process with trilinear gauge couplings

e Limits on anomalous gauge couplings

— high energy region: My, > 2 My

e Irreducible background to Higgs decay H - WW*

— low energy region: My, < 2Myy

e at leading order O(a*) — little " QCD-pollution”
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Status of WTW ~predictions at the LHC

QCD corrections
e NLO corrections

e NLO corrections + parton shower matching

e NNLO corrections

EW corrections
e NLO corrections to on-shell W™W ™ production

e NLO corrections to on-shell WTW ™ including vg contributions

e NLO corrections to pp — WTW™ — 41 in DPA

e Full NLO corrections to pp — WTW— — 41
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@ EW corrections in double-pole approximation
@ Full off-shell EW corrections to pp — WTW™ — 4leptons

@ Phenomenological results



@ EW corrections in double-pole approximation



EW corrections in DPA

factorizable corrections non-factorizable corrections

q g ho g b
w - w —
w 23 b
Y
13 l3
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q q ly q £y

On-shell production

On-shell decays

only soft photon exchange

~~ RacoonWW
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EW corrections in DPA

factorizable corrections non-factorizable corrections

q q f

w —

b

{3

w B

q ; ; q Ly
On-shell production On-shell decays

only soft photon exchange
~~ RacoonWW

X virtual corrections only to doubly
resonant diagrams

X only applicable in the high-energy
region, \/s > 2Myy, where xsec
dominated by W-pairs
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EW corrections in DPA

factorizable corrections

non-factorizable corrections

Y
Qi
ol

q

On-shell production On-shell decays only soft photon exchange

~~ RacoonWW

X virtual corrections only to doubly

i v/ less complex loop calculation
resonant diagrams

. _ . v less diagrams (~ O(102))
X onl}/ applicable in the high-energy / little CPU intensive
region, /s > 2Myy, where xsec .
dominated by W-pairs v/ numerically fast
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EW corrections in DPA

factorizable corrections non-factorizable corrections

7 q &
w _

b

£

w ~

2

q q 4

On-shell production On-shell decays only soft photon exchange

~~ RacoonWW

X virtual corrections only to doubly

i v/ less complex loop calculation
resonant diagrams

v less diagrams (~ O(102))
X only applicable in the high-energy / little CPU intensive
region, \/s > 2Myy, where xsec :
dominated by W-pairs v/ numerically fast

Full EW corrections to ete™ — 4 ¢:

T T T B 2 T T T T T
=5 b oete o uday, | et i, . |
2

5 1 Aae ~ dgwy
s al
v ADPAN;ﬁln()NOS%
o A e [170 GeV < /5 < 500 GeV]

o edf ——
T w0 m w0 w w0 o s w0
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EW corrections in DPA

factorizable corrections

Y

q
On-shell production

X virtual ¢

resona
X only ap
region,
domina

On-shell decays

Full EW corrections to eTe™ — 4¢:

——
etem o uluuy

150 160 170 180 190
V5[GeV]

alfelder
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non-factorizable corrections

q W ho g 0
W 2 W 23
it
13 l3
w w
q [4 q i‘)

only soft photon exchange

~~ RacoonWW

alculation
10%))

etem o uluv,

2
Aae ~ dgwy

Appa ~ 2575 In(...) ~05%

™
[170 GeV < /5 < 500 GeV]
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@ Full off-shell EW corrections to pp — WTW™ — 4leptons



Contributions to the cross-section

LO _ Hy Ha ~LO
wut) = S e [ as
9,9 :

Hy fIL " ALO
+fwlﬂ/2®AdUW

W fi
f
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® Tbb:

+(aera)

Qi

PDF-suppressed

w fi
h

f

Qi

fi

, contributes < 2% to ogq
e 0,y 1< 1% of 0gq — treated as part of EW corrections
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Contributions to the cross-section

(f;’y,LIg ZfH]fHQ (/dO’LO+ /da_real /dAwrt / dx /do_fact>

+(aea)
Hifly o [ 4aLO
+ 100 ®/dmW
4
_ ; f f
d +,¢\‘A‘M.<f a g b
f f fa
u w
d f v/Z f
+m.< N q q _
w fa f2
5 fi N w fi N f fi
AL A A fa
W W
. . f . no f
Y Y .
4 Ww i A

e op;,: PDF-suppressed, contributes < 2% to ogq — my at NLO...
e 0,y 1< 1% of 0gq — treated as part of EW corrections
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Contributions to the cross-section

O_II;IILIg Zf;II%HQ ® (Ad&(li /df\rea/ /df\wrt / dx/do,fact>
a4

+HIER® /dALO

+(aed)

Real corrections: qg — v,pt e 0 + v
fi

q _

fa

LW = soft and/or collinear singularities
i f3

3
Dipole subtraction for final-state photons

/dAreml fin /dAre'Ll /quub:rY /dAZ:b:r / dx/dwonv /dAelxdp
5

q

suitable for MC-Integration N ahct N ”v;r:
e final-state leptons recombined if A, < 0.1 — collinear safe
o final-state muons may remain un-recombined — collinear unsafe
affects PS-cuts — additional contributions o & In("g)
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+(aed)

Contributions to the cross-section

/df\rea/ /dAvlrt / dx/do,fact>

o o

9,9
Hy fIL " ALO
Jrﬂ,li‘:/ziX)AdUAW

NLO
Owymy =

Real corrections

/7
q

Dipole subtractio

.real,fin _
/sclaq(-1 =
q

Electromagnetic Calorimeter

suitable f

e final-state leptons recombined if Ay, < 0.1
2 In(

o final-state muons may remain un-recombined
affects PS-cuts — additional contributions o

Ider

Photon and electron in SINGLE detector
unresolved in collinear region: collinear safe
Photon and muon can become collinear
AND still be resolved: collinear unsafe
igularities
Only relevant for
QED final state
radiation off muons.
'\ / a6 endp
Muon Detector
. ,v;rc

— collinear safe
— collinear unsafe
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Contributions to the cross-section

O_II;IILIg Zf;II%HQ ® (Ad&(li /d'\rea/ /( A(‘;gt / dx/do,fact>
a4

+Haea)
+HER /dALO
Virtual contributions: qg — Vu/ﬁe_ﬂe
w f
. . . . . _ 2
e amplitude generation: inhouse Mathematica routines 1 P
q v/
— up to 6-point one-loop tensor integrals q o
3
w fa

e evaluation of loop integrals with Collier

~end . . -
e [,déc5"" from subtraction function cancels remaining 4
IR singularities per construction:

q
N /d&(\;i{t’ﬁn: /dé_v1rt+/dAendp
Ja
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Contributions to the cross-section

U]I{V]L[g Zlef-Hz (/dALO /dAreaI /dAwrt / dx/df\fact>

v [asto

+ZfH1fH2 </dAreaI / dx/dafact>

Real corrections (I1): Incoming photons

+a+a)

+(q++7),(q++a)

=)

o ~ — ff* splitting: 7
e f =1: no singularities (pr(1*)-cuts) .
e f = q: dipole-subtraction approach
o q — qy* splitting:

e spin-correlated matrix elements for vy — 4¢ OR 4
o effective collinear factor:

=)

— restores regulator mass dependence of amplitudes
in collinear limit

— no impact outside collinear regions
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Further details on the calculation...

— two independent implementations:

e complex-mass scheme:
ud, =M% — iMyTy for V = W,Z — all EW couplings o cyy = pw /pz € C

® mass- or dimensional regularization

e pare and dressed leptons supported

e |oop integration based on different branches of Collier
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Further details on the calculation...

— two independent implementations:

e complex-mass scheme:
ud, =M% — iMyTy for V = W,Z — all EW couplings o cyy = pw /pz € C

® mass- or dimensional regularization
e pare and dressed leptons supported

e |oop integration based on different branches of Collier

e diagrammatic approach, following e recursive method: Recola
ete™ — 4/

e DPA supported

e mg =0 at NLO e full top-mass dependence

Intensively checked all parts of the calculation.
Integrated results fully agree within stat. uncertainties.

Lukas Salfelder
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@ Phenomenological results



I ————————————————SS LIS
Phenomenological setup

LHC Setup: Minimal cuts:
e NNPDF2.3QED,NLO ® pr > 20GeV
o MF:MW o |y£|<25
2 2 .
. ag, = ﬂc;#:/rwsw ~ 1321'36 ® jet veto: Ipi\f‘,jet><0120 GeV,
° jet def-: pr.i > 25 Gev' ::Zt/iid Iarg'e QCD corrections
lyil <5

additional ATLAS cuts (WW search):

o priiE > 25 GeV
E&‘niss _ |5Tmiss| > 25 GeV
Rep > 0.1, Mo, > 10GeV

jet veto: pr et < 25 GeV
= No Jets!
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collinear safe vs. collinear unsafe

ATLAS-cuts @13 TeV

10 T T T T T T

) e oo | ko 267.28(5) [ib)]
e x 5 safe — 8.489(4)[fb] (=~ —3.1%)
] WM ynsafe  — 9.913(5)[] (~ —3.7%)
ATLAS cuts Sery — 0.744(2) [tb] (~ —0.3%)
Sy 2377(1)[fb] (=~ +0.9%)
S5, 4.471(1)[b] (~ +1.7%)

® 04y very small contribution

[—dedicated cuts!]

® 0., relevance increasing with
energy

® Opp: < 2% (at pr ~ 300GeV)

100 200 300 400 500 600
pr(p*) [GeV]
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..
collinear safe vs. collinear unsafe

10 . . . . . i ATLAS-cuts @13 TeV

) e oo | ko 267.28(5) [ib)]
iy 5 safe — 8.489(4)[f] (x~ —3.1%)
%:ﬂfg;\f* 1 U ypsafe  — 9.913(5)[fb] (~ —3.7%)
ATLAS cuts v - 0744Q2)[fb] (~ —0.3%)
Oy 2.377(1) [fb] (= +0.9%)
51, 44711 [b] (= +1.7%)

NLOunsate . 1 I
i ® 04y very small contribution

[—dedicated cuts!]

® 0., relevance increasing with
energy
® Opp: < 2% (at pr ~ 300GeV)
100 200 300 400 500 600
pr(p®) GeV)
® Jgq: ~35% —40% (st pr = 600 GeV)
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..
collinear safe vs. collinear unsafe

ATLAS-cuts @13 TeV

10 T T T T T T
N e oo | ko 267.28(5) [fb]
e x 5 safe — 8.489(4)[fb] (=~ —3.1%)
01 | ‘j%:fmv ] 99 unsafe — 0.913(5)[fb] (= _3.7‘0%)
ATLAS cuts Oy — 0.744(2)[fb] (=~ —0.3%)
1072 b Oy 2.377(1) [fb] (= +0.9%)
o 5, 4471(1)[b] (=~ +1.7%)
107t
07 F Lo 1 Bt
NLOuae ® 04 very small contribution
1076 ] qQy
[—dedicated cuts!]
1017
0 = e ... relevance increasing with
ol e - g
£ e - energy
Y P e
—_— s |
) S B— ® Opp: < 2% (at pr ~ 300GeV)
100 200 300 400 500 600
pr(u) [GeV]
® Jgq: ~35% —40% (st pr = 600 GeV)
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..
Full corrections vs. DPA

fh

~ do. _do [ M
75 b pp— vute e+ X W [fb] -, [(;cv]
o = 13TeV 1

70 - ATLAS WW setup
i treated coll. unsafe

PP = vurte v+ X
foen = 13TeV
ATLAS WW setup

 treated coll. unsafe

—2
—2 -1 0 1 2 100 200 300 400 500 600 700 800 900 1000
o M-+ [GeV]

e Rapidity and inv.-mass distributions: show expected agreement of §°F4
— not sensitve to difference between DPA and full corrections
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..
Full corrections vs. DPA

I high P ot
e [
1k

PP vprte v+ X
L /s = 13TeV
10! ATLAS WW setup

1t treated coll. unsafe

enhanced impact of singly-resonant diagrams

100 200 300 400 500 600 700 800 900 1000
Pro- [GeV]

Rapidity and inv.-mass distributions: show expected agreement of
— not sensitve to difference between DPA and full corrections
[ ]

5DPA
Theo. uncert. of DPA: appa ~ max{(ag&A)2,%%|n(...),

DPA
SDPA| o leLo—ono |
BEW ,DP

Ifelder
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..
Full corrections vs. DPA

10 T T T T high Pre—"
do [ ]
L Tpp ot LGV
PP = Ve v+ X
10! [5op = 13TeV 1
ATLAS WW setup
1072 | 1 treated coll. unsafe 4
10
107 . . .
enhanced impact of singly-resonant diagrams
10~
high p, :
-6 —
10 Te p .
e
107 . ‘ Pre= it
5 - "
-5 -
~10 B t P
=15 ] T T T Senm
-2 1
-5t TR 1 .
P — P,
=30 1 sora “
—35 b1 B vy
0 200 400 600 800 1000 A
Gev) extremely suppressed for doubly resonant contributions
Pro-ut [GeV

e Rapidity and inv.-mass distributions: show expected agreement of §°F4

— not sensitve to difference between DPA and full corrections

__DPA
e Theo. uncert. of DPA: apps ~ max{(éED&,A)Z 2 2 in(...), [sBEA| x %ﬁ}
7LO

T

e Predictions for pp-distributions should be based on full 4-f calculation

Ifelder QCDG@LHC 2016 9 /11



f3

G
w fa

v/Z f

q /W N
f

[arXiv:1412.2641[hep-ex]|]

® 10GeV < My, < 55GeV



Higgs-background setup

_ f3 f3
q . - & . -
W fa W f
/ & --
y/Z fi H fi
Y
q w ! £ w !
h f2
18
pp = vupte v+ X
L6 1 /ap = 13TeV
B pp > vupte B+ X 4 Higgs-bkg setup

Vi = 13TeV
ATLAS WW setup
i treated coll. unsafe

107!
1072
aq
a
1078 k4l

 treated coll. unsafe

[x100]

300 400 500 600 700 800 900 1000
M- [GeV]

100 200

1520 25 30 35 40 45 50 55
M- [GeV]

additional cuts:

® 10GeV < Mey, < 55GeV

® Agey < 1.8
® Cpise — |5IsS| > 25 GeV

® reduction of xsec from ~ 270fb — 50fb
® Sow ~ —3.1% 5 —2.3%

® -~ and g contributions almost cancel

QCD@LHC 2016 10 / 11



Higgs-background setup

3 5 £ "
W fa W f
v/Z fi H fi
q w B g W -
h f2
1
. de b de
1L oot X Tihew ] Thew
Veon = 13TeV
Higgs-bkg sctup [x100] DD vt e B+ X
107" b 4 treated coll. unsafe

[ = 13TV
Higgs-bkg setup
i treated coll. unsafe

90 100 110 120 130 140 150 160 170 180

My [GeV]

-10
150 200 250 300 350

My [GeV]

400

additional cuts:

® 10GeV < Mgy < 55GeV
® Agey < 1.8

[ E%“SS _ ‘ﬁ%niss‘ > 25 GeV

® reduction of xsec from ~ 270fb — 50fb
® Sow ~ —3.1% 5 —2.3%

® -~ and g contributions almost cancel

® My :(experimentally unobservable!)
— XS still dominated by on-shell W-pairs
— increasing neg. corr. above threshold
— Spw (My) ~ +15 %!
— radiative tail due to FSR below threshold
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Summary

e WHW™ production is very important for a detailed understanding of
the EW gauge sector

e full EW corrections can reach up to O(—40%) for certain observables
e collinear unsafe generalization enhances corrections (~ 0(0.5%))
e below 2Myy and in certain phase-space regions: DPA not sufficient

e Higgs-background setup still dominated by on-shell W's

e positive EW corrections at the physical Higgs-mass
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Summary

e WHW™ production is very important for a detailed understanding of
the EW gauge sector

e full EW corrections can reach up to O(—40%) for certain observables
e collinear unsafe generalization enhances corrections (~ 0(0.5%))

e below 2Myy and in certain phase-space regions: DPA not sufficient

e Higgs-background setup still dominated by on-shell W's

e positive EW corrections at the physical Higgs-mass

Thank you
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Backup...
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I ————————————————SS LIS
QCD predictions and measurements

o[pb]

140

120
100
80
60
40
20
1.15
1.1
1.05

1.00
0.95

Lukas Salfelder

pp — WHW—4+X

Il —e— ATLAS

gg — H— WW*
added to all predictions

\}E [Te\}] 13 14

In NNLO-QCD:
— gg-induced channel fully
included

— realistic estimate of
theoretical uncertainties

— tension almost disappeared

Measurements:

— for extrapolation from
fiducial to inclusive cross
section care needed...
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Leading order contributions

fi
f
f
fa

W

f
f

f3
fa

f

o All external particles massless, CKM mixing negligible
= Need partonic matrix elements for: @iu/dd/bb/yy — v,ute™ 7,
e Only small contributions from bb (< 2%) and vy (< 1%) on
integrated cross-section
= vv-induced: important on differential level
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..
Factorization ansatz

do b
Tt [Gov)

pp = vupte e+ X

oy e Dependence on pf only via
2y PDFs
e o +8% for up = EMyy,
1 05<¢éE<?

fixed scale
T e —

e shape of distributions affected,
but relative corrections dgq not!

do = do@Pas x (1 + 657"

100 200 30 400 500 600 700 00 900 1000 + do-gg + do"‘{"{ + do-’yq.

My ww [GeV]
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jet-veto dependence

N
do [ b ]
Iy, LGeV

pp = vupte v+ X

[5op = 13 TeV

1071 b ATLAS WW setup 4
Ju treated coll. unsafe

1 e jet veto(default in ATLAS):—0.3%
R S ] o priet < 100 GeV:+0.6%

EW (atras 1v]
07 P e - ® no jet-veto:+70%!!

EW o 3v1
; St~ .

g S — giant k-factor

— @7 induced processes

—40 L L L L L L L . L
100 200 300 400 500 600 700 800 900 1000

Pre- [GeV]
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Appa-definition

UI]\DILéEW = 0LO + AO’EW = 0LO (1 + 5DPA) 5 5EW - Ka (1)
we estimate Appa to
2 « rw |0'LO —UDPA|
Appa ~ max{ (ORY) ", =— (), [0RWY | x — 52— ¢ (2
pea ~ max{ (B, G (... e @)
< 0.5%

can also be written as AoRFA /oPEA X o0 — 0PEA| /oo, where AgREA /oDEA
would then be interpreted as the intrinsic relative EW correction of the DPA and
loLo — o1 PA|/O'LQ is the relative deviation of the DPA LO from the full 4f LO

cross section.
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..
coll.-safe vs. coll. unsafe

N - - -
do_ [ fb - do [ b
Apy v [GeV] pp vt v + X Dy [cev]
1 | fopp = 13 TeV.
PP = Ve e+ X ATLAS WW setup
Vo = 13TeV
1071 b ATLAS WW setup 4
1
1072 ¢ ]
1073 ¢ ]
il L0 — - L0 —
1070 F o, wmate Acoll. unsae
Aol safe Qeoll, safe ———
107° ¢

100 200 300 400 500 600 700 800 900 1000
Prye [GeV] Myw [GeV]
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radiative tail in ZZ

- do b
+
1L PP X dMww [GeV} ]
op = 13TeV
Higgs-bkg setup [x100]
1071 L 1 treated coll. unsafe b . . . .
1 L
10-2 L ] 1070 | NLO EW -rrrree
s V5 =13 TeV
R
103 | E S
~k
1074 b E
107° ] i
woed o L 3 ]
50 — T T T T T T T T ]
40 + E o
i _5 L L L L |
100 120 140 160 180 200

| My [GeV]
NLO-corrections to ZZ

=apsis
L L L L L

90 100 110 120 130 140 150 160 170 180
Myw [GeV]
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photon recombination

e only consider photons with |y,| < 5.

e determine seperation Rj; in rapidity-azimuthal plane

Rij = \/(YI —¥j)> + (Agj)?,
with yj rapidity and A¢;; the azimuthal angle between i and j.

e recombine photons with the closest charged lepton ¢ whenever

ng <0.1.

e We form dressed leptons by adding the momenta of the photon and
the respective lepton. The momenta of the other particles in the
event remain unaffected.
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more on dipole subtraction...(i)

g{"™): Final-Final
N

gS“b): Initial-Final

a Y

e

o~

pi

arealfin Gq—vppte Doy
JLaiten = Pl [[aos | S |mg

g5"™): Final-Initial

28NS

a b,

gﬁ"b): Initial-Initial

a Y

e

b/vpb

6
2 ~— ~
O(®s) = >3 [ M jl” O(Pa i)
ij=1
i#j
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more on dipole subtraction...(ii)

1 . . 1
/ dazubr — / dx / b + / e, / s = / dx / A4 5(x) / 4%, 5(x)
5 0 4 4 5 0 4 1
oo Jo Tl T
—y gfact _y gvirt
6
goubtr i+ Q,Q;

/5d”%3 b= ’E;H)' et

i#i

1 - . o B 5 .
x /0 dx [ / d®4,(x) G (55, )F (032) Y. | Miorn(Ba ()| ©(Baj(x)
- Adé4.u‘(1)gﬁ(§U»X)F(X1X2)§‘MBom(&M,ij(l))r@(&)4,5(1))]

6
o i —
o 2(—1) HQiQiF (x1x2) ‘A do, G,/(S,])Z | MBorm(®4)|* ©(®4)
i
1
Gi(Sj. x) = 8m°x /1d¢7,y(x)gij(ql',qj,k)< Gi(sj) = /0 dx Gij(sij, x) = L(sy, m?)+Cyj,

o= (2o ()n ()b () (2)
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Improved Born approximation

=2
dAIBA F(x1x0) d¢4z ‘M?g:w;ﬁe 7o

[]_ + 5Cou1(§7 k_%_, kf)] g(B) :

°
2

— = W2G,My, €& — 4ma(3)

S

e for photon exchange:

a(M?
a(QZ) _ a(M%) (QZZ) —
1-=5%1In (/\T%) 2rp NF Q7
e universal correction factor dcqy to account for the contribution of the
Coulob singularity from photon exchange near W-pair production
threshold. Has only an impact in the threshold region.
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