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Diboson processes at the LHC IT

q 1%

m Vector boson pair production

m Vector boson scattering (VBS)

2

Basic process. gbarqg 2> VV

Order 0?: large cross section v

Sensitive to triple gauge couplings
(TGC)

Basic process: VV2>VV
accompanied by 2 quark jets

= tagging jets

Order a%: suppressed cross section
Sensitive to quartic gauge couplings

(QGC)

Observe decay leptons of weak bosons (or hadronic V decay)
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Pair production in quark annihilation
QCD corrections

Observations at the LHC

Measurement of anomalous TGC (aTGC)
Effective Lagrangian for VBS
Unitarization for off-shell VV2>VV

LHC measurements

Conclusions
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( EW boson pair production: g — WTW—, W etc. )

Parameterize WWV couplings by
effective Lagrangian

W / Lwwy
3 » i SWWV

= gV (WL WHVY — WLV, WHY) +
: ~ A
iy WiW, VEY + 2V W Wy
my, M
Deviations from SM values (anoma-
v lous triple gauge couplings, aTGC)

%4 V
1 -1,

. , Agl =g Aky =g =1, Ay

must be form factors to preserve uni-

e Test non-abelian structure of SM tarity at high energy, /3

e Repeat studies of eTe” —WTW™
and g — V1V, of LEP and Tevatron

Diboson physics Dieter Zeppenfeld



5

Karlsruher Institut far Technologie

m Linear realization of EW symmetry breaking: D(x) = ! ( . )
Three C,P even operators at dimension 6 level *

Connection to gauge invariant EFT parameterization

Lo = L+ {\‘”‘; Ow + fé 05+ g Owww
m with leads to 2
Owww =Tr[W,, WP g7 =1+ fw 545 »
Ow —(D,, ) W (D, ®) w2 =1+ [fw - s(F5 + fw)] 1% |
O =(D,)' Bu(D,2) =1+ (i + fo)
Ay = Az = 3?;2‘(292 fwww = A,

m Relations spoiled at dimension 8 level and beyond

Dieter Zeppenfeld

Diboson physics



do / pr., [fb / GeV]

( Effects of anomalous couplings )

1 e Anomalous couplings lead to enhanced

production of hard events with | =1
— mostly central events

e Anomalous couplings are produced by
loop-effects of heavy particles with new
interactions
—> form-factor effects

—
o
L
L]

e +/5-dependence of form factors un-
known

102 | — shape of v/§- or pr-distributions is

ambiguous
pp > W'y - e"vey

LO, 8 TeV LHC
10 . , . modest deviations

0 100 200 300 400 —> form-factor effects expected to
pry[GeV]

e loop effects typically produce small to

strongly reduce enhancements at high pr
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C

Effects of NLO QCD corrections

)

Baur, Han, Ohnemus (1993)
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i | \ | I
- a) + + E
r pp>Wy+X-e v, y+X |
- Vs = 40 TeV | 103
1074 = —- 1074
10_5 = — 10—5
10-6 L solid = NLO incl. | 106
dashed = LO 1 jet
dotted = NLO 0 jet ]
10_7 L1 |1 | 11 1 | ‘ 1111 | 1111 I 11 1 1 10_?
0 200 400 600 800 1000

pr(7) (GeV)

Diboson physics

T IHH”I T |||||I|| T |||||||| T T T 17000

T
pp—>W+'y+Ojet

Z

Lol

+
e’ v,

Vs = 40 TeV

1 lIIIJIIl

1 IIIIJIJI

1 II\IJIII

dotted = NLO 0 jet .
dot dash = Born

Ll /|J|n|

IIII|\III|IIII|IIIIIIIIL

0

200 400 600 800 1000

pr(y) (GeV)

Central jet veto against radiation:
Baur (1993)

e Anomalous couplings and QCD
corrections lead to enhanced pro-
duction of hard events

e Hard QCD jets recoil against pho-
ton: hard yj event with soft W ra-
diation

>

50 GeV in event) restores LO ex-

e Jet veto (no jet with pr(j)

pectations
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QCD corrections: up to NNLO

QAT

20 o[pb] ZZ (inclusive) 160 a[pb] WHW~ (inclusive) 60 o[pb] W=Z (inclusive)
""""" N = }ig ] &(L)o ol I{'(Ij()
,,,,, :qugg miﬂL: = 180F -5 NLO'+ 50f — NNLO =
151 |:| NNLO 120 £ I:I \\L() T S
. 110 ¢ 40 b
—e— ATLAS 100 —e— ATLAS —a— ATLAS
—x— CMS 9 E —H— CMS 35F s CMS
10 + 80 F 30¢
G % =
50 20 _=* 777777777777 L=
5F 40 £ 15}
30 10 X .
C"thwr;,-/ Cexperiment — 1 [%} Otheory f Cexp nt — 1 [%]
+20 +10F 3 —
0k _ink ] ]
o EL md EH
-20 P —20t | - )
Vs 7TeV . STeV 13 TeV . 14 TeV NG 7TeV . 8TeV . 13 TeV . 14 TeV NE] 7TeV STeV 13 TeV 14 TeV
Mi C\\b | 1 r]i C\[-\b-. £ i C\-\b éu/ {V\Y FM\ (WY L'MS WY FMS (u) Mi C\.\: VY VY \.1:,
L %% T o L & J‘n’f %% - % A Jﬂ’,‘ T “ﬂ'f
Excellent agreement of off-shell fiducial cross sections at NNLO
NG oLo [pb] onLo [pb] oxnLo [PD] ocms [pb]
+0.5% +5.3% +1.7% +1.32 +1.13 +0.46 :
7 1 10.902(7)7 05 | 17.72(1) 7575 | 19-18(3) T ger | 20.76 T 55(stat) T 5 (syst) Zg e (lumi)
+1.3% +5.1% +1.8% +0.76 +1.13 +1.08
8 [ 13.115(9) T, | 21.80(2) 5 g | 23.68(3) 15y | 24.61 Tg 6 (stat) 11 15 (syst) [} g (lumi)
+4.3% +4.9% +2.2% +3.4 +31/_ _.\+1.3 -\ +0.4
13 | 25.04(2) T35 | 45.09(3) 50, | 49.98(6) 5% | 40.9 I5(stat) 5 5(syst) ;5 (lumi) "7 (th)
+4.7% +4.9% | =r +2.3%
14 127.39(2) To2 | 49.91(4) 7 0w | 55.60(7) 755
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QCD corrections: up to NNLO
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Excellent agreement of off-shell fiducial cross sections at NNLO with new data

NG oLo [pb] oxLo [pb] onNLo [Pb] goms [Pb]

7 [ 10.902(7)50 5% | 17.72(1) 535 | 1918(3) 1115 | 20.76 *1- 55 (stat) "} 13 (syst) ) g (lumi)

8 | 13.115(9)F15% | 21.80(2)15:1% | 23.68(3)F18% | 24.61 £ T8 (stat) )15 (syst) 1 og (lumi)

13 | 25.04(2) TE3% 1 45.09(3) 7507 | 49.98(6) 2% |48.09%558 (stat) £ (theo) 337 (syst) & 1.39 (lumi)
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More information from distributions.....

pT of Z or accompanying jet in WZ events compared to NLO QCD prediction

CMS 35.9 fb™" (13 TeV) CMS 35.9 fb" (13 TeV)
;‘ [ I L | ) | 1 LI I | L ) | LI I | LI 1 | LI I ] ;‘ 0.35 T 1 | I L) 1 I | 1 J I 1 I I 1 1 I | 1 I L) 1 | I 1 I I
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S I~ - — B
-8_ 0.18[ POWHEG prediction: ¥3NDOF=1.601 | -8_ 0.3 ——— POWHEG prediction: y/NDOF=4.698 |
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E - Stat.+bgr. unc. E 025 Stat.+bgr. unc. _
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0.1 - - 1
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- 005+ S —
0.02f —— - it 1
B & i
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0 50 100 150 200 250 300 50 100 150 200 250 300
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High pT jet is at least as common as high pT Z (similar expectation for W pT)
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High pT bosons and jets at NLO (pT(Z) > 200 GeV sample) ﬂ(IT

0 dzlcr / dxchdXz / ﬂ)

0.5} F

00001 02 03 01 05 06

Tiet

Measure for pT balance of W,Z,jet
Erv

D iets BT, + 2wz B,

Ty =

11 Diboson physics

6F

o
T

do/dzie / th
= N O = ) (W)

TAC / OSM

=

gLO WZj simulation: Campanario, Roth, DZ arXive:1410.4840
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Liet

large fraction of events with

Z recoil against jet, not W

Sensitivity to aTGC only for low jet pT
Dynamical jet veto improves sensitivity
to anomalous TGC

Dieter Zeppenfeld



Constraining aTGC with LHC data: WZ example ﬂ(".
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CMS 35.9 fb' (13 TeV) CMS 35.9 fb" (13 TeV)
C - I[II'II[II'IIIII'IITII'IIIII'III_ C _'I[II[IIIII'III'I[I'I[II[IIIII'I[I'l[ll[lllll_
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< i —_ SM+ichcwf4 . < = — SM+ACo, =4 3
Q 3 — SM+ACgc, =-4 ] [i5) B —— SM+ACc, =-4 ’
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............ -;(+y . e 7]
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gel 3¢ ' ' ; ' go!
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Anomalous couplings with negligible form factor effect (i.e. pure dimension 6 EFT)
lead to strong enhancement at high WZ mass
=» Nonobservation provides stringent bounds on Wilson coefficients
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Limits on anomalous WWZ couplings
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CMS
March 2019 Qr ATLAS
FrUiile oo i .
LEP —8— Channel Limits [ Ldt s
A — WW -4.3e-02, 4.3e-02 4.6 fb” 7 TeV
]{Z — WW -2.5e-02, 2.0e-02 20.3 fb” 8 TeV
—e— WW -6.0e-02, 4.6e-02 19.4 fb! 8 TeV
I W2z -1.3e-01, 2.4e-01 33.6 fb” 8,13 TeV
Wz -2.1e-01, 2.5e-01 19.6 b’ 8 TeV
WZ -1.7e-01, 1.3e-01 35.9 ﬂ?" 13 TeV
WV -9.0e-02, 1.0e-01 4.6 fb’ 7 TeV
WV -4.3e-02, 3.3e-02 5.0 fb™ 7 TeV
WV -4.0e-02, 4.1e-02 2.3 b’ 13 TeV
EWK W -4.4e-02, 4.4e-02 359 1fb" 13 TeV
EWK W.Z -4.3e-02, 4.2e-02 359 ﬂ?" 13 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02 0.7 fo 0.20 TeV
— Ww -6.2e-02, 5.9e-02 46" 7 TeV
lz — Ww -1.9e-02, 1.9e-02 20.3 uf 8 TeV
- WW -4.8e-02, 4.8e-02 4.9 fb 7 TeV
e ww -2.4e-02, 2.4e-02 19.4 uf 8 TeV
— WZ -4.6e-02, 4.7e-02 4.6 b’ 7 TeV
H 1 -1.4e-02, 1.3e-02 33.6 fb” 8,13 TeV
H— W2Z -1.8e-02, 1.6e-02 19.6 b’ 8 TeV
H Wz -7.0e-03, 7.1e-03 35.9 fy" 13 TeV
— wv o -3.9e-02, 4.0e-02 4.6 fb 7 TeV
— WV }l\"i]'% -2.2e-02, 2.2e-02 20.2 fb” 8 TeV
H WV (Iw. -1.3e-02, 1.3e-02 20.2 fq" 8 TeV
— Wy -3.8e-02, 3.0e-02 5.0 fb; 7 TeV
H Wy -1.1e-02, 1.1e-02 19 fb™! 8 TeV
- WV -3.9e-02, 3.9e-02 2.3 fb’ 13 TeV
EWK Z -1.0e-02, 1.0e-02 35.9 fb" 13 TeV
EWK W -8.8e-03, 9.5e-03 35.9 fb’ 3TeV
EWK W,Z -7.1e-03, 7.6e-03 35.9 iy 3TeV
—e—] DO Comb. -3.6e-02, 4.4e-02 8.6 fb 96 TeV
—e— LEP Comb -5.9e-02, 1.7e-02 0.7 fb! 0.20 TeV
A 7 — WW -3.9e-02, 5.2e-02 4.6 fb” TeV
g — WW -1.6e-02, 2.7e-02 20.3 fiy” 8 TeV
1 i ww -9.5e-02, 9.5e-02 4.9 7 TeV
—e— WW -4.7e-02, 2.2e-02 19.4 ﬂ?" 8 TeV
A w2z -5.7e-02, 9.3e-02 4.6 b T%\{l_
WZ -1.5e-02, 3.0e-02 33.6 b’ 13 TeV
WZ -1.8e-02, 3.5e-02 19.6 b’ 8 TeV
H Wz -1.4e-02, 8.3e-03 35.9 fi" 13 TeV
P wv o -5.5e-02, 7.1e-02 4.6 b 7 TeV
— WV tlvi% -2.7e-02, 4.5e-02 20.2 fb” 8 TeV
|:| WV (Iv. -2.1e-02, 2.4e-02 20.2 fp” 8 TeV
wv -8.7e-03, 2.4e-02 19 fb 8 TeV
e rmm WV -6.7e-02, 6.6e-02 2.3 fb” 13 TeV
I: EWK Z -3.5e-02, 4.2e-02 35.9 fb” 3TeV
EWK W -2.9e-02, 4.4e-02 35.91b"! 3TeV
— EWK W,Z -2.1e-02, 3.4e-02 35.9 fiy” 3TeV
—e— DO Comb. -3.4e-02, 8.4e-02 8.6 fb 96 TeV
| F—e— , LEP Comb. -5.4e-02, 2.1g-02 0.7 fb” 20 TeV |
. . o
aTGC Limits @95% C.L.
13 Diboson physics Dieter Zeppenfeld



Limits on anomalous WWYy couplings ﬂ("'
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July 2017 o  OMS —
Central ~ ATLAS —
Fit Value Do —e—
LEP —e— Channel Limits [ Lt s
I | Wy [-4.1e-01, 4.6e-01] 46 b’ 7 TeV
AKY I i Wy [-3.8e-01, 2.9e-01] 5.01b" 7 TeV
| | wWw [-2.1e-01, 2.2e-01] 491" 7 TeV
—e— ww [-1.3e-01, 9.5e-02) 19.4 fb” 8 TeV
| i WV [-2.1e-01, 2.2e-01] 4.6fb’ 7 TeV
_ WV (ivjj) [-1.1e-01, 1.3e-01] 20.2 fo'! 8 TeV
— WV (IvJ) [-6.1e-02, 6.4-02] 20.2 fo’! 8 TeV
WV [-1.1e-01, 1.4e-01] 5.0 fb’ 7 TeV
— wv [-4.4e-02, 6.3e-02] 19 fb” 8 TeV
I * | DO Comb. [-1.6e-01, 2.5e-01] 8.6 fb" 1.96 TeV
—e—| LEP Comb. [-0.9e-02, 6.6e-02] 0.7 b’ 0.20 TeV
— Wy [-6.5e-02, 6.1e-02] 46 fb" 7 TeV
A‘y — Wy [-5.0e-02, 3.7¢-02] 5.0 fb” 7 TeV
H WWwW [-1.9e-02, 1.9e-02] 20.3 1o’ 8 TeV
— ww [-4.8e-02, 4.8e-02] 491" 7 TeV
Lol wWw [-2.4e-02, 2.4e-02] 19.4 fb” 8 TeV
— wv [-3.9e-02, 4.0e-02] 46 fb" 7 TeV
H WV (ivjj) [-2.2e-02, 2.2¢-02] 20.2 fo'! 8 TeV
H WV (IvJ) [-1.3e-02, 1.3e-02] 20.2 fo’ 8 TeV
— wv [-3.8e-02, 3.0e-02] 5.0 fo 7 TeV
H wv [-1.1e-02, 1.1e-02] 19 fb’! 8 TeV
e DO Comb. [-3.6e-02, 4.4e-02] 8.6 fb” 1.96 TeV
(- LEP Comb. [-5.9e-02, 1.7e-02] 0.7 fo! 0.20 TeV
| | | | | | | | | I | | | | ﬂ | | 1 | { | | |
-0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.

14 Diboson physics Dieter Zeppenfeld
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aTGC vs. anomalous Zff or Wff couplings

Anomalous couplings spoil subtle
cancellations between
contributing Feynman graphs

Would enhanced rate point to
larger WWZ coupling or smaller
Zff coupling (or vice versa)?

LEP precision data on Zff
couplings puts blame for
increased cross sections on
aTGC for now...

Per Mil level measurements of
aTGC require simultaneous fits
for aTGC and Vff couplings

= Need multi-parameter fits of
diverse EFT coefficients and
multiple processes when probing
TeV region for EFT scale A

Need to measure interference
effects with SM amplitude

Diboson physics

o

HL-LHC 14 TeV NLO projections with pp — e*pTvw | L =3 ab™!

0.03

0.02

0.01

-0.01

-0.02

T T

3GB, dsys = 4%

BC;B C)_Slys = 16% —
3GB+Ferm’, dsys = 4%

3GB+Ferm', dgys = 16% — A

>

-0.003
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| Reach of HL-LHC

to aTGC with /
without taking
into account

| anomalous Vff

couplings

| (Dawson et al.,
arXive:1902.04070)

W+W- production

1 1 1 1 1 nl
-0.002  -0.001 0 0.001  0.002 0.009 y

)\Z
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Vector boson scattering (VBS) T

rrrrrrrrrrrrrrrrrr fur Technologie

m Vector boson scattering *\ o .
J
+

Basic process: VV=2>VV
accompanied by 2 quark jets
= tagging jets

Order a%: suppressed cross section e —
Sensitive to quartic gauge couplings

m Characteristics (=VBS cuts)
Large rapidity separation of jets

W 0
Large dijet invariant mass J2 Iy \
Decay leptons between tag jets p ——— 1 < /p
R

Need EFT with dimension 8 operators for
aQGC parameterization

16 Diboson physics Dieter Zeppenfeld



( Going beyond dimension 6 )

Reason for dimension 8 operators like

L5y = [(DH(D)TDV(D] x [(D“(D)TDV(D}
Ly1 = Tr [Wwwvﬁ} x [(DﬁcD)TDﬂcD]
Lra = Tr [WayWHP| x Tr [W,s W]

e Dimension 6 operators only do not allow to parameterize VVVV vertex with arbitrary
helicities of the four gauge bosons

For example: L is needed to describe V V) — V| V| scattering

e New physics may appear at 1-loop level for dimension 6 operators but at tree level for some
dimension 8 operators

A ) _ -.gf . iTi ith (I) — O
Building blocks: D®=(0,+ Z§Bu + ng“? P wit = | vrH

N

W,Lw — igTI(a;LWV T apr T QEkaWﬁWf) 3
1
Bﬂ:l’/ — 59,(8#'81/ - 8VB"_1,) .

17 Diboson physics Dieter Zeppenfeld



Full set of dimension 8 operators (Ebolietal.) == o e

m Distinguish by dominant set of vector boson helicities
m Longitudinal operators: derivatives of Higgs doublet field

05 = |(D,®)" D,®| x (D’“’CI))TD“(D}

)" D"o| x (D, ®)' D”@}

) D,o| x [(D"®)f D“(I)}

18 Diboson physics Dieter Zeppenfeld



Field strength €-> transverse polarizations ﬂ(".

Transverse operators Mixed: transverse-longitudinal

Or, = Tr W, W] x Tr [W, ;W] Opr, = Tr [W,, W] x | (D40)" DPa] |
Or, = Tr [Wo, W] Ta [W,,W] Our, = Tr [ W, W] x [ (Ds2)" D'@] |
Or, =Tt _Wwwﬂ x Tr [W, W] Oy, = [B,B"] x _(Dﬁcp)TD%} ,

Op =Tr [W,, W]  x B,zB*,

- OMrg = _BPWBVB} X [(Dﬁcb)TD'u(I)} ,
Oy =Tt Wwwﬂ x BB :

Ou, = | (D, @) Wy, D"0| x B,

O, = Tr Waﬂwﬂ x By, B"
7

S @)' Wy, D 0| x B¥,
— B,,B" BB
o

_(D
= B,,B"’B,,B"*. O, = :(D# )TWBVW"””D”@] .

19 Diboson physics Dieter Zeppenfeld



(

VV—WTW~ with dimension 8 operators

)

f . . ~ -
Effect of ngf = % Tr [mew] x Tr [Wpﬁwav}

with T = fT_l constant on pp—>W+ W—j j—>e+vgp‘"?u jj

20

A4

e Small increase in cross section at high WW invariant mass??

Diboson physics

do/dmyy [fo/GeV]

0.01

0.001 ¢

SM '
T,=50/TeV*
T,=25/Te

200

300 400 500
My [GeV]

600
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( VV—WTW~ with dimension 8 operators )

Effect of constant T; = —* on pp—WTW™ jj—eTv,u™V,jj

A4

0.1
0.01 ]
; ......................................
g 0001 -
e
E 0.0001 -
5  te05} . ]
© R
-G -|,_LI_
19‘06 2 SM T -
----------- T,=50/TeV* T
1607 | o Ty=25TeV* T
500 1000 1500 2000 2500 3000 3500 4000
My [GeV]

e Huge increase in cross section at high myy is completely unphysical

e Need form factor for analysis or some other unitarization procedure

21 Diboson physics Dieter Zeppenfeld



K matrix unitarization )

Im(a) 4

I=—

Comparison with Whizard,

ki
which has this method already implemented:

Re(a)

2
T

:l

|

do/d my, [fb/GeV]
S
wn
[

AC, VBFNLO

AC, K-matrix, WHIZ ——— 1
=1 AC, K-matrix, VBENLO

Ratio

22 Diboson physics

Project amplitude kj, which exceeds (tree-

level) unitarity, back onto Argand circle
— K matrix unitarized amplitude a j
[VBFNLO implementation: Loschner, Perez;

following: Alboteanu, Kilian, Reuter]

Example: VBF-ZZ (e+e-u+u-)
good agreement between both codes
for longitudinal ops. at LO

— can now generate distributions
also at NLO via VBFNLO

Genessis Perez, Marco Sekulla
and Heiko Schéafer-Siebert

[Kilian, Ohl, Reuter, Sekulla, et al.]

Extension to mixed and transverse operators via
numerical partial wave unitarization: work with

Dieter Zeppenfeld



Off-shell VBS amplitude ﬂ(".

m Assume new physics in VV>VV only Mipsagii = Moptoapsi + Mo

o
m SM part alone has vector boson ] } ¢
emission, triple gauge couplingsH etc. :
which interfere destructively j
- SM piece is unitary and small o _ _ ¢

ve J

(a) Vector boson emission (b) Quartic gauge interaction.

BSM v 1% V.
M =J, -V Jz—mfg D,uclx(%) Dyfa(qg)

pp—4fjj P p

®m > unitarize BSM piece only MEB7E D‘ “(gs) D DYi(a)
X VI V2_>V 1.’ ; Q3 6& q4

0
< Ty i Tissr

. _ ooV
m V-propagators decompose into DI (g) = —5— (gwf _79 )
H . q —my -+ ?-'mv FV q
polarization sums _
: > €5 (g: Vefula )

=73 2, -
¢ —my +imy 'y 5

. VBS a3vyo * *
m Defines -ng,)\,l;Al,AQ (Q1= q2; 43, Q4) = €M cx(QI: )\1)6,1\/1,,3(@2; /\2) Ml""f'gg—ﬂf’gl{i EM,W(Q.%: )\3)6,&/[,5((14a /\4)

Dieter Zeppenfeld
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Unitarization of tree level amplitude: T, 2> T, ﬂ(".

K-matrix (also called T-matrix) procedure for on-shell hermitian T,

) —1 —1 :
1 1 1
T, = (]1 — %T(T]) 5 (T[J + T(T]) = (]1 T ZTOTO) (TO + §T0T0)

General virtualities = T, not normal for off-shell VV>VV

Must distinguish A= Mo aongn, (935645015, 92)

A, = Mﬁ\g;)\,i;,kl,)\z(k:a: ky; Ky, kz)
Ay = MJ\g:Ad;Al,)\Q(Q’:—;a q4; ko, k?)

uni 1 h l
Use s = (]1 + ZAH—SAH—t) (At-:—s T EAH—LAu—s)

Alignment problems avoided by using largest eigenvalue of denominator

uni 1 - i l
u—; = (]l + iaim};) (A‘f<—s T EAtet,Ates)

Diboson physics Dieter Zeppenfeld



Example: same sign WW production in VBS ﬂ(".

Karlsruher Institut fur Technologie

a Definition of fiducial phase space region

mye > 20 GeV, m;; > 500 GeV,

pr>20GeV, ph>30GeV, pF=>30GeV
|77€‘ < 2.5, ‘773" < 9, Aﬁjj > 2.5.

m Jets defined with anti-kT clustering and R=0.4

25 Diboson physics Dieter Zeppenfeld



Comparison to K-matrix ﬂ("'

Karlsruher Institut fur Technologie

pp— WWT55 — vl tygg

101, :
5 Fa—2ls Tov LEFT | Excellent agree-
Fs,= 60.0 TeV~*, T-matrix : ment betwe_en_
' ’ : QM | zation methods
=107 ' | .
ob) ] 4
2 * Fs = fs,/A
£, ! |1 coefficients
~ { adjusted for
= 5 | unitarized
£ 107 1 models to
{ reproduce pure
10-6 EFT cross
{ section €2
! ; : | , I CMS Ilimitson F
1071 i i i = NIS) from ssWW
500 1000 1500 2000 2500 :
M (¢+07)[GeV] analysis

26 Diboson physics Dieter Zeppenfeld



Mixed and transverse operators Q(IT

Karlsruher Institut fur Technologie

- pp = WIW 5 = ol Lo-1 pp — WIWHj5 — 0rultygg
E ! ! . . F T T T T
i : : Fay= 5.9 TeV™*, EFT i : : Fr,= 0.65 TeV™*, EFT
) —— Fy,= 145 TeV™", T, model ! : — Fr,=1.60 TeV* T, model ]
1077k , . 1072 My
— SM

do /dM [fb/GeV]

._.
]
(]

—
T
[=r}

T

| el |

500 IUiOU 15i00 2(].00 2500 ' S(i]U lOiOD 15“00 2000 2500
M(£+6+)[GeV] M (£+6+)[CeV]

Unitarity bound depends on whether j=0,1, or 2 partial waves dominate

Larger deviations allowed for transverse than for longitudinal operators
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[ch_l

)

1/odo /dPr max(j

28

1072 !

10—3 :

Incident W polarization: pT(j,max)

—_
cl.
oy

pp = WW 7 — vl Tygj

FT0= 0.65 ‘TOV_{ E-FT
— Fp,=1.60 TeV~, T, model
107° Fy,= 21.8 TeV—*, EFT
— F5=60.0 TeV~™, T, model
— SM : : :
10—7 I |_ I I | _i - i
0 200 400 600 800 1000 1200 1400
Pr max(7)|GeV]

Diboson physics

M

SKIT

Karlsruher Institut fur Technologie

Typical off-shell behavior

~ [s? + (0,2 + 0, — 03% — q4%) SJA?

Unitarization suppresses
large incident virtualities
- pT(j,max) shapes
depend on polarization
only

Enhancement at small
pT(j,max) is sign for
predominant longitudinal
scattering

Dieter Zeppenfeld



CO I I I l I I e n tS Karlsruher Institut far Technologie

a Unitarization changes shapes of distributions
a Our T, model supresses high VV invariant mass and large

29

Incident virtualities: similar to what one expects from loop
functions

m Unitarization is not unique -> additional model dependence

a Some form of unitarization (or form factors which avoid tree
level unitarity violation) should be included in experimental
anlysis of EFT coefficients

Diboson physics Dieter Zeppenfeld



LHC data on same sign W scattering ﬂ(".

m Observed (with modest background) by ATLAS and CMS
m Useful bounds on Wilson coefficients of dim-8 operators

CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
C i s (- - ' ' I ' ' ' | ' ' ' R
Yo e Data e -+ Data I
\150__ EW WW | ~ 150 - EW WW 1
(7)) i mwz i (7)) mwz i
i i
(- Nonprompt cC i Nonprompt
g Others g - Others
L 100 \ \\ Bkg. unc. | L 100 N\ 2 Bkg. unc. .
50 |- AR _ 50 | -
_ o IR : -‘\\\\\?\\\\\
i L ] [ _\\\\\\\\\\\\\\\\i\\\\\\\\\\\\\\-
O i | | | ] | | | I ] ]ﬁ O ] ] ] ] [ | | | | ] ] ] :
500 1000 1500 2000 200 400 600
m; (GeV) m, (GeV)
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WZ scattering: 3 lepton + pTmiss + 2jet signal

AG" /A mWZ [fb/GeV]

1073
8 2
2
n 1.5
o
o 1
©
o 05

0

31

o
.....................

CWEZjj s £/ v £L ]

- ATLAS /s =13 TeV, 36.1 fb”
i (C) e Data
—— Sherpa (scaled)
—f— ..... WZjj-EW x 1.77
N WZjj-QCD x 0.56

| T

.............................................

400 =400

mi*Z [GeV]

Diboson physics

Events / bin

Data / Pred.

[
o

20

SKIT

Karlsruher Institut fur Technologie

35.9 b (13 TeV)

cMS

| T T T T |
—e— Data

7

[ | Nonprompt
Y

B t+vivwy
[ ] acp-wzj
B Ew-wzj

L Fr=Fr=0,F =3Tev*

|:| Fso=32, Fg _16Tev4
i Fyo=8,F,, =4 Tev*

101~ Stat ®Syst. ]
----------------------- s R W
2F =
1 %_&:i\\\ L\\ EETRNE '\'\*\‘\"&\\\k\\'\\'\i : \N\\\\\\\\Q\\ W
0= : :
0 1000 1500 2000

m(W2Z) [GeV]
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ZZj] production in VBS: 4-lepton signal
35.9 b (13 TeV) 35.9 fb" (13 TeV)
s [T T e T
O 102 CMS - Data = - 10 W ZZi EW |
3 W ZZjj EW 1 210 ] E
= 1 & F Mgy - ZZ E
= W2z ] 2 99 -
P maq — ZZ . L - -c:!q —ZZ -
E I:Itfz WWZ - - |:|ttZ, WWZ |
z Z+’X B Z+X
o = 10 /A% = 1 TeV =

m; > 100 GeV Cf /AT =2 Tev?

.......

+

200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400
m; [GeV] m,, [GeV]
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Limits on aQGC from LHC data up to 13 TeV: QAT
fs— affecting purely longitudinal scattering

March 2019
CMS | —
Channel Limits | Let s
P ss WW [-3.8e+01, 4.0e+01] 19.4 fo' 8 TeV
foo /N
H ss WW [-7.7e+00, 7.7e+00] 35.9 b 13 TeV
—_ Wz [-2.6e+01, 2.8e+01] 35.9 b 13 TeV
H WV ZV [-2.6e+00, 2.7e+00] 35.9 b 13 TeV
I | ss WW [-1.2e+02, 1.2e+02] 19.4 fb' 8 TeV
fo, /A*
— ss WW [-2.2e+01, 2.2e+01] 35.9 fb’ 13 TeV
| WZ [-4.0e+01, 4.2e+01] 35.9 fb" 13 TeV
H WV ZV [-3.3e+00, 3.3e+00] 35.9 fb' 13 TeV
| | | 1 | 1 | 1 1 1 |

aQGC Limits @95% C.L. [TeV™]

Diboson physics Dieter Zeppenfeld



Limits on aQGC from LHC data up to 13 TeV:
f,,— mixed longitudinal/transverse scattering

SKIT

Karlsruher Institut fur Technologie

CMS —
March 2019 ATLAS — Channel Limits [ Lot s
fA [ WVy [-1.3e+02, 1.3e+02] 20.2 fo” 8TeV
M.0 _ WVy [-7.7e+01, 8.1e+01] 19.3 fb" 8 TeV
e | Zy [-7.1e+01, 7.5e+01] 19.7 fb' 8 TeV
_ Zy [-7.6e+01, 6.9e+01] 20.2 fb"’ 8 TeV
_ Wy [-7.7e+01, 7.4e+01] 19.7 fb” 8TeV
H ss WW [-6.0e+00, 5.9e+00] 35.9 fb" 13 TeV
H wz [-8.8e+00, 8.6e+00] 35.9 fo’ 13 TeV
— =WW [-2.8e+01, 2.8e+01] 20.2 fo’! 8TeV
H —WW [-4.2e+00, 4.2e+00] 24.7 fo”! 7,8 TeV
| WV Zv [-6.6e-01, B.6e-01] 35.9 b’ 13 TeV
£ I | WV [-2.1e+02, 2.1e+02] 20.2 fb’ 8 TeV
M1 I WV [-1.3e+02, 1.2e+02] 19.3 fb! 8 TeV
I i Zy [-1.9e+02, 1.8e+02] 19.7 b 8 TeV
Zy [-1.5e+02, 1.5e+02] 20.2 b’ 8 TeV
I Wy [-1.2e+02, 1.3e+02] 19.7 fb” 8 TeV
H 58 WW [-8.7e+00, 9.1e+00] 35910 13 TeV
H Wz [-8.2e+00, 8.9e+00] 359 o’ 13 TeV
[ —WwW [-1.1e+02, 1.0e+02] 20.2 fo! 8TeV
— T—=WwW [-1.6e+01, 1.6e+01] 24.7 b’ 7,8 TeV
[ Wy ZV [-1.9e+00, 2.0e+00] 35.9 fo’! 13 TeV
A — WV [-5.7e+01, 5.7e+01] 20.2 fb" 8TeV
M2 — Zy [-3.2e+01, 3.1e+01] 19.7 b 8 TeV
A Zy [-2.7e+01, 2.7e+01] 20.2 fb" 8 TeV
— Wy [-2.6e+01, 2.6e+01] 19.7 fb”’ 8 TeV
At I WV [-9.5e+01, 9.8e+01] 20.2 fo’ 8TeV
M3 _ Zy [-56.8e+01, 5.9e+01] 19.7 fo’! 8 TeV
—_ Zy [-5.2e+01, 5.2e+01] 20.2 fb" 8TeV
— Wy [-4.3e+01, 4.4e+01] 19.7 fb! 8TeV
A I WVy [-1.3e+02, 1.3e+02] 20.2 fo’ 8TeV
M4 — Wy [-4.0e+01, 4.0e+01] 19.7 b’ 8TeV
fAt I i Wvy [-2.0e+02, 2.0e+02] 20.2 fb" 8TeV
M5 —_ Wy [-6.5e+01, 6.5e+01] 19.7 tb! 8TeV
fAt I Wy [-1.3e+02, 1.3e+02] 19.7 fb’! 8 TeV
M6 — ss WW [-1.2e+01, 1.2e+01] 359 fb"’ 13 TeV
H WV Zv [-1.3e+00, 1.3e+00] 35.9 fb’ 13 TeV
£ Al I Wy [-1.6e+02, 1.6e+02] 19.7 fb”! 8TeV
M7 — ss WW [-1.3e+01, 1.3e+01] 359 fb"’ 13 TeV
-1
| | ] ] 'I' ] | wv FV I ['3'3“'.* 00. 3.|:3e+00] | ] 35.9 lfb 13ﬂev
200 0 200 400 600 800
.. -4
aQGC Limits @95% C.L. [TeV™]
34 Diboson physics

Dieter Zeppenfeld



Limits on aQGC from LHC data up to 13 TeV: QAT
f-— affecting purely transverse scattering

CMS
March 2019 ATLAS — Channel Limits [ Ldt s

A — Wiy [-1.6e+01, 1.6e+01] 20.3 fb” 8 TeV
T0 | —— Zyy [-1.6e+01, 1.9e+01] 20.3 b7 8 TeV
_ WVy [-1.8e+01, 1.8e+01] 20.2fb" 8 TeV

H WWW [-1.2e+00, 1.2e+00] 35.9 fb" 13 Tev
H Zy [-3.8e+00, 3.4e+00] 19.7 fo 8 TeV
H Zy [-3.4e+00, 2.9e+00] 29.2 fb" 8 TeV
— Wy [-5.4e+00, 5.6e+00] 19.7 fb” 8 TeV
— ss WW [-4.2e+00, 4.6e+00] 19.4 fb” 8 TeV

H ss WW [-6.2e-01, 6.5e-01] 35.91b" 13 TeV

H Wz [-7.2e-01, 7.5e-01] 35.9 fb” 13 TeV

] b4 [-4.6e-01, 4.4e-01] 35.9 fb” 13 TeV

I WV 7V [-1.2e-01, 1.0e-01] 359 b’ 13 TeV

At H WWW [-3.3e+00, 3.3e+00] 359 fb” 13 TeV
T1 — Zy [-4.4e+00, 4.4e+00] 19.7 fo” 8 TeV
— Wy [-3.7e+00, 4.0e+00] 19.7 fb™” 8 TeV
H ss WW [-2.1e+00, 2.4e+00] 19.4 fb” 8 TeV

| ss WW [-2.8e-01, 3.1e-01] 35.91b" 13 TeV

H WZ [-4.8e-01, 5.2e-01] 35.9 b’ 13 TeV

H zZ [-6.1e-01, 6.1e-01] 35.9fb” 13 TeV

I Wy 2V [-1.1e-01, 1.2e-01] 35.9 b’ 13 TeV

oINS H WWW [-2.7e+00, 2.6e+00] 359 fb" 13 TeV
T2 — Zy [-9.9e+00, 9.0e+00] 19.7 fb" 8TeV
— Wy [-1.1e+01, 1.2e+01] 19.7 fb’! 8 TeV
— ss WW [-5.9e+00, 7.1e+00] 19.4 fb! 8 TeV

H ss WW [-8.9e-01, 1.0e+00] 35.91b" 13 TeV

H WZ [-1.4e+00, 1.8e+00] 35.9fb" 13 TeV

H 4 -1.2e+00, 1.2e+00] 35.9 fb” 13 TeV

| Wy Zv -2.7e-01, 2.7e-01] 35.9 b’ 13 TeV
IS e | WVy -2.0e+01, 2.1e+01] 20.2 fo" 8TeV
TS — Zyy -9.3e+00, 9.1e+00 20.3 b 8TeV
— Wy -3.8e+00, 3.8e+00 19.7 fb” 8 TeV
IS I | WVy -2.5e+01, 2.5e+01 20.2 tb 8TeV
T6 H Wy -2.8e+00, 3.0e+00 19.7 b’ 8 TeV
Y I | WVy -5.8e+01, 5.8e+01 20.2 b’ 8 TeV
T7 — Wy [-7.3e+00, 7.7e+00] 19.7 fb” 8 TeV
A H Zy [-1.8e+00, 1.8e+00] 19.7 fb"! 8TeV
T8 H Zy [-1.8e+00, 1.8e+00] 20.2 b 8TeV

H 7z [-8.4e-01, 8.4e-01] 35.9 b’ 13 TeV
oINS — Zyy [-7.4e+00, 7.4e+00] 20.3 b 8TeV
T9 — Zy [-4.0e+00, 4.0e+00] 19.7 fb” 8 TeV
H Zy [-3.9e+00, 3.9e+00] 20.2 b’ 8TeV

- -1
| . H \ \ \ 7z, | [1.8p+00,1.86+00] 35.910" | 13 TeV

aQGC Limits @95% C.L. [TeV™]
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WV/ZV signatures: W/Z-leptons, V = hadrons (fat jet) ﬂ(IT

35.9 b (13 TeV) 35.9fb™ (13 TeV)
%) ‘A O I A L A R R R 2 L B A
401:: 105 3 CMS —8— Observed - V + jets GCJ CMS —8— Observed - V 4+ jets ]
> ) t Preliminary - top |:| QCD WV > 10° Preliminary - top |:| QcD zV .
LU 10 §_ |:| EW WV |:| Bkg. uncertainty LU D EW ZV D Bkg. uncertainty 1
1 03 ----- fr,/AY =05 TeV*---- My = 1000 GeV, s =0.5 1 02 ----- fr, /A% = 25TeV*---- m,,. = 1000 GeV, s =0.5 _
102 F
108 B 1 e
1 -------------------------------------------
10 _
o — T3 o : —
> o > 5E
2 R ES
(7] E W . §_
Fo B | it = = it St bt s = 0 1Eg-- b e e S S S S S O e SR et S =
1000 1500 2000 2500 1000 1500 2000 2500
M,y (GeV) M, (GeV)
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Limits from CMS WV/ZV VBS search at 13 TeV

SKIT

Karlsruher Institut far Technologie

Observed (WV) Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected

(TeV —4) (TeV %) (TeV —%) (TeV —4) (TeV —%) (TeV %)

foo/ A* [—2.6,2.7] [—4.0,4.0] [—37,37] [—29,29] [—2.6,2.7] [—4.0,4.0]

fg1 /A% [—3.2,3.3] [—4.9,4.9] [—30, 30] [—23,23] [—3.3,3.3] [—4.9,4.9]
fzo /A [—0.66,0.66] [—0.95,0.95] [—6.9,6.9] [—5.1,5.1] [—0.66,0.66] [—0.95,0.95]

fa /A [—1.9,2.0] [—2.8,2.8] [—21,21] [—15,15] [—1.9,2.0] [—2.8,2.8]

fanie / A* [—1.3,1.3] [~1.9,1.9] [—14,14] [—10, 10] [-13,1.3]  [-1.9,1.9]

faniy /A? [—3.3,3.2] [—4.8,4.8] [—33, 33] [—24,24] [—-3.3,3.3] [—4.8,4.8]
fro/A* [—0.11,0.10] [—0.16,0.15] [—1.3,1.3] [—0.95,095] [-0.12,0.10] [-0.16,0.15]
fr1/ A4 [—0.11,0.12] [—0.17,0.17] [—1.4,1.4] [—0.98,099] [-0.11,0.12] [-0.17,0.17]
fro/A* [—0.27,0.27] [—0.38,0.38] [—3.1,3.2] [—2.3,2.3] [—0.27,0.27] [-0.38,0.38]

Caveats:

« CMS analysis does not take into account form-factors/unitarization
% bounds expected to weaken by factor 2 to 3 (from ssWW experience)
« Normalization of T operators does not include expected loop suppression

4
factor -2

a’

16mw2

sin* GW

~ 1073

« Only large enhancements at high WV/ZV invariant mass is probed
Still: Impressive progress on aQGC measurements

Diboson physics

Dieter Zeppenfeld



Conclusions ﬂ("

m Diboson pair production at LHC provides powerful tests of electroweak
symmetry breaking

m Large cross sections for gbar g=>VV, NNLO QCD corrections known,
precise measurements from ATLAS/CMS =»precise aTGC measurements

Even stronger gauge theory cancellations for VBS

m Pure EFT approach to parameterization of BSM effects is insufficient due
to large energy reach of LHC and breakdown of unitarity at tree level.
Effect most pronounced for VBS and dimension 8 operators

m Unitarization models provide improved tools for describing BSM VV
scattering

m Impressive measurements of VBS processes already, from ATLAS and
CMS. More to come from 2017 and 2018 data!
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Conclusions &‘(IT
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m Diboson pair production at LHC provides powerful tests of electroweak
symmetry breaking

m Large cross sections for gbar g=>VV, NNLO QCD corrections known,
precise measurements from ATLAS/CMS =»precise aTGC measurements

Even stronger gauge theory cancellations for VBS

m Pure EFT approach to parameterization of BSM effects is insufficient due
to large energy reach of LHC and breakdown of unitarity at tree level.
Effect most pronounced for VBS and dimension 8 operators

m Unitarization models provide improved tools for describing BSM VV
scattering

m Impressive measurements of VBS processes already, from ATLAS and
CMS. More to come from 2017 and 2018 data!

Thanks for listening!
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Process
(S{process_id})

JLo

Tloop
(100p/ 551?1’1‘31[_0)

Feut

INNLO

Knro (%) Knnpo (%)

pp — e VY
(ppenexall3)
pp —> et vy
(ppexneall3)
pp — ZZ

(ppzz02)
pp — wtw-
(ppwxw02)

pp— e petpu’t
(ppemexmx04)
+ .+

pp— e e ¢e'e
(ppeeexex04)
pp — e et Vy Vy
(ppeexnmnmx<04)
pp — E__u"'v_u_ﬁe
(ppemxnmnex04)
pp — e~ et v, U,
(ppeexnenex04)

pp — E__u_e"'frﬁ
(ppemexnmx04)

pp — e e et i,

(ppeeexnex04)

726.1(1) 50 fb

10%
861.7(1)F 15 fb

9.845(1)123% pb

66.64(1)12-1% pb

11.34(0)F53% fb
5.781(1) 1537 fb
22.34(0)F23% fb

—6.4%

+6.6%
232.9(0) 5 ¢q fb

+6.3%
115.0(0) 7534 b

11.50(0) 22 2% fb

11.53(0) 12 2% fb

3.1%
8.623(3) 35, tb

1.361(1)F337% pb

(52.9%)

4.001(3)130% pb

(29.5%)

1.971(1) 30 fb

(57.6%)

0.9941(4) 130 fb

(56.9%)

3.212(1) 2%

19%
(49.6%)

26.93(1) 2% b

19%
(94.3%)

12.62(1) 5% fb

(33.8%)

2286(1)135% fb

2707(3) 54 tb

8%

16.68(1) 32

17.1(1) 5%

20.30(1) 35
10.37(1) 350 fb

40.39(2) 3% fp

—2.8%

264.7(1)F32% fp

1.4%

240.8(1) 13 5e
+2.2%
26.17(1)132%

26.27(1) 1377 b

2.3%
26.25(2)7574 b

+22.0

+22.1

+ 18.2

+13.4

+20.3

+20.2

+19.1

+12.1

+ 18.4

+11.1

+11.1

Integrated cross sections for MATRIX VV production processes (from Grazzini, Kallweit, Wiesemann, EPJC)
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Form factor dependence for aTGC measurement?

SKIT

Karlsruher Institut far Technologie

m Limiting M(WZ) range for bounding aTGC: CMS measurement

c,/A?

35.9 fo' (13 TeV)
T I T T

- - - - Best fit, expected
---- 95% CL, expected
——— Best fit, observed
—— 95% CL, observed

-1 1 | 1 | 1 1 1 1
12000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

M(WZ) cutoff [GeV]

Comnw/ A

35.9 fo' (13 TeV)
T | T T

Foc

. - - -- - Bestfit, expected
S -~ -~ 95% CL, expected
- — Best fit, observed
£ —_— 95% CL observed
| | | I I I
00 1200 7400 1600 1800 2000 2200 2400 2600 2800 3000

M(W2Z) cutoff [GeV]

m Also interesting: M(WZ2Z) cutoff below 1 TeV would exhibit sensitivity to ,small®
deviations e.g. from BSM loop effects and interference with SM contributions

42 Diboson physics

Dieter Zeppenfeld



W W Scuﬁer\'n_g anik unitarity
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Off-shell VBS amplitude ﬂ(".

m Assume new physics in VV>VV only Mipsagii = Moptoapsi + Mo

o
m SM part alone has vector boson ] } ¢
emission, triple gauge couplingsH etc. :
which interfere destructively j
- SM piece is unitary and small o _ _ ¢

ve J

(a) Vector boson emission (b) Quartic gauge interaction.

BSM v 1% V.
M =J, -V Jz—mfg D,uclx(%) Dyfa(qg)

pp—4fjj P p

®m > unitarize BSM piece only MEB7E D‘ “(gs) D DYi(a)
X VI V2_>V 1.’ ; Q3 6& q4

0
< Ty i Tissr

. _ ooV
m V-propagators decompose into DI (g) = —5— (gwf _79 )
H . q —my -+ ?-'mv FV q
polarization sums _
: > €5 (g: Vefula )

=73 2, -
¢ —my +imy 'y 5

. VBS a3vyo * *
m Defines -ng,)\,l;Al,AQ (Q1= q2; 43, Q4) = €M cx(QI: )\1)6,1\/1,,3(@2; /\2) Ml""f'gg—ﬂf’gl{i EM,W(Q.%: )\3)6,&/[,5((14a /\4)

Dieter Zeppenfeld
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Partial wave decomposition and unitarity relation ﬂ(".

Karlsruher Institut fur Technologie

®  S-matrix unitarity S =1+iT, T, = (27)*0(P; — P) Ty,
MmT = —i (T _ TT) — T'T = 7T

a Implication for

helicity amplitudes
M)«:%)\fﬁ—).l)\z = 7}5 1/2(S’q”*3’q’2‘*’1)d§2

85(2:{)‘

Z diq NI
T*_l f 0 x 27]— 4(5 Pi_ n,3 =~ Un Sn’?::fn
' oy yamy 2, o) O = s = ) Sn Ty

—_

"

» Projection onto j<=2 partial waves

de.x

iAzq
M/\:%/\rﬁ—)\ﬂz (6 '50) - Sﬂ-Nf'i Z (23 + 1) Az M )\zd)\lg/\34_ (@) e

j=max(| A2 A4l )

m Partial wave unitarity relation

. N2(s,q2 5,00 4) - :
j ru nf n,3: Yn.4 2 : j* J
21111(./4)\3}‘4(_).1)\2 E Nf s Sﬂ -/4 )\;)\!2{—)\3)‘-{1.'4)‘{1 )‘.fg‘x—)\l)\g
T, L3

! !
n N
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Partial wave decomposition and unitarity relation ﬂ(".

Karlsruher Institut fur Technologie

®  S-matrix unitarity S =1+iT, T, = (2n)'6(P; — P) T},

46

MmT = —i (T _ TT) — T'T = 7T

Implication for

helicity amplitudes
M)«:%)\fﬁ—).l)\z = 7}5 1/2(S’q”*3’q’2‘*’1)d§2

85(2:{)‘

Z diq NI
T*_l f 0 x 27]— 4(5 Pi_ n,3 =~ Un Sn’?::fn
' oy yamy 2, o) O = s = ) Sn Ty

—_

"

Projection onto |<=2 partial waves

de.x

iAzq
M/\:%/\rﬁ—)\ﬂz (6 '50) - Sﬂ-Nf'i Z (23 + 1) Az M )\zd)\lg/\34_ (@) e

j=max(| A2 A4l )

Partial wave unitarity relation

j =3 Y /
21111(/4)\3}‘4,\;)‘1}‘2) — A l;)\rz'i—A:a)‘f1“4A’i)\’2<—A1>\g

1 ! !
ALA
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Unitarization of tree level amplitude: T, 2> T, ﬂ(".

K-matrix (also called T-matrix) procedure for on-shell hermitian T,

) —1 —1 :
1 1 1
T, = (]1 — %T(T]) 5 (T[J + T(T]) = (]1 T ZTOTO) (TO + §T0T0)

General virtualities = T, not normal for off-shell VV>VV

Must distinguish A= Mo aongn, (935645015, 92)

A, = Mﬁ\g;)\,i;,kl,)\z(k:a: ky; Ky, kz)
Ay = MJ\g:Ad;Al,)\Q(Q’:—;a q4; ko, k?)

uni 1 h l
Use s = (]1 + ZAH—SAH—t) (At-:—s T EAH—LAu—s)

Alignment problems avoided by using largest eigenvalue of denominator

uni 1 - i l
u—; = (]l + iaim};) (A‘f<—s T EAtet,Ates)
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Projection on V helicities ﬂ(".

Karlsruher Institut far Technologie

Decompose all final V-propagators and D i ¢
initial V propagators for VBS graphs into Vi) = ( R )
polarization sums _

For helicity projection, delete all unwanted S F - +imy Ty Z\:EJ (@ A)ekla: )
terms in helicity sum

2 2 | -
qg —my +imy 'y

For final V, projection is possible for o . . i
most graphs ;

y
i
|

Problem for initial V: not defined for V ————
emission off quark lines H\*{ R : | o+

(a) Vector boson emission (b) Quartic gauge interaction.

Consider helicity projections in VV c.m. frame for SM case in the following
Work by Heiko Schafer-Siebert
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Helicity projection of final bosons

do/dM [fb/GeV]

qq - WTZj5 =117 1Tyj5

projections on outgoing vector bosons

1072 . .
1073 |
1074
1075 |
107° |
- r no projection ———
i ” Aw 10, Az : 0 —— ]
w07 L 0 Aw &, Azt £ -
F o single resonant graphs (no 2) ——— ]
5 ﬂJJL non resonant graphs ———
10— L 1 L L | L |
200 400 600 800 1000 1200 1400
M(VV)[GeV]
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Caution at
high WZ
Invariant
mass
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Distributions suffer from helicity projection &(IT

Karlsruher Institut fur Technologie

10_2 n T T | |
- no projection
Aw 0, Az :0
Aw £, Az £
10-3 L non resonant graphs
— ke,
= _ .
L al
S T
=
= 04 | |
& ]
B~ f
=¥
~
o}
o
107> |
10—5 ] 1 | | | | | | |
o0 100 150 200 250 300 350 400 450 200
pri¥(GeV]
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Huge interference effects for initial boson helicities

qq = WTZjj =1 1" 1Ty g
projections on incoming vector bosons In terference WI th
non-VBS graphs is
huge! Projection on
initial helicities
spoils cancellations

100 E| T T T T

=
_@i 1072 f no projection ———

=) A*W f’,\/\z : iﬂ i  Precludes

— | W I, Az | . ey

:?_ 1073 ¢ non VBS graphs | def|n|t|0n Of

= : i  polarized cross

sections for
incoming space-
like VV in full
gq—>9qVV process

1074 ¢

107°
200 400 600 800 1000 1200 1400

M(VV)[GeV]
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Projection of final Vin ALL graphs is crucial

100 :

do/dM [fb/GeV]

107* |

107°

Diboson physics

qq > WtZjj =171 1T yjjg
projections on outgoing vector bosons from VBS
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10—2

10—3 :

no projection

Aw 10, Az : 0

Aw tE, Az £

non resonant and non VBS graphs

200

400

600 300

M(VV)[GeV]

1000 1200

1400
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Some conclusions on polarization

m Huge gauge theory cancellations between VBS graphs and V-emission off
guark lines appears to preclude definition of polarized cross sections for inital V
in VBS for the SM contribution

m Projection onto specific helicities of final state VV is viable, at least for modest
VV invariant masses

m  Above m(WZ)=600 GeV interference of graphs without Z-propagator becomes
problematic for definition of W, Z, production

m Results not trustworthy above m(W2)= 1.2 TeV

m SM resultis smaller than sum of ,polarized cross sections”in important regions
of phase space, presumably due to excess events above 1.2 TeV

Define polarized cross sections by appropriate projection
of angular distributions of decay products?
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Much more data still to be analyzed... ﬂ(".

Results shown were based on data taken up to 2016
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