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Electroweak physics motivated the LHC
Tremendous successes: Higgs discoveries,
precision W/ Z properties (mass, couplings)
Missing: microscopic origin of EWSB
Physics of longitudinal / Goldstone modes

Both: multi-bosons and polarization needed
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From the past via present to the future e

VIII. Uranium Radiation and the FElectrical Conduction pro-
. . . . luced by it. By E. RurHervorp, M. A., B.Sec., formerl
O 1898: Weak interactions known since 1898 (beta decay; virtual W exchange 1851 & 4  Tviniie

1851 Secience Scholar, Coutts Trotter Student, T'rinity
i i bridge ; MeDonald Professor of Physi
[used a new particle discovery, the electron!] ) College, Cambridge ; McDonald Professor of Physics,

MecGill University, Montreal *,

THE remarkable radiation emitted by uranium and its
compounds hasbeen studied by its discoverer, Becquerel,
and the results of his investigations on the nature and pro-
perties of the radiation have been given in a series of papers
in the Comptes Rendust. He showed that the radiation, con-
tinuously emitted from uranium compounds, has the power
of passing through considerable thicknesses of metals and
other opaque substances; it has the power of acting on a
photographic plate and of discharging positive and negative
electrification to an equal degree. The gas through which
the radiation passes is made a temporary conductor of electri-
city and preserves its power of discharging electrification for
a szlort time after the source of radiation has been removed.
The results of Becquerel showed that Rontgen and uranium
radiations were very similar in their power of penetrating
solid bodies and producing conduction in a gas exposed to
them ; but there was an essential difference between the two
types of radiation. He found that uranium radiation could
be refracted and polarized, while no definite results showing

* Communicated Iiy Prof. J. J. Thomson, F.R.S,
t C. R. 1808, pp. 420, 501, 559, 689, 762, 1086 ; 1897, pp. 438, 800,

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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O 1934: Fermi Effective Field Theory (“FEFT™)
charged current weak processes
(points to high scale v )

THE remarkable radiation emitted by uranium and its
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and the results of his investigations on the nature and pro-
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O 1898: Weak interactions known since 1898 (beta decay; virtual W exchange
[used a new particle discovery, the electron!] )

O 1934: Fermi Effective Field Theory (“FEFT™)

charged current weak processes
(points to high scale v)

Crp ,—

LrerT = ) (Ve 2"y 1) (Yo7, Ve, 1)

+ Contains known degrees of freedom

4+ Describes the measured interactions g(e_ye — 6_Ve)

4+ Includes a high new physics scale v

S
S~ —
v

+ Contains coefficients parameterizing (unknown) new interactions

Effective theory leads to invalidity / unitarity violation at higher energies

S-wave unitarity demands:

Vs < 500 GeV

J. R. Reuter, DESY
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VIII. Uranium Radiation and the Electrical Conduction pro-
duced by it. By K. RuTHERFORD, M. A., B.Se., formerly
1851 Secience Scholar, Coutts Trotter Student, T'rinity
College, Cambridge ; MeDonald Professor of Physics,
MecGill University, Montreal *,

THE remarkable radiation emitted by uranium and its
compounds hasbeen studied by its discoverer, Becquerel,
and the results of his investigations on the nature and pro-
perties of the radiation have been given in a series of papers
in the Comptes Rendust. He showed that the radiation, con-
tinuously emitted from uranium compounds, has the power
of passing through considerable thicknesses of metals and
other opaque substances; it has the power of acting on a
photographic plate and of discharging positive and negative
electrification to an equal degree. The gas through which
the radiation passes is made a temporary conductor of electri-
city and preserves its power of discharging electrification for
a silort time after the source of radiation has been removed.
The results of Becquerel showed that Rintgen and uranium
radiations were very similar in their power of penetrating
solid bodies and producing conduction in a gas exposed to
them ; but there was an essential difference between the two
types of radiation. He found that uranium radiation could
be refracted and polarized, while no definite results showing

* Communicated by Prof. J. J. Thomson, F.R.S,
t C. R. 1808, pp. 420, 501, 559, 689, 762, 1086 ; 1897, pp. 438, 800,
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VIII. Uranium Radiation and the Electrical Conduction pro-
duced by it. By K. RuTHERFORD, M. A., B.Se., formerly
1851 Science Scholar, Coutts Trotter Student, Trinity
College, Cambridge ; MeDonald Professor of Physics,
MecGill University, Montreal *,

O 1898: Weak interactions known since 1898 (beta decay; virtual W exchange
[used a new particle discovery, the electron!] )

O 1934: Fermi Effective Field Theory (“FEFT™)
charged current weak processes
(points to high scale v )

THE remarkable radiation emitted by uranium and its

compounds has been studied by its discoverer, Becquerel,
and the results of his investigations on the nature and pro-
perties of the radiation have been given in a series of papers
in the Comptes Rendust. He showed that the radiation, con-
tinuously emitted from uranium compounds, has the power
of passing through considerable thicknesses of metals and
other opaque substances; it has the power of acting on a
photographic plate and of discharging positive and negative
electrification to an equal degree. The gas through which
the radiation passes is made a temporary conductor of electri-
— — Cit{\ and preserves its power of discharging electrification for

LrerT = Z—Z (Ve 2"y 1) (Yo7, Ve, 1)

Ve Ve a short time after the source of radiation has been removed.
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S solid bobdtes }z]md producing condluztlé‘m in a bgas exposed to
+ . - . — — them ; but there was an essential difference between the two
Describes the measured interactions 0-(6 Ve — € Ve) —7 7_‘_?]4 jJ JH tvoes of radiation. He found that uranium radiation could
+ Includes a high new physics scale v I cve seve
. . . . . 108_: — FEFT
+ Contains coefficients parameterizing (unknown) new interactions ~ =~ Unitarity bound
e e 107 4
Effective theory leads to invalidity / unitarity violation at higher energies N T
E 106'5 ------
S-wave unitarity demands: Vs < 500GeV g ]
8 101
. @ ]
O 1964-1967: Renormalizable spontaneously _
103 3
broken “UV-complete” SU(2) i
102 -
O Discovery of W/Z at LHC .
80 250 350 500
V5 [GeV]

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



The rationale of Effective Field Theories .

* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:

(no fermions or QCD here)

* Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

1 1
Low = =5t (W W WH — =B, B* + (D, ®)"(D*®) + p*®T® — \(dTd)?

ZZCSM—l—Z

* v« /l: new physics scale; ¢,

* All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L

21 =7z (D)) - (2T(DP)) —

bo = iz (PT® —0?/2) (DD

(d)

)T

- dimensionless Wilson coefficient

(D)

2| DD|?

model dependence

again

4

i - . _ _ such a
general Lagrangian has no specific dynamical content beyond the general
principles of analyticity, unitarity, cluster decomposition, Lorentz invariance,
and chirality, so that when it is used to calculate =~ ~ S-matrix elements, it
ynelds the most general matrix elements consustent with these generdl prin-
, orders in all coupling ,are
mcluded One does not need thod current algebra for justification

S.Weinberg, 1979

Truncation introduces L :
Oww = — A—§(<I>T<I>—v [2)tr (W 0 WHEY]
_ K T pv
Op = —55(D,®)'(D,®)

J. R. Reuter, DESY
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and chirality, so that when it is used to calculate =~ ~ S-matrix elements, it
yields the most general matrix elements conslstent with these generdl prin-
ciples, provided that all terms oﬂf allorde in all cou; llnj . are
included. One does not need the methods of current algebra for justification

(d)

* v« /l: new physics scale; ¢,

S.Weinberg, 1979
- dimensionless Wilson coefficient
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1 1
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EFT Operators in Multi-Boson Physics @ Dim-6 e

Dimension-6 operators for Multiboson physics (CP-conserving) Dimension-6 operators for Multiboson physics (CP-violating)
— VPN H — T v T —~ —
Owww = Tre[Wu W"PWe Oos = Op (‘I’ ‘I’) 0 (‘I’ q’) Oy = @TWuWH e Oy = Te[W WP
Ow = (Du®)'WH(D,®) 04, = (qﬂ‘cb) Te[W AV )] On, = & BB Oz = (D®)W" (D, )
— T puv
I P
ZWW | AWW | HWW | HZZ | HZA | HAA | WWWW | ZZWW | ZAWW | AAWW
Ow v v v v v v v v
All operators can change gB v v , \‘; v
differential rates & ®d
arization f . | Oaw i v v v v
polarization tractions! O v v v
Ovirvvw v v | : ve v v v
Oy, v R ooV f
Ovirw v v v v
» “HISZ” basis: no fermionic operators Hagiwara/lshihara/Szalapski/Zeppenfeld, 1993 \
» “GIMR” basis: first minimal complete basis  Grzadkowski/lskrzynski/Misiak/Rosiek, 2010 connected to Higgs physics
» “SILH” basis: complete basis Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miro et al, 2013
» Dim.8 operators: Eboli et al., 2006; Kilian/|RR/Ohl/Sekulla, 2014+2015; Hays/Martin/Sanz/Setford, 1808.00442, Li et al., 2005.00008
» “EChL’ basis: Dobado/Espriu/Pich et al.; Buchalla/Cata; Kilian/JRR et al.
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EFT Operators in Multi-Boson Physics @ Dim-8 e

Longitudinal operators Transversal operators Mixed operators
_ [ i O‘/B- - v
(Du@) D,®| x [(D"®)' D*® Oro = T [Wo WH]-Tr [Wag W™ Owmo = Tr[Wu W] [(Da®) D 2]
p v i i _
(D @) Dro| x (D ®)' D'® Ora = Tr[War W] T [Was W™ Ona = Tr[Wu W[ [(Dy@)! DHa]
H v _ i ] ] ] 5
: : Ors = Tr|WaWHP| . Tr [We, W" | Om2 = [BuB"™]-[(Ds®) Do
Ors = Tr[W,WH"] . BygB*? Oums = _BWB”B] . [(DBCP)T D“cp]
_ ' nBl av _ t na|  pBY
All operators can change Ore = Tr|Wa, W |- Bugh Oma = |(Du®) Wg, DEC|- B
differential rates & Ors = Tr|WauWHB] . Bg, B Oms = [(Du®) s, D 0| B

polarization fractions! ' ' : _

Org = Bu,B" Ba,gB*’ Ome = _(Duq’)T WﬁvWBVDMCI’_
Ory9 = BauB"Bg, B Onyr = [(Du®) We, W "D e
WWWW | WWZZ | 27277 | WWAZ | WWAA | Z727ZA | Z7ZAA | ZAAA | AAAA
Os.0/1 v v v
Onio/1/6/7 v v v v v v v
Onr2/3/4/5 v v v v v v
Or.0/1/2 v v v v v v v v v
Or.5/6/7 v v v v v v v v
O71.8/9 v v v v v
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The importance of multi-bosons

7 /| 31

O Di-(multi-) boson seem to have much less statistical
power than Drell-Yan

O (Almost) fully inclusive cross sections: o(WW)/a(DY) ~ 107
O This changes for looking at the high-energy region:

J. R. Reuter, DESY

olpp > WTW~™ - eTevv] ~ 1.5 pb

olpp - Z° - ete™] ~ 2 nb

M. Mangano, MBI 22 Summary Talk
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The importance of multi-bosons

O Di-(multi-) boson seem to have much less statistical
power than Drell-Yan

O (Almost) fully inclusive cross sections: o(WW)/a(DY) ~ 107
O This changes for looking at the high-energy region:

Multibosons are the most sensitive probe
of EW interactions in the high-Q2 region

Di-(multi-) boson supersede DY: s- vs. t-channel
Tri- [multi-] bosons usually higher BSM sensitivity
BSM sensitivity vs. total cross sections

HL/HE-LHC, MuC, ILC1000, CLIC: tribosons optimal

O O O O O

Vector Boson Scattering (VBS): pay the price for
double weak radiation twice, then universal behavior

J. R. Reuter, DESY
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‘ Vector boson scattering \

D (XZI QZ) B
w —>— — Fiducial phase space volume:
P, QCD
P, * llj tag
- *mj > 500 GeV (“jet recoil”)
%1 P . |C:ijj| >24  (“rapidity distance”)
* Cuts on Ej, p?
— . AQCD — — * No / little central jet activit
— ~— — J Y
D(x1, Q%)

Importance of VBS

O VBS gives access to pure EW sector

O No dependence of fermion sector, flavor mixing etc. (almost)

O Goal: proof relation between Goldstones (W., Z.) and Higgs H

O Problem: longitudinal modes suppressed compared to transversal (~10%)

— W5 Wy Wy Wy Wg" W5
W+ .
®@- v el g
Z[) Z() Z() Z() Z() Z()
St
‘o° J. R. Reuter, DESY
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Vector boson scattering

D (XZI QZ)
w — Fiducial phase space volume:
p—QCD——
P, * llj tag
- * m; > 500 GeV (“jet recoil”)
1P * |Ay;| >2.4  (“rapidity distance”)
P, 0CD * Cuts on E;, p7? from:
— A/ i — * No / little central jet activity Alboteanu/Kilian/JRR,
- D Qz) - 0806.4145
X1,
EW PDF / Splitting function picture
Importance of VBS

O VBS gives access to pure EW sector

O No dependence of fermion sector, flavor mixing etc. (almost)

O Goal: proof relation between Goldstones (W., Z.) and Higgs H

O Problem: longitudinal modes suppressed compared to transversal (~10%)

—— 4 -t r -t -t - - +
W W Wi W W W W W
WE W
. D W+ H:
Z[) Z() Z() Z() Z() Z() Z() M Z()
S
‘o° J. R. Reuter, DESY
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pp — ijVjEVVi — 994Vl

pp — jiL 7 — jieL(el/vy)

pp — IW Z — 55000y

pp — 33247 — 334Ly

pp — jiVV — jjji(ee/tv)

pp = JgWV = jjtvjj

VBS — Experimental results

Experimental results from CMS and ATLAS

PRL 120, 081801 (2018)\
PRL 123, 161801 (2019)

| PLB 774 (2017) 682
| ATLAS-CONF-2019-033|

PLB 809 (2020) 135710
PLB 793 (2019) 469

CMS-PAS-SMP-18-00

CERN-EP-2019-206 7|

IPRD 100, 032007 (2019)

PLB 809 (2020) 135710

J. R. Reuter, DESY

Ofid = 3.83 £ 0.66 (stat) £ 0.35 (syst) fb

ota = 2.91701° (stat) + 0.35 (syst) b

+0.72 +0.46
M = Oobs/Oth. = 1.39 (57 (star) - 0.31 (syst)

lzz = Oobs/Oth. = 1.35 £ 0.34

+0.51
MHEW — aobs/ULO, MG — 0'82—0.43

fid _ +0.16
opw = 057114 1D

+0.23

Mzyij-ew = 1.00 £ 0.19 (stat.) £ 0.13 (syst.)

,u%%f,vv =105+ O.20(stat.)i8:§’1(syst.)

* Fiducial regions difficult to compare
* Large differences in MC predictions

* Mostly very complicated DNNs very hard to unfold

440

10 / 31
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Precision in Vector Boson Scattering e

O Search for New Physics in tails: onset of resonances New resonance Peviation in tails

ELHc
D Mx ‘

O NLO EW(+QCD) corrections important for those tails

do/dpr A LO do/dpr A Standard model
NLO EW lew \l[
\ Mviva Myive Vhe> Evne
® > ® >
pT pT
adapted from M. Pellen, MBI 2022
VBS diagrams VBS LO+NLO:

Biedermann, Denner, Pellen,
1708.00268 ; Denner, Dittmaier,
Maierhofer, Pellen, Schwan,
1611.02951; Ballestrero et al.,
1803.07943; Denner, Franken, Pellen,
Schmidt, 2107.10688;

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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Precision in Vector Boson Scattering

i [ S o S
— — ' — |
—oa et —— e oo
200 400 600 800 1000 1200 1400 1600 1800 2000
M;,j, [GeV]

Even more (

12 / 31

) diagrams ...

Process WTW+ W7 177 WHTW~— WTW~—
(VBS setup) (Higgs setup)
Aol o [fb] —0.2169(3) —0.04091(2) —0.015573(5) —0.307(1)  —0.103(1)
coIfh]  1.4178(2)  0.25511(1)  0.097683(2)  2.6988(3) 1.5322(2)
5" (%] ~15.3 ~16.0 ~15.9 ~11.4 —6.7
Order @, (a7) @ (ozsoz6) @, (ozszoz5) O (as3a4)
NLO
NLO-+PS X

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



Precision in Vector Boson Scattering

Order O(a®) O(aza”) O(asa®)
o |[fb] 2.292 +£0.002 | 1.477 +=0.001 | 0.223 £ 0.003
Code o |fb]
BONSAY 1.43636 4 0.00002
MG5 AMC 1.4304 =+ 0.0007
MOCANLO+REcoOLA | 1.43476 £ 0.00009
PHANTOM 1.4374 =+ 0.0006
POWHEG-BOX 1.44092 £ 0.00009
VBENLO 1.43796 £+ 0.00005
WHIZARD 1.4381 =+ 0.0002
LO 0.5 ¢
LO
109 E
0.4
% —
% BONSAY — % 0.3 F
;: MG5_aMC — 5
T 404 {MoCaNLO+Recola — E 0.2
O PHANTOM —
POWHEG — 0.1
5 LN L . . 5
é 11_ IIIIIII WHIZARD — _ § 1.3
B : S
Z | —peen 2
3 ; - Q
S o9f = = 09
6:_,3, ........ [IETERTEEY [FETRRTEET [FERTETTET [ FTRETRTET, IR ENRRSEET CCE":g

e

500 1000 1500 2000 2500 3000 3500 4000

mj,j, [GeV]

J. R. Reuter, DESY

pre > 20 GeV  |ye| < 2.5

PT miss = 40 GeV

ARy > 0.3

Anti-kr jets with R = 0.4:

pPT.; > 30 GeV ]yj\ < 4.5 AR@' > 0.3
m;; > 500 GeV  |Ay,,| > 2.5
LO+PS

- LO

MoCaNLO+Recola — E

BONSAY —
MG5_aMC — 3

PHANTOM —_
POWHEG —

VBFNLO —
WHIZARD —

Ayh]z

13 / 31
Ballestrero et al., 1803.07943
Code o [[b]
MGSH AMCH+PYTHIAR 1.352 + 0.003
MGH AMC+HERWIGT 1.342 4+ 0.003
MGS AMCHPYTHIAS, [iesc 1.275 4+ 0.003
MG5 AMCHHERWIGT, Tiese | 1.266 4 0.003
PHANTOM4+PYTHIAR 1.235 + 0.001
PHANTOM+HERWIGT 1.258 4 0.001
VBFNLO+HErRWIGT-DIPOLE | 1.3001 £ 0.0002
WHIZARD+PYTHIAS 1.229 4+ 0.001

Seminar, University of Pittsburgh, 22.9.2022



Precision in Vector Boson Scattering

Order O(a®) O(aza”) O(asar®)
o |[fb] 2.292 +0.002 | 1477 +0.001 | 0.223 +0.003
Code o |fb]
BONSAY 1.43636 = 0.00002
MG5 AMC 1.4304 =+ 0.0007
MoCANLO+REcoLA | 1.43476 £ 0.00009
PHANTOM 1.4374 4+ 0.0006
POWHEG-BOX 1.44092 4+ 0.00009
VBFNLO 1.43796 + 0.00005
WHIZARD 1.4381 =+ 0.0002
LO 0.5
LO
103 E
- 04
> —
% BONSAY — :% 0.3 E
= MG5_aMC — 3
S 10-4 MoCaNLO+RecoIa — E 0.2
3 - PHANTOM —
POWHEG — 0.1
- LB L L, Lo, o
é 1 E WHIZARD — E é 1?
SIJS - S
Z | ———— ?Z'U
3 : § )
S 09k E =
E SETETENIY [ FETERTEEE [ITETETEET, [ITETETIET, [ FERETETEY [ FETETETEY [ FRRNERET 0 &_:3

&3

500 1000 1500 2000 2500 3000 3500 4000
mj,j, [GeV]

13 / 31
pre > 20 GeV |y <25 ARy > 0.3 Ballestrero et al., 1803.07943
DT miss > 40 GeV Code o [[b]
Anti-kr jets with R = 0.4: MGSH  AMC+PYTHIAS 1.352 + 0.003
MGSH AMCH+HERWIGT 1.342 <+ 0.003
pr; > 30 GeV  y;| <45 ARy > 0.3 MG5 AMCHPYTHIAS, Tyese | 1.275 =+ 0.003
MG5 AMCHHERWIGT, [lese | 1.266 £+ 0.003
m;; > 500 GeV  |Ay;;| > 2.5 PHANTOM+PYTHIAR 1.235 + 0.001
PHANTOM +HERWIGT 1.258 4+ 0.001
VBFNLO+HERWIGT-DIPOLE | 1.3001 £+ 0.0002
L O+PS WHIZARD+PYTHIAS 1.229 + 0.001
Rapidity of the subleading jet (LO+PS)
C L0 BONSAY — : g u —— NLO (fixed order)
- . g Fad —— MG5.aMC+H7-Default
= MGS_aMC — 4 C —— MG5.aMC+Py8
MoCaNLO+Recola — E \'_: 0.4 — PHANTOM +l’y8
3 PHANTOM __E “é; L —— VBENLO 3+I-I7-Dipole
: s o -
3 VBFNLO — : = r _—— AR =
=] WHIZARD — = o2 —
-‘ - s | - —
F | | L L 1 . — 7— —
E_ _E 0 _l I ] L1 | | | ] | | | | | |
: - 1.4 =
1.3 =
1.2 =
c T =
P 1 E—= j : ! — S—
o (').9 = — — I
0.8 =
0.7 =
3 4 5 6 7 9 82:1 Ll R c iy L1l |
) -4 -3 -2 -1 0 1 2 3

Ayh]z

J. R. Reuter, DESY

Y,

Seminar, University of Pittsburgh, 22.9.2022
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\ Signal models for VBS \

|. “Parameterize deviations”: EFT description (HEFT, SMEFT)

2. Resonances might be in direct reach of LHC: simplified models

3. Specific physics models that predict diboson resonances

(even still SUSY &)

Rise of amplitude: is Taylor expansion below a resonance

EFT framework EVW-restored regime:
SU(2)L X SU(2)r, SU(2)L X U(l)y gauged

EFT is model-dependent: truncation, size of coefficients etc..

need to consider unitarity etc. constraints

Simplified models: Include EFT operators in addition (more
resonances, continuum contribution)

Simplified models: unitarity constraints (“UV-incomplete” model)

J. R. Reuter, DESY

Events / 25 GeV

10°
10
10°
10?
10

1

15 / 31

lllllllllllllll'l

E I = Dilepton Bkg :
B Eco][ | -+ Pseudo-Data —
' e
] Z' (3 TeV) .
I R
' =
] & E

..

g * N
= + =
— | ® E
E .. .
E ~\ N
- , : =
- No resonance " -
s but # SM : =
r I
= o N I U U U N U U O W OO (O SR SN B B A I B B A A

|

lllllll|llll

500 1000 1500 2000 2500 3000 3500 4000

Dielectron Invariant Mass [GeV]

Courtesy: Jorge de Blas

4500

Seminar, University of Pittsburgh, 22.9.2022



‘ Unitarity in (VBS) Scattering Amplitudes\ 16/ 3

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mii(t = 0)} /s t = —8(1 —cosf)/2

Partial wave amplitudes:
M(s,t,u) =32m ) (26 + 1) A(s)Py(cosd) (“Power spectrum?”)

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Optical Theorem

‘ Unitarity in (VBS) Scattering Amplitudes\ 16/ 3

(Unitarity of the S(cattering) Matrix):

Otot = IM [Mn(t = O)] /S t = —s(1 —cosf)/2

Partial wave amplitudes:

M(s,t,u) =32 ), (24

1)A¢(s)P;(cosf) (“Power spectrum”)

J. R. Reuter, DESY

RelA]
-

Seminar,
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‘ Unitarity in (VBS) Scattering Amplitudes\ 16/ 3

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = O)] /8 t = —s(1 —cosf)/2

Partial wave amplitudes:

M(s,t,u) = 32m 3 ,(26 + 1)As(s) Py(cost)  (*Power spectrum”)

Assuming only elastic scattering:
p . ‘ . ! . T )
Tror = Zf 32 (if-i—l) |A£‘|2 RS Zf 32w (24+41) Im [AE] -

S

J. R. Reuter, DESY

Ag[* = 1m [Af]

RelA]

Seminar,

University of Pittsburgh, 22.9.2022



‘ Unitarity in (VBS) Scattering Amplitudes\ 16/ 3

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mu(t = 0)] /8 t = —8(1 —cos@)/2

Partial wave amplitudes:
M(s,t,u) =32m ) ,(2¢ +1)As(s)Pe(cosbd) (“Power spectrum”)

Assuming only elastic scattering:
s ! (2€
oot = 3y I A2 = 3, D Im (A = | A = Im (4]

S

Lee/Quigg/Thacker, 1973

exceeds unitarity bound |A; ;| < L at: | -
Higgs exchange: | _ _ ¢
I=0: E~ V8rv=12TeV o, B
I=1: E ~ v/487v = 3.5TeV Als,t,u) = bf s — M2,
I=2: E~ V16mv=1.7TeV  Unitarity: My <8mv ~ 1.2TeV

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



‘Scenarios for New Physics in VBS\ v s

Im [ay] A

Im [ay] A

|. SM or weakly coupled physics (e.g. 2HDM):
amplitude remains close to origin

DO —
L
T

2. Rising amplitude (at least one dim-8 operator): rise beyond unitarity circle [unphys.],

strongly interacting regime 1

Im [ag] A

3. Inelastic channel opens (form-factor description):
new channels open out, multi-boson final states

DO —
1
T

Im [ay]

DO —+

4. Saturation of amplitude: maximal amplitude,
strongly interacting continuum, K-/T-matrix

unitarization

DO —
1
T

Im [ay] A Relay

DO —
1
T

5. New resonance: amplitude turns over

Relay]

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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New Physics Searches in VBS - Struggling EFT description '8 /3

Resonances in direct reach (not clear: strongly interacting models [e.g. ¢ resonance]

Estimate of operator coefficients

Agni X Adim-6 = | Adimes]|” Agni X Adim-g 2 | Adim-s|”

Partial wave unitarity:

(difficult for strongly coupled models)

gives guidance on maximally possible event numbers

Asm X Adim-6 < Asm X Adim-s

Positivity constraints on operator coefficients (Analyticity: UV-complete or “swampland’)

Size of coefficients: dichotomy between validity and detectability (cf.also next slide)

EFT better/best[?] suited in intensity frontier [example: Higgs / W / Z decays @ O (100 GeV)]

J. R. Reuter, DESY

< Unltarlty -forbidden

i) > '_f.ﬁ_Z.I.i.f_ _____

§ AAAAAAAAAAA N

&:8 /;‘ - R

S /‘ ‘EFT trlangle

BSM signal /‘“ -i1s it
/ not detectable / not empty
// \EFT descrlptlon falls
M. Szteper Operator coefficient

Seminar, University of Pittsburgh, 22.9.2022



Plethora of unitarization procedures aF

1.0r

Cut-off (a.k.a. “Event clipping”) Q(AQC — 5)

unitarity bound (Oth partial wave) at A¢

|A(s)]

R B P L * Independent Amplitude Method (IAM)

NO continuous transition beyond ‘Truong, 1988; Dobado/Herrero/Truong, 1990]

might influence BDT/DNN training

* Pade Methoc [Padé, 1890; Basdevant/Lee, 1970]

0.0

1

Form factor (1 s )n —
ApFp

* N/D method [Chew/Mandelstam, 960]

* Focus on correct descriptions of certain explicit
(known) resonance channels

Motivated from strong interactions

|A(s)]

Applicable for arbitrary operators, tuning in 2 » Tied to chiral perturbation theory and QCD =
parameters: n damps unitarity violation, Afr |
highest value to satisfy Oth partial wave more model-dependence
T HER—"
VIRV

» Unitarization is not a tool to predict resonances

2.0r

1
0 . a =
K-/T-matrix saturation Re(%) s —

Saturation of unitarity: maximal event S .
count, works also for complex ampl., 05 | & Never clip data!!!

no additional parameters

|A(s)]

0.0

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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Unitarization: technicalities in a Monte Carlo

¢ Clebsch-Gordan decomposition into spin—isospin eigenamplitudes —py, — Py, — PV,

¢ Amplitudes should be modified only in s—channel configurations

Al =0) = 3A(s,t,u) + A(t, s, u) + A(u, s, t) AArs(>_p)
Al =1)= A(t,s,u) — A(u, s, t)

Pv, Pvy.
Al =2)= A(t,s,u) + A(u, s,t) Py,

¢ Evaluate modified Feynman rules off-shell

A

¢ Scale that is used for the diboson system in s-channel setups: v svv

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Unitarization: technicalities in a Monte Carlo

20 / 31
¢ Clebsch-Gordan decomposition into spin—isospin eigenamplitudes —py, — Py, — PV,
¢ Amplitudes should be modified only in s—channel configurations
Al =0) = 3A(s,t,u) + A(t, s,u) + A(u, s, t) AAr;(2_p)
Al =1)= A(t,s,u) — A(u, s, t)
Pv; Pvy.
Al =2)= A(t,s,u) + A(u, s,t) Py,
¢ Evaluate modified Feynman rules off-shell
¢ Scale that is used for the diboson system in s-channel setups: v Svv A=AL—Ad N =23 — A
i ) 0 1 2 A
Use spin-isospin eigenamplitudes exclusive in helicities: Ag(s,t, u; A) I —03 O R
. . . , . 3 1 3 ~ N
Can be obtained by using Wigner’s d-functions [Wigner, 19317 A = (A1, A2, A3, Ag) S VR TN IO B T A P
3 3 6 15 15 30
0 g t 00 0 [0 0 0[O0 0 0 [+ + & +
J 1o o o]0 o0 o 2 L o | + - 4+ -
Arj(s;A) :/ ?Aj(s,t,u; A) - dy oy {arceos (1 + 2;)} 0 0 0o lo o o _5% %5 0 Lo
—S 0 0 0 |2 —5 | 0 0 0 + + - =
: . 0 =2 -1]0 0 0] 0 0 0
Extract all partial waves: Aii(s50)/(g*s?) = o 0 0 lo o ofl-z -3 - R
(coFr, +c1Fr, + cakFr,) 0 0 0 0 0 0)-=g -5 -z | + - - F
—3 —3 —3 |0 0 0]—-5% -3 —-3| + + — -
Co C1 C2 Co C1 Co Co C1 Co

Corrections for off-shell vectors: important [Perez/Sekulla/Zeppenfeld, 1807.02707]

Implementation in WHLZARD takes leading corrections into account

J. R. Reuter, DESY

Bral3/Fleper/Kilian/JRR/Sekulla, 1807.02512

Seminar, University of Pittsburgh, 22.9.2022



Events / bin

10E

New Physics Searches in VBS

21 [/ 31

O EFT mostly model-independent

CMS 137 b (13 TeV)

| | [ I | &
e ¢ Data Nonprompt y =
i IEW Zy ST, TTy,VV
_ —F g/ A* =0.47 TeV™*

10_15

—F,/A*=0.91 TeV* 3

0.15-0.4 0.4-06 0.6-08 08-1.0 1.0-1.2

1.2-00
my, [TeV]

Exp. Exp. Obs. Obs. Unitarity
Coupling lower upper lower upper bound
Fyo/A? -12.5 12.8 -15.8 16.0 1:3
Fy /A? -28.1 27.0 -35.0 347 1.5
Pl -5.21 5.12 —6.55 6.49 1.5
Fya/A? -10.2 10.3 -13.0 13.0 1.8
Fya/A? -10.2 10.2 -13.0 12.7 1.2
Fyps/A? -17.6 16.8 -22.2 21.3
Fyp/A* —44.7 45.0 —-56.6 559 1.6
Fp/A* —0.52 0.44 —-0.64 07 1.9
Fr/A? —0.65 0.63 —-0.81 0.90 2.0
Fry/A* -1.36  1.21 -1.68  1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 2
Fre/A* -1.02 1.07 -1.30 133 2.0
Fr /A% —1.67 1.97 -2.15 2.43 2.2
Frg/A* —0.36 0.36 -0.47 0.47 1.8
Fro/A* —0.72 0.72 -0.91 0.91 1.9

J. R. Reuter, DESY

— Truncation, power-counting introduces model-dependence (cf. LHC EFT WG)

101_ In)_ﬁ'VV%WA{+jj
i -lll;lllllllillllll.é--...--i
; ; i L --.- i ; i
100;““““"'@ """""" N ;;;'.i-"f'! """" VY L AAAAAAAAAL v
i;v-ll' . .
? 10_1;‘ """""" "”.”""‘f’f**%;;”'i """""" """""" """""" """""" """"" E
oo e 5 5
% °, *******
. - : : el ******** : :
| | | teel, i |
o= 1072 SR A S S Ml
R | | | | e, ' o
. . | r Ttee., : 3
m  Fgo =480 TeV™ . . el
-3 : : : : L %ee.,
10 | A F5,1:480Te\/*4 """" o o s E
C -2 : .t . ! ; ]
» Fp=30TVv” | Longitudinal boson
- SM g g g | |
1072

| i i i i i
800 1000 1200 1400 1600 1800 2000
M(W+WH)[CeV]

| |
200 400 600

General cuts:

M;; >500GeV; An,; > 2.4; ph>20GeV; |An;| < 4.

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, University of Pittsburgh, 22.9.2022



O EFT mostly model-independent

New Physics Searches in VBS o

CMS 137 b (13 TeV)

[F | | [ | | g
5 10°F ¢ Data Nonprompt y E
P HEW Zy ST, TTy,VV :
2 T ]
Q oL —F /A% =0.47 TeV™ _
L

10

TTTTI

| llf"l

10

—Fo/A*=0.91 TeV*

0.15-0.4 0.4-06 0.6-0.8 0.8-1.0

1.0-1.2 1.2-
my, [TeV]

HI

— Truncation, power-counting introduces model-dependence (cf. LHC EFT WG)

Exp. Exp. Obs. Obs. Unitarity
Coupling lower upper lower upper bound
Fuo/A? -12.5 12.8 —-15.8 16.0 1:3
Fy /A? -28.1 27.0 -35.0 34.7 1.5
Fip/A* -5.21 5.12 —6.55 6.49 1.5
Fays/A* —-10.2 10.3 -13.0 13.0 1.8
Fya/A* -10.2 10.2 -13.0 12.7 12
Fys/A* -17.6 16.8 —22.2 21.3 17
Fyp/A* —44.7 45.0 -56.6 55.9 1.6
Fp/A* —0.52 0.44 —-0.64 0.57 1.9
Fr/A? —0.65 0.63 —-0.81 0.90 2.0
Fr/A? —1.36 1.21 —1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 2.2
Frg/A* -1.02 1.07 -1.30 133 2.0
Fr/A* —1.67 1.97 -2.15 2.43 22
Frg/A* —0.36 0.36 —-0.47 0.47 1.8
Fro/A* -0.72 0.72 —0.91 0.91 1.9

J. R. Reuter, DESY

| pp — WHWHjj
10%¢ | | ; ! ! ! ! !
100}
T 107
@ -
22 i
=
('g% 10_2% ﬁj *:
: : : ...... L., ﬁﬁﬁﬁ%ﬁ*ﬁﬁﬁ 1
s Fog=480TeV | | | e
|« mo=3Tv?|  Longitudinal boson
i SM E E E 5 E
10=4 | | 1 i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000

M(W*WH)[GeV]

General cuts:

M;; >500GeV; An,; > 2.4; ph>20GeV; |An;| < 4.

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, University of Pittsburgh, 22.9.2022



O EFT mostly model-independent

New Physics Searches in VBS o

pp = WW*jj

10% = Exp. Exp. Obs. Obs. Unitarity
. — Py =50 Coupling lower upper lower upper bound
—— P,
- Mixed bosons — Fyo/A*  —125 128  -158 160 1.3
10° ——— Fai/A* =281 270 =350 347 1.5
] : Fap/A? -521 512  -6.55  6.49 1.5
] Fya/A* 102 103 —13.0 130 1.8
= 10~ - Favu/A*  —-102 102 -13.0 127 1.7
- ] Fus/A* -17.6 168  -222 213 1.7
all= ‘ Fyp/A*  —447 450 =566 559 1.6
— 5 | Foro/A* 052 044  -064 057 1.9
_ 10 "3 Fr/A*  —065 063  —081  0.90 2.0
=S|= ‘ Fn/A* 136 121  -1.68 154 1.9
. Frs/A* 045 052 -058 064 2
10 7+ Fog/A* -1.02 107 -130 133 2.0
Fro/A* -1.67 197 215  2.43 2.2
] Frg/A* 036 036 -047 047 1.8
10~4 - Fro/A* —0.72 072 -091 091 1.9
- I | | |
1000 2000 3000 4000 5000
M(W*WH)[GeV]
T3 — FPr, 50 ]
Transverse bosons  — #.=w0

th ]
100GeV

[

o
aM

| ] | |
1000 2000 3000 4000 5000
M(W' W) [GeV]

J. R. Reuter,

1

1000

DESY

|
2000

I 1
3000 4000 5000

M(HH)[GeV]

— Truncation, power-counting introduces model-dependence (cf. LHC EFT WG)

10 F | /
=
: i
[
L . 0 :

100

]

101}

b
100GeV

[

do
oM

1072}

m Fgg =480 TevV™ e, T
11—3 : : ' : L tee,
L07PH 0 By = 480 eV [

rp=%Tv* | Longitudinal boson
SM ? ? ? 5 5 :

10:4 | | 1 i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000

M(W*WH)[GeV]

General cuts:

M;; >500GeV; An,; > 2.4; ph>20GeV; |An;| < 4.

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, University of Pittsburgh, 22.9.2022



New Physics Searches in VBS o

O EFT mostly model-independent

pp = WW*jj

— Truncation, power-counting introduces model-dependence (cf. LHC EFT WG)
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I
1000
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MWW H)[GeV]

\,

pp — WHTW 74

|
4000

Transverse bosons

Exp. Exp. Obs. Obs. Unitarity
all Coupling lower upper lower upper bound
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" Fui/A* =281 270 =350 347 1.5
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Fp/A* —0.52 0.44 —-0.64 057 1.9
Fp/A* =065 063 081  0.90 2.0
Fry/A* -1.36  1.21 -1.68  1.54 1.9
Frs/A* 045 052 058  0.64 2.2
Fr/A*  -1.02 107 -130  1.33 2.0
Fr/A* —-1.67 1.97 -2.15 243 22
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J. R. Reuter,
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General cuts:
M;; >500GeV; An,; > 2.4; ph>20GeV; |An;| < 4.
Much more leeway for new physics in

transversal gauge bosons and di-Higgs ;

longitudinal bosons much closer to

unitarity limit

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, University of Pittsburgh, 22.9.2022



‘Simplified New Physics Models for VBS\ 2/ 3

O Semi-model-independent: simplified models

O Consider all possible EW diboson resonances
O Very few parameters: (My, gvv ) , (My, Tpvy)
O Distinguish weakly/strongly-coupled models

C; g C; g
— ~ ——  VS. — ~ =

A AmA A A

J =0 J =1 J =2
I =0 oY (Higgs singlet?) (v /2" 7) f% (Graviton ?7)
I =1 7Ti,7TO (2HDM ?) (W’/Z, 7) ai,ao
I =2 | ¢F*F, oF, ¢° (Higgs triplet ?) — tEE ¢+ 0

Alboteanu/Kilian/JRR, 0806.4145:; Kilian et al., 1511.00022; Bral3 et al. , 1807.02512

J. R. Reuter, DESY

Delgado et al. , 1907.11957

Seminar, University of Pittsburgh, 22.9.2022



‘Simplified New Physics Models for VBS\ 2/ 3

O Semi-model-independent: simplified models

J =0 J =1 J =2
O Consider all possible EW diboson resonances I=0 oY (Higgs singlet?) (v /2" 7) 7Y (Graviton ?7)
I: 1 7'('i 7'('0 2HDM 7 (W’/Z, 7) ai ao
O \Very few parameters: ( My, C(My, T 11« ) )
yTEW D (Mysgvv) s (Mv, Twvr) | HEE. o%. ¢° (Higgs triplet ?) _ g+ 40
O Distinguish weakly/strongly-coupled models Alboteanu/Kilian/JRR, 0806.4145: Kilian et al., 1511.00022; BraB et al. , 1807.02512
G g s G g Delgado et al., 1907.11957
A 4rA A A
1soscalar 1sotensor
br br 07, B,
scalar o’ Dy s Doy OF
¢O
XX, X0 X X
tensor fo X, X0 X F
XO

Translation into Wilson coefficient below resonance

o 0] f X
Fsp 2 2 15 5
Fs1 - -% -0 -39

327"/ M?
J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Simplified New Physics Models for VBS 2/ 3

O Semi-model-independent: simplified models

J =0 J =1 J =2
O Consider all possible EW diboson resonances I=0 oY (Higgs singlet?) (v /Z"7) fY (Graviton ?)
_ + -0 ., W' /7' 7) aT q°
O Very few parameters: (Myv, gvv) , (Myv, Ty [=1 1o (GHDMD) (W'/2"" ’
4 P ( ) vv1) I =2 | ¢F*F, oF, ¢° (Higgs triplet ?) — t=E ¢+ 0
O . ° . _
Distinguish weakly/strongly-coupled models Alboteanu/Kilian/JRR, 0806.4145; Kilian et al., 1511.00022; BraB et al. , 1807.02512
Ci g s ¢ g Delgado et al., 1907.11957
A 4\ A A
10! ¢ bp— 22)) | | :
isoscalar 1sotensor 5\\ |/ Fa=123Tev]
— 1= 0 F T+ e ?/L — F,=40TeVt ]
¢t a¢ta¢ta¢ta t B 5 5 5 5 —— SM
scalar oY o, PV, N |- - - limit of Ay
0 1) L] S N T — R ~: ; —
D N ] My =s00Gey
X; Xy, X9, X, X = IN0 N | r,=80Gev
D : : : : : : :
tensor i X, X0 X+ L | | | | . . |
Xg %;@ 1071 E o NS i
Translation into Wilson coefficient below resonance - | | . | | :
: : fx T
Fs % 2 15 5 | 4(30 6(i)0 8(i)0 1oi00 12i00 14i00 16l0(~) -lgoo 2600
M(ZZ)[GeV]
Fs, - -2 -5 -35

M;; > 500GeV; An;; > 2.4; pl. > 20GeV; |An,| < 4.5

327"/ M?
J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Simplified New Physics Models for VBS

O Semi-model-independent: simplified models

O Consider all possible EW diboson resonances

O Very few parameters:

(jwV7gVV)7 (MwWI%VVO

O Distinguish weakly/strongly-coupled models

G 9 4 2.8
A 47 A\ A A
1soscalar 1sotensor
—— = 0 T T+
¢% 7(bt 7¢%7(bt7 t
scalar | o by 00, b
0
i F T
—— v — vo0
Xy X, XL, XX,
tensor fo X, X0 X F
xt

Translation into Wilson coefficient below resonance

o ) f X
Fsp 2 2 15 5
Fs, - . -5 -35
327"/ M?
J. R. Reuter,

22 [ 31
J =0 J =1 J =2
I =0 oY (Higgs singlet?) (v /2" 7) f% (Graviton ?7)
I =1 7Ti,7TO (2HDM ?) (W//Z/ ?) ai,ao
I =2 | ¢F*F, oF, ¢° (Higgs triplet ?) — tEE ¢+ 0

Alboteanu/Kilian/JRR, 0806.4145:; Kilian et al., 1511.00022; Bral3 et al. , 1807.02512
Delgado et al. , 1907.11957

10! - pp — L2477
E e F o =10.0
| o — o =2.0
10V = — SM :

: * EFT fails at resonance
=z 1071 ‘Ji _—— « EFT describes rise of
20 ] oy e

= : . resonance
— 10724 11Lh_ C . :
= : Tmay * Unitarization applied
SIS - e
1073 - b S * Tensor resonances better
: e visible than scalars
10_4? == 11‘5_L
I 1 l l =
1000 2000 3000 4000 5000
M(ZZ7)|GeV]
M;; > 500GeV; An;; > 2.4; pl. > 20GeV; |An,| < 4.5
DESY Seminar, University of Pittsburgh, 22.9.2022



Tensor resonances ‘Tensor Resonances (in VBS) \ 23 | 31

* Symmetric tensor f,uy

e On-shell conditions: |10 & 5
components

* Tracelessness: f'u'u = 0

° : . rV
Transversality: 0, f#¥ = 0
How to deal with off-shell tensor in realistic processes!?

& Start with Fierz-Pauli Lagrangian for symmetric tensor

1 oY 1% 1 2 1% 1 o fU 1 2 1%
LFP :§aozf,uua f'u _§m f,ul/f'u _5804]8%8 f,/‘|‘§m fﬁifu

- aafoéuaﬁfBM - f%aﬂayf,uu + fuyJ}W

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



Tensor resonances ‘Tensor Resonances (in VBS) \ 23 | 31

* Symmetric tensor fluy

* On-shell conditions: |0 — 5

components

* Tracelessness: f'u'u = 0

* Transversality: @Mfﬁ“/ — 0

How to deal with off-shell tensor in realistic processes!?

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

1 oY 1% 2 1% 1 o fU 2 1%
Lrp :§aozf,uua f'u _§m fw/f'u _5804]8'318 f,/‘|‘§m fﬁifu

1 1

- 8Oéfoélﬁaﬁfﬁu - f%za'uayfuu + fuyj}w

e

Fierz-Pauli conditions not valid off-shell
Fierz-Pauli propagator has bad high-energy behavior
Use Stuckelberg formalism to make off-shell high-energy behavior explicit

Introduce compensator fields = no propagators with momentum factors

Crucial for MCs

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



Tensor resonances

* Symmetric tensor fluy

e On-shell conditions: |10 & 5
components

* Tracelessness: f'u'u = 0

* Transversality: @Mfﬁ“/ — 0

How to deal with off-shell tensor in realistic processes!?

‘Tensor Resonances (in VBS)\

o f4: on-shell f*
o ¢ 0u0, M

o Al 9, fHv

¢ o fn,

Gauge fixing: o= —¢

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

1 oY 1% 1 2 1% 1 o fU
Lrp :§aozf,uua f'u o §m fw/f'u _ 5804]8'318 fz/_|_

- 8Oéfoélﬁaﬁfﬁu - f%za'uayfuu + fuyj}w

1 1%
§m2fﬁ1fy

Fierz-Pauli conditions not valid off-shell

Crucial for MCs

e

Fierz-Pauli propagator has bad high-energy behavior
Use Stuckelberg formalism to make off-shell high-energy behavior explicit

Introduce compensator fields = no propagators with momentum factors

J. R. Reuter, DESY

23 / 31
_1 62 2 v 1 v 1 82 2 1%
L =5 fruw (=07 —m3) [{" + 5 f7, (=5 (=07 —m3) ) f7,
1 1
+ 55 (0% +m3) A+ 5oy (<02 —m) o
1 v
+ (fm/ — %Ufgm/) J}L
1 V2
<\@mf( fi e, amz 1O ) f

Seminar, University of Pittsburgh, 22.9.2022



Tensor resonances

Tensor Resonances (in VBS)

* Symmetric tensor fluy

e On-shell conditions: |10 & 5
components

* Tracelessness: f'u'u = 0

* Transversality: @Mfl“/ — 0

How to deal with off-shell tensor in realistic processes!?

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

o fHV:

Gauge fixing:

1 1

- 861]8@“85]?5# - f%za'uayfuu + fuyj}w

1 oY 1% 2 1% 1 o fU 2 1%
Lrp :§aozf,uua f'u _§m f/il/f’u _5804]8'318 f,/‘i‘§m fﬁifu

Fierz-Pauli conditions not valid off-shell

Crucial for MCs

e

Fierz-Pauli propagator has bad high-energy behavior

on-shell A
b: 0,0, 1

Ab: 9, f1HY

o: fH,

o =—¢

Use Stuckelberg formalism to make off-shell high-energy behavior explicit

Introduce compensator fields = no propagators with momentum factors

J. R. Reuter, DESY

23 [ 31
r _1 —62— 2 2% 1 L _1 82— 2 v
=5 F s ( my) f5 4 57 (=5 my) ) f7 .
1 1
¢ LA (08 4 m) A5+ Loy (<0° ) o

101 — o W) i i :
S N | — Fyp=192TeViFy, = -134.1 TeV ™ ]
?/L \i\ — Fy =386 TeV! '
T M=—— SM
- = = limit of Ass
LOD b S e s e
i r r r MR g Mx =1800GeV | |
= N T'x =720 GeV

| | | | | :
1000 1200 1400 1600 1800 2000

M(W+W+)[GeV]

i i i
400 600 800

Seminar, University of Pittsburgh, 22.9.2022



\ Differential Spectrain VBS \

pp —etutver,jj  Vs=14TeV L =1ab '

Fsq =480 TeV~*

350

300 |-

250

200

150

100 |-

50 |-

0.5 1.0 1.5 2.0 2.5 3.0
AQey

J. R. Reuter, DESY

Kilian/Ohl/JRR/Sekulla, 1408.6207

distribution maximally possible in any QFT

500

i
1000 1500 2000

2 t=e [PT()]

Seminar, University of Pittsburgh, 22.9.2022



\ Differential Spectrain VBS \

pp —etutver,jj  Vs=14TeV L =1ab ' Kilian/Ohl/JRR/Sekulla, 1408.6207
p?
Lso=Fsoys Tr[V,V,]Tr [V4V] Fg1 = 480 TeV ™4 - | o
P ’ distribution maximally possible in any QFT
L1 =Fsime Tr[V,V¥ Tr [V, V"] e
350
[ 1 bare
300 B unit
_ N SM
250 |- Vi | *__——___ """ ;
200
=
150
100
50
V05 1.0 5 20 25 30 500 1000 1500 2000

A¢e,u Zl:e.u ‘pT(l>|
M;; > 500GeV; An;; > 2.4; pl>20GeV; |An;| < 4.5; ph > 20GeV

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



\ Differential Spectrain VBS \

pp —etutver,jj  Vs=14TeV L =1ab ' Kilian/OhI/JRR/Sekulla, 1408.6207
ot %50 ppreteptujjatdab
Lso=Fsoye Tr V.V Tr [VAVY] Fg1 = 430 TeV ™ ?/L m F =174 Tev !
4 : : -
ﬁS,l _Fglm Ir [V V“] Ir [VUVV] 00 B
I ~—  » . I P E—
300
250
21()] R N - AN ] S 0909090 R
d
150
50
05 0 1s 20 25 30 500 1000 1500 2000
A¢e,u Zl:e.u ‘pT(l>|

M;; > 500GeV; Anj;; > 2.4; p;} > 20GeV; |An;| < 4.5; p5 > 20 GeV

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



‘ Dedicated New Physics Models in VBS\ 25 / 3

O New physics models: “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan

O Prime examples: 2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit,
Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.

O Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions

O Example: HVT Bruggisser/Geoffrey/Kilian/Kramer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



‘ Dedicated New Physics Models in VBS\ 25 / 3

O New physics models: “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan

O Prime examples: 2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit,
Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.

O Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions

O Example: HVT Bruggisser/Geoffrey/Kilian/Kramer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

~2 = O 5 UV parameters, 1 matching scale Q
My HATA _ BMI AT
2 Ve U

1~
Luyvr = Lspm — 2 VAV, +

O 1-loop matching to 17 dim-6 operators: (Em,EH; &1, Eq, BvH, My, Q)
gVH

+ 8 VA, + BV + (B VS +

[H2 VKA \7;‘ O Heavy resonance-SMEFT searches poorly constrain such a model

O Large uncertainties from variations of the matching scale:

nuisance parameter / theory uncertainty

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Dedicated New Physics Models in VBS 25 / 3

O New physics models: “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan

O Prime examples: 2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit,
Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.

O Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions

O Example: HVT Bruggisser/Geoffrey/Kilian/Kramer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

~2 = O 5 UV parameters, 1 matching scale Q
My HATA _ BMI AT
2 Ve U

1 ~
Luvrt = Lspm — ZV

;uu4€7A S N

a O 1-loop matching to 17 dim-6 operators: (8m,8H, 81, 8q; BvH, My, Q)

gVH
2

+ Bu VMAJL, + B VAL + Bg VAL, + [HPPV*AV2A O Heavy resonance-SMEFT searches poorly constrain such a model

O Large uncertainties from variations of the matching scale:

nuisance parameter / theory uncertainty
—— ATLAS
Full dataset
— WW
WH
I'/m < 5%

95CL limits, physical mass:

my__ — 4TeV.
V1-82

-
2 4 6

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Dedicated New Physics Models in VBS

O New physics models: “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan

25 [ 31

O Prime examples: 2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit,

Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.

O Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions

O Example: HVT Bruggisser/Geoffrey/Kilian/Kramer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

~2

O 5 UV parameters, 1 matching scale Q

1~ ac My ~ ,~ EM ~ .~
Lyt :LSM——V“VAVA+—V'MAVA——VW/AWA . . S N
4 w2 K 2 v O 1-loop matching to 17 dim-6 operators: (8m, EH, €1, 8q, EvH, My, Q)
— o~ — gVH ~ .
+ gu VFAIG, + &1 VEAUL, + 8g VAL, + |H2VvHAVA O Heavy resonance-SMEFT searches poorly constrain such a model
1 T q qu 5 T
O Larae uncertainties from variations of the matching scale:
10 nuisance parameter / theory uncertainty
—— ATLAS q
—— Full dataset 10
— WW P cf. also Dawson, Giardino,
WH }f 5 Homiller, 2102.02823
['/m < 5% 4 0
. . 9 -5
95CL limits, physical mass: |
_ By _ aTay ) _10 Tree level matching
! =g T ~1.0-0.5 0.0 0.5 1.0

2 4 6

J. R. Reuter, DESY

gi

1-loop level matching for @ € [0.5, 4] TeV

Seminar, University of Pittsburgh, 22.9.2022



Run: 303560
Event: 2035392604
ATLA 2016-07-1- 01:42:30 CEST

EXPERIMENT

mjj = 3.1 TeV

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



27 | 31

Polarization in VBS

Courtesy to René Poncelet for many polarization figures/plots

Polarized bosons discriminate between “gauge” and “Goldstone” modes: “Yang-Mills vs. EWSB”

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



27 | 31

Polarization in VBS

Courtesy to René Poncelet for many polarization figures/plots

Polarized bosons discriminate between “gauge” and “Goldstone” modes: “Yang-Mills vs. EWSB”

Polarization only accessible via decay products; definition of polarizations “as on-shell as possible”

k M k Y == olarised, inclusive
_guy I k2 700 - :l — L(:‘[l.”i;l't'l.\llsi\".(‘ :
My=Py 5o e D. —
k4 — T 1My 'y

v kHEY . *
—9"" + "5 > 20 E) €x

do ,"(‘/ cos f#* [ﬂ) ,’I]l

b e = =i =2y

i T i T
=
o
A
(=
U
B
-t
b
=
e
=
=)
)
=
s
=
=
1)
e
=
=]
w
@,
i
)

On-shell vector bosons (NWA or DPA)

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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Polarization in VBS

Polarized bosons discriminate between “gauge” and “Goldstone” modes:

27 | 31

Courtesy to René Poncelet for many polarization figures/plots

“Yang-Mills vs. EWSB”

Polarization only accessible via decay products; definition of polarizations “as on-shell as possible”

_g | k'u kV /i —— Unpolarised, incl
137 | k2 0 — — L(:'.l;l.im-lu
M A — P * - * D v — E:;l]: 11111 l'ulml. inclusive
kT — MZ +iMyTy jiimﬁi
W= S o L
v kMK T 1 a
1 _,_,—'_':'_,_:—’_’_‘ — ‘—\_‘_\_‘_
On-shell vector bosons (NWA or DPA) T

1 do
o cos 0*

3

4

3
Sin H*f() + g

(1 —cos0*)* fr + g(l + cos0%)* fr

Extract polarization fractions via projections and/or fits

Decay angle in vector boson rest frame cos 0*

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022
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Polarization in VBS

27 | 31

Courtesy to René Poncelet for many polarization figures/plots

Polarized bosons discriminate between “gauge” and “Goldstone” modes: “Yang-Mills vs. EWSB”

Polarization only accessible via decay products; definition of polarizations “as on-shell as possible”

o1,V CY —
k‘ k: = Unpolarised, inclusive

o g |74 I 2 200 1 -1 L«:'l’l. in'('lllsi\'.(,»
M)\ p— P . 'LL k . D . ——— Right, inch

R —

o

100 -_'_’_'_:r—‘,_'_’_’_,—' —\_‘_‘_\_\_
0+ ; : : : r - -
1.00 0.75 0.50 0.25 0.25 0.50 0.75 1.00

cos 0,

(‘lrr‘/'(l cos b [ﬂ ]l

On-shell vector bosons (NWA or DPA)

1 do 3 3
— Zsinf*fo + —(1 —cos 0 f;, + =(1 + cos 6*)?
o cos 0* Jo 8( )" S 8( )°fr
L . . L . Problems
Extract polarization fractions via projections and/or fits
Decay angle in vector boson rest frame cos 6* O Fiducial cuts on leptons: disturb relations between

angular correlations and polarization fractions

O Decay: Higher order corrections affect ang. decomposition

O Vector boson rest frame ok for Z, difficult for W

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Polarization in VBS

27 | 31

Courtesy to René Poncelet for many polarization figures/plots

J Polarized bosons discriminate between “gauge” and “Goldstone” modes: “Yang-Mills vs. EWSB”

Polarization only accessible via decay products; definition of polarizations “as on-shell as possible”

Extract polarization fractions via projections and/or fits

Decay angle in vector boson rest frame cos 0*

Better: use sighal model with polarized events

J. R. Reuter, DESY

_g I k'ukly H”“'_‘_l —— Unpolarised, inclusive
) I ~—— Left, inclusive
My=P, - ek .D "] e
k2 — M‘Q/ + My 1y ’ M
W= £ |
k" k" b g B
—gm 4+ K > >\ €N €X L ﬁ
_:—’_l_':'—‘_'_’_’_‘ o ‘_‘_‘_‘—|_
On-shell vector bosons (NWA or DPA)
1 do 3 3 3
. 2 *\ 2
= —sinf* fo + =(1 —cos0*)“ fr, + =(1 + cos0™)” fr
ocosf* 4 8 ( 8 (
Problems

O Fiducial cuts on leptons: disturb relations between
angular correlations and polarization fractions

O Decay: Higher order corrections affect ang. decomposition

O Vector boson rest frame ok for Z, difficult for W

Seminar, University of Pittsburgh, 22.9.2022



My =P

‘Definition of polarized vector bosons\

P1

. M|* = Z [ M|? + Z My My

AAN

kM EY -

. g/,l/ _|_ l" .
g2 — \[2 + i My Iy

Polarized cross section/ Spin correlations/
squared matrix element interferences

™M Spin correlations can be included

M Any observable O can be used (lab frame!)

M do/dO can be systematically improved (N[N]LO etc.)

J. R. Reuter, DESY

do — dO

do __ dO‘L fR dO‘R

Jo 5 dao

28 [ 31

[ fcor'r' dacow }

Again: fit to the measurement the fractions Jr, Jr, Jo

Impact of higher order/spin correlations ?

do da
0 =110 1 0

dJ”

+ frpr2

onrrtT.

dO

select regions with small/tiny interferences

Seminar, University of Pittsburgh, 22.9.2022



‘Definition of polarized vector bosons\ %15

VA d — d d d d CO?"T‘
T S o N A T

Kk O AFEN
—9uv + k2 '

P1

P2

My =P,

k2 — M2 +iMyTy

- : . , Again: fit to the measurement the fractions fL, fr, fo
Polarized cross section/ Spin correlations/

squared matrix element interferences Impact of higher order/spin correlations ?

™M Spin correlations can be included do __ dcu do _ docsrr. -
M Any observable @ can be used (lab frame!) © f fH _‘|‘fc o
™ do /dO can be systematically improved (N[N]LO etc.) select regions with small/tiny interferences
pp — L2 — 000+ X polarized; NLO QCD / EW Denner, Pelliccioli, 2107.06579

pp > WTW~— — 6_76,LL+VM + X polarized; NNLO QCD Poncelet, Popescu, 2102.13583

pp W7 s etveputu™ +X polarized; NLO QCD / EW Duc, Baglio, 2203.01470

pp = Wi =ty + X polarized; NNLO QCD Pellen, Poncelet, Popescu, 2109.14336

pp — €+Veﬂ_7ujj + X polarized; LO Ballestrero, Maina, Pelliccioli, 2007.07133

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



Polarized Vector boson scattering 2913

M Many LO tools available: MG5_ aMC@NLO, PHANTOM, WHIZARD Ballestrero, Maina, Pelliccioli, 2007.07133
™M Singly-/doubly-polarized VBS studied at LO

S full DIFFERENTIAL CROSS-SECTIONS
g - f larizati definiti 0.8~ —— W W, (com) 0
rame of polarization definition E WEW? (1ab)
. . . . . TE —— WoWI+WIW; (com)
M Impact of fiducial selection criteria — 08 —— WoW+W,W; (lab)
= - WI W7 (com)
. . " ” — S 0
™M Study of off-shell effects / spin correlations (“interferences”) 6_3055 —— W;W; (lab)
A 04F
; NORMALIZED SHAPES (com) NORMALIZED SHAPES (lab) 3 03E-
0.55 0.55 T E 0
: 0.2
- 0.1
0.45} 0.45 E—
O I 1 1 PP B T
“E 0.4 11F RATIO OVER FULL
3 1.05
0.35: /_';,_,,_rf”‘ 0.35 1 B - el e B = W = ;::__u_% M
. C unpol. (OSP) = sum of pol. (com) —— sum of pol. (lab)
E 0.9- 1 1 | 1 I | '} 1 ! l ] ! | ] l 1 1 1 | l 1 | | | I 1 1 | | l 1
0.25 0.25 0 0.5 1 15 2 25 3
0.oF- ——— WW, (com) 0.2 ——— W W, (lab) Aq)e
: —— WoW1+WIWg (com) — WoW+W W (lab) g
0.15F W W7 (com) 0.15 —— WiW; (lab)
lI:l 1 1 1 l L1 11 l L1 11 l L1 11 l .1 11 l .1 11 I 1 .1 11 I .1 11 I L. 1 11 l L. 1 11 l L1 11 l L1 11 l 1 + (p
0 0.5 1 15 2 2.5 3 0 05 1 15 2 2.5 3 4 M,
A, A, ®__
. . . . p 1]
O Small total double-longitudinal (LL) contribution (~10%) @ ---------------------
o oe'

O Drastically different angular correlations (A¢ey) for LL .

u
@ J.R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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Polarized Vector boson scattering 29 / 3
M Many LO tools available: MG5_ aMC@NLO, PHANTOM, WHIZARD Ballestrero, Maina, Pelliccioli, 2007.07133
A CinAaly AL mAlAviaAAN/DC At AiAA A+ 1T N
ratio ratio ratio
full - full - full -
unpol : - unpol - unpol ) -
0-unpol 0.8772(8) 0.8374(9) 0.95 0-unpol 1.186(1) 1.146(1) 0.97 0-unpol 0.1216(1) 0.1292(1) 1.06
T-unpol 2.7(2) 2.329(2) 1.02 T-unpol 3.456(2) 3.494(2) 1.01 T-unpol 0.3992(2) 0.3918(3) 0.98
0-0 @6’ 0.3275(4) 1.27 unpol-0 || 1.2226(4) | 1.1905(5) | 0.97 unpol-0 || 0.1370(1) | 0.1436(1) 1.05
T-T 1.666(1) | 1.820(1) | 1.09 00 |[C03314(2) | 0.3786(3) | L.14 0.03236(3) | 0.03993(5) | 1.23
0-T 3545 (4) 0.7669(3) 0.90 - 0.08923(8) | 0.08926(8) 1.00
T-0 0.8012(4) | 0.8119(4) 0.91 T-0 0.1045(1) | 0.1039(1) 0.99
T-T 2.563(1) 2.683(1) 1.05 T-T 0.2948(2) | 0.2876(2) 0.98
0.2 ——— WgW; (com) W W; (lab) AQ
——— W W1+WIWg (com) —— WoW1+W W (lab) -
0.15 WIW?Z (com) —— WIW (lab)
NI NEENE SN NN EEENE RN NN EEENE NN NN RN FREEE N P
0 0.5 1 1.5 2 2.5 1.5 2 2.5 3 ¢ M,
A(j)e Aq)elLl ——
: 0; o

O Small total double-longitudinal (LL) contribution (~10%)

O Drastically different angular correlations (Agey) for LL ..

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022
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\ Conclusions & Outlook \

Multi-boson + Higgs final states: multi-messenger detectors for electroweak sector will shine in Run 3
Vector Boson Scattering: rare processes, potential to direct access to EWSB

EFT interpretation difficult; model-dependence through truncation and assumptions

Comparison with explicit models not very promising for EFT interpretation

Alternative: simplified models with specific resonances

Access to fully-hadronic channels (?)

For theory interpretation: provide as much unfolded distributions as possible Never clip data!!l
Look at (almost-)optimal observables: cross section ratios, ratios of angular correlations
Combination of V, VH, VV, VVV, VVjj processes: lots of correlations, lots of power !!

Polarization only defined on-shell: NLO QCD correction lead to huge corrections

Great care is needed in interpreting polarization observables (at NLO / NNLO)

Run 3 might have enough power to push EW processes into the Sudakov (precision) regime

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022
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One Ring, 3 Runs

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



One Ring To Find Them, w i
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One Ring To Rule Them Out

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



One Ring To Rule Them Out
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BACKUP
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| Quick excursion to Higgsstrahlung |

Higgsstrahlung (a.k.a. Higgs associated production) is also “dibosons”

Subset of a wider scope of “standard search processes”:

pp — VH"™

Bernhard Mistlberger, MBI 2022

J. R. Reuter, DESY

)

m,n € 0,1,2,... e.g. 2205.15959

Seminar, University of Pittsburgh, 22.9.2022



Higgsstrahlung (a.k.a. Higgs associated production) is also “dibosons”
pp — VH"™

Bernhard Mistlberger, MBI 2022

Subset of a wider scope of “standard search processes”:

Quick excursion to Higgsstrahlung

33 / 31

« NNNLO soon available
- Behaves very similar to charged-current Drell-Yan

- Lowest bin has no overlap of scale variations

Preliminarv

Process oo [pb] gNLO [pb] KNLO | ;NNLO [pb] KNNLO 0N3LO [pb] KN3LO
43% 28% 27% .28%

W+HH | 0.758%5 055 | 0.873% 25 | 1.16 | 0.891F %/ | 1.18 | 0.8841 )% | 1.17
— .50% 27% 27% .30%

W-H |0.484%35°% | 0.556% 7/ | 1.15 | 0.564% 272 | 1.17 | 0.559% 50 | 1.16
40% 26% .26% 29%

ZH | 0.67815 0% | 0.7807 1022 | 1.16 | 0.7937 )50 | 1.16 | 0.7867 )5 | 1.16

J. R. Reuter, DESY

e.g. 2205.15959

m,n € 0,1,2,...

10°
LHC 13TeV

PDF4LHC15_nnlo_mc
PP - W "+H+X

Preliminary

101

1072

10-3L LO NLO

— NNLO - N3LO

o [pb]

104

900 1200 1500 1800 2100 2400 2700 3000
My [GeV]

300 600

Seminar, University of Pittsburgh, 22.9.2022
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Quick excursion to Higgsstrahlung

Higgsstrahlung (a.k.a. Higgs associated production) is also “dibosons”

. " Y7 ™m n Y. .
Subset of a wider scope of “standard search processes”: pp— V"H , m,ne0,1,2,... 8. 220515959
I 10° imi LHC 13TeV
. NNNLO soon available Bernhard Mistlberger, MBI 2022 o Preliminary S
- Behaves very similar to charged-current Drell-Yan - B
. . . %10 | — NNLO — N3LO
- Lowest bin has no overlap of scale variations 10~
Preliminarv 10~
Process JLO [pb] UNLO [pb] KNLO JNNLO [pb] KNNLO 0N3LO [pb] KN3LO 110; I |
+ +2.43% +1.28% +0.27% +0.28% . 1 —
WHH | 0.7581243% | 0.873+1-28% | 116 | 0.8917927% | 1.18 | 0.88479%% | 1.17 s
- +2.50% +1.27% +0.27% +0.30% 2 096 CT—
W-H | 0.484+250% | 0.556+127% | 115 | 0.5641027% | 1.17 | 0.5597939% | 1.16 050 ——
+2.40% +1.26% +0.26% +0.29% i
ZH 0-678_3,11% 0-780_1,05% 1.16 O°793_0_30% 1.16 0'786—0.31% 1.16 02 300 600 900 1200 1500 1800 2100 2400 2700 3000
Mwy [GeV]
Bishara, P. Englert, Grojean, , Vh(- bb) @LHC _ _ .
Panico, Rossia, 2208.11134 031 __ vn(~bb) @LHC Run 3| --- Profiling over Cpy g | Coefficient Profiled Fit One-Operator Fit
" v 0.2 — Vh(-bb) @HL-LHC | — Setling Cpua=0 | ® (mev-7, —7.9,3.5] x 102 LHC Run 3 [~4.3,3.2] x 10-2 LHC Run 3
C €
>VM{I >fﬁ w >VW\Q; — 01. o I "“" —3.9, 1.9] x 1072 HL-LHC [-1.7, 1.5] x 102 HL-LHC
K AN AN \\ T | / £7 \\\
7 ‘' h ~ ) K > ! / 5\\ \ [ ' —1 [ -1
5 o0 N _ D ev-7 || 1.2,1.2] x 107! LHC Run 3 | [~1.06, 0.87] x 10~! LHC Run 3
o bl Y —0.9, 0.8] x 107! HL-LHC —0.72, 0.54] x 107!  HL-LHC
0% = (@7 (.HTD H) ’ T -0.1- | \\_,f?:// i .
v0 = (Quy"Qu) (iH' Dy U Y o g T2 (1.9, 1.2] x 100 LHC Run 3 | [~1.68, 0.9] x 10~}  LHC Run 3
— Couy | 1€ ]
Off;} = (Qroy" QL) (iHTaaD“H) —0.2- WZ @LHC Run 3 [1712.01310] [ i [—1.35, 0.82] x 101 HL-LHC —1.24, 0.49] x 10~!  HL-LHC
Ou — () ('HTB H) ~0.3- | | gt [1712'01.3101 : Tev-? [—1.8,2.1] x 10! LHC Run 3 [-1.3,1.7] x 10! LHC Run 3
v — \URY" U v ) _ _ _ C (&
R g 03 -02 -01 00 01 02 03 o ~1.3, 1.5] x 101 HL-LHC —0.8, 1.2] x 10! HL-LHC

(3) -2
Coq [TeV— ]

— <~
Oua = (dry"dR) (z’HT DMH) ,

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



pp > WW - iviv+ X NNLO QCD

Poncelet, Popescu, 2102.13583

34 [/ 31

NLO NNLO KNNLO LI NNLO-+LI

off-shell )j;;ggg 225.4(4)10-0% 1.024 13.8(2)22-5%  239.1(4)+] 5%
unpol. (nwa)  221.85(8)113%  227.3(6)T08%  1.025  13.68(3)7235%  241.0(6)1 %%
unpol. (dpa)  214.55(7)F1 5%  219.4(4)70-0% 1.023  13.28(3)225%  232.7(4) 1%
W (dpa)  57.48(3)F19%  59.3(2)"0 1% 1.032  2.478(6)7225%  61.8(2) 1 0
W, (dpa)  63.69(5)T1%%  65.4(3)105%  1.026  2.488(6)720 3% 67.9(3)10 %
Wi (dpa)  152.58(9)TL 7% 155.7(6)T07%  1.020  11.19(2)7233%  166.9(6)T 5%
W, (dpa)  156. 41(7)@-{53 159.7(6) 0 2% 1.021 11.19(2)F22-5%  170.9(6) T} 7%
Wi W (dpa) i?, 0w 9.88(3)f 3% 0.695(2)T23-5%  10.57(3)T29%
W Wy (dpa) 48.34( A% 49.4(2)100% 1021 1.790(5) 5% 51.2(2) 0 %%
WAW, (dpa)  54.11(5)T12%  55.5(4) 0 8% 025 L774(5)TE0% 57.2(4)T0 T
WAWy (dpa) 106.26(4)715%  108.3(3)%02¢  1.019  9.58(2)T70 0% 117.9(3)73 4%

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



pp > WW - iviv+ X NNLO QCD

Poncelet, Popescu, 210213583 NLO NNLO e NNLO-+LI
off-shell )j;;ggg 225.4(4) 0% 13.8(2)1205%  239.1(4) 5%
unpol. (nwa)  221.85(8)7) 50  227.3(6)7or 13.68(3) 73500 241.0(6)" 1 30
unpol. (dpa)  214.55(7)T05%  219.4(4)T0%%  1.023  13.28(3)7230%  232.7(4)F] 1%
Wi (dpa)  57.48(3)%5 %%  59.3(2)T0 s 2.478(6) 13550 61.8(2)7 ) Gy
Wy (dpa)  63.69(5)" 5 %%  65.4(3)7 0% 2.488(6) 72000 67.9(3) "0 50
Wi (dpa)  152.58(9)70 7T 155.7(6)70 for 11.19(2)*232%  166.9(6) ] 5or
Wr (dpa)  15641(7)1) 7% 159.7(6)100%  1.0: 11.19(2)123-5%  170.9(6) "1 17
W W, (dpa) jg 0w 9.88(3)F 15 0.695(2) 7205  10.57(3) 75 %%
WiWy (dpa)  48. 34( ) Tohe  49.4(2)T0%% L. 1.790(5) 13550 51.2(2)10 5%
WAW, (dpa)  54.11(5)T12%  55.5(4) 0 8% 1.774(5)Y30:5%  57.2(4)T0 T
WAW, (dpa) 106.26(4)*] 05 108.3(3)70 % 9.58(2)12% 0% 117.9(3)"% sk
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L pol. gets largest NNLO QCD correction

OO

_oop-induced contribution (LI):

large corrections, enhanced scale dep.

J. R. Reuter, DESY

Seminar, University of Pittsburgh, 22.9.2022



pp = ZZ - 41+ X NLO QCD +EW o9

Denner, Pelliccioli, 2107.06579

pp—-efe utu~ + X @ NLO, vs =13TeV, fiducial setup, ug = Mz

mode oro |fb] dQCD OEW Vs onLo, |fb] oNLOy |fb) 1077 - Lun”poL
full (5)?2:2;3 +34.9%  —11.0% +15.6% 15.505(6)737%  15.076(5) 35 oo I
unpol.  11.0214(5)72%%¢  4+35.0% —10.9% +15.7% 15.416(5)757%  14.997(4)75 5% ;m o
. o0 o o ¥ 1073 —— sum of pol. -
771 QO43V(G)TENE  435.7%  —10.2% 0.9002(6)733%  0.8769(5)734% g :
ZiZr  1.30468(9)1S5%  4453%  —9.9%  +2.8%  1.8016(9)T53%  1.7426(8) 15 i s
ZrZy,  1.30854(9)T0%%  4+44.3%  —9.9%  +28%  1.7933(9)75%%  1.7355(8)75 e 5 10- - -
+5.2% B +6.2% +6.1% B
ZrZr  7.6425(3)T210  +31.2% 11.2%  +20.5% 10.739(4)°520  10.471(3)75 i o Rana=tu
Total cross sections -~ )
E ................ (s gens ;....;}u;....;}i&@ijﬂ; ...... oz r-ig:*'r_l_*____;_ﬁ
O Small LL contribution, TT dominates s —— unpol. (LO) - unpol. (NLO) -
—— sum of pol. (LO) --== sum of pol. (NLOy)
O Quite sizable NLO and EW corrections | °% ; ; | ; ;
s*”TC  Interferen ffsh
O Large gg-loop induced (LI) contribution £ 015! tertere Ce/o shell
O Pol. fractions preserved from LO to NLO §0-010-:]_‘51Elt
. = 0.005 -
O Similar for NLO QCD/EW for WZ , WW =T
- 100 200 300 200 500
Pt e+e- [GeV]

J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



pp = ZZ — 41+ X NLO QCD +EW

Denner, Pelliccioli, 2107.06579

mode J1,0 [fb] 5QCD 5EW

full 0% 134.9%  —11.0%

)+

unpol.  11.0214(5)725%  +35.0%  —10.9%
)+
)

(
(
771 QO43V(G)TENE  435.7%  —10.2%
(
(

ZiZr  1.30468(9)190%  +453%  —9.9%
ZrZy,  1.30854(9)T55%  444.3%  —9.9%
ZrZr  7.6425(3)132%  431.9% —11.2%

Differential distributions

Ogg
+15.6%

+15.7%

onLO, |fb]
15.505(6) 57

+5.7%
15.416(5) "5 7

+5.5%
0.9002(6)*3-3%

+2.8%
+2.8%
+20.5%

—3.5%

¢ +4.3%
1.7933(9)T35%

10.739(4)76-27%

(5)

(6)
1.8016(9) 232
(9)

(4)Z4 7%

O Low region: off-shell effects and spin correlations

O Very large NLO QCD corrections

O New polarization from e.g. gg —»ZZq

O Great care with such observables, e.g. in fits

O Never use without prescription from local theorist!

J. R. Reuter, DESY

oNLOy |fD]

Seminar, University of Pittsburgh, 22.9.2022



pp—>WZ-lllv+X @ATLAS 8/
ATLAS-CONF-2022-053 ;
L. Selem, Talk MBI 2022 P (Vi (vi)) NH = hy) =P (H = ho|Vy (v1)) P (Vi (v1))
) Distribution of variable V, Polarisation fraction f,,(v,) in Distribution of
Y AN for a boson with bin around v, for variable V , variable V, for an
i polarisation H=h, = applied weight ! unpolarised boson
W rest frame :\\\ w'/ //,'
WZ rest frame //\ v ////
q Koy g
i \:, Z rest frame
| 1 ( _ _
: _ HqHg) (Mg Hg)*
Paw X, az2, = 7~ X E:F/l quF'qfq C = Z |F(“"“‘7)2
W V% LN~ C W AZ /lW /lZ Aw Az
.-i‘i' N ﬂq H(i ,uqllq/lW Az

W

(, \ Joo £0000 »
/ - JIT = Pir—tPyr +p T Pit4+

Jor = Poo—— + P00++ ;
' JT0 = P—-00+ P++00 -
J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



pp—>WZ-lllv+X @ATLAS o 3
ATLAS-CONF-2022-053 ;
L. Selem, Talk MBI 2022 P (Vi(v))NWH = hg) =P (H = ho|Vy (v1)) P (V1 (v1))
) Distribution of variable V, Polarisation fraction f,,(v,) in Distribution of
R ANEN for a boson with bin around v, for variable V variable V, for an
(,A;‘_\,--' \ polarisation H=h, = applied weight ! unpolarised boson
W rest frame | |
N A/”/ ) O DNN reweighted NLO joint-polarization template fit
rest frame \\\1/\_//
7 Kby 7 O Independent fit of frr, for, foo, Ntot
/ O Decouple polarization fraction shapes from overall normalization
7 et rame O Iterative Bayesian unfolding of polarization-sensitive variables:
: | _ Vs
p/l Yo — X E F/g,uq/,;lq)F(:Uqﬁfq) C = Z F(,Uq,uci) 2
WAaAw 217 C wAzZ A, A, = Aw Az
e s Hq Hg HqHgdw Az

W.’

,, \ Joo £0000 »
/ - JIT = Pir—tPyr +p T Pit4+

Jor = Poo--+ P00++ »
o Jr0 = P-=00+ P++00 -
J. R. Reuter, DESY Seminar, University of Pittsburgh, 22.9.2022



ATLAS-CONE-

pp— WZ - lliv+ X @ATLAS
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2022-053 ;

L. Selem, Talk MBI 2022

I50.25 :

0.2
0.15

0.1

0.75
(W
0.7

0.65

0.55 F

0.2f
0.15F
0.1f
0.05F

0.25

0.6

-

______

ATLAS Preliminary
Vs =13 TeV, 139 fb’

® Data

A NLO QCD
v Powheg+Pythia

= 58 % Confidence Level

00_3:... 4

95 % Confidence Level

W*Z events

l lllllllll l l

o
-.lllllllllllllllllllllllllll-.

0 0.02 0.04 0.06 0.08 0.1

fOO

0.05 0.1 0.15 0.2 025 0.1 0.15 02 025 0.3

fOT

fTO

hh'

pNLO<x) X pro(x) X fuw () X gro—nro(T)

J. R. Reuter, DESY

Aoﬁd /AqW .COS g;w [fb]

Ratio to Powheg

O
O
O
O

P (Vi(v)) NH =hy) =P (H = ho|Vi (v1)) P (Vi (v1))

Distribution of variable V, Polarisation fraction f,,(v.) in Distribution of
for a boson with bin around v, for variable V variable V, for an
polarisation H=h, = applied weight ! unpolarised boson

DNN reweighted NLO joint-polarization template fit

ndependent fit of frr, for, foo, Ntot
Decouple polarization fraction shapes from overall normalization

lterative Bayesian unfolding of polarization-sensitive variables:

50 T — 1 r v v Tv [ T v T 7 E 50 —r r T [ v v r 1t [ v v 1 T [ T T T T E > . NN DL LR DL LN | L IR
ATLAS Preliminary =, ATLAS Preliminary =3x10" 1 ATLAS Preliminary
- 13 TeV, 139 fb' " -13TeV, 139 b = Vs=13 TeV, 139 fo' {7225
Vs =13 TeV, 139 fb | o a0l Vs =13 TeV, 139 fb ] Todl  eDaa 22
o 3 — Powheg+Pythia x1.18
- ‘ e % ----- MadGraph NLO x0.93
| 3 ok ' il ] = 102 [ =vmie MadGraph 0,1j@LO x1.44 4 —
® Data ...._§.___ > ® Data (34545 © - W Z > ¢ver .
— Powheg+Pythia x1.18 | . — Powheg+Pythia x1.18 4 N gg . I
----- MadGraph NLO x0.93 .«.== MadGraph NLO x0.93 ol ” 1
o0 b === MadGraph 0,1j@LO x1.44 i v MadGraph 0,1j@LO x1.44 | o L 4532110105053 |
W:Z N e,‘” fo Wiz — f’ fo '.'.;'-'?.'.-':.';..'.‘-'-'-'-‘-'-'
20 - :
| | | | | | 1 1 PO 1 P 1 1 | I 1 | I
1.2¢ T T T o 1.2 I I T - o 12771 1 77T 1 T
» D C . _?:) »
- < - . - -
. 2 . = 2 AR e =
= o + 7 o T rmnam " 10 ’ : * -
K/ -.g 4 .--LT,'_.-,; 9 1':_ l / %
F fe &/ o ; i daiaaa e
- © = © o .
: : J = s
: L | L e 1 N | PR 1 e : PR T L | PUR T 1 | I T . 1 1 L M : : 1 1 PR 1 PR 1 1 | 1 | I
e 3 05 0 0.5 1 083 05 0 0.5 1 B8 0.2 0.4 0.6 0.8 1
Quw-COS 8,y cos 6 - |cos 8/

Seminar, University of Pittsburgh, 22.9.2022
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