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The mystery of electroweak interactions 2 /35
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The importance of multi-bosons

3 / 35

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
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3 / 35

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%)
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Vector boson scattering

D (XZI QZ)
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S LEVELS OF NEW PHYSICS

Increasing |. Effective Field Theories (SMEFT, HEFT, ... )

generality

Increasing

definiteness
2. Simplified Models (generic EW resonances)

3. UV-(semi-)complete models

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



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

EXPERIMENT

mjj = 3.1 TeV

EFFECTIVE FIELD THEORIES
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Run: 303560

Event: 2035392604 6 / 35
ATLA 2016-07-1- 01:42:30 CEST

EXPERIMENT

mj; = 3.1 TeV

EFFECTIVE FIELD THEORIES

UV known:

match onto the EFT 1L mfer properties

of the UV sector
(unknown)

set constraints .
with this simplified @
parameterization

constram the EFT in a
model independent way

accessible E

J. R. Reuter, DESY
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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,
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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+ Includes a high new physics scale 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

+ Describes the measured interactions O'(e_ye N e_ye) N~ —

v

j#

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
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Ve Ve a short time after the source of radiation has been removed.
. The results of Becquerel showed that Rintgen and uranium
4+ Contains known degrees of freedom radiations were very similar in their power of penetrating
S solid bodies and producing conduction in a gas exposed to
4 - : - — — them ; but there was an essential difference between the tw
Describes the measured interactions 0-(6 Ve — € Ve) —r 7_‘_?]4 jJ JH tvoes of radiation. He found that uranium radiation '20:13
+ 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 <500 GeV -
) é 104—;
O 1964-1967: Renormalizable spontaneously °
) ” 103_5
broken “UV-complete” SU(2) j
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O N = f
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The rationale of Effective Field Theories 8 ) 35

1 1
* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics: Lgw = —51:1' (W, WHY| — ZB,LWBW/ +(D,®) (D ®) 4 p?dTd — \(DTd)?
(no fermions or QCD here)

- - : - - such a
* Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries  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
(5)
yields the most general matrix elements conmslent with these generdl prin-
L — LSM + g | ciples, provided that all terms ofallrdeldllollnﬁs . are
; A included. One does not need the methods of current algebra for justification
(d) S.Weinberg, 1979
* v« /l: new physics scale; ¢, * : dimensionless Wilson coefficient
* All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L \“—\
Truncation introduces
b1 =17 (DR)1@) - (27(D®)) — 5| DO’ Oty = - L (@10 — 02 j2)tr 1117
’ . model dependence WW T T2 v
_ 1 2 . ) %
po = 32(®T® —0?/2) (DP)"- (D) again Op = 5 2(Du®)(D,®) 1"

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



The rationale of Effective Field Theories 8 ) 35

1 1
* SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics: Lgw = —§tr (W, WHY| — ZB,LWBW/ +(D,®) (D ®) 4 p?dTd — \(DTd)?
(no fermions or QCD here)

f - : - - such a
* Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries general Lagrangian has no specific dynamical content beyond the general
principles of analyticity, unitarity, cluster decomposition, Lorentz invariance,

B (5) . and chirality, so that when it is used to calculate =~ ~ S-matrix elements, it
Ci (5) | yields the most general matrix elements conslstent with these generdl prin-
L — LSM _|_ 5 OZ | ciples, provided that al terms o‘fallrdeallollnj _are
; A included. One does not need the methods of current algebra for justification
(d) S.Weinberg, 1979
* v« /l: new physics scale; ¢, * : dimensionless Wilson coefficient
* All odd operators involve fermions, all dim 5 and dim 7 violate B and/or L ‘L\‘-\

) Truncation introduces
o = L (D)D) . (T (DD D®|2 11y 2 v
d,1 A (( ) ) ( ( )) 2’ | ) model dependence Oww = — A_§((I) O — v*/2)tr | " HY]
be = 22(210 —02/2) (D) - (D®) again O = ~35(Du®) (D, @) 51

Alow — g

I, J, P need confirmation. Quantum numbers C} J/\V

predictias

BO — gt — U. . d W_
Mean life 750 = (1 519 :I: 0. 004) X 1 _—<\ S K
= 455.4 um d S
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EFT Operators in Multi-Boson Physics @ Dim-6 o

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.

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



EFT Operators in Multi-Boson Physics @ Dim-8

Longitudinal operators

Transversal operators

- : O = Ty [W, WH] - Tr (WP
(D,®) D,®| x [(D®) D0 oo - ]_ [WasW*
. . OT,]. — Tr W(XVW'LLB . TI‘ _W'UIBWCH/_
(DMCD)TD“(I)} x [(DVcD)TD'/cb : I :
: : Ors = Tr|Wea WP Tr [We, WY
Ors = Tr[Wu, W] BasB*”
_ B v
All operators can change Ore = Tr|Wa, WH7| - BughB
differential rates & Ors = Tr|Wa, W] . Bg, B
polarization fractions! o s
OT,S — B,L“/B BQQB
Oro = Ba.B"’Bg,B""
WWWW | WWZZ 277 | WWAZ | WWAA | ZZ7ZA | ZZAA | ZAAA | AAAA
Os,0/1 v v v
Onto1/6/7 v v v v v v v
Ont2/3/a/5 v v v v v v
Oro/1/2 v v v v v v v v v
Or5/6/7 v v v v v v v v
Or s/ v v v v v

J. R. Reuter, DESY

Mixed operators

Omo = Tr[W,, W], [(DB‘P)T DBCI)}

Oma = Tr|Wuw"?|. [(Dge)! D" o]

| Omy2 = [Bu.B"]- [(DBCD)Jr DBCD]
Onms = _BWBM] . [(DBCI))TD“YI)]
Oma = |(D,0)Wwg, D'l BPY
Oms = |(D.8)wg, Dol . B
Ome = |(D,8) W, WP’ Dro

\ Omr = (D@ Ws, WP DY

Seminar, ICEPP, U. of Tokyo, 18.11.2024
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EFT Operators in Multi-Boson Physics @ Dim-8 o

Longitudinal operators Transversal operators Mixed operators
_ [ i O‘/B- - v
(Du@) D,®| x [(D"®)' D*® O = T (W W] T [ W27 Omo = Tr[Wu W] [(Ds®) D72]
z 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
i . OT’Q — Tr WoéluW’uB - Ir _WB,/WV&_ | OM,Q — _B,uyB'u ] . [(DBCI))T DBCID]
Ors = Tr[W,WH"] . BygB*? Oms = _BWB”B] . [(DBCI))T D““CI)]
_ ' 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! ' ' : _

_ T Br i
Ors = B,,B""B.zB*”’ Ome = |[(D®) Wg, WPYD
| _ ]
Or9 = BauB"?Bg,B"" Omr = [(D.®) WsWPD" e
Tools:
WWWW | WWZ7Z | 27277 | WWAZ | WWAA | ZZ7ZA | Z7ZAA | ZAAA | AAAA
OS O/ 1 \/ \/ \/ Useful tools [see 1910.210(;3]:
7 BasisCen riado 1901.03501
Onio/1/6/7 v v v v v v v e e
DsixTools Celis,Fuentes-Martin,Vicente,Virto 1704.04504
On.2/3/4/5 v v v v 4 4 S e
atc er Anastasiou,Carmona,Lazopoulos,Santiago in progress
OT,O/1/2 \/ \/ \/ \/ \/ \/ \/ \/ \/ go;E‘.:Mak Das éakshi,Chackrabortty?Patra 180;.0%1403 Pree
OT’5/6/7 v v v v v v v v dedicated models [more at this link]
OT,8/9 \/ \/ \/ \/ \/ SMEFTsim Brivio,Jiang, Trott 1709.06492

dim6top Durieux,Zhang 1802.07237
SMEFT@NLO Degrande, Durieux,Maltoni,

Mimasu,Vryonidou,Zhang
J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



New Physics Searches in VBS - Struggling EFT description n /35

(] Resonances in directreach (not clear: strongly interacting models [e.g. o resonance]

L] Estimate of operator coefficients (difficult for strongly coupled models)
2 2
Asm X Adim-6 2 \Adim-G\ Asm X Adim-8 2 \Adim-S\ Asnv X Adim-6 2 Asm X Adim-s
] Partial wave unitarity: gives guidance on maximally possible event numbers
] Positivity constraints on operator coefficients (Analyticity: UV-complete or “swampland”)

[] Size of coefficients: dichotomy between validity and detectability

Peviation in tails

ELHC b

Mvivz Mx> Evrhe

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



New Physics Searches in VBS - Struggling EFT description n /35

(] Resonances in directreach (not clear: strongly interacting models [e.g. o resonance]

] Estimate of operator coefficients (difficult for strongly coupled models)

2 2
Asmi X Adim-6 Z \Adim-G\ Asv X Adim-8 Z \Adim-S\ Agm X Adim-6 Z Agmt X Adim-8

] Partial wave unitarity: gives guidance on maximally possible event numbers
] Positivity constraints on operator coefficients (Analyticity: UV-complete or “swampland”)

[] Size of coefficients: dichotomy between validity and detectability

J. R. Reuter, DESY

N —>

Cutoff scale

BSM signal

//

}.
/ not detectable /' not empty

-is it

9
\EFT descrlptlon fa|ls

A\\\\\

M. Szteper

Operator coefficient
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New Physics Searches in VBS - Struggling EFT description n /35

A —>
N

(] Resonances in directreach (not clear: strongly interacting models [e.g. o resonance]

Unltarlty forbldden

] Estimate of operator coefficients (difficult for strongly coupled models)

2 2
Asmi X Adim-6 Z \Adim-G\ Asv X Adim-8 Z \Adim-S\ Agm X Adim-6 Z Agmt X Adim-8

///‘:“ ‘EFT trlanglé.::w ------ |

"/ BSM signal ~ -is it S
o . . : : : : / not detectabl
] Partial wave unitarity: gives guidance on maximally possible event numbers / ot detectable 7, not e:mpty \
\EFT descrlptlon fa|ls
] Positivity constraints on operator coefficients (Analyticity: UV-complete or “swampland”) \
/%\

Cutoff scale

[] Size of coefficients: dichotomy between validity and detectability

M. Szteper Operator coefficient
Cut-off (a.l E | O (A2 1 L
ut-off (a.k.a. “Event clipping” — 2 -/ T- ’ ’ a =
( pping”) O(AZ — s) Form factor (1+ e ) K-/T-matrix saturation — :(%)_i
| | l | | 2.0 ]
Lo PR ' Lo [— = | . f . . — . L
unitarity bound (Oth partial wave) at Ac — = | Motivated from strorg interactions — Saturation of unitarity:
= g [ aximal event count

no continuous transition|beyond Contains arbitrary pjrameters

|A(s)]
o
9

0.0 ‘2 : 0.0
Ny 5 /A A v)

N2 - 2M | ‘ | ' | | | : 2m | ‘ |
J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024




New Physics Searches in VBS/Multi bosons

12 / 35

O EFT mostly model-independent

CMS 137 b (13 TeV)

i I l ' ! ! |
._g 10° 3 ¢ Data Nonprompt vy E
P EW Zy ST,TTy,VV ]
g ]
S oL —Fg/A* =0.47 TeV™* _
T -
—F /A*=0.91Tev™ °

10E

1E

107

0.15-0.4 0.4-0.6 0.6-0.8

0.8-1.0 1.0-1.2 1.2-
my, [TeV]

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 E2.7 12
Fus/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

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

101 i pp _|> W+MI/+]J
i i .-Il;lllllllé....--.é--...--i
z z i - mmmm A i i
100;““"“"'@ """""" R ;;;i-'-"f_! """" VT A AAAAAAAAAA v
T
{;v..-. i :
? 107 "”.”"""f’f**#;;”'i """""" """""" """""" """""" """"" E
&U * ******
S e ******* |
|_‘_i B : . *e, ******** :
5 5 . “ee., e 5 5
o= 1072 SR A S S Ml
R | | | | ety
. . | r Ttee., : 3
m  Fgo =480 TeV™ . . el
-3 : : : . L %ee.,
10 | A Fo1 =480 TeV | S e o E
C -2 : .t . ! ; ]
» Fp=30TVv” | Longitudinal boson
- SM g g g s s
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,| < 4.5

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, ICEPP, U. of Tokyo, 18.11.2024



O EFT mostly model-independent

Events / bin

10

10

New Physics Searches in VBS/Multi bosons 12 / 35

CMS 137 b (13 TeV)

| | | | | g
3 ¢ Data Nonprompt y E
: HEW Zy ST, TTy,WV :
i WACDZy g /A%=0.47 Tev* ]

—Fo/A*=0.91 TeV*

TTTTI

I I I I
0.15-04 0.4-06 0.6-08 0.8-1.0 1.0-1.2 1.2-e

my, [TeV]

— 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 13
Fy/AY -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 E2.7 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 — WHWjj
10°¢ ! ! ! ! ! !
100}
= 1071
v -
22 i
=
Cg;b 10_2% K
: : : ...... ;o. ﬁﬁﬁﬁ%ﬁ*ﬁﬁﬁ 1
= Fgo=480 TeV*| e é ST,
Fap =301V | Longitudinal boson
i SM E E E 5 5 1
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,| < 4.5

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, ICEPP, U. of Tokyo, 18.11.2024



New Physics Searches in VBS/Multi bosons 12 / 35

O EFT mostly model-independent

pp = WHWTjj

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

10" -

10° -

]

10_]?

{h
100GeV

[

10 2@

Do
oM

Mixed bosons

P,
P,
P,
SM

1000

2000 3000
MWW H)[GeV]

pp = WTW7jj

|
4000

Transverse bosons

Exp. Exp. Obs. Obs. Unitarity
all Coupling lower upper lower upper bound
iﬂ Fyo/A? -12.5 12.8 -15.8 16.0 1.3
- Fy /A? -28.1 27.0 -35.0 34.7 1.5

Fap/A* =521 512 —655  6.49 1.5
Fys/A*  —102 103 —13.0 130 1.8
Fya/A* -10.2 10.2 -13.0 12.7 1.7
Fus/A* -17.6 16.8 -22.2 21,3 I 7
Fyp/A* —44.7 45.0 —-56.6 559 1.6
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
Frg/A* —0.36 0.36 -0.47 0.47 1.8
Fro/A* —0.72 0.72 —-0.91 0.91 1.9
5000
. pp—+ HHjj
101 5
Fr, 50 ]

th ]
100GeV

[

o
aM

|
1000

] |
2000 3000
MW W) [GeV]

T
4000

5000

J. R. Reuter,

1000

DESY

|
2000

| |
3000 4000 5000

M (HH)[GeV]

10! ¢
100}
= 1071 ,
5} o :
=1 : z
S ,
— - W
sl= 1072} 4
Dl g ‘%Ek, ’*
. : : f f e, ;.. ﬁﬁﬁ%ﬁﬁﬁﬁﬁ i
= Fgo =480 TeV=" | é é e
10731 T O S O S SRR T Y
Fg1 =480 TeV ; ; E E & §
Fap =30 TV | Longitudinal boson
= SM ; ; ; & & s
101

200

| | 1 i i i i i
400 600 800 1000 1200 1400 1600 1800 2000

M(W*WH)[GeV]

General cuts:

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

Kilian/Ohl/JRR/Sekulla, 1511.00022

Seminar, ICEPP, U. of Tokyo, 18.11.2024



New Physics Searches in VBS/Multi bosons 12 / 35

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

. VA - P
101 = pp = WTW7); Exp. BExp. Obs. Obs.  Unitarity 101 . pp — WW7jj
. — P50 Coupling lower upper lower upper bound i | |
- Mixed bosons — Fyo/A*  —125 128  -158 160 1.3
100 - I Fyi/A* =281 270 =350 347 1.5 .
: | Fyp/A* =521 512 655 649 1.5 1074
_ Fys/A*  —102 103 —13.0 130 1.8 :
a1 Fu/A* —102 102  -13.0 127 1.7
- lU 3 |
e 5 Fys/A*  -176 168  -222 213 1.7 o
=S : Fyp/A*  —447 450  -566 559 1.6 = 1077 |
=] Fro/A* =052 044  —064 057 1.9 20 i ;
_ 10 "3 Fr/A* =065 063 —081  0.90 2.0 iE ; j
S= : Fr/A*  -136 121 -1.68 154 1.9 — ~
Fr/A*  —045 052  —058  0.64 22 S|z 1077 *
9 TS5 ' - * 4 %
10 %4 Fre/A*  —-1.02 107 -130 133 2.0 , , e e :
Fr /A%  —1.67 197  -215 243 2.2 — — S ]
. Fr/A* =036 036 —047 047 1.8 e Fso =480 TeV | | | LT
- - - |« Fp=30Tv?| [Longitudinal boson °
1000 2000 3000 4000 5000 | A
MW T Y CleV 1024 | | 1 i i i i i
JI(” W )[(Je\] 200 400 600 800 1000 1200 1400 1600 1800 2000
M(WTWT)[GeV]
' Pr,—50 : General cuts:
Transverse bosons Fr,=10

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

]

Much more leeway for new physics in

th
100GeV

transversal gauge bosons and di-Higgs ;

e|= .
SR 101 longitudinal bosons much closer to
unitarity limit
I- ] —] -I ] -l- ] - ] I I | I r.
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 Kilian/Ohl/JRR/Sekulla, 1511.00022
MWW 1)[GeV] M(HH)[GeV]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



Run: 303560
Event: 2035392604

ATLAS 2016-07-1- 01:42:30 CEST
EXPERIMENT mijj; = 3.1 TeV

SIMPLIFIED MODELS

X

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘Simplified New Physics Models for VBS\ 14/ 35

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, ICEPP, U. of Tokyo, 18.11.2024



‘Simplified New Physics Models for VBS\ 14/ 35

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, ICEPP, U. of Tokyo, 18.11.2024



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 (MHWIWVVO

O Distinguish weakly/strongly-coupled models

¢ 9 . G_ 9
A 41 A\ A A
1soscalar 1sotensor
—— = 0 T T+
th 79bt y Q6t7 th Y Yt
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 0] f X
Fsp 2 2 15 5
Fs1 - -% -0 -39
327"/ M?

J. R. Reuter,

14 / 35
J =0 J =1 J =2
I =0 oY (Higgs singlet?) (v /2" 7) f% (Graviton ?7)
I =1 7Ti,7'(‘0 (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
Delgado et al. , 1907.11957

101,

102

DESY

Fgy =123 TeV™|:

F.=4.0 TeV~!

SM
limit of Agg

M, = 800CeV
T, =80GeV

o
~-
y

o

j j j j j
400 600 800 1000 1200

M(ZZ)[GeV]

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

j
1400

1600 1800

2000

Seminar, ICEPP, U. of Tokyo, 18.11.2024



Simplified New Physics Models for VBS

O Semi-model-independent: simplified models
O Consider all possible EW diboson resonances

O Very feW pal’ametel’S: (MV ? gVV) ’ (MV ) F[VV] )

14 [/ 35

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

O Distinguish weakly/strongly-coupled models

G 9 4 2.8
A 47 A\ A A
1soscalar 1sotensor
—— = 0 T T+
¢t 7¢t 7¢t7¢t7 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,

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

10! - pp — L2477
] —— F,w=10.0
?/L —_— =45
| o — [ =2.0
10V = — SM :

: * EFT fails at resonance
10 R R « EFT describes rise of
=]V : \“i ﬂﬂ"Ll.

S g resonance

— 10724 Tl C :
o= : Tma * Unitarization applied
SIS - e

103 b M, » Tensor resonances better

e visible than scalars
104 E == s e
I 1 l l =
1000 2000 3000 4000 5000
M(ZZ)|GeV]
M;; > 500GeV; An;; > 2.4; pl. > 20GeV; |An,| < 4.5
DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



Simplified New Physics Models for VBS 14/ 35

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

G .9 s 2.4
A 4\ A A
1soscalar 1sotensor
br br 07, B,
scalar | o by 00, b
o
XX, X0 X X
tensor fo X, X0 X F
X7

Translation into Wilson coefficient below resonance

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

327"/ M?
J. R. Reuter,

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
Delgado et al. , 1907.11957

pp — WTIW 545
| | | | | i
Fso=19.2 TeV *Fg; = -134.1 TeV *|]

N T
?/L Vo|—— Fx=386TeV!
: - : N —

10" —— —

SM
1 | |~ - - limit of Ay - EFT fails at resonance
L0V T e -  — — ]
5 , , , TN : : X : : )
i _ N Ty = 720Gey EFT describes rise of

resonance

' Unitarization applied

 Tensor resonances better
visible than scalars

i i i i i .
1000 1200 1400 1600 1800 2000

M(W*W*)[GeV]
M;; > 500GeV; An;; > 2.4; pl. > 20GeV; |An,| < 4.5

i i i
400 600 800

DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



Run: 303560
Event: 2035392604

ATLAS 2016-07-1- 01:42:30 CEST
EXPERIMENT mijj; = 3.1 TeV

“UV-COMPLETE” MODELS

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



O O O O

‘ New Physics: Drell-Yan vs. Dibosons vs. VBF/VBS \

New physics in multi bosons: “fermiophobic” resonances, visible in DB/MB, but not in Drell-Yan S

/\ Wiy — fubb

Old example: Littlest Higgs model

Small fermion couplings < small DY xsec

l. New scalars (mostly alignment): 2HDM, IDM, N2HDM, Georgi-Machacek, (N)MSSM, etc.
best signatures in direct or pair production, sometimes in VBF/VBS

Il. New fermions: heavy neutral leptons (HNL), excited fermions, technifermions, SUSY, etc.

SN-ATLAS-2004-038

single production = mixing with SM, otherwise pair production

I1l. New vectors: composite Higgs, LRSM, U(1), GUT-inspired models, Little Higgs etc.

mixing with SM = single production/DY , compositeness mostly in multibosons

IV. light/invisible sectors: ALPs, WISPs, Higgs portals, Neutral naturalness, etc.

(or even forbidden by symmetry)

16 / 35

— r
s
1.5 »
I_;’
L
-

0-5F-

cotd

Va — 3737

-
-
- "
-
- -

ATLAS

Polarization measurements will be important for determination of quantum numbers and CP

J. R. Reuter, DESY

Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘Reconstruction of models from SM EFT\ 17/ 35

O Assumption: Discovery at LHC at 56 = measurement of SMEFT Wilson coefficients

O How well could a specific model be reconstructed from such a measurement
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, ICEPP, U. of Tokyo, 18.11.2024



‘Reconstruction of models from SM EFT\ 17/ 35

O Assumption: Discovery at LHC at 56 = measurement of SMEFT Wilson coefficients

O How well could a specific model be reconstructed from such a measurement
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 ~
MV S oaca M & A5A
L vnava - ELUmAWL

. O 5 UV parameters, 1 matching scale Q
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, ICEPP, U. of Tokyo, 18.11.2024



Reconstruction of models from SMEFT 17/ 35

O Assumption: Discovery at LHC at 56 = measurement of SMEFT Wilson coefficients

O How well could a specific model be reconstructed from such a measurement
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

1~ L ATA fy S UA A Em S UvATTA
Lyt :ESM_ZV VMV+TV V'“_TV Wlﬂ/

O 5 UV parameters, 1 matching scale Q

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

+ 8 VA, + BV + (B VS +

|H[2 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
—— ATLAS

Full dataset
— WW

WH

I'/m < 5%

95CL limits, physical mass:

my__ — 4TeV.
V1-82

KR
2 4 6

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



Reconstruction of models from SMEFT 17/ 35

O Assumption: Discovery at LHC at 56 = measurement of SMEFT Wilson coefficients

O How well could a specific model be reconstructed from such a measurement
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
Loyt = Lsy — —V“”AVA + S vHAVA By A | | o
VT M 2 2 O 1-loop matching to 17 dim-6 operators: (Em,EH; &1, Eq, BvH, My, Q)
gVH

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

O Larae uncertainties from variations of the matching scale:

10 nuisance parameter / theory uncertainty
—— ATLAS 5
—— Full dataset 10 _ .
— WW P cf. also Dawson, Giardino,
WH }f 5 Homiller, 2102.02823
['/m < 5% 4 0

-10- S Tree level matching

~1.0-05 00 05 1.0
ai 1-loop level matching for @ € [0.5,4] TeV

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



EW BOSONS &
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VBS AT E+E- COLLIDERS

Damping Ring

‘ e+ Source
~~~~~ \. ‘,’4-\ -
~—— / e- Main Linac
| e- Source ﬂ
N - Beam dump drive beam 100 A, 239 ns

2.38 GeV - 240 MeV

Interaction point

ain Liinac Bunches of ~1010 e+/e-
quadrupole |
quadrupole power-extraction and

transfer structure (PETS)

—12 GHz, 68 MW

main beam 1.2 A, 156 ns

9 GeV - 1.5TeV beam-position monitor

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘New Physics in VBS at e+e_colliders\ o 55

Fleper/Kilian/JRR/Sekulla: Eur.Phys.J. C77 (2017) no.2, 120

Signal process: triple gauge couplings, Higgs-V-V couplings, quartic gauge

6+ V_e
—dl—
L@ﬂ+
W= H
~_
- VG

Background:

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



ldentification of hadronic W/Z 0 o

J. S. Marshall / A. Munnich / M. A. Thomson, arXiv: 1209.4039

Particle Flow Algorithm (PFA) allows very good particle ID for ILD detector

Tight PFO removes
photon-induced

background from
1.2 TeV to 100 GeV

no bkgd. EW — 500 GeV 60 BX bkgd.
% JEN DL AL R A AL L LI R R g)) L L D
‘= ~W 'L ‘= L —W ]
LLJ -7 w [ -z :
| : 300 f : Y .
4004 156 M . 8 : 7 W/Z discrimination: 88% efficiency
{ : 200 - :
200 - _ : { ] 2 With y-induced bkgd: 71 — 79%
- W . 100 | -
: ILKNLL _ i _[ﬂf 11 ]
0 P "”rrr’; T L L&w N 0 C ' L r." R R ._kf"\u-;_‘,‘mﬂ:
60 80 100 120 60 80 100 120
Invariant mass [GeV Invariant mass [GeV

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘VBS in e e ": SM rates & backgrounds (I)\ -

' : | VBS-like signatur 1 TeV]:
Experimentally: study all processes that lead to VBS-like signatures [1 TeV] [80% e-, 40% e+ polarization]

Process Subprocess o |fb]
VVector-Boson Scattering eTeT — VeleqQqqq WTW— = WTW— 23.19
Triboson Production € e 7 Veleqq9q WW—— 22 7.624
eTeT — vrqqqq V - VVV 9.344
Vector-Boson Scattering / e'e — reqqqq W4 — W22 132.3
Radiative Bhabha ete” —eTeqqqq | LZ — ZZ 2 09
Top pair production ete” —ete qqqq | L4 — WTW = 414.
eTe” — bbX ete” — tt 331.768
Diboson Production e'e — qqqq ete” - WTW~— 3060.108
eTe” — qqqq ete” — L/ 173.221
Single W Production ete” — evqq ete” — evW 279.588
Radiative Z Production e'e — €+6_qq ete” —ete Z 134.935
QCD Di-/Multijets eTe” — X eTe” —qq 1637.405

[Beyer/Kilian/Krstonosi¢/Monig/JRR/Schmidt/Schroder, EPJC48 (2006) 353]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘VBS in e"e": SM rates & backgrounds (II)\ -

Process 1400 GeV 3000 GeV Factor — -
T . Ootal Cross sections

WTW VV 47.1 132 1 fb]. no cuts

WTW eTe 1570 3820 1

WEZetTv 138 408 0.136

7 Zete- 3.78 4.70 0.019\

WIW—(Z — vi) 11.7 9.35 1 <\ Mismatched

YA, 15.7 57.H hadronic vector

ZZete 3.78 4.70 1 bosons

W ZeFu 138 408 1136 ————

WTW " eTe 1570 3820 0.019

ZZ(Z — Vﬂ) 0.484 0.237 1 <« Triboson background

[80% e, 0% e* polarization]
Fleper/Kilian/JRR/Sekulla: 1607.03030

M Signal cross sections rise factor 3-4 from 1.4 to 3 TeV
M Mistagging from W/Z conversions in hadronic bosons: severe for WZ scattering

M Irreducible backgrounds from tribosons (Gauge invariance connects full processes)

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



VBS in e e : selection / isolation cuts

24 | 35
Colorcoding: Cutsfor 1 1eV I[LC — 1.4 TeV CLIC — 3 TeV CLIC
Suppression of background from Z - vv, W*W-, and QCD 4-jet production
M, (Pv) > 150 GeV M, (Pv) > 175 GeV M, (D) > 230 GeV
Suppression of background from t-channel exchange in subprocess
Piw/z > 150 GeV PiLw/z > 180 GeV PLw/z > 300 GeV
lcos@(W/Z)| < 0.8 lcos@(W/Z)| < 0.8 lcosO(W/Z)| < 0.8
Suppression of yy-fusion induced backgrounds
p1L (WW) > 45 GeV p1L (WW) > 50 GeV p1r (WW) > 100 GeV
p1(Z7) > 40 GeV p1(Z7) > 40 GeV p1(Z72) > 60 GeV
0(e) > 15 mrad f(e) > 15 mrad d(e) > 15 mrad
Suppression of non-scattering vector boson processes [i.e. massive EW radiation]
MYW € [575,800] GeV MYW € [800,1175] GeV MW € 1900, 1900] GeV
M#Z e [600,800] GeV M£#% € [800,1175] GeV M#ZZ € [850,1900] GeV
J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘ Longitudinal VBS ine™ e~ \ -

104

pL (WTW—) [GeV]

J. R. Reuter, DESY

eTe™ — pyWTW — CLIC 3 TeV

B | | |

: SM
HREN EFT Fgo =25 TeV 4 i
i/ _--._ >~ EFT Fg; =25 TeV™* -
30 “~o_ >~. Bkg. WTWTeTe™ s -
7;’ Se S~o Bkeg. W*Zety —-—-—- -
_’l \\\\\\\\\ ~
L ~ \ J

E | | | T ~
0 100 200 300 400 H00

Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘ Longitudinal VBS ine™ e~ \ -

eTe” — vvZ7

CLIC 3 TeV

R

|
SM
EFT Fgq =25 TeV—4
EFT Fg, = 25 TeV ™ 4
Bkg. WTW -ete
Bkg. W*ZeTv

-L-

-
N
-
-
- L
-_— @ o
-

® ey
el

—
-
—

"-—"—.‘.
\.§~
-...-...-..
.\.
--.--.-_-
-s.
\.—.
—

l I L1 1 1111

.E.\
-«
§~

pJ_(ZZ) [GGV]

J. R. Reuter, DESY
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Separability of signal and triboson backgrounds 26 / 35

ete” = vvWTW ™ ete” - wZ7
n . 10°
- I I | S\ - - | | | S\ | ] 3 TeV
3TeV EFT Fgo =25 TeV 4 —— | I EFT Fgo =25 TeV-4 ——— |
L EFT Fg) =25 TeV 4 ——— _ -1 L EFT Fg, = 25 TeV ™% ——— _
I Bkg. W+W ete™ s ] : Bke. W+W R :
I Bkg W*xZeTy —-——- | Bkg WEZeFy ——e-
— — % 1072 | -
. O - 1
~
I | £ I |
| | -3 L _
i : Ca: :
- _ - \ _
— —] 10_4 — \\ —]
i 1 I o
- l —
i . | - 10_5 | . \:
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
M(WTW~) [GeV] M(ZZ) |GeV|
ete” = vwWTW™— ete™ = vvZZ
= | | | | | 107 ¢ | | | |
- SM ———— - - SM ——— -
I ete” = WTW~Z = WTW v I ete” =277 = ZZvv i
— 1072 | —
. % 10-3 |
. O -
™~
i =] i
| -4 |
i O
— — 107° |
[ | | | | | | 106 [ | | | | |
0 100 200 300 400 500 600 0 100 200 300 400 500 600
M (recoil) |GeV]| M (recoil) |GeV]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘VBS in e"e " : SM rates & backgrounds (II)\

Process 1400 GeV 3000 GeV  Factor
WTW v 0.119 0.790 1
WTW —eTe 0.000 0.000 1
WEZeTv 0.269 1.200 0.136
ZZete 0.000 0.000 0.019
WTW~—(Z — vr) 0.039 0.610 1
YA, 0.084 0.790 1
Z Zete 0.000 0.000 1
W_:Zezu 0.288 1.593 0.136
WTW —eTe 0.000 0.000 0.019
L4 — v) 0.000 0.000 1

J. R. Reuter, DESY

Fleper/Kilian/JRR/Sekulla: 1607.03030

Total cross sections
[fb], all cuts

MC error are
= 1% on average

Seminar, ICEPP, U. of Tokyo, 18.11.2024
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SMEFT dim. 8: longitudinal vs. mixed operators vs. Resonances 28 / 35

[fb/GeV]

dM

do

ete” — vwWTW~- ete” — ovWTW—
| | . 5 10° ¢ | | | e §
EFT Fyo =480 TeV -1 —— = 10" " EFT Fay =480 TV ——
Unit. limit = -eeeees B o b T Unit. Lmit e

|
[ftb/GeV]
|

[tb/GeV]

dM

do

. %‘510—1 -~ =
| | | . 10~4 L I I | | | ]
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
M(WHW~) [GeV] M(WFW™) [GeV]
ete” = ovWTW™— ete” — vwWTW~—
| | o 7 10° - . | | | | -
] I SM —— ]
EFT Frp =480 TeV—* —— 3 10 F EFT Fpy =480 TeV 4 ——— =
Unit. limit - B 108 i T Unit. lmit e i

s,
S,
.,
s,
..,
.,
.~
..
.~
<
.,
.,
.~
-
.~
.
.~
.~
~,
..
N
o
e, -
See=

|
[ftb/GeV]
|

- 10° & —
] %Elo—l L ]
. 107° & —
| | | | | ] 1074 L |
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
M(WHW™) [GeV| M(WTW™) [GeV]
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SMEFT dim. 8: longitudinal vs. mixed operators vs. Resonances 28 / 35

[fb/GeV]

dM

do

[tb/GeV]

dM

do

-

ete” > ovWHTW-— ete” - ovWTW~—
- | | | | 7 10° ¢ 2 | | | | .
. SM —— | - SM ——— |
- EFT Furo =480 TeV ™% —— 10% BN EFT Fp; 1 =480 TeV—% ———— =
- Unit. limit = -eeeees _ s b T " Unit. lmit e i + o
. = 103 E : - e'e —vviid
. ] 2 [ ] 100
: : = 107 ¢ : 107 ¢ | | | —— ]
- 2 S 10t L b - SM  —— A
§ . <2 - .
- N = 100 L E - < EFT ——— |
N ] s - ] 101 kL [soscalar tensor ——
_ - ﬁ‘%10—1 - ] - -
d _; 1072 L . -
: . 10-3 £ : % 10°2 L .
- | | | | | | 10~4 C | | | | | | U
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 = N _
+117— MWTW) [GeV -
M(W*W™) [GeV] ( ) [GeV] me 3 L .
< i i
ete” - ovWTW— ete— — oUWHW - 101 __ _—
F | | o 7 10° - | | | | . .
N ] I SM — ] =
- EFT Fro =480 TeV—* —— 107 E EFT Fry =480 TeV % ——— = i ]
- Unit. limit - - ¢ L Unit. limit  --eeeeeees B 1 0_5 | I | | ‘l
i ] 102 L g 0 500 1000 1500 2000 2500 3000
- _] > C m
_ _ S 10! L - .'M(ZZ) lGCVJ
- : 2 - .
s ] = 00 L ]
= - %Elo—l - -
_ - 1072 -
- . 1073 b =
i | | | | | : 1074 L ' ' |
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
M(WHW™) [GeV| M(WTW™) [GeV]
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| Exclusion sensitivies | L

Continuum model matched to low-energy SMEFT with two Dim 8-coefficients at 3 TeV<’ 2 ab-1>

 All cuts have been applied

« Detector efficiencies are included
. All cross sections use T-matrix unitarization - Confirmed by full simulation [CLICdp]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



| Exclusion sensitivies | L

Continuum model matched to low-energy SMEFT with two Dim 8-coefficients at 3 TeV< 2 ab-1>

10 | | |

e
|
|

0

FSJ ITQV—4]

4
(33!
|
|

-10 -9 0 5} 10
FS,() |TPV _41

 All cuts have been applied

« Detector efficiencies are included
. All cross sections use T-matrix unitarization - Confirmed by full simulation [CLICdp]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



| Exclusion sensitivies | L

Continuum model matched to low-energy SMEFT with two Dim 8-coefficients at 3 TeV< 2 ab-1>

I 1 | | |
10 | | |
100 + —~
O I 7 50
- I
-
E 0 = 0
50
5o —
-100 + -
-10 | | l
-10 -5 0 5 10 1 1 | 1 |
Fso [TeV—4] -100 -50) 0 50 100

Fgp |TeV—1

 All cuts have been applied

« Detector efficiencies are included
. All cross sections use T-matrix unitarization - Confirmed by full simulation [CLICdp]

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘ New Physics in VBS at TeV-e+e_coIIiders\

™M 6-, 8-, 10-fermion final states studied trigger-less and fully exclusive in all observables

M Main issues: hadronic separation of W, Z, H; |

M Low rates in clean environments: statistics dominated

olfb]
10°

104
1000
100

10

0.1
0.01

0.001

l .
|
|
| IH‘IV L/

| I !

ete” — X (SM)

| ' |

| | |
100 200 300 400

Vs [GeV]

600 700 800

J. R. Reuter, DESY

et charge (W?) ; combinatorics

thr max

[GeV] | [GeV]
ww 160.8 195
V4 182.4 200
ZH 216.3 240
WwZ 252.0 950
277 273.6 550
WWH 285.9 550
ZZH 307.5 520
ZHH 341.4 590
WWww | 321.5 | 3000
WWZzZ 343.1 | 4000
WWZH 377.0 | 2000
WWHH | 410.9 | 1400

30/ 35
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‘ New Physics in VBS at TeV-e+e_coIIiders\

o |tb]
10°

10
1000
100

10

0.1
0.01

0.001

! I

ete” — X (SM)

WWw

1000

2000 3000

Vs [GeV]

VBS beats multi-boson at high energies

J. R. Reuter, DESY

o |fb]
10°

104
1000
100

10

0.1
0.01

0.001

I ! I

ete” — v, X (SM)

2000 3000

Vs [GeV]

1812.02093; Brass/Kilian/Kreher/JRR
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EW BOSONS
@ MUON COLLIDERS

Proton Driver Front End Cooling Acceleration Collider Ring
-
o ’
~ h
. . 8= 5 5| £ ¢
Q s § 5 [PREER|5E ¥ » 2
< = < |C08 € 8|8 8 35 5 © &
3 > 8-°m~§=azuw°-5'”83 "
? E 28 5 |s2>® 28928 8P S ¢
§ © 9S8 B s 2 8 @as 2 £ | Accelerators:
s o =g & “ | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron | Acceleration
Accelerator (LEMMA): Ring
10"  pairs/sec from
e'‘e” interactions. The small
production emittance allows lower —_—
overall charge in the collider rings Positron Linac b
- hence, lower backgrounds in a

collider detector and a higher
potential CoM energy due to
neutrino radiation.

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



ATLAS

EXPERIMENT

Run: 302956
Event: 911199885
2016-06-29 07:39:45 CEST

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



©

\ Conclusions & Outlook \

Multi-boson + Higgs final states: multi-messenger detectors for EWSB+EW sector will shine in Run 3
Three different levels of BSM parameterizations: EFT — Simplified Models — “UV complete” models
EFT: limit-driven — Simplified Models: guantum number-driven — Models: symmetry-driven
Heavy New Physics: Drell-Yan/diboson (“fermiophilic”) vs. VBF/VBS (“fermiophobic”)

Signal models always need to be consistent with quantum field unitary (unitarity, positivity)
Reconstruction of UV-complete models difficult (due to unknown matching scale)

[Polarization measurement crucial: discriminate extended Higgs sector from axion-like particles]

Combination of V, VH, VV, VVV, VVjj processes: lots of correlations, lots of power !

Multi-boson physics at eTe™ colliders: hadronic channels fully usable; crucial W/Z separation

Separation of VBS and di/tribosons only possible through cuts (gauge invariance!)

Polarization and energy play an important role for constraining Wilson coefficients at lepton colliders

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



One Ring, 3 Runs

J. R. Reuter, DESY

35/ 35
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One Ring To Find Them,

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



One Ring To Rule Them Out

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024
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J. R. Reuter, DESY
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‘ Unitarity in (VBS) Scattering Amplitudes\ 37 / 35

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, ICEPP, U. of Tokyo, 18.11.2024



Optical Theorem

‘ Unitarity in (VBS) Scattering Amplitudes\ 37 / 35

(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, ICEPP, U. of Tokyo, 18.11.2024



‘ Unitarity in (VBS) Scattering Amplitudes\

Optical Theorem (Unitarity of the S(cattering) Matrix):

Otot = Im [Mn(t = O)] /8

Partial wave amplitudes:

M(s,t,u) =32m ) ,(2¢ + 1)As(s)Py(cosb)

Assuming only elastic scattering:
327 (26+41 ! 327
oot = 3 2ZEEED) | 4,12 = 3, 221

2041) Im [AE] .

S

J. R. Reuter, DESY

t = —8(1 —cos@)/2

(“Power spectrum”)

el Im[A] 4

Lel — Mot

RelA]

Ag[* = 1m [Af]

Seminar, ICEPP, U. of Tokyo, 18.11.2024
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‘ Unitarity in (VBS) Scattering Amplitudes\ 37 / 35

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, ICEPP, U. of Tokyo, 18.11.2024



‘Scenarios for New Physics in VBS\ 56 1 35

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.], Re [a]
€lay

Do —i

strongly interacting regime

Im |ap] A

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

DO —
1
T

Relay]

Im [ay]

DN —1

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, ICEPP, U. of Tokyo, 18.11.2024




Tensor resonances ‘Tensor Resonances (in VBS) \ 39 / 35

* Symmetric tensor f,uy

e On-shell conditions: |10 & 5
components

* Tracelessness: f'u'u = 0

* Transversality: 6’Mfl“/ — 0

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

& Start with Fierz-Pauli Lagrangian for symmetric tensor

1

- aafoéuaﬁfBM - f%aﬂayf,uu + fuyJ}W

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

1

J. R. Reuter, DESY

Seminar, ICEPP, U. of Tokyo, 18.11.2024



Tensor resonances ‘ Tensor Resonances (in VBS) \ 39 / 35

* 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!?

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

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

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

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

e

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



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!?

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 1
Lrp :§aafuy(9af“” _

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

1
2 N/T/ Hl (@ 174

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

‘Tensor Resonances (in VBS)\
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Tensor resonances

Tensor Resonances (in VBS)

* Symmetric tensor fluy

* On-shell conditions: |0 — 5

o fM¥: on-shell fH

components
o 0,0,
* Tracelessness: f'u'u = 0 "
o AM: O,fH
* Transversality: @Mfl“/ — 0
o o: fH,

How to deal with off-shell tensor in realistic processes? Gauge fixing: ¢ = —¢

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

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

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

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

e

J. R. Reuter, DESY

]_ v 1 1 v
£ =gl (-0 =) 1174 31, (=5 (08 =) ) 1.
1 1
-+ §Afﬂ (82 + m?c) A}L + i ( 0% — m?e) o

88]?4 [ 10(){56\/]

107}

pp = W WTjj
I | ]
Fso=19.2 TeV *Fg; = -134.1 TeV |

Fy = 38.6 TeV ™!

| SM
| === limit of Ay

[i
’
’
,.
s

AN Myx =1800 GeV
I Iy =720GeV

i i i i i .
1000 1200 1400 1600 1800 2000

M(W+W+)[GeV]

i i i
400 600 800
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Precision in Vector Boson Scattering 0 5

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, ICEPP, U. of Tokyo, 18.11.2024



Precision in Vector Boson Scattering a1 3

Even more ( ) diagrams ...

Process WTW+ W7 177 WHTW~— WTW~—
(VBS setup) (Higgs setup)
106 AUIC\IITLO[fb] —0.2169(3) —0.04091(2) —0.015573(5) —0.307(1) —0.103(1)
2 coOlh]  1.4178(2)  0.25511(1)  0.097683(2)  2.6988(3) 1.5322(2)
10 | 5" (%] ~15.3 ~16.0 ~15.9 ~11.4 —6.7
%-12 T —— — I_‘_'_[_‘_:
20 [ —— Order @, (a7) @ (ozsoz6) @, (ozszoz5) @, (as3a4)
20 L5 . 1 oxo® —— g — oo
200 400 600 800 1000 1200 1400 1600 1800 2000 N LO
M; j, [GeV] NLO+PS X

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



ATLAS

EXPERIMENT

Run: 302956
Event: 911199885
2016-06-29 07:39:45 CEST

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024



Polarization in dibosons and VBS: LO and NLO 43 / 35

Vast theory literature (non-exhaustive) from 2010+ Omissions are my fault !

Polarization for single bosons

Bern et al, 1103.5445; Stirling,Vryonidou, 1204.6427; Belyaev, Ross, 1303.3297; Pellen, Poncelet, Popescu, 2109.14336

Polarization in dibosons: NLO QCD / NLO EW

Baglio, Le Duc, I810.11034; Rahama, Singh, 1810.11657; Baglio, Le Duc, 1910.13746; Rahama, Singh, 1911.03111; Denner, Pelliccioli,
2006.14867 + 2107.06579; Rahama, Singh, 2109.09345; Denner, Pelliccioli, 2010.07149; Le Duc, Baglio, 2203.01470; Le Duc, Baglio, Dao,
2208.09232

Polarization in dibosons: NNLO QCD

Poncelet/Popoescu, 2102.13583

Polarization in VBS: LO yet

Kilian, Ohl, JRR, Sekulla, 1408.6207; Ballestrero, Maina, Pelliccioli, 1710.09339; Ballestrero, Maina, Pelliccioli, 1907.04722; Buarque Franzosi,
Mattelaer, Ruiz, Shil, 1912.01725; Ballestrero, Maina, Pelliccioli, 2007.07133

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024
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/ ‘Polarization in dibosons and VBS\ " s

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, ICEPP, U. of Tokyo, 18.11.2024
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Polarization in dibosons and VBS

44 | 35

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”

g, + KR
M, =P, - R .D
H k2 — M‘Q/ —+ ZMvFV .
% kHEY . *
—gh” 12 , ZA €Ex €x

On-shell vector bosons (NWA or DPA)

J. R. Reuter, DESY

800 Gy

= Unpolarised, inclusive

| Left. inclusive
700 4

~— Right. inclusive
= Longitudinal, inclusive

—

T

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

00
cos 0,

=i po]

do/dcosd*  [fb /1 ]

Seminar, ICEPP, U. of Tokyo, 18.11.2024
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Polarization in dibosons and VBS

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

44 | 35

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 kfy M —— Tupolazised, incl
/’LV | k2 200 ] — L(:'.l;l. in'L'lilSi\'()
M A P - * D v — E:::gi:n]ll(li(hlml. inclusive
Y k?— My +iMyTy . ji
W =
v kMY TR N
“'“‘_,_’_,—:_’_,_,—'_‘ ‘_‘_‘_‘—|_
On-shell vector bosons (NWA or DPA)

1 do
o cos 0*

3

4

3
SiIl H*f() -+ g

(1 — cos 0*)* 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, ICEPP, U. of Tokyo, 18.11.2024
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Polarization in dibosons and VBS

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

44 | 35

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.,Ufk.l/ H““-_'_I —— Unpolarised, incl
2 . Left, inclusive
My =P ek .D — mawm.
“URE M2 4+ iMyTy " ji f
_gl'l'l/ I k2 > Z)\ 6)\ ES/\ 53004 I‘_,_I_,_,_,_I
lllll _,—’_’_:’——'—'_’_,_, _‘_\_‘_‘—\_
On-shell vector bosons (NWA or DPA)
1 do 3 3 3
: 2 *\ 2
— Z§in 0" fo + = (1 — cos 60°)% 1, + = (1 + cos %) fr
ocosf* 4 8 ( 8 (
Problems

Extract polarization fractions via projections and/or fits

Decay angle in vector boson rest frame cos 0*

J. R. Reuter, DESY

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, ICEPP, U. of Tokyo, 18.11.2024
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Polarization in dibosons and VBS

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

44 | 35

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 | kuky ' _'_I —— Unpolarised, incl
2 oon I Left, inclusive
My =P R - D T
“URZ M2 +iMyTy ji f
_glj'l/ | k2 > Z)\ €>\ 63/\ 5300 ’,_,_’_,_,_H_‘
“'“_,_’_,_:_‘_,_,—'_‘ ‘_‘_‘_‘—|_
On-shell vector bosons (NWA or DPA) A
1 do 3 3 3
: 2 *\ 2
= —sinf" fo + =(1 —cos0")° fr + =(1 +cosO*) fr
ocosf* 4 8 ( 8 (
Problems

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

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, ICEPP, U. of Tokyo, 18.11.2024



‘Definition of polarized vector bosons\

P1

A do __ do do
M|? = Z|M,\\2+ ZM/\M,\ 6 = /LG5 + TR G

AN

P2

kM EY
g;l/ _|_ A

My =P, .
PAT R R A2 M Ty

Polarized cross section/ Spin correlations/

Jo 5 dao

|

f dUcorr
corr.

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

squared matrix element interferences Impact of higher order/spin correlations ?
. : : do i i
M Spin correlations can be included do __ dUL I| dacsir.
P 10 = J1 -l L dO
™M Any observable O can be used (lab frame!) . -
M do/dO can be systematically improved (N[N]LO etc.) select regions with small/tiny interferences

J. R. Reuter, DESY

Seminar, ICEPP, U. of Tokyo, 18.11.2024



‘Definition of polarized vector bosons\

VA d d d d d CO?"?"
M|* = Z|M/\‘2+ZM/\M/\ G =I5 T RGE T fo5H [T feorr. TG

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 le_g = f d‘U f” do) A+ f o d oL
M Any observable O can be used (lab frame!) - i
M 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

p— W7 = 6+V€,u+,u_ X polarized; NLO QCD / EW Duc, Baglio, 2203.01470

pp = W3 = Llvyg + 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, ICEPP, U. of Tokyo, 18.11.2024



pp = ZZ - 41+ X NLO QCD +EW o1

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&@;j_; ...... 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, ICEPP, U. of Tokyo, 18.11.2024



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, ICEPP, U. of Tokyo, 18.11.2024



Polarized Vector boson scattering 7 1 5

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 .
O Small total double-longitudinal (LL) contribution (~10%) @ —————————————————————
o oe'

O Drastically different angular correlations (A¢ey) for LL 4

n
@ J.R. Reuter, DESY =~~~ """ Seminar, ICEPP, U. of Tokyo, 18.11.2024
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Polarized Vector boson scattering 17 | 35
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 (A¢ey) for LL .

J. R. Reuter, DESY

Seminar, ICEPP, U. of Tokyo, 18.11.2024
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EW BOSONS
@ MUON COLLIDERS

Proton Driver Front End Cooling Acceleration Collider Ring
-~
o ’
— - i
. . |5-T 5 5|8 8 ¢
% S § & [P3ES Rl E P 6 w
c = s |C08 € 8|8 8 35 - - »
- s ¢ 2 €5 3532|Q § 8 % 8 8 -~
2 E 38 § |3Ez®gl18¢8 2§ S <
§ © Y38 B |3 Bo 8 @a= 2 £ | Accelerators:
s o *|g2 | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10"  pairs/sec from Eoon
e*e” interactions. The small - M-
production emittance allows lower —_— DI 10s of TeV
overall charge in the collider rings Positron Linac Pa
- hence, lower backgrounds in a E < S &
: . ° €
collider detector and a higher 2 cx —
. om P u U
potential CoM energy due to =i < Accelerators:
neutrino radiation. 2 Linacs, RLA or FFAG, RCS

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024
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EW BOSONS
@ MUON COLLIDERS

Proton Driver Front End Cooling Acceleration Collider Ring
.
o ’
— e
- W N
— — “—' 5 O £ S 4
Q s § & 80 g 2R3 & 6 ® 2
c = L c 8|3 8 5 = 3 é
= O - 2 |3 Eg S2|9 &8 59 8 3 -
2 E 3 &5 [§2>® g[8 2 S BRSO U
g © 9S8 B3 o 8 @as 2 £ | Accelerators:
s o *|g2 “ | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10"  pairs/sec from Fo
e‘e” interactions. The small - '
production emittance allows lower —_— o 10s of TeV
overall charge in the collider rings Positron Linac Pa
- hence, lower backgrounds in a E = S &
: . o c
collider detector and a higher 2 cx — ,
: S8 & uou ) [ i
potential CoM energy due to =T < Accelerators: X
neutrino radiation. o | Linacs, RLA or FFAG, RCS .
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‘ The Muon Shot \

€ EPPSU 2020: MuC R&D (accelerator roadmap) — start of IMCC

Explore Overviews

Decipher llluminate Explore
the the New
Quantum Invisible Paradigms
Realm Universe In Physics

49 / 35

€ US Snowmass 2021 Summer Study: great enthusiasm for high-energy Muon Colliders (MuC)

€ Road map in P5 (Particle Physics Projects Prioritization Panel) report: the Muon Shot S P5 report

J. R. Reuter, DESY

Seminar, ICEPP, U. of Tokyo, 18.11.2024


https://www.usparticlephysics.org/2023-p5-report/

The Muon Shot

€ EPPSU 2020: MuC R&D (accelerator roadmap) = start of IMCC

Explore Overviews

Decipher llluminate Explore
the the New
Quantum Invisible Paradigms
Realm Universe In Physics

€ US Snowmass 2021 Summer Study: great enthusiasm for high-energy Muon Colliders (MuC)

€ Road map in P5 (Particle Physics Projects Prioritization Panel) report: the Muon Shot S P5 report

A 10 TeV pCM collider (muon collider, FCC-hh, or possible wakefield collider) will provide the
most comprehensive increase in BSM discovery potential (Recommendation 4a). Dramatic
iIncreases in sensitivity are expected for both model-dependent and model-independent searches.
Such a collider will be able to reach the thermal WIMP target for minimal WIMP candidates and
hence will play a critical role in providing a definitive test for this class of models.

For example, a muon collider, if technologically achievable and affordable, presents a great
opportunity to bring a new collider to US soil. A 10 TeV collider fits on the Fermilab site and is a good
match with Fermilab’s strengths. Its development has synergies with the neutrino program beyond

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024
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The Muon Shot

€ EPPSU 2020: MuC R&D (accelerator roadmap) — start of IMCC

Explore Overviews

Decipher llluminate Explore
the the New
Quantum Invisible Paradigms
Realm Universe In Physics

€ US Snowmass 2021 Summer Study: great enthusiasm for high-energy Muon Colliders (MuC)

€ Road map in P5 (Particle Physics Projects Prioritization Panel) report: the Muon Shot S P5 report

A 10 TeV pCM collider (muon collider, FCC-hh, or possible wakefield collider) will provide the
most comprehensive increase in BSM discovery potential (Recommendation 4a). Dramatic
iIncreases in sensitivity are expected for both model-dependent and model-independent searches.
Such a collider will be able to reach the thermal WIMP target for minimal WIMP candidates and
hence will play a critical role in providing a definitive test for this class of models. m, = 0.1056 GeV =~ 207 - m,

_92.1n-19 _
For example, a muon collider, if technologically achievable and affordable, presents a great Fp=3-10 GeV 7, =2.2us
opportunity to bring a new collider to US soil. A 10 TeV collider fits on the Fermilab site and is a good CT, R 660 m
match with Fermilab’s strengths. Its development has synergies with the neutrino program beyond

J. R. Reuter, DESY Seminar, ICEPP, U. of Tokyo, 18.11.2024
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The glory of a muon collider 50/ 35

™M Muons pointlike objects: cleaner environment than hh L1Short litetime: difficult to get high-quality/lumi beams

™ Much less synchrotron radiation than electrons O Difficult cooling of beams
considerable progress: MICE collaboration

1 Beam-induced bkgds (BIP) from decay @ IP

™ Much smaller beam energy spread: AE = 0.1 — 0.001%

] Radiation hazard from beam dump (neutrinos)
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The (high-energy) muon collider 1195
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The (high-energy) muon collider 1195
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The (high-energy) muon collider 1135
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The (high-energy) muon collider
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Higgs Decay mode
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‘EFT Modelling of SM u-H coupling deviations\ 53/ 35

- - Evidence for muon Yukawa coupling at LHC (not yet 50) [ATLAS: 2007.07830; CMS: 2009.04363]

 Projections for the high-luminosity LHC (HL-LHC): (model-dependent) sensitivity

M
SM: x=1
or Ax=0
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with precision of 5-10%  [ATLAS-PHYS-PUB-2014-016]

» Higgs muon Yukawa coupling — connected to muon mass [in the SM!]

- Model-independent test for this coupling; directly, not relying on decays

 Sensitivity to the sign (and maybe phase) of coupling

Non-linear representation (HEFT) vs. Linear representation ([truncated] SMEFT)

1 V20t | . C;SZS) no -
Hdoublet ¢ =5 (, g\ g0 Lo = |—Rryuppr + ) 155 (0'0) " Arpur +h.c.
_ n=1 i
‘Generalized (1) Yukawa sector‘ ut H,
- k! _Y(S M—1 C(") 2n + 1 ,U2n—|—1—k- :,:__,.--—. H;
vz | 10k S:n—nk Az"" k 2" =0 = \\:§§ it
Benchmark scenario: “matched” case [ Hj,
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\ Multi-boson final states \

- Subtle cancellation between Yukawa coupling and multi-boson final states [hep-ph/0106281]
arXiv: 2108.05362
pt Wt pr W+ 10° . L N —
&J Annihilation
A Ve H -_—— = — 2 W— E
107
. —_— N\ N\ NN - - — - N 7
__ 10}
. . . L . . = A
 (Multi-) boson final states: longitudal polarizations dominate high energies « 0-10

- Analytic calculations can be approximated by Goldstone-boson

| 107
Equivalence Theorem (GBET) [INPB261(1985) 379; PRD34(1986) 379] |
+ New physics parameterized by EFT operator insertions (Wilson coeft. Cx ) 10_‘;(:)2 T T e
Vs |GeV]
1 T M=t sM—2 2 1
Ny C -
o o . T (2<2w>4> canror ! { L
0° °o" X
°°° 000° ¢11 EFT °°° 000 ¢11
00°” ~ 2e02” X
N ‘T H, \\\ "T H, O x CX 2 (HJEJX %)
SN N Cross section ratios: R=—~ )
po Hpr—y, Qo Hpr—y, Y Cy|? (HjEJy ﬁ)
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Simulation, Consistency, Unitarity & Cross Sections

™M Analytical calculations checked independently by 3 groups

M Validation of analytic calculation with 2 different MCs

M Final simulation: using UFO files in WHIZARD

States with multiplicity 2

¢ Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined

Matched case: combination such that Yukawa coupling is zero

55 / 35

o

Annihilation

10~
AoX /AW W™
SMEFT HEFT
X dimg | dimg | dimgg | dim@g*ed | dim, | dimptehed
WTw- 1 1 1 1 1 1
ZZ 1/2 | 1/2 1/2 1/2 1/2 1/2
ZH 1 | 1/2 1 1 Rigyy' 1
SMEFT HEFT
HH 9/2 | 25/2 | Ry /2 0 2R3, 0
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Simulation, Consistency, Unitarity & Cross Sections

I I ‘

Annihilation

——'_-'
-
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10° e
™M Analytical calculations checked independently by 3 groups —WTW~Z
. . . . . —WTW H
M Validation of analytic calculation with 2 different MCs 101 é——ZZZ
M Final simulation: using UFO files in WHIZARD 77 H
101 Z—ZHH
States with multiplicity 3 —
S 103¢L
¢ Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined 10°° L
Matched case: combination such that Yukawa coupling is zero
1077
107
AO‘X/AO'W+W_H
SMEFT HEFT
putu~ — X || dimg | dimg dimg g dim{gtehed dim,, | dimXatched
WWZ 1 1/9 | Ry 1/4 Rigyi"/9 1/4
777 3/2 | 1/6 | 3Ry /2 3/8 R 51" /6 3/8
WWH 1 1 1 1 1 1
ZZH 1/2 | 1/2 1/2 1/2 1/2 1/2
ZHH 1/2 | 1/2 1/2 1/2 2Ri3y5" 1/2
HHH 3/2 | 25/6 | 3Ry /2 75/8 6 Ry’ 0
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102 2 r —
 WHW W —
™M Analytical calculations checked independently by 3 groups WrWewerWw
- —WW~ZZ
M Validation of analytic calculation with 2 different MCs 10— W W-HZ
M Final simulation: using UFO files in WHIZARD E—WJFW_HH
- — 277277
= 102.—HZZZ
States with multiplicity 4 © —HHZ2
-—HHHZ
107%
Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined [
& Matched case: combination such that Yukawa coupling is zero 10-5 L
107
SMEFT HEFT
[,L+[,l,_ — X dim6,8 dimlo dim6 8,10 dimgf’gfqeg dimoo dimrggtched
WWWW 2/9 2/25 RSMEFT/g 1/2 R'(*4EFT/18 1/2
WWZZ 1/9 1/25 RZ’\%"% FT 1/4 R'("4 "1 /36 1/4
2227 1/12 | 3/100 %4) ET/12 3/16 Ry 1 /48 3/16
WWZH 2/9 2/25 %Dl")EiT /9 1/2 '(*E)FE /8 1/2
WWHH 1 1 1 1 1 1
ZZZH 1/3 3/25 RO /3 3/4 Ripy 5/12 3/4
ZZHH 1/2 1/2 1/2 1/2 1/2 1/2
ZHHH 1/3 1/3 1/3 1/3 R'(*EEFT 1/3
HHHH 25/12 | 49/12 | 25 RY\H'/12 | 1225/48 12 Ry | 0

Simulation, Consistency, Unitarity & Cross Sections
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Simulation, Consistency, Unitarity & Cross Sections 55 / 35
. . . 1012 { —— dimgeenes 1012
M Analytical calculations checked independently by 3 groups dimmatched n< 11
M Validation of analytic calculation with 2 different MCs 1010 | —— dimmatched 1010
M Final simulation: using UFO files in WHIZARD — dimgE9572 <9
10° 1 —— dim@F9s9,, 14 10°
o o o o e 6 n =< 7 6
States with multiplicity 4 ¥ 107 10
o
N~ Unitarity violation for
10%- tor inserti td=6,8,10 ns 2 0
operator insertions at d = 6, 8, 10:
Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined
| o o 102 - corresponds to 102
& Matched case: combination such that Yukawa coupling is zero 95 TeV, 17 TeV, 11 TeV, resp. n< 3
100 - / 100
s
-
SMEFT 10-2 —— —— 1072
ptp~ — X || dimgg | dimqg dimg, 8,10 dima5ches 102 103 104
WWWW 2/9 2/25 2 R%D{'E,';T /9 1/2 VS/GeV
WWZZ 1/9 1/25 R%A%,ET/9 1/4 e
72777 1/12 3/100 R%4),:FLT/12 3/16 RE'4)F,T1 /48 3/16 Unitarity bound for final states X # uu :
WWZH 2/9 2/25 2 Ry /9 1/2 Riyg) /8 1/2
WWHH 1 1 1 1 1 1
Z277ZH 1/3 3/25 RT3 3/4 RIET /12 3/4 Z . (s) < dm
ZZHH 1/2 1/2 1/2 1/2 1/2 1/2 pTpm—=XA2) = hep-ph/0106281
ZHHH 1/3 1/3 1/3 1/3 3 R'(*fgg 1/3 X °P-P
HHHH 25/12 | 49/12 | 25 RY\H'/12 | 1225/48 12 Ry | 0
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Kinematic separation between multi-boson direct production and VBF, e.g. 10 TeV:

Kinematic separation of signal

arXiv: 2108.05362

56 / 35

wtuT - WIWH

o 1 —— 10—
10° utuy — WWH __; _ utum — WWH utuT - WWH —No cut |
’ Vs=10TeV [ /s =10 TeV /5 =10 TeV -- Msp > 0.8y/s |
= 10° VBF i ""(‘I—)Oz’f > 10°
- .
=107+ = 3
= | —No cut 1 & i
S [ Mip > 085 3 s
S| ()8 > 100 = 0 S | —No cut 5
< 107" F e ())AR > 04 —k, =1 e -2 ] - M3 > 0.8/ -+
| - w ()0 > 10° 5, =0 4
[ —II | Tha e (+)AR > 04 —r, =1
1073 L '2 éll é N . ‘ ‘ 0 103 1 N T =3 b 102 l
0 2 4 8
TV \ 0 0.5 1 1.953 2 2.5 3 a
QED ISR
Y WWZ largest cross section, but small deviation Cut flow k,=1 | w/oISR | kK, =0(2) | CVBF NVBF
WWH large cross section and considerable deviation o [fb] WWH
Qo 774 1 <h , Ut | it deviati No cut 0.24 0.21 0.47 2.3 7.2
smaller/-ish cross section, but largest (relative) deviation Mg > 0.8+/3 0.20 0.21 0.49 = 5.10-3 | 3.7.10-2
& Direct production has almost full energy (except for ISR) — M3z 10°< 65 < 170° |  0.092 0.096 0.30 2.5-107% | 2.7-1074
1n—4 1n-4
& VBF generates mostly forward bosons — 65 ARpp > 04 0.074 0.077 0.28 2.1-10 24-10
# of events 740 770 2800 2.1 2.4
& Separation criterion for final state bosons — ARszs S/B 2.8
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Results and final projections .

V5 \° 1901.06150; 2001.04431;
10 ab™ !
10 TeV PoS(ICHEP2020)703; Nat.Phys.17, 289-292

Muon collider with energy range 1 < v/s < 30 TeV and luminosity £ = (

1
M Sensitivity to (deviations of) the muon Yukawa coupling :
M Definition of # signal events: S = Ng, — Ng,=1 0.9 _
M Definition of # background events: B = Ng,=1 + NvBF.
M Statistical significance of anom. muon Yukawa couplings: - 0.2
™
S 0.1
S = ﬁ (note that always: N, > N —1 ) &31
0.05
O-|h:'u,=1—|—5 — 0-|I€u:1—5: — S|nu:1—|—6 — S|K,u=1—(5
0.02
& 5o sensitivity to 20% @ 10 TeV .... 2% @ 30 TeV 0.01 . s I
@ o . 3 0 10 14 30
¥ Sensitivity to x translates to new physics scale A \/g [TeV]

A>10 TeV, /-2
ARy, arXiv: 2108.05362
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‘ Multi-Higgs/V processes\ 58 / 35

Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

- EFT setup generating multi-boson vertices of higher multiplicity

- Paradigmatic BSM implementations: scalar singlet S / vector-like fermions E;

- Vertex parameterizations (can be expressed by HEFT or SMEFT operators):
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Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

- EFT setup generating multi-boson vertices of higher multiplicity

- Paradigmatic BSM implementations: scalar singlet S / vector-like fermions E;

- Vertex parameterizations (can be expressed by HEFT or SMEFT operators):
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Multi-Higgs/V processes

Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

- EFT setup generating multi-boson vertices of higher multiplicity

- Paradigmatic BSM implementations: scalar singlet S / vector-like fermions E;

- Vertex parameterizations (can be expressed by HEFT or SMEFT operators):
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Multi-Higgs/V processes

Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

- EFT setup generating multi-boson vertices of higher multiplicity

- Paradigmatic BSM implementations: scalar singlet S / vector-like fermions E;

- Vertex parameterizations (can be expressed by HEFT or SMEFT operators):
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Perturbative Unitarity bound
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Resultsfor utu~ — V*H' 59 1 35

Cut flow: signal and background events‘

NG 3 TeV 10 TeV
asz =11 SM LO Loop VBF asz =117 SM LO Loop VBF
o [fb] 2H
No cut 24-107%2 16-1007 2.6-1073 0.951 24-1072 1.3.-107° 4.2.107% 3.80

Mg >08ys | 24-1072 16-1077 26-107% 6.12-107* | 24-1072 1.3-107° 4.2-107* 6.50-107*
0;5] >10° | 2.3-107% 1.6-100" 26-107° 1.18-107* | 23-107° 1.3-107° 4.1-107* 3.46-107°

event # 23 - 2.6 0.12 230 - 4.1 0.3
o [fb] 3H
No cut 3.1-107% 30-107® 1.1-107® 369-107%* | 3.7-107' 23-107° 1.7-107% 5.52.10°3

Mg >08y/s | 3.1-107> 3.0-107® 1.1-107° 284.10°° | 3.7-100* 23.107° 1.7-107° 7.85-107°

0;5| >10° | 3.0-107% 28-107°® 1.1-107° 6.82-1077 | 3.5-107' 22.107° 1.7-107° 7.37-107°

ARpp >0.4 | 29-107%2 27-107® 81-100° 6.07-1077 | 3.4-107* 2.1-107° 6.8-107" 7.22-107°
event # 29 — — — 3400 — — 0.7
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Results for = — VFH'

Cut flow: signal and background events‘

Vs 3 TeV 10 TeV
asz =11 SM LO Loop VBF aszy =17  SMLO Loop VBF
o [fb] 2H
No cut 24-100% 16-1007 2.6-1073 0.951 24-107% 1.3-107° 4.2-107* 3.80
Mg >08ys | 24-1072 16-1077 26-107% 6.12-107* | 24-1072 1.3-107° 4.2-107* 6.50-107*
0;5] >10° | 2.3-107% 1.6-1077 2.6-107° 1.18-107* | 23.-107% 1.3-107° 4.1-107* 3.46-107°
event # 23 - 2.6 0.12 230 - 4.1 0.3
o [fb] 3H
No cut 3.1-107* 3.0-107® 1.1-107°> 3.69-107* | 3.7-100* 23-107° 1.7-107® 5.52-107°
Mr >08y/s | 31-100* 3.0-107°® 1.1-107° 2.84-107°| 3.7-107* 23.-107° 1.7-107° 7.85-107°
0;5| >10° | 3.0-107% 28-107°® 1.1-107° 6.82-1077 | 3.5-107' 22.107° 1.7-107° 7.37-107°
ARpp >04 | 29-1072 27-107® 81-100° 6.07-1077 | 34-100* 21-107° 6.8-1077 7.22-107°
event # 29 — — — 3400 — — 0.7
3 TeV ]
1.x 1074} D
5.x1075} o B
= — @ -é — @3
= — =)
% 1.x107 8 E
Y B
5.x107° :
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K
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Results for = — VFH'

Cut flow: signal and background events‘

Combination of uy — HH, HVV, V¥

Vs 3 TeV 10 TeV
asz =11 SM LO Loop VBF asz =117 SM LO Loop VBF
o [fb] 2H
No cut 24-100% 16-1007 2.6-1073 0.951 24-107% 1.3-107° 4.2-107* 3.80
Mg >08ys | 24-1072 16-1077 26-107% 6.12-107* | 24-1072 1.3-107° 4.2-107* 6.50-107*
0;5] >10° | 2.3-107% 1.6-1077 2.6-107° 1.18-107* | 23-107% 1.3-107° 4.1-107* 3.46-107°
event # 23 - 2.6 0.12 230 - 4.1 0.3
o [fb] 3H
No cut 3.1-107%* 3.0-107® 1.1-107®> 369-107* | 3.7-107* 23-107° 1.7-107°® 5.52.107°
Mg >08ys | 31-107* 3.0-107° 1.1-107° 2.84-107° | 3.7-107' 23.107° 1.7-107° 17.85.-107°
0;5| >10° | 3.0-107% 28-107® 1.1-107°> 6.82-1077 | 3.5-107" 22-107° 1.7-107°® 7.37-107°
ARpp >04 | 29-1072 27-107® 81-100° 6.07-1077 | 34-100* 21-107° 6.8-1077 7.22-107°
event # 29 — — — 3400 — — 0.7
3 TeV ]
1.x 1074} D
5.x1075} o B
= — @ -é — @3
= — =)
= 1.x10° 8 =
Y B
5.x107° E
2 0 2 4 6 2 0 2 4 6
K K
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Results for = — VFH'

Cut flow: signal and background events‘

Vs 3 TeV 10 TeV
asz =11 SM LO Loop VBF asz =117 SM LO Loop VBF
o [fb] 2H
No cut 24-100% 16-1007 2.6-1073 0.951 24-107% 1.3-107° 4.2-107* 3.80
Mg >08ys | 24-1072 16-1077 26-107% 6.12-107* | 24-1072 1.3-107° 4.2-107* 6.50-107*
0;5] >10° | 2.3-107% 1.6-1077 2.6-107° 1.18-107* | 23-107% 1.3-107° 4.1-107* 3.46-107°
event # 23 - 2.6 0.12 230 - 4.1 0.3
o [fb] 3H
No cut 3.1-107* 3.0-107® 1.1-107°> 3.69-107* | 3.7-100* 23-107° 1.7-107® 5.52-107°
Mg >08ys | 31-107* 3.0-107° 1.1-107° 2.84-107° | 3.7-107' 23.107° 1.7-107° 17.85.-107°
0;5| >10° | 3.0-107% 28-107® 1.1-107°> 6.82-1077 | 3.5-107" 22-107° 1.7-107°® 7.37-107°
ARpp >04 | 29-1072 27-107® 81-100° 6.07-1077 | 3.4-107* 2.1-107° 6.8-1077 7.22-107°
event # 29 — — — 3400 — — 0.7
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