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\ Higgs Precision Paradigm \
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ut
« Higgs properties at high precision utmost priority — S ESU2020 document
7 - Higgs potential and Higgs couplings to all SM particles
2 » Higgs muon Yukawa coupling — connected to muon mass [in the SM!]
H . Muon Yukawa coupling established at LHC (not yet 50¢)
SM: k=1 [ATLAS: 2007.07830 ; CMS: 2009.04363]
or Ax =0  Projections for the high-luminosity LHC (HL-LHC): sensitivity with
e precision of (several) 10%  [ATLAS-PHYS-PUB-2014-016]
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The (high-energy) muon collider

Proton Driver

SC Linac
Accumulator

Buncher

Combiner

Front End

- a) —
-V =
uooc_gs
amcu 1)
Fol® € ©
ws0 2 &«
v = (ws!
@ = > ~
Lgros ©

(T L —
= 9 a
=

Initial 6D Cooling

Cooling

< -
= o0
C & 2| £
o.—g _8§
ﬁu S| ©
©
2 3 Sl €
8 e

Acceleration Collider Ring

Accelerators:

my

3 /10

= 0.1056 GeV =~ 207 - m,

F,=3-10"GeV 71,=22pus

cT, ~ 660 m

Linacs, RLA or FFAG, RCS Areas

™M Muons pointlike objects: cleaner environment than hh

M Much less synchrotron radiation than electrons

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

[J Complicated production: protons — target =& = = u

[J Short lifetime: difficult to get high-quality/lumi beams

] Difficult cooling of beams

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

] Radiation hazard from beam dump (neutrinos)
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\ Multi-boson final states \

- Subtle cancellation between Yukawa coupling and multi-boson final states [hep-ph/0106271]
M+—<—M/\/\/\/\/W+ 'LL+ — ,u+ w ].05 ' ‘ L L ' r L
:f: Annihilation
| , H & W |
//// \\\ 103?
. —_— N\ N\ NN - - — - N 7
10tk
. . . L . . =R
 (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
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o o . T (2<2w>4> canror ! { L
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SN N Cross section ratios: R=—~ )
po Hpr—y, Qo Hpr—y, Y Cy|? (HjEJy ﬁ)
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pu =1+ S (1) ‘EFT modelling of SM deviations\ s /10

Non-linear representation (HEFT) Linear representation (SMEFT)
2 gt 1 V2¢+
Scalar H NGB [ — ¥ 7a/v Ty = V2 (f —%) H doublet p = E (’U-I- H 4 73¢0)
2

‘Generalized (1) Yukawa sector

2
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Benchmark scenario: “matched” case
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Simulation, Consistency, Unitarity & Cross Sections

™M Analytical calculations c

necked independently by 3 groups

M Validation of analytic ca

culation with 2 d

M Final simulation: using UFO files in WHIZARD

States with multiplicity 2

ifferent MCs

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

o

Annihilation

103 S H
& Matched case: combination such that Yukawa coupling is zero ’ : L
HEFT contains in principle all orders: matched is zero Yukawa 10-? ; L ~ L
10° 10° 10*
Vs |GeV]
AcX /AW W™
SMEFT HEFT
X dimg | dimsg dimg g dimgrjgtChed dim,, | dimMatched
WTW— 1 1 1 1 1 1

77 | 1/2 | 1/2 1/2 1/2 1/2 1/2

ZH 1 | 1/2 1 1 Rigyit 1

HH 9/2 | 25/2 | Ry /2 0 2Ry 0
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Simulation, Consistency, Unitarity & Cross Sections

10° -
™M Analytical calculations checked independently by 3 groups —WTW~Z
. . . . . — W W H
M Validation of analytic calculation with 2 different MCs 101 é——ZZZ
M Final simulation: using UFO files in WHIZARD 77 H
101 —ZHH
States with multiplicity 3 —
o 10—3_
¢ Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined 10-5
& Matched case: combination such that Yukawa coupling is zero :
HEFT contains in principle all orders: matched is zero Yukawa 107 |
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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Simulation, Consistency, Unitarity & Cross Sections
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10? 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
- — 2777
= 102.—HZZZ
States with multiplicity 4 © —HHZ2
- —HHHZ
104
Y Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined '-‘
& Matched case: combination such that Yukawa coupling is zero
& HEFT contains in principle all orders: matched is zero Yukawa 10 102
Vs |GeV]
SMEFT HEFT
[,L+[,l,_ — X dim6,8 dimlo dim6,8,10 dimgf’gfqeg dimoo dimrggtched
WWWW 2/9 2/25 2 R?Z"EET/Q 1/2 R?%F,E/ls 1/2
WWZZ 1/9 1/25 Ri%"%,'f/g 1/4 Ry /36 1/4
2727 1/12 | 3/100 RN /12 3/16 Ry 1 /48 3/16
WWZH 2/9 2/25 2 Ry /9 1/2 Rig) 5/8 1/2
WWHH 1 1 1 1 1 1
ZZZH 1/3 3/25 RO /3 3/4 Ry 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 3 R'("fg; 1/3
HHHH 25/12 | 49/12 | 25 RY\H'/12 | 1225/48 12 Ry | 0
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Simulation, Consistency, Unitarity & Cross Sections 6 /10
. . . 1012 | — dimmatched 1012
M Analytical calculations checked independently by 3 groups dim:mastched 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° 4 — dim6m,ast,clhc()a,d12,14 10°
. T ns< /
States with multiplicity 4 S 10°- 106
o
2\
104 - ns 9| 104
Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined
. . . . 2 2
Matched case: combination such that Yukawa coupling is zero 10 ; 10
n=<
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_
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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
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HHHH 25/12 | 49/12 | 25 RY\H'/12 | 1225/48 12 Ry | 0
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Kinematic separation of signal

Kinematic separation between multi-boson direct production and VBF, e.g. 10 TeV:
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wtuT - WIWH

ot 10 ———————— A
10° - utuy — WWH __; wtpm - WWH utuT > WWH —No cut j
; Js=10TeV [ Vs =10 TeV /5 =10 TeV -- Msp > 0.8y/s |
= 100, VBF - ()0 > 10°
ﬁ . L
= 10711 =
=) | —No cut 1 m
§ | -- Mg > 0.8¢/s 1] ]
o . I --'(+)9Lf > 100 —:‘ilu_ = O r l-_;...i Fg | —NO cut
5 107" F e ())AR > 04 —k, =1 il = 1021 'l - Msp > 0.8y/3
E [ -~ ()b > 107 —p, = -
: _II | Taa (+)AR>04 —k,=1
107 b ; SONC L, T L T R 102 l
0 2 4 6 8
TV \ 0 0.5 1 1.953 2 2.5 3 a
QED ISR
& WWZ largest cross section, but small deviation Cut flow | w/oISR | k. =0 (2 CVBF NVBF
7 p
WWH large cross section and considerable deviation o [fb] WWH
/ ] : : o N t .24 21 A4 2. 2
& ZZH smaller/-ish cross section, but largest (relative) deviation 0 0 0 0.47 S 3 ! 9
| Msp > 0.84/s 0.20 0.21 0.42 5.0 - 10 3.7-10
& Direct production has almost full energy (except for ISR) — M3z 10° < g < 170° 0.092 0.096 0.30 25.1074 | 2.7.10~4
—4 —4
& VBF generates mostly forward bosons — 65 ARpp > 0.4 0.074 0.077 0.28 2.1-10 2.4-10
# of events 740 770 2800 2.1 2.4
& Separation criterion for final state bosons = A4Rgs S/B 2.8
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Results and final projections
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Muon collider with energy range 1 < v/s < 30 TeV and luminosity £ = (

M Sensitivity to (deviations of) the muon Yukawa coupling

M Definition of # signal events: S = N, — N,

™M Definition of # background events: B = Ng,=1 + NvBF.
M Statistical significance of anom. muon Yukawa couplings:

s— 2

VB

(note that always: N, , > N 1 )

==

0-|K,“=1-|—5 — 0-|I€u:1—5: S|nu:1—|—5 — S|H“=1—5

5o sensitivity to 20% @ 10 TeV .... 2% @ 30 TeV

P/
O
Ne- /A

Sensitivity to k translates to new physics scale A
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\ Conclusions & Outlook \

Muon collider highly interesting Energy Frontier option

Recent technological progress: muon cooling, beam dump etc.

Huge potential for Higgs and electroweak physics as well as BSM sensitivity (multi bosons)
Example: sensitivity to anomalous muon Yukawa couplings

Deviations grow with number of final state (EW/Higgs) bosons

Optimal: tri-boson processes (diboson less sensitivity, quartic bosons smaller xsec.)
Separation direct production from VBF: BBB invariant mass and B angular cuts

Muon Yukawa coupling testable with sensitivity 20% @ 10 TeV .... 2% @ 30 TeV

Translates to 56 sensitivities to new physics of A ~20 — 70 TeV

Work in progress: multi-Higgs final states & trilinear/quartic Higgs coupling

J. R. Reuter, DESY ICHEP 2022, Bologna/virtual, 8.7.2022



Multi-Boson Interactions (MBI) 2022
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Hybrid format: T.D. Lee Institute Shanghai, 22.-25.8.2022

https://indico.cern.ch/event/932480/

Multi-Boson
Interactions
2022

Aug 22 - 25, 2022
Tsung-Dao Lee Institute
Asia/Shanghai timezone

R Multi-Boson Interaction (MBI) is an international conference series focusing the frontiers of latest

Timetable experimental results, state-of-art theory calculations and future prospects of physics with Multi-Boson
final states (W,Z,gamma,Higgs, ...) at collider experiments. It aims to bring experimentalists and

Contribution List . . . . . . s
theorists together in order to discuss multi-boson interactions within the contexts of the gauge sector of

Theory speakers include: |. Brivio, A. Carmona, R. Gomez, J. Gu, M.
Mangano, M. McCullough, B. Mistlberger, D. Pagani, M. Pellen, R.
Poncelet, P. Skands, A. Wulzer, K. Xie, T. Yanagida
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Additional cross sections

107 S |
E _W+W—W+W_
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Variations of cross sections with « 5 /10
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- w'wm = ZHH  _No cut _
1 Vs=10TeV - Msp > 0.8y/s —rk, =1

uwtuT — ZZH
00— S S _— J
oty — ZHH —No cut — k=0

/5 =10 TeV | -- Mzp > 0.8y/s —K, =1 |

o [fb] ZHH
No cut 6.9-1073 | 6.1-1073 0.119 9.6-1072 | 6.7-1074
Msg >0.84/s |59-1073 | 6.1-1073 0.115 1.5-107% | 7.4-107°
10°< g < 170° | 5.7-1073 | 6.0- 1073 0.110 88-107% | 7.5-107"
AR >04 |38-1073|4.0-1073 0.106 8.0-107% | 5.6-107"
# of events 38 40 1060
S/B 27
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Running of muon Yukawa

VeV and muon mass in the SM

248
[ 1103
246 | “
:\ —v (Q) |
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240 | 1100 <
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238 | |00
236 - j
- ]08
1 3 H 7 9 11 13 15
Q [TeV]
_dye - Y (9.9 o2 9o, 17T,
By, = % 162 (Qyt 893 — 192 2091) ,
d 9
By, = % = 13;2 (Sy? - 1092 +9f)) ,
dv v 9 9
Bo= 1 = 6.3 (195 + 5091 3yt2> ,
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Bo: = dt 1672’ p>M =(41/10,-19/6, —7)
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Muon Yukawa in different BSM models
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‘Collection of useful formulae\ 60

Unitarity violation for operator insertions at d =6, 8, 10: corresponds to 95 TeV, 17 TeV, 11 TeV, respectively
_ 1/(d—4 _
A ATk i where & (d = 5) e
d — d d —
gy _ U (1) (2)
SMEFT (2) TC (1) SMEFT 5vc (2) tc (1) ml(t) — E ( - ? o ZC&O)
R = (2) <1> ’ R~ = (2) (1)
Jviey, +c 3vc;, + ¢
(8) _ w5t o
Ayl = J C C
2 2 2 " . 2 " 47
RHEFT _ (y_ﬂ) | RHEFT _ (Q) | RHEFT _ (@)
(3):1 Y1 (3),2 Y1 (3),3 Y1
2.3) 1 5.2 ° 2.3) 5. @) °
RSMEFT _ Sv7cy, +2¢4, RSMEFT _ 07Chp +2¢4,
(4)1 5v2cg’0) - 262) (4)2 52}262? + 26220)

2 2 2 2
RHEFT _ (y_ﬂ> . RHEFT _ (y_1> . RHEET _ (@) . RHEFT _ (y_4>
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