Precision test of the muon-Higgs

coupling at a high-energy muon collider
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It's great to be back in Corfu, and have
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On a personal note 2 1

It's great to be back in Corfu, and have
in-person workshops again, because ...

Denny Martin Flinn: “The fearful summons” (1990)

It was rumored that the Fleet’s Department of Humanoid Resources
began some years ago to encourage face-to-face meetings where
possible. The department apparently now felt that the failure of
electronic dialogue to carry useful nuances and improvised content
was a factor in inhibiting the quality of collaborative decision making.

J. R. Reuter, DESY Corfu Summer Institute, SM & BSM, 6.9.2022



Kg OF {Ky

\ Higgs Precision Paradigm \

- Higgs properties at high precision utmost priority
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iggs potential and Higgs couplings to all SM particles

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

. Muon Yukawa coupling established at LHC (not yet 50¢)
[ATLAS: 2007.07830; CMS: 2009.04363]

 Projections for the high-luminosity LHC (HL-LHC): (model-dependent) sensitivity
with precision of (several) 10%  [ATLAS-PHYS-PUB-2014-016]
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https://cds.cern.ch/record/2721370/files/CERN-ESU-015-2020%20Update%20European%20Strategy.pdf

Running of muon Yukawa

VeV and muon mass in the SM
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Muon Yukawa in different BSM models
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The (high-energy) muon collider 5 /1

cf. also talk by David Marzocca

Proton Driver Front End Acceleration Collider Ring

Cooling
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\ Multi-boson final states \

- Subtle cancellation between Yukawa coupling and multi-boson final states [hep-ph/0106271]
arXiv: 2108.05362
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- Analytic calculations can be approximated by Goldstone-boson

| 107
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pu =1+ S (1) ‘EFT modelling of SM deviations\ .

Linear representation ([truncated] SMEFT)

Non-linear representation (HEFT)
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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
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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 8 /17

10° e — —
M Analytical calculations checked independently by 3 groups —WtTW~—Z Annihilation VBF
L . . . . —WWH __—————2— __--=T7T
M Validation of analytic calculation with 2 different MCs 10! 277
™ Final simulation: using UFO files in WHIZARD —ZZH
10-1 —ZHH
States with multiplicity 3 —
© -3
1077 ¢
¢ 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 E
107
AO‘X/AO'W+W_H
SMEFT HEFT
utpu~ — X || dimg | dimg dimsg g dimg,‘gt"hed 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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Simulation, Consistency, Unitarity & Cross Sections 8/ 17
. . . 1012 | — dimmatched 1012
M Analytical calculations checked independently by 3 groups dim;aStChed n< 11
M Validation of analytic calculation with 2 different MCs 1010 1 —— dimpatched 1010
M Final simulation: using UFO files in WHIZARD — dimgE9572 <9
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o
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. . . . . operator insertions at d = 6, 8, 10:
Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined b
L L 2 corresponds to 102
Matched case: combination such that Yukawa coupling is zero 10
Ping 95 TeV, 17 TeV, 11 TeV, resp. h< 3
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_
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ZZHH 1/2 1/2 1/2 1/2 1/2 1/2 Optp——X\8) = g hep-ph/0106281
ZHHH 1/3 1/3 1/3 1/3 3 R'(*fgg 1/3 X °P-P
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Variations of cross sections with « 0 /1

J. R. Reuter, DESY Corfu Summer Institute, SM & BSM, 6.9.2022



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

Kinematic separation of signal

arXiv: 2108.05362
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wtuT - WIWH

B 1 —— 10—
10° ¢ utu — WWH ? ” wtpm - WWH f utum - WWH —No cut f
’ Vs=10TeV [ /s =10 TeV /5 =10 TeV -- Msp > 0.8y/s |
= 10° VBF i ""(‘I—)Oz’f > 10°
ﬁ - i
~— 10—1 _ é =
= | —No cut “ M i
S [ Mip > 085 3 s
S ()8 > 100 R =0 S | —No cut |
5 107" F e ())AR > 04 —k, =1 e 02 '] - Msp > 0.8y/5 i 1
- ----(—f—)gz’f > 10° —k, =0 -1
: _II | Taa (+)AR>04 —k,=1
10_3O — , éll : N . ‘ ‘ 0 103 1 N T =3 b 102 1
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 Ky =1 w/o ISR | k, =0 (2) | CVBF NVBF
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

J. R. Reuter, DESY
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- ptpm = ZHH  _No cut _
1 Vs=10TeV - Msp > 0.8y/s —rk, =1

uwtuT — ZZH
100 - S - J
ptus — 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

J. R. Reuter, DESY

Corfu Summer Institute, SM & BSM, 6.9.2022



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 £ = (

M Sensitivity to (deviations of) the muon Yukawa coupling : :
M Definition of # signal events: S = Ni, — Nig,=1 0.9
M Definition of # background events: B = N,,_1 + Nypr.
M Statistical significance of anom. muon Yukawa couplings: — 0.2
g_ 9 0.1}
\/E (note that always: N, > N, -1 ) ii
0.05
‘7|n“=1+5 — U|/~c“=1—5: = Sle=1+6 = Slk,=1-0
0.02
& 5o sensitivity to 20% @ 10 TeV .... 2% @ 30 TeV 0.01 | | o |
& Sensitivity to « translates to new physics scale A S 0 \/g [%‘gv] 14 30

A>10 TeV, /-2
ARy, arXiv: 2108.05362

J. R. Reuter, DESY Corfu Summer Institute, SM & BSM, 6.9.2022
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‘SM tails — watch out for EW corrections\ 13 /17

Both initial and final states no EW “color” singlets

Relevant in kinematic region of Sudakov limit

G, =1.166379 - 107° GeV

m, =  0.062 GeV
m. = 1.67 GeV
my = 172.76 GeV
80.379 GeV
91.1876 GeV
125.1 GeV

mg = 0.083 GeV
ms = 0.215 GeV
4.78 GeV

my

0.0005109989461 GeV

= (0.1056583745 GeV
= 1.77686 GeV

J. R. Reuter, DESY

Relevant in kinematic region of Sudakov limit 7x = (pk + p1)° ~ s > My,

Infrared quasi-divergencies of virtual corrections not cancelled by real EW radiation

©

© ©

©

© ©

EW corrections at high energies dominated by EW double and single Sudakov logarithms

Leading double logarithms and single (angular-dependent) logarithms

Quadratic Casimir operators rather large, for longitudinal / left-handed degrees ~ 1/sin? fy

2

K K K M
71 =A% L(s, M) + B log M—‘Qf/l(s, My,)+ Crr

EW corrections for massive initial state muons

Alternatively: collinear lepton NLL PDF, 1909.03886, 1911.12040, 2207.03265
WHIZARD NLO SM Automation Framework with FKS subtraction

Massive eikonals need special treatment at high energies

Validation against MCSANC-ee ; analytic Sudakov comparison

Extraction of pure QED corrections _
arXiv: 2208.09438

Corfu Summer Institute, SM & BSM, 6.9.2022



‘SM EW Corrections to MuIti-Bosons\ w1

arXiv: 2208.09438

utu= — X,/s =3 TeV oncl [fb] ol [fb] dew |70]
W+W- 4.6591(2) - 102 4.847(7) - 10% |  +4.0(2)
Z7 2.5988(1) - 10} 2.656(2) - 101 | +2.19(6)
HZ 1.3719(1) - 10° | 1.3512(5)-10° | —1.51(4)
HH 1.60216(7) - 10~ | 5.66(1) - 10~ '

WtW~-Z 3.330(2) - 101 2.568(8) - 101 | —22.9(2)
W+tW-H 1.1253(5) - 10° 0.895(2) - 10° | —20.5(2)
Z77Z 3.598(2) - 1071 | 2.68(1)-1071 | —25.5(3)
HZZ 8.199(4)-107% | 6.60(3)-107% | —19.6(3)
HHZ 3.277(1)-107% | 2.451(5)-107% | —25.2(1)
HHH 2.9699(6) - 1078 | 0.86(7) - 1078 *
WHW-W+tW~- 1.484(1) - 109 0.993(6) - 10° | —33.1(4)
WtW~-2Z 1.209(1) - 10° 0.699(7) - 10° | —42.2(6)
WtW-HZ 8.754(8) - 1072 | 6.05(4)-1072 | —30.9(5)
WtW-HH 1.058(1) - 10~% | 0.655(5)-107% | —38.1(4)
ZZ77 3.114(2) - 1072 | 1.799(7)-1073 | —42.2(2)
HZZZ 2.693(2) - 1073 | 1.766(6) - 1073 | —34.4(2)
HHZZ 0.828(7)-107% | 6.24(2)-107% | —36.5(2)
HHHZ 1.568(1) - 10~% | 1.165(4)-10~* | —25.7(2)

J. R. Reuter, DESY Corfu Summer Institute, SM & BSM, 6.9.2022



Validation of the Sudakov regime

,LL+,LL_ — X, \/g = 10 TeV O'insl [fb] O'i\?flo [fb] 5EW [%]
WHWw- 5.8820(2) - 10* 6.11(1) - 10* +3.9(2)
77 3.2730(4) - 10° 3.401(4) - 10° +3.9(1)
HZ 1.22929(8) - 10~ | 1.0557(8) - 10~1 | —14.12(7)
HH 1.31569(5) - 10~° | 42.9(4) - 109 *
Wtw-Z 9.609(5) - 10° 5.86(4) - 100 | —39.0(2
W+tW~-H 2.1263(9) - 10~ 1 1.31(1)- 107t | —38.4(5
7277 8.565(4) - 102 (8)-1072 | —38.5
HZZ 1.4631(6) - 10~2 952(6) - 1072 | —34.9(4
HHZ 6.083(2) - 102 2.95(3)-1073 | —51.6(5
HHH 2.3202(4) - 107° | —1.0(2)-107° *
0.5}
0.4}
203
0.2} q
[ __ incl .
0.1 0QED = ONLO,QED 1 !
V5 [TeV]

J. R. Reuter, DESY

,u+,u_ — X, \/g = 10 TeV 01,0 ain(()::—ISR [fb] 5ISR [%
WTW- 5.8820(2) - 101 7.295(7) - 101 | 4+24.0(1
77 3.2730(4) - 10° 4.119(4) -10° |  +25.8(1
HZ 1.22929(8) - 10~ | 1.8278(5) - 10! | +48.69(4
WTW~-Z2 9.609(5) - 10° | 10.367(8) - 10° .
WHW~-H 2.1263(9 2.410(2) - 107t |  +13.3
Z77 8.565(4 9.431(7)-1072% | +10.1(1
HZZ 1.4631(6 1.677(1) - 1072 | +14.62(8
HHZ 6.083(2 6.916(3) - 1073 | +13.68(6

arXiv: 2208.09438

15 /17
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Experimentally motivated photon veto in hard radiation:

dU/de,H [fb/GeV]

I I IIIIIII| /J

Ratio
o
(00]

More tasks for even more realistic predictions:

V5 =10 TeV

Higgs Transverse Momentum

_IIIIIII|IIIIIII|[
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Differential results

E, <0.7-+/s/2

Higgs rapidity
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(Y
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Vs =10 TeV
T [ | [ | [ [ [ I [ [ I | [ [ [ [ [ [ I ]
§—==‘=l_ E
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\—l_, .
— =
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|
|

1

|
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10
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1.4
1.2

0.8

0.4
0.2

exclusive events w/ matching to QED/weak showers, resummation,

off-shell processes, separate VBF from VBS

J. R. Reuter, DESY
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arXiv: 2208.09438
Higgs scattering angle

Vs =10 TeV

| | [ | ’ | I
i —+— Born |

—+— NLO-no-cuts
= AI_,—’i T O-cuts =
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\ Conclusions & Outlook \

Muon collider highly interesting Energy Frontier option

Recent technological progress: muon cooling, beam dump etc. .... still a long way to go
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

Thorough understanding of SM EW corrections: available in well automated way
Sudakov regimes necessitates resummation

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

J. R. Reuter, DESY Corfu Summer Institute, SM & BSM, 6.9.2022
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BACKUP
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‘Collection of useful formulae\

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 —
G A e
SMEFT (2) T (1) SMEFT 5vc (2) Te (1) S V2 ( 2 te — g “p
R = (2) <1> ’ R~ = (2) (1)
3v? +c 3v? +c 5y
A(8) — (yu Cél) c§2)>
p 9 Ly 4 by
2 2 2
RHEFT _ (y_ﬂ) | RHEFT _ (Q) | RHEFT _ (@)
(3),1 Y1 (3),2 Y1 (3),3 "
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)
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