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Although we do not know if a muon collider is ultimately feasible, the road
toward it leads from current Fermilab strengths and capabilities to a series of proton
beam improvements and neutrino beam facilities, each producing world-class science
while performing critical R&D toward a muon collider. At the end of the path is an
unparalleled global facility on US soil. This is our Muon Shot.

So what's the big deal with muon colliders?
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Muon colliders: the physics case

Muon colliders: energy and precision at the same time*!

Large effort in community to develop physics case in the last ~ 5 years. A few highlights:

® 50 discovery for Higgsino (3 TeV) / Wino (10 TeV) thermal targets

(Capdevilla, Meloni, Zurita 2405.08858; Capdevilla, Meloni, Simoniello, Zurita 2102.11292; Han, Liu, Wang, Wang 2203.07351; . . .)
Xli\{f production, p*p~ collisions, /s = 10 TeV, 10ab~!

VT production, u* ™ collisions, v/s = 3TeV, lab™!
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Muon colliders: the physics case

Muon colliders: energy and precision at the same time*!

Large effort in community to develop physics case in the last ~ 5 years. A few highlights:
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® Unparalleled tests of Higgs
compositeness

Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509
EF report 2211.11084

Accettura et al. 2303.08533

Liu, Wang, Xie 2312.09117
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Muon colliders: the physics case

Muon colliders: energy and precision at the same time*!

Large effort in community to develop physics case in the last ~ 5 years. A few highlights:
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Muon colliders: the physics case

Muon colliders: energy and precision at the same time*!

Large effort in community to develop physics case in the last ~ 5 years. A few highlights:

Heavy EW BSM resonances up to ~ Ecp/2

Lepton flavour universality ,
Muon smasher's guide 2103.14043
- Muon collider forum report 2209.01318
Scalar singlets Towards a muon collider 2303.08533
IMCC report 2407.12450

Dark sectors

Single Higgs precision < (This talk)

and many more!
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...but is it feasible?

(Disclaimer: | am a theorist)
Snowmass (2208.06030): significant challenges, but no showstoppers

A few muon specific ones:
1. Muon cooling < ultimately needs demonstrator facility
2. Neutrino radiation < 10 TeV requires dedicated mitigation strategies
3. Beam-induced-backgrounds (BIB)

I'm not going to discuss (1) or (2) any more and assume they can be handled eventually

However, (3) affects physics performance in the detector!
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Beam induced backgrounds (2203.07964)




BIB mitigation (IMCC 2407.12450)

Simulations at 1.5 TeV: tungsten nozzles with
6 = 10° reduces BIB to tolerable level

Limiting factor in i.e. jet energy resolution

BIB more forward at higher energies
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BIB mitigation (IMCC 2407.12450)

Simulations at 1.5 TeV: tungsten nozzles with
6 = 10° reduces BIB to tolerable level

Limiting factor in i.e. jet energy resolution

BIB more forward at higher energies

The effects of BIB on precision studies must be included eventually, still under development
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Our input to the physics case:

(single) Higgs precision at muon colliders
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The Higgs Precision Landscape (de Blas et al, 1905.03764)

k-0 HL- [LHeC|HE-LHC ILC CLIC CEPC| FCC-ee [FCC-ee/
fit |LHC S2 S2/ (250 500 1000 | 380 1500 3000 240 365| eh/hh
kwl|1.7(0.75]1.4 0.98( 1.8 0.29 0.24]0.86 0.16 0.11| 1.3 | 1.3 0.43| 0.14
k-0: kz| 15| 1.2 [1.3 0.9 |0.290.23 0.22 0.5 0.26 0.23| 0.14 (0.20 0.17| 0.12
BRgsy =0 kg (23] 36|19 12]23097066|25 1.3 09| 15 |17 1.0 0.49
ky[1.9] 76 |1.6 1.2 6.7 3.4 19 |98« 50 22| 3.7 |47 39| 029
Rj Egi/g;SM kzy| 10. | — |[5.7 3.8 |99x 86% 85« [120x 15 6.9 | 8.2 [81x 75x| 0.69
Srey ~ 0.1% ke| — | 41— — |25 13 0943 18 14| 22 (1.8 13| 0.95
ke |33 — [28 17| - 69 16| - — 27| — |- - 1.0
kp|36] 21 |32 23|18 058 0.48|1.9 0.46 0.37| 1.2 |1.3 0.67| 0.43
ku|46| — |25 17|15 94 6.2 |320~ 13 58| 89 |10 89| 041
kr|19] 33 (1.5 1.1 |19 0.70 0.57| 3.0 1.3 0.83( 1.3 | 1.4 0.73| 0.44
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Single Higgs Production at Muon Colliders
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Single Higgs Production at Muon Colliders

p*u~ Single Higgs Production

1000}
— WWoH
—— ZZ5H
5 VWoW*H
8]
0.100}
0.010}
0.001 L 1 1 1 1
05 1 5 10 50
Vs [Tev]

High energies dominated by WW — H and ZZ — H.
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Forward Muons

To distinguish between WW-fusion and ZZ-fusion, must be able to tag the forward muons
beyond the |n| & 2.5 nozzles.
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Forward Muons

To distinguish between WW-fusion and ZZ-fusion, must be able to tag the forward muons
beyond the |n| & 2.5 nozzles.

0.05 — 3TeV
10 Tev

0.04

. 0.03
2
<

0.02

0.01

0.00

For ZZ-fusion, we include results considering (optimistic) tagging up to |n| < 6.
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Event Generation and Detector Assumptions

Focus on benchmarks of 3 TeV @ 1 ab~! and 10 TeV @ 10 ab~!
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Event Generation and Detector Assumptions

Focus on benchmarks of 3 TeV @ 1 ab™! and 10 TeV @ 10 ab~!
Event generation is done using MadGraph5 and showering with Pythia8

Use Delphes fast sim with the muon collider card for detector
® Hybrid of FCC-hh and CLIC detector cards for efficiencies and reconstruction
® Include |n| < 2.5 cutoff for the nozzle!

2-body final states required to have both particles satisfying pr > 40 GeV
® | oosen to pt > 20 GeV for non-hadronic 4-body final states.

Estimate precision as 2¢ = 7“’-5*5 (stat only!)

g

14 /41



Hadronic Processes: bb

10 TeV
(%]
2
C 30000 |:| VBF H-. bb
[}
i
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‘S 25000 |:|
o D Other Backgrounds.
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TTT T[T T T[T T TTTT[T
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L Signal + Background 3 TeV
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M,, (GeV)
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Hadronic Processes: bb

10 TeV
(%]
2
C 30000 |:| VBF H-. bb
[
i
H Backgrounds
‘S 25000 |:|
o D Other Backgrounds.
P4
20000

Nearly all background from Z peak

15000

TTT T[T T T[T T TTTT[T

— precision limited by JER?

10000

5000
Signal + Background 3 TeV

%O 60 70 80 90 100 110 120 130 140 150
M, (GeV)

cC and gg channels are very similar, with mistagged H — bb contributing as a large
background
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Estimating the Effects of the BIB
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Estimating the Effects of the BIB

3 TeVv
-5 0045¢
< F I:IWWFH bb, 2-5% JER
0.04—
|- D Backgrounds, 2-5% JER
0'035; ""::WWFH bb, 20-30% JER
0.03f— "t Backgrounds, 20-30% JER
0.025
0.02f—
0.015
0.01
0.005 f—~
Qb L L L L Ly R R
40 60 100 120 140 160 180 200

My, (GeV)

Worse JER based on fullsim — additional spreading roughly doubles the background
contribution from the Z peak: 0.76% — 0.86% precision.
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WW+=,22*

For WW* and ZZ*, need the full 2 — 6 backgrounds such as uu — vvlfjj — challenging with
current tools
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WW+=,22*

For WW* and ZZ*, need the full 2 — 6 backgrounds such as uu — vvlfjj — challenging with
current tools

Fully leptonic have small statistics, fully hadronic have large backgrounds from exclusive
clustering of H — bb, gg.

Number of Events
3TeV 10 TeV
aj |22 ac]] 4 |22 | u
ptu™ = vouH, H— 22 — X 124 | 103 | 5 2910 | 1590 | 66
pwtpT = ptuH, H— ZZ* — X 3 9 |0 315 151 | 8
Others 6700 [ 50 0 || 208000 | 1370 | 2

Process
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The top Yukawa
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The top Yukawa

Unfortunately, 3-10 TeV sits near the minimum
of the total ttH cross section

18/41



The top Yukawa

Unfortunately, 3-10 TeV sits near the minimum
of the total ttH cross section

Find o = 53% at 10 TeV (dy: ~ 11%)

18/41



The top Yukawa

Unfortunately, 3-10 TeV sits near the minimum
of the total ttH cross section

Find o = 53% at 10 TeV (dy: ~ 11%)

Off-shell y; measurement from VBF tt could
give dy; ~ 1.5% at 10 TeV

Liu, Lyu, Mahbub, Wang 2308.06323; Chen, Liu 2212.11067

18/41



Repeat for all other channels...
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Where do we stand?

BRpsy=0 Fit Comparisons
r 10 TeV p*u~ @ 10/ab
| m HL-LHC

L 11 s s B s S e

Shaded: 108 5 950 Gev et e
forward tagging ¥
’KJ\/‘ < 1 fit
very similar

Precision [%]
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Caveat: the Higgs width

The k-precisions presented before rely on BR;,, = BRexo = 0: Relaxing this assumption leads
to a flat direction in the fit.
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Caveat: the Higgs width

The k-precisions presented before rely on BR;,, = BRexo = 0: Relaxing this assumption leads
to a flat direction in the fit.

Consider a universal modifier k and allow BRgsy > O:
hell _
Ch/TH = 1%/(1 = BResm) — p " = ois¢ /07!y = 1*(1 — BResm)
So long as x > 1, there is always a possible BRgsy to make all pi?"~ shell — 1.
To remove this degeneracy, must either make assumptions or measure the width.

For a width precision of dI', can’t obtain a coupling precision better than dx ~ (1/4)60
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T T T T W e T T HG, AT
50
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T+ 10 TeV yu
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Using other colliders to fix ol 4

100 T

50

Precision [%]

Kw Kz Kg Ky K7y Ke Kt Kp K,

Would like to constrain the width at the MC itself!

'WHL-LHC, AT=17%

T+ 10 TeV yu

[T+ 10 TeV p'p + 250 GeV ee”

7+ 10 TeV yp + 125 GeV pru

K

95 %
B RBSM
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Constraining [y

There are three methods to constrain the width

1. Perform a lineshape scan at 125 GeV p*p~ (de Blas, Gu, Liu 2203.04324)

; — 2
Only possible at s = my,

2. Measure the inclusive production cross section to directly constrain a x; (eTe™)
— —shell
Line = Oinet /Oy = K2 = 1" /e = (1 — BRaswm)
3. Indirectly constrain (LHC)

Let's look in more detail
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Measuring o,

At et e~ colliders, measure the inclusive et e~ — ZH cross section via the recoil mass method:
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Measuring o,

At et e~ colliders, measure the inclusive et e~ — ZH cross section via the recoil mass method:

Assuming one knows Ecp, then by kinematics
2 _ 2
mf; =s+my —2Ez\/s
— Can measure aﬁ’j, by only measuring the Z decay products!
However, this technique relies on a precision measurement of Ez and Ecpy...

Nevertheless, could this be done at a muon collider via the forward muons in ZZF?
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Can we do this for p™pu~ — ptp H?

0.14

— 3 TeV

10 TeV

AU

0.00¢ ‘ ‘ : ]
0 500 1000 1500 2000
MRecoil [GEV]

Maybe (Li, Liu, Lyu 2401.08756), but highly sensitive to forward detector properties
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LHC techniques

We are left with one option: indirectly constrain as at the LHC.
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We are left with one option: indirectly constrain as at the LHC.

Off-shell, the width doesn’t contribute to the Higgs diagrams, so one can constrain it:

off —shell __ 4 _off —shell off —shell __ 4
isH*—f — KOsy i ef TR

so that p°f—she! = 1 and p°""¢! =1 cannot simultaneously be satisfied if BRgspy > 0.

(This would be an off-shell coupling measurement, not a width measurement).
However, the rate is much less off-shell... Exploit perturbative unitarity!

If Ky # 1, then W, W, — W, W/, scattering grows with energy, o o s>

— High energy VV — VV scattering is highly sensitive to Ky

(Same method as the off-shell y; measurement)
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Off-shell VV — VV scattering

Consider 4j, (Tvyjj, and ¢T0~jj
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Off-shell VV — VV scattering

Consider 4j, (Tvyjj, and ¢T0~jj
Stricter cuts than on-shell, BIB shouldn't

matter much

Fit each bin to a function a + bk + ck?

by varying k.

10 TeV u*u~ Collider, VV - ¢*t7jf

—— SM
Ty/T5M = 0.5

Ty/Tt =15

do/dmyy [fb/GeV]

L=l

500 1000 5000 10*
myy [GeV]
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Off-shell VV — VV scattering

Consider 4j, (Tvyjj, and ¢T0~jj
10 TeV u*u~ Collider, VV - ¢*t7jf
0.4
Stricter cuts than on-shell, BIB shouldn't — SM
matter much ry/sM = 0.5
= 03f Ty/Tt =15
. . . o]
Fit each bin to a function a + bk;k; + cm?nf Z =
by varying ky . £ 02
=l =
- . 3 -]
Fitting kw, Kz, and dT yields: 0.1f e
ST = 4.0% at 10 TeV pol— = —

500 1000 5000 10*
myy [GeV]

oI = 58% at 3 TeV
(not competitive with LHC)
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Off-shell fit

On-shell + Off—shell

10—
F®10 TeV y*u~ @ 10/ab
w4 HL-LHC ]
Shaded: ) LE + 250 GeV ete”
forward tagging <
=1

Find £ 0500
dky =~ ol /4 £

0.10}

0.05"

5 %
K Ky, K¢ K¢ Kp K, K, 95 %
7 4 ¢ H * BRpgy
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What UV models need the off-shell measurement?
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What UV models need the off-shell measurement?

The off-shell fit is only relevant when:
1. BRgsm #0
2. |kv| = |kf| & |ky| > 1 is possible

Otherwise a fit with the assumption BRgsy = 0 or |ky| < 1 breaks the degeneracy and MC is
restored to Ky ~ 0.1% level

Are there concrete examples of models that can do this?
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Higher multiplet scalars

One of the only ways to generate a |ky| > 1 is by adding scalar multiplets larger than doublets.
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Higher multiplet scalars

One of the only ways to generate a |ky| > 1 is by adding scalar multiplets larger than doublets.
(2HDMs can have |kf| > 1, but not ky. (Compact) composite Higgs models have |ky| < 1)

To satisfy electroweak precision (p = 1), can only be a septet with Y = 2 or a (generalized)
Georgi-Machacek model

These models all have singly and doubly charged scalars. How do direct searches enter the
story?
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The minimal example: Georgi-Machacek Model

Add to the SM two scalar triplets in a custodial bi-triplet

XO* 5-‘1- X++
X = _X+* {0 X+
X++* _§+* XO

This is custodially symmetric if (x°) = (¢0).
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The minimal example: Georgi-Machacek Model

Add to the SM two scalar triplets in a custodial bi-triplet

XO* 5-‘1- X++
X = _X+* {0 X+
X++* _§+* 0

This is custodially symmetric if (x°) = (¢0).
(Can generalize up to bi-hextet, larger multiplets violate perturbative unitarity)
Most general scalar potential with the added field content (® is SM Higgs doublet):

2 2
V(®, X) :%Tr(dﬂ o) + %Tr(XTX) F A TE(ST0)]2 + Ao Tr(dTd)Tr(XX)
+ M Tr(XTXXTX) + A Te[(XTX)]? = AsTr(T 7,7, ) Tr(X e, Xt)
— My Tr(® 7,7, (UXUT) . — MaTe(XTt,Xt,)(UXUT)

31/41



Georgi-Machacek model

After SSB, obtain a custodial fiveplet, a triplet, and two singlets

(H2, HE, HF™), (HS, HF), h, H
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Georgi-Machacek model

After SSB, obtain a custodial fiveplet, a triplet, and two singlets
(H2, HE, HF™), (HS, HF), h, H

Higgs couplings straightforwardly given by

cos « 8 . )
Kf = ——, Ky = cosacos — 4/ =sinasind
cos 3

with e the h — H mixing angle, and cosf = v—“f the SM Higgs doublet contribution to EWSB.
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Georgi-Machacek model

After SSB, obtain a custodial fiveplet, a triplet, and two singlets
(H2, HE, HF™), (HS, HF), h, H

Higgs couplings straightforwardly given by

cos « 8 . )
Kf = ——, Ky = cosacos — 4/ =sinasind
cos 3

with e the h — H mixing angle, and cosf = v—“f the SM Higgs doublet contribution to EWSB.

In the decoupling limit p3 > o, can match onto the SMEFT and find:

Kdech_lM%VZ decN1+§M%V2
f -~ 8 4 Ky =~ 8 4
H3 H3
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Enter direct searches

1.010
1.008F
1 & R
L006F S 4
. & N wtpm - Hit Hy~
< ;f {
Looat ¥ R
1.002F 5 1
- - Vi ) H'
NN el il

1.000 '
100 500 1000 5000 101

ms (GeV)

With exception of rare (easily excludable) points: direct searches push to decoupling limit
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Breaking the degeneracy: rr < 1

In decoupling limit, |kf| < 1: impose as assumption!
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Precision restored to ~ 0.1% level

Precision [%]

Breaking the degeneracy: rr < 1

In decoupling limit, |kf| < 1: impose as assumption!

10 T

KW

[ W10 TeV y'u- @ 10jab
[ B+ HL-LHC
| B+ 250 GeV ete

Kg




Breaking the degeneracy: rr < 1

In decoupling limit, |kf| < 1: impose as assumption!

lksl < 1
10 T

W 10 TeV y*u~ @ 10/ab
.. 5k
Precision restored to ~ 0.1% level | B+ HL-LHC

| B+ 250 GeV efe

All other GM models (and 7-plet)
would exclusively be more constrained

Precision [%]

(Of these, only custodial quartet has
a decoupling limit)




Putting the pieces together

Trilinear / Myipiet

Unitarity

HL-LHC

4000
A’[[ riplet (Gexr)

6000

8000
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Can the model generate

[#v]

2
=

Does the m
decoupli

Yes

Yes

Is the Higgs trilinear
deviation small?

Models

Constraints

[£5]

In decoupling limit, is

N Scalar singlets
12 o Scalar doublets
> Composite Higgs
.
odel have a GGMS, GGM6 Direct searches
ng limit? Y=2 Scalar Septet s < 0.1%
—
— ) —
No GGM4 Direct + trilinear
(Custodial quadruplet) Oky < 0.1%
— .« )
— ) ——
No —— Direct + |kg| < 1 fit
TNt e
> 17 £ dry < 0.17%
—
Yo
. —
No known Off-shell fit
UV-completable models Sry < 0.84%
—
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What about probing BRgsp?

Can constrain BRgs) directly as well: suppose that BRgsy = BRjny
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What about probing BRgsp?

Can constrain BRgs) directly as well: suppose that BRgsy = BRjny

[~ .
! 40%
- HL-LHC 359

. ,
. g r 1+ 30%

Measure forward p's in £

_ _ . a L 4 25%
pwtp~ = ptp HH—inv s 1} ] ‘

£ \

. o 5 051 1
Highly sensitive to forward & °| 1 20%
detector energy resolution S 15%

0.2f +—10%
f 5%
0'] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

(see also M. Ruhdorfer, E. Salvioni, A. Wulzer 2303.14202)
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What about probing BRgsp?

On-shell + Off-shell + ZZF BR;,,, 6F = 10%

10—
| M10 TeV p*u @ 10/ab
[ -
°lm 4 HL-LHC
LB+ 250 GeV ete”
Once again, restored to ~ 0.1% level, = )
- - g ; -
if 6E is good enough 2 :
£ 0.50
E I
0.10
0.05

Kw Kz K‘(] Ky KZ}/ Ke Kt Ky Ky Kr BRim/

95 %
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Without forward muons?
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Without forward muons?

On-shell + Off—shell + BR;,,
10
(@10 TeV p*u~ @ 10/ab

S48

| ® 4+ HL-LHC

L B+ 250 GeV efe”
Results from VBF HZ, HW*, H~

without ZZF forward tags not nearly
as good

Precision [%]

959
Kw Kz Kg K Kzy Ke KoKy Koo Kr BR;')’;:U/[
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Conclusion

Assuming BRgsy = 0 or |ky| < 1, a 10 TeV @ 10 ab=! yutpu~ collider can reach xy ~ 0.1%
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Conclusion

Assuming BRgsy = 0 or |ky| < 1, a 10 TeV @ 10 ab=! yutpu~ collider can reach xy ~ 0.1%
Without these assumptions, precision worsens to ~ 1% from off-shell
Only need off-shell information for UV models with BRgsy > 0 and |ky/| > 1

Known UV models — Georgi-Machacek models and 7-plet — would be pushed into decoupling
limit by direct searches, allowing |xf| < 1 assumption to break degeneracy, restoring éx ~ 0.1%

Even with BRgsm > 0, a 10 TeV muon collider can robustly do single Higgs precision at a
similar level to other colliders for concrete UV models once direct searches are considered

Great complementary between p i~ collider and Higgs factories
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Thank you!



BACKUPS



Flavour Tagging

b-tagging is done using the tight working point (50%) inspired by CLIC (1812.07337)
— c-quark mistagging rate < 3%
— light quark mistagging rate < 0.5%

For c-tagging, take 20% as our working point inspired by ILC studies (1506.08371).
— b-quark mistagging rate of flat 1.3%
— light quark mistagging rate of flat 0.66%

For H — 77, we take a 7-tagging efficiency of 80% with a jet mistag rate of 2%.
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Event Selection (bB, cc, gg(+s5))

Apply an additional correction to b-jet pr to account for energy losses during reconstruction
(1811.02572)

— Smoothly scales 4-momentum by up to ~1.16 at low pr
— Rough approximation to ATLAS ptcorr correction (1708.03299)
— Reproduces a Higgs peak centered near 125 GeV

Apply a similar correction to c-jets

Events that pass the Pt and 7 cuts are then selected based on an invariant mass cut:
— 100 < M, < 150 for bb
— 105 < Mz < 145 for cc
- 95 < Mj; < 135 for gg(+s5)
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cc,gg(+ss), 71

The dominant backgrounds for ¢€ and gg(+s5) are mostly the same as for bb and primarily
removed via an Mj; cut

Precision (%)
Energy H cc ‘ gg(+s5) ‘
3 TeV 13 3.3
10 TeV || 4.0 0.89

H — bb becomes a large irreducible background

Following the same procedure as in bb, we obtain results
for ¢C and gg(+s5) :

77~ follows a similar strategy with similar backgrounds, adding 6. > 15(20) cuts, to get
4.0(1.1)% precision.
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vy and Zvy

For v, require no isolated leptons and a cut of 122 < M., < 128.

3 TeVv 10 TeV
« 1000 ”
£ COOWWFH- yy| £ o000 COWWF H- yy
900 o L
o W ZzZFH- vy o L W ZzZFH- vy
CR [ T S 10000 Ertuyy
2 (| VWYY 2 C O VWYY
600 8000[—

500

6000

400 £

30 4000

2001 F Signal + Background 3 TeV

E 2000[—

100 C —

S I I B B B S S SR S I N N NN I I I T SR S|

0 105 110 115 120 125 130 135 140 145 150 %0 105 110 115 120 125 130 135 140 145 150
My, (GeV) My, (GeV)

The Z(jj)y process has similar backgrounds as the hadronic modes, but with more
complicated cuts.
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Full list of cuts: off-shell analysis

For 4/, same cuts at 3 and 10 TeV:
* pr, > 60 GeV, || < 2.5, 30 < mJ™ <100 GeV, 40 < mJ™ < 115 GeV

For ¢t¢=jj:
® pr,; > 20 GeV, |nje| <25, 70 < my < 115 GeV, 40 < mj; < 115 GeV
® Oy, ij < 25° (10 TeV)

For (*u,jj:
3 TeV:

® pr,; > 20 GeV, |nj¢| < 2.5, p1, < 200 GeV, pT1; < 500 GeV, 40 < mj; < 115 GeV
10 TeV:

® pr,; > 20 GeV, |n;e| <25, pr, <750 GeV, pr; < 1200 GeV, 40 < mj; < 115 GeV

5/8



Perturbative unitarity

There is a delicate cancellation between the Higgs diagrams and the W /Z continuum
diagrams that prevents the longitudinal pieces from growing like M ~ E?

In extended scalar sectors, this requirement becomes a sum rule for each process
h \2 i \2 _
(KW )* + ) ailkin) =1
i

For example, for the Georgi-Machacek model, WL+ W, — W,_Jr W, yields

HO 2 H+ 2

(5 W)? + (ki)* + (5 )? = (kyyp ) =1

Therefore if my and ms are below our off-shell analysis window, everything appears the same
as in the SM, even if Ky # 1.
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A loophole in the off-shell measurement

Even if both the on-shell and off-shell regions appear SM-like, there is still a loophole.

We assumed the off-shell region scaled like the SM, but this is not true if additional scalars
contribute to electroweak symmetry breaking.

When these additional scalars contribute to VV — VV/, combination with SM will restore
perturbative unitarity of off-shell region, making it appear to be SM, even if Ky # 1.

This restoration only occurs above resonance: must be lighter than our off-shell analysis
window — direct searches probe them
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Full list of cuts: BR;,,

For vH, and W*H — ¢*1,H, only one observed particle, so only one set of cuts:
L PT, ., > 40 GeV, ‘77%4| <25

For ZH — (1~ H:
® p1, > 20 GeV, |77g| < 2.5, 80 < myy < 100 GeV, Ry > 0.2

For VH — jjH:
® pr; > 40 GeV, || < 2.5, 60 < mj; <100 GeV

For utu~H (forward tagging, only 10 TeV):
® pr,>20 GeV, pT,, > 100 GeV, Ry > 9, my, > 8000 GeV
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