=

.

o

o

AN N
W\

. T

rleton ¥

//'

ty

1

Univers

T
G
'
)
| (oo

Sept 18, 2024

Physics Potential at Future Colliders

Department of Physics




Properties of the H(125) agree with
SM prediction at ~10% precision.

Once mass Is measured, everything
about Higgs is predicted from SM.




Properties of the H(125) agree with
SM prediction at ~10% precision.

Once mass Is measured, everything
about Higgs is predicted from SM.

Even small deviations in Higgs

properties imply new laws of
hature.




Consider the Higgs decay:
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Consider the Higgs decay: < | i i il ag bl s
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Rare decay, BR ~ 104, <F | :
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Easy to reconstruct precisely.

Low background.
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Leading order: NLO:
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AINEVIA

Four body final state kinematics are
8 dimensional. N

Assuming Higgs is a scalar, still 5

variables that characterize decay.

Compareto h — vy.

Final state contains lots of
iInformation!
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NLO contributionsto i — 47 in SM:
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NLO contributionsto i — 47 in SM:

Kinematic distributions are sensitive to Higgs couplings to top and W.



Effect is of course suppressed by a
loop factor.
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Effect is of course suppressed by a

— |

loop factor.

Photon intermediate state gives
enhancements.

Can look in regions of phase space
away from Z peak.

Coupling of leptons to photons
larger than to Z.




hf(yt +2’§75)t

Ziv SM:y~ 1,7~ 0

Sensitivity to CP phase of coupling.



Can measure both top Yukawa
couplings.

More sensitivity to CP odd coupling.

Need LARGE number of events.

L1 4 TeV = (.I:b-1)
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8,000 events ~ 3,000 fb-1.

If there is an anomaly inh — yyor

tth production will help
characterize.
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Can we do this at a lepton collider?

There will be less background, but...

o(e’e” — HX) [fb]

oete™ — Zh,\/s = 240GeV) ~ 300fb |

ZL(FCC-ee) X 10*/ fb has most

luminosity. ot |

Get less than 1/20 of HL-LHC
number of events.

HHv v
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Rearrange diagram for lepton h
colliders.

Just need to measure Higgs

momentum, can use any decay.
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Rage measurements of tree
level-processes are insensitive to

sign of Ay.

Very difficult to distinguish
between /IWZ = 1

-21In A

. ATLAS and CMS
- LHC Run 1
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—— QObserved

SM expected
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Example likelihood
extracted with 2,000 events
at LHC ~ 800/fb.

Can exclude negative

coupling at ~30.

Have assumed top Yukawa is
fixed to SM value.
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Can get good precision on Ay,

with large number of signal
events.
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L'® Y with nominal efficiency for

Loose cut (fb™)
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If there are new EM or weak

charged states that couple to the b Ue NP 1/
Higgs, they will also contribute to ",,?»""‘:\\ ‘,;..r"'/\\ ’\f'q,]

h — 4¢ at NLO. e /2 - Yz

Models that solve the hierarchy
problem must have new states

coupling tot he Higgs!
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It there are new EM or weak

charged states that couple to the b Ue NP 1/
Higgs, they will also contribute to ",,?»""‘:\\ ‘,;..r"'/\\ ’\f'q,]

h — 4¢ at NLO. v /2 /7
Models that solve the hierarchy SUSY: scalar top partner (stop)
problem must have new states

coupling tot he Higgs! Folded SUSY: F-stops (no QCD charge,

much weaker limits)



Impose constraints from 4 — yy
and h — Zy.

Ultra super duper futuristic
collider.
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Can use NLO effects in i — 4¢ to measure Higgs self coupling.

Probably hard because only contributes with intermediate Z’s.



Current constraints are quite weak
—-1.1 <k, <6.0.

Give insight into how electroweak
symmetry Is actually broken in
nature?
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Another process: a
W*W~h production v/Z
N
Rate is tiny at LHC.
a W=
Could possibly do at lepton . -

collider.

3
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Learn a lot about the Higgs by
studying WW scattering.

What about the processes:

WW — Zh
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Learn a lot about the Higgs by
studying WW scattering.

What about the processes:

WW — Zh

Tree-level Interference.




Compute matrix elements
In the high energy limit. Yy

Both diagrams grow with s.

ﬂt




Compute matrix elements
in the high energy limit. M (LLL) ~ x5 cos 6

Both diagrams grow with s.

Sum Is well behaved only AL 02c0s WennmsaAnnZ
: ~ — K S
In the Standard Model. f W am?, W%
WWK——— h
K,8°cos 0 W

M. (LLL) = (1 — /IWZ) s + O(sY)

9)
4mW
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W* W~ - Z h Total Cross Sections
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VURE REA

Don’t have a WW collider unfortunately. What do we do?
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VURE REA

Don’t have a WW collider unfortunately. What do we do?

Radiate vectors from the initial state: Vector Boson Fusion (VBF).

>

>

Sub-diagrams are same as had before.
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Start with easier case of lepton collider.

The higher the energy the better.
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[ Wh@3 TeV
Benchmark /s —3.0 TeV /5 — L5 TeV L e sty
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pp —> Zhjj
7 — T

h — bb

¥ =3000 fb™!

Can exclude wrong-sign
scenario!
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Search...

High Energy Physics - Experiment

[Submitted on 1 Feb 2024]

Determination of the relative sign of the Higgs boson
couplings to W and Z bosons using WH production
via vector-boson fusion with the ATLAS detector

ATLAS Collaboration

The associated production of Higgs and W bosons via vector-boson fusion (VBF) is
highly sensitive to the relative sign of the Higgs boson couplings to W and Z bosons. In
this Letter, two searches for this process are presented, using 140 fb~! of proton-proton
collision data at 4/S = 13 TeV recorded by the ATLAS detector at the LHC. The first search
targets scenarios with opposite-sign couplings of the W and Z bosons to the Higgs
boson, while the second targets Standard Model-like scenarios with same-sign
couplings. Both analyses consider Higgs decays into a pair of b-quarks and W decays
with an electron or muon. The opposite-sign coupling hypothesis is excluded with
significance much greater than 50, and the observed (expected) upper limit set on the
cross-section for VBF WH production is 9.0 (8.7) times the Standard Model value.
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High Energy Physics - Experiment
[Submitted on 1 Feb 2024]
Determination of the relative sign of

couplings to W and Z bosons using
via vector-boson fusion with the AT

ATLAS Collaboration

Higgs boson
roduction
detector

The associated production of Higgs and W bosons via vector-boson fusion (VBF) is
highly sensitive to the relative sign of the Higgs boson couplings to W and Z bosons. In
this Letter, two searches for this process are presented, using 140 fb~! of proton-proton
collision data at 4/S = 13 TeV recorded by the ATLAS detector at the LHC. The first search
targets scenarios with opposite-sign couplings of the W and Z bosons to the Higgs
boson, while the second targets Standard Model-like scenarios with same-sign
couplings. Both analyses consider Higgs decays into a pair of b-quarks and W decays
with an electron or muon. The opposite-sign coupling hypothesis is excluded with
significance much greater than 50, and the observed (expected) upper limit set on the
cross-section for VBF WH production is 9.0 (8.7) times the Standard Model value.
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High Energy Physics - Experiment
[Submitted on 1 Feb 2024]
Determination of the relative sign of

couplings to W and Z bosons using
via vector-boson fusion with the AT

ATLAS Collaboration

Higgs boson
roduction
detector

The associated production of Higgs and W bosons via vector-boson fusion (VBF) is
highly sensitive to the relative sign of the Higgs boson couplings to W and Z bosons. In
this Letter, two searches for this process are presented, using 140 fb~! of proton-proton
collision data at 4/S = 13 TeV recorded by the ATLAS detector at the LHC. The first search
targets scenarios with opposite-sign couplings of the W and Z bosons to the Higgs
boson, while the second targets Standard Model-like scenarios with same-sign
couplings. Both analyses consider Higgs decays into a pair of b-quarks and W decays
with an electron or muon. The opposite-sign coupling hypothesis is excluded with
significance much greater thanSo,andtheobserved(m the
cross-section for VBF WH production is 9.0 (8.7) times the Standard Model value.



Breaks degeneracy of s ]
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Use W — Zvand h — bb. 05
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VBF WH Higgs comb.
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d I'X],V > hep-ex > arXiv:2405.16566

High Energy Physics - Experiment

[Submitted on 26 May 2024]

Study of WH production through vector boson scattering and
extraction of the relative sign of the W and Z couplings to the
Higgs boson in proton-proton collisions at \/§ =13 TeV

CMS Collaboration

A search for the production of a W boson and a Higgs boson through vector boson scattering (VBS) is
presented, using CMS data from proton-proton collisions at 4/s = 13 TeV collected from 2016 to 2018.
The integrated luminosity of the data sample is 138 fb™!. Selected events must be consistent with the
presence of two jets originating from VBS, the leptonic decay of the W boson to an electron or muon,
and a Higgs boson decaying into a pair of b quarks, reconstructed as either a single merged jet or two
resolved jets. A measurement of the process as predicted by the standard model (SM) is performed
alongside a study of beyond-the-SM (BSM) scenarios. The SM analysis sets an observed (expected) 95%
confidence level upper limit of 14.3 (9.0) on the ratio of the measured VBS WH cross section to that
expected by the SM. The BSM analysis, conducted within the so-called % framework, excludes all
scenarios with Ay, < 0 that are consistent with current measurements, where Ay, = %y /%, and %y
and %y are the HWW and HZZ coupling modifiers, respectively. The signficance of the exclusion is
beyond 5 standard deviations, and it is consistent with the SM expectation of Aywy = 1.

CMS

138 fb~' (13 TeV)

-1.8

' LI | ' L | ' L L L L e
SM expected
BEl <95% CL (20) obs.

1.4

95% CL CMS (2022)
Bl <99.99% CL (50) obs.

-1.0 -06 -02 02 06 1.0 14
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VIMAL

Higgs to 4 lepton is a rare process, but has rich kinematic distributions.

Can measure phase of Higgs coupling to top, and relative sign of W/Z
couplings at HL-HLC (and better with 100 TeV!).

VBF-Wh production is very sensitive to the wrong sign scenario because
of tree-level interference. There are now 2 measurements.

More in Carlos’ talk this afternoon.
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For a given h — 4¢ event, we can compute probability of that event

given underlying theory. .

> M(9)|
P(¢la;) = ~
s\ dé | M(9)|?

Phase space Underlying
point model

For N events, can compute likelihood for different theories.

— H P(ng a;)
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e e — veWh
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cross section [fb]

3000
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There Is large destructive

Interference in the SM.

Get enormous cross section

O — K‘%VGW + K§GZ + KWKZGWZ
o |tb] Wh

Vs |GeV P(e™) = —80%
Oz 6.81 x 102

300 Ow 3.85 x 1072
OW 7 —3.94 x 10~°

07 8.25 x 10

1500 | oy 1.92 x 10
OW 7 —1.28 x 10*

087 3.01 X 101

3000 OWw 4.31 x 10*
OW 7 —6.32 X ].Gl
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Cuts W h-Cuts Z h-Cuts
P4 > 20 GeV, N, = 2
Basic Cuts pl. > 20 GeV, N, =
N, >1 | 1 OSSF Pair

o 05 GeV < my, < 130 GeV
My myee < 80 GeV or my, > 98 GeV 75 GeV < my < 100 GeV
H. ;HT < 2500 GeV  +/s = 3000 GeV <(HT < 1500 GeV /s = 3000 GeV

| Hr <1100 GeV Vs = 1500 GeV | Hr <700 GeV Vs = 1500 GeV

Table 3. The Cuts used for Wh channel and Zh channel.

Vs =30TcV, £L=4ab™! Vs =15TeV L =2ab™!
Before Cuts W h-Cuts Z h-Cuts Before Cuts W h-Cuts Zh-Cuts
Wh(VBF) 1.97 x 10 726 x 1072 136 x107% 962x 107 6.54x 1072 237x10°°

o (fb)

Signal L (VBF) 647 x 1071 349 x 10~ 7.21 x10-2 203 x 10~ 1.30 x 10?287 x 10
tt 1.17x 10° 583 x107* 6.10x10°% 465x10° 564x107% 805 x 1072

WZ(VBF) 447x10° 997x10™? 216 x10™* 1.84x10° 586 x 10™* 1.96 x 1074

B ZZ(VBF) 192x10° 421x10* 807x10°% 592x10!' 148x10* 288x10°
Zh 588 x 104 183 x10% 415x10* 239x10' 410x10* 112x10°

ZWW 1.01 x 1071 1.14%x107% 497 x107°% 6.36x 1071 2.02x107% 1.72x107°

AV 506 x 107° 604 x 1077 1.12x107° 9.79x 107 1.74x107% 234 x 107

Sum 8.02x10° 123x107? 872x10% 797x10° 141 %1072 432x107*

Precision (%) 6.18 6.17 Precision (%) 9.53 13.5
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Wh,Zh@1.5,3.0 TeV Combined with K, = 1

10
{ — — Total Rate

9

A NLL

—¥— Differential Distribution
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