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- The Muon Collider is the ideal facility for Higgs

Physics

» Cleaner collisions as in electron-positron colliders and

energy frontier as in hadron colliders

- At the first proposed stage for a Muon Collider (3 TeV)
of about 500k Higgs are produced with 1 ab-

* In this talk: Higgs Physics at 3 TeV is demonstrated

with detailed detector simulation

Overview of Muon Collider project at ICHEP 2022:

talk by Daniel Schulte

events

https://arxiv.org/abs/2203.07256

Higgs Physics at Muon Collider
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https://agenda.infn.it/event/28874/contributions/169177/
https://arxiv.org/abs/2203.07256
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Beam-induced background (BIB) ¢/

- It is produced by the decay in flight of muons, and subsequent https://arxiv.org/abs/2105.09116
interactions | MARS15 FLUKA
106é
» The BIB is mitigated by the Machine Detector Interface (e.g. f
two tungsten nozzles are inserted) — 10
[ ch. had. g 104;
- In order to assess the physics reach of a Muon Colliderit — ,.,. s
is fundamental to study the impact of the BIB on the < 10
detector o |
- The BIB is simulated with MARS15 or FLUKA, by considering 10
the machine and the Machine Detector Interface lattice
MARS15
1o7é J
Muon Collider software framework: talk by Paolo Andreetto tomorrow 106
- MDI lattice and BIB generation with FLUKA . : ;é 1°5‘§ f!li
] - -<et 104 %F
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https://agenda.infn.it/event/28874/contributions/169190/
https://arxiv.org/abs/2105.09116
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Talk on Muon
Collider
calorimeter by
Eleonora
Diociaiuti

hadronic calorimeter

¢ 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm?” cell size:
» 1.5\,
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¢ 40 layers of 1.9-mm W

absorber + silicon pad
Sensors;

¥ 5x5 mm? cell granularity;
» 22 Xp+ 1A,

muon detectors

¥ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥ 30x30 mm? cell size.

e

Detector

AN

superconducting solenoid (3.57T)
- The interaction of BIB/signal with the detector is simulated with Geant4

tracking system

¢ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

* 25x25 um? pixel Si
SEeNsors.

¢ Inner Tracker:
« 3 barrel layers and
7+7 endcap disks;
e 50 ym x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
« 50 pm x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.
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Combinatorial tracks from BIB
« Reconstruction in this environment is not trivial: Y b y

- the high hit multiplicity from the BIB in the vertex detector/
tracking modules produces a significant combinatorial problem

- A diffuse BIB background is present in the calorimeters | R N —-rr—g wnwe
_ - ~q l 4
ey : | T L |
- The nozzles, that are fundamental for BIB mitigation, reduce the I '] N
. . & : W & I _
acceptance in the forward region i SN
[ | 1
I A

Most of the BIB particles are asynchronous with
respect to the bunch crossing: timing is crucial
for reconstruction

More details on Muon Collider
reconstruction in the poster by Paola Salvini
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Physics objects reconstruction

Track reconstruction efficiency

Vs =1.5TeV
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Muohn Collider

Simulation

4+ Single Muon (w/o BIB)
<+ Single Muon (w/ BIB)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Particle @ [deg]

Muon fiducial region

e 10°<0<170°
e pr>20GeV

https:/arxiv.org/abs/2203.07964

Reconstruction

algorithms are not
yet fully optimized
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https://arxiv.org/abs/2203.07964
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i L=1ab"

- Signal p+p- = H(— bb)+X and background —~ ———————
ut- — qq + X (with g=b or c¢) generated with 2 3500 - Muon Collider —}- pseudo-data 3
WHIZARD+Pythia8. X is pair of neutrinos or > P __ it total -
muons O 3000 = o5 Tey —H-bb E

_ _ d 2500 - — background -

- Two jets with a Secondary Vertex tag are ~ - -
required. Background from light jets is é 2000 = Pr0) >40 GeVie =
considered negligible 2 = MG)l <2.5 =

1) 1500 —

- 59.5k signal events and 65.4k background - -

events are expected with 1 ab-1 1000 - =
. . . 500 —

» Selected background is mainly coming from - -

Z — bb/ct decays () Samamaetent—T, ——— Ramocse
0 50 100 150 200
» The signal yield can be extracted with a fit to dyet invariant mass [GeV/ ¢’ |

the invariant mass distribution

A relative statistical uncertainty on the H— bb Compatible with results obtained with parametric simulations
cross section of 0.75% is found > https://arxiv.org/abs/2203.09425
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https://arxiv.org/abs/2203.09425

H - WW* RCE

M:LJTCEE(%EF??; v# V# Istituto Nazionale di Fisica Nucleare
- Muon + 2 jets final state is considered
- Signal and backgrounds are generated with WHIZARD+Pythia8 . ut
» Two types of background: with and without Higgs decays | W
- Two multivariate discriminators (Boosted Decision Tree, BDT) are used to i, /
distinguish the signal from each type of background Vi (Vi)
» Of about 2.4k signal events and 2.6k background events are expected after all . / N
requirements " 7q
* A relative uncertainty on the H— WW* cross section of 2.9% is obtained \/
/
ql
§ 100 ; [ p— § .00 | = Signal ; L=1 ab-1
80 |— ; % No-H background 1:2 % H background ? Event Expected Events
I é/ 140 - g ptu~ — Hoo - WW*vo — qquuvu 2430 £ 150
T 7/ 120 E— Z ptu~ —— qquv 2600 £ 1300
100 % utu= —=— qqll < 100 C.L. = 68%
= ? ut =~ —— qquv < 100 C.L. = 68%
E putu~ — H — WW* — qqqq <10 C.L. = 68%
“E putu~ — H — bb < 150 C.L. = 68%
o P | 20;. — — o ptu~ = H — 77 <4 C.L. = 68%
[Gev] ([ > o \
. S 2 Py*Pw http://hdl.handle.net/20.500.12608/28559
mHz\/(EW+EM) —(pW+pﬂ) A#W=7[—COS—1 = = P
PulelPyl
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Process
105 < my, < 145 GeV

Expected events with

- Signal and backgrounds generated with MadGraph5+Pythia8 M ™ — HY (¥

H— p*u” 24.2
. : _ i i i i i Wp*u™ - Hu'p™,
Two main backgrounds: p+u- — g vv and Pt = JHd- Bt H— ity 16
pruT = ptutvvy, 636.5
- Two multivariate discriminators (BDTs) are trained to WU ot 4764
distinguish the signal from the two main background Wprp 01 = WIWTbD,
istinguish the signal from the two main backgrounds W* > 1y, (7,) 1
: . . . : . . https://doi.org/10.22323/1.398.0579
- Signal yield extracted with an unbinned maximum likelihood (53 Tev, 1 ab

. . . . - . . > B
fit to the dimuon invariant mass distribution 8 5o Muon Collider

- A relative uncertainty on the H— p*p- cross section of I 4o0F

38% is found “oF
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Measurement of Higgs width INFN
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» The measurement of the Higgs width (') can be obtained by determining the number of L=1 ab"1
on-shell and off-shell H > WW* and H =+ ZZ* processes

Process Expected events
On-shell H - ZZ — u = jj 38.2
Off-shell H - ZZ — pt i jj 56.0
vu g4 background 458.3

 The ratio between the off-shell and on-shell is proportional to ['H

 (Di)muon + 2 jets final state is considered On-shell H — WW~ — uw,jj 1803 .4

Off-shell H - WTW ™ — uv,jj 411.4

- Signal samples have been generated with MadGraph5, background with WHIZARD  viuw,jj background 2520.3

* Three observables are simultaneously fitted to extract the on-shell and off-shell signal

yields: Higgs mass, muon momentum, muon helicity angle

* A relative uncertainty on I'y of 5.3% is found
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~2 Couplings with fermions and bosons CN™
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* The previous measurements are
simultaneously fitted to obtain the
couplings measurement

| . | Full simulation | CLIC

. _In this way the precision on the couplings 1 ab—1 @ 3 TeV I

Is obtained 1.5ab~1 @1.4 TeV

2 ab” 1l @3 TeV

* The _results are compared with those [y 5.39%, 3.59%,

obtained by CLIC, that uses several 5 6% 0.8%  CLIC Higgs Phys

. . . | ICS:

datasets with different energies 9HZZ 070 070 Phes d. C 77475 2017)
* Direct comparison is difficult since the

3-energy-stages CLIC program (link) can ~ JHbb L77% 0.9%

be exploited in 25 years after the first 9Huu 19.1% 7.8%

beam commissioning, while the Muon
Collider can collect 1 ab-' in 5 years
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https://edms.cern.ch/ui/file/1235960/3/cliccdr_CLICProgramme_onlineversion.pdf

HH — bb bb cross secti <

UON Collider Istituto Nazionale di Fisica Nucleare
ollaboration

» A boosted decision tree (BDT) is trained to separate the

- Signal and backgrounds (bbbb and H+bb) generated with signal from the background, input observables from
WHIZARD+Pythia8 Kinematic

- Four jets final state: two Secondary Vertex tag out of four jets . A fit to the BDT output is performed to determine the
are required cross section uncertainty

. . y o
50 HH and 432 background events are expected with 1 ab « Uncertainty on HH — bbbb cross section of about

o (]
http://hdl.handle.net/20.500.12608/22861 Prelimina ry 30%1s fou nd Prelimina ry
- - - -
< 03— —HH O 140 1 . Bkg
- = ¢ L=1ab BHH
0.25— —4b c 120
L G>J B — Data
- —bbH W 100 —
0.2 -
- 80|
0.15— -
- 60 —
0.1— -
= 40—
0.05— 20l
: ) j_|_I—_I_|_ IIIII I I I | | L1 | 1 | | I | _|_|_|_|_‘ I — ——— 0
%2 03 02 -0 0 01 02 03 04 05 04 03  -02 -0 0 0.1 0.2 0.3 0.4 0.5
BDT output BDT e

I | P 1214



Trilinear coupling

ollaboration

* Two BDTs are trained to separate HH—4b from 5 o5g——

4b and HH vs HH trilinear (e.g. only trilinear
diagrams are included)

* The templates obtained with different coupling
hypotheses are compared with pseudo-
experiments.

» A likelihood technique is used to determine the
sensitivity on Az

* The preliminary result on the A3 statistical
uncertainty is of about 20% with 1.0 ab-1 (at
68% CL)

» CLIC has [-8%,+11%] at 68% CL with 2.5 ab-
at 1.4 TeV + 5 ab-1 at 3 TeV [Eur. Phys. J. C 80,

1010 (2020)]

< 045
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| L=1ab"
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https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8567/10052_2020_Article_8567.html
https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8567/10052_2020_Article_8567.html

COnClUSIOI‘i“
- The Muon Collider environment is very different from electron-

positron and hadron colliders

A huge effort is on-going to design the MDI, the detector and the
reconstruction algorithms

* In this talk | have demonstrated that Higgs physics at Muon Collider
iIs possible, by using a detailed simulation of the experiment |

- Just few key channels have been considered but we plan to expand our

studies
Roadmap for a 3 TeV Muon Collider
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g | Facility Conceptual S
<) Design je]
s & | Technical 8 <-‘:’=> g
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° © 8 4 oS ®
5 S Facility Construction X o
a a =i
o o o
3 n n
Demonstrator design | W i
Preparatory work
D 00
Construction 3 =
Demonstrator exploitation and upgrades 2@
S
5]
-
Design and modelling
Models, prototypes
Pre-series =
Production g.
Q
Performance o
and Cost Ready to Ready to
Estimation Commit Construct
>’ ——t
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Thanks for your attention!







Requirements for Higgs analyses

H—ZZ — utu jj H—WtYW~= = pv,jj
5 GeV < Pr, <300 GeV 5 GeV < Pr, < 200 GeV
20 GeV < Pr; < 300 GeV 20 GeV < Pr; < 200 GeV

Mlptﬂ— < 105 GeV Mp,A/IET < 400 GeV
10 GeV < ij < 320 GeV ij < 150 GeV
My <1 TeV My <1 TeV

Preselection requirements

Two opposite-charge muons
10° <6, < 170°
105 < m,, < 145 GeV
pr(u*) > 5 GeV
pr(u*u~) > 30 GeV

pr(u*) + pr(u~) > 50 GeV

H =

1714



HH and trilinear coupling

 ip = HHvv is reconstructed in
the four b-jets final state. Invariant mass of the leading Higgs Invariant mass of the sub-leading Higgs

:é 0.18:— L L E :) 0.14:— e -
< 016f E < o12f —
n(jet)|<2.5, pr(jet)>20 GeV 3 E 01} -
' E_ — HH — bbbbvv _E 0.08 :_ — HH — bbbbvVv _:

fiducial region, two SV-tag out of o — B e I — WY
08 - = 0.06 |- -
four jets are required. 0.06 |- - ooskE ‘ E
004/ : : L, :
0.02;— _; 0.02:— _L%i -
- Signal and backgrounds are % o 200 N “[;“Vé‘po % o 200 ;[G‘ L

. C

generated at NLO with WHIZARD. N e —
< 0'14; ~— HH — bbbbvv —i < 0.052— ‘ | —i
. Irreducible backgrounds are bbbb 3 — bbb B E 0.04 - b
and H(— bb)bb L ot -
0.06 E 0.02 - E
0.04 — — 00 : B
o . 3 - n . ]__ —
- Kinematical variables can be used 0.02| 5 E : :
O ! L ] L 1 1 | ] ! ] ] | ! ] ! O L L 1 L | 1 1 1 1 | 1 1 T

: 0 1 2 3 4 0 500 1000 1500
to separate the signal from the Max angle between jets in the event © [rad] Jet energy sum Ero [GeV.

background.
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HH and trilinear coupling

» The kinematic of the HH 30225 — HH vinear only <012 T Minesrony
: 0.2 N _
process is also used to 018" = 011 -
separate the HH from the HH E 0.08
trilinear-only contribution. 012 0.06/ -
o1 | - 1
0.08 0.04— —_[
. 0.06 = = _.— |
» Two multi-layer perceptrons 0.04 o - 0.021
: 0.02/— | nl :
are trained: MLP (4b vs HH) 0005 1 15 2 25 ':'a__:(; 3.5 Q50 05 1 15 2 25 % ”éf%'[r'a;ﬁ
and MLP(HH vs HH trllmear). Angle between H; and H> o Angle between selected jets and z axis z
. 0.5¢ . . ——— 5 .- 05 —— ——— -
~ 0.45 - HH trilinear = > 045 E HH trilinear =
< = HH = < - HH =
0.4 = ab Work in progress = 0.4 = 4b Work in progress =
0.35F bbH = 0.35F bbH E
0.3F = 0.3F =
0.25 =4 025F — ] =
0.2 F = 0.2 F =
0.15F 4 0.15F — =
0.1F — E 0.1F =
= - = |  S— E— ] =
005 —— —— 1 005 H =
0 =R IS U R TR I S RS . 0 = A P N A =
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
MLP(4b vs HH) MLP(HH vs HH trilinear) _
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Luminosity measurement

up — up Bhabha events counting

Study at 1.5 TeV
AL,  |AN.,2 Acg? [(AN.,\ [Acs St ﬂ
= > + = N S| — o
Lin: \ N, OB ev OB 1025_
E - N0 selection
[ | = with selection /
10
ANBh bh 1 -
— = = 0.002 :
NBhabha VNBhabha i
1illL_LLLlIIiIJL__JJlLLJlJ_JJ_LIIHII

1 | 4 4
0 200 400 600 800 1000 1200 1400 1600 1800
invariant mass [GeV]
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