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The Higgs Factory Physics Menu

The Starting Point

The Higgs Boson

model-independent study
of all accessible couplings
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Cross Sections and Processes
Interestmg Phys:cs from 91 GeV /nto the mult/ TeV reg/me
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© 102 Cross sections low compared to
10 hadron colliders.
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1 Z-pole 3+ orders of magnitude
10 , higher than everything else.
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Energy

Initial and Final States
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* Collider dependent - but often less than you naively assumed
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Initial and Final States
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* Collider dependent - but often less than you naively assumed
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Energy QAT

Inltlal and Flna/ States Karlsruher Institut fir Technologie
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* Collider dependent - but often less than you naively assumed
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Energy A\‘(IT

Inltlal and Flna/ States Karlsruher Institut fir Technologie
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* Collider dependent - but often less than you naively assumed
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* Collider dependent - but often less than you naively assumed
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The Main Drivers

Physics - Evolving with Collider Energy
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The Jet Case

A new level of Jet Energy Resolution

A common element in final states: two-jet decays of heavy bosons

g .
E, ¥ significance: Ve directly depends on
T Invariant mass resolution

Z > given by opening angle and jet energies
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The Jet Case

A new /eve/ of Jet Energy Resolut/on

A common element in final states: two-jet decays of heavy bosons
#. - S i
E, significance: Niew: directly depends on
™ invariant mass resolution
5y
Z = ; given by opening angle and jet energies
Bf-
/ 12, T
E, s | \ | —om=1% | want:
MC B —0./m=2.5% 1
inv ~ 6| o = 5% | JER3-5%

The classic PR example: Separation of Ws and Zs S — Op/m=10%
> 120 P e -
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The Jet Case QAT

PhySICS Examp/es Karlsruher Institut flr Technologie
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Hadronic final states dominate! —_ t,/
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Physics Drivers for Calorimeters - ECFA HF WG3, May 2023
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The Jet Case \‘(IT

The Orlgm of the PFA Calor/meter Concept Karlsruher Institut fir Technologie
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* The challenge of jets: A mix of particles, primarily hadrons -
which are measured in the “weakest” detector: The HCAL

* The typical jet composition: Jet reconstruction with calorimeters only

* 60% charged (primarily tt+-) ~ 60% - 100+% / Sqrt(E)

* 30% photons (from 1° decay) ~ 10% - 20% / Sqrt(E)

* 10% neutral hadrons (n, K\) ~ 60% - 100+% / Sqrt(E)

Tracker ECAL HCAL
O O
Charged IIIIII=I=E ==::l==. B 0
hadron 0 =l II::EIIII:I
lll=l [
photon "aasssaans
]

neutral .==.l::.l
hadron ees "=

— _ - - — — —— — - —_—
p— e - —— —_— = — —— = B — - = —
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The Jet Case \‘(IT

The Orlgln Of the PFA Ca/OI’ImeteI’ COncept Karlsruher Institut flr Technologie

= _— e — — — _— —_— e e e = — —— = _— e ———

* The challenge of jets: A mix of particles, primarily hadrons -
which are measured in the “weakest” detector: The HCAL

* The typical jet composition: Jet reconstruction with Particle Flow

* 60% charged (primarily Tt*") excellent measurement in tracker, negligible resolution

* 30% photons (from m° decay) ~ 10% - 20% / Sqrt(E)

* 10% neutral hadrons (n, KL) ~ 60% - 100+% / Sqrt(E)

Tracker ECAL HCAL Tracker ECAL HCAL
C I
Charged llllll==E§ ==::I==- | B8 Charged
hadron | |mm II==EIIII=I hadron
lll:l O lll:l
photon g N photon gL
(] ] ] ]

neutral _um u--a neutral T
hadron “sam &= hadron “aam  Em

- W [nstitute f o
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The Jet Case A\‘(IT

Depending On EnergM Energy ReSOIUtion Karlsruher Institut fUr Technologie
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 When using PFA, confusion (= shower separation, pattern recognition) and intrinsic energy resolution of the
calorimeter system drive performance. System details determine “cross-over”

A CALICE-like calorimeter,

PandoraPFA + SC

EPJC 77, 698 (2017)
'§' [ | I I I I I I I I I | I I I I | I I I I | r
,E_ s —— No energy correction -
5 : —— SC only neutral hadrons -
= I —— SC for all at reclustering ~ ~
% -, = Intrinsic energy resolution |
- Ar Confusion term m
;’)g I ]
= | o
3 - —
. ‘_i —]
| ""““““* —
2 | . Tt |
i NNMFH“"“‘-’.‘.‘,-_-I-_.' -------- B
- T = —
1 _I | | | | | | | | | | | | | | | | | | | | | | | |

50 100 150 200 250
Ejet [GeV]

—_—— — = — e = = — —_—
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Depending On EnergM Energy ReSOIUtion Karlsruher Institut fUr Technologie
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 When using PFA, confusion (= shower separation, pattern recognition) and intrinsic energy resolution of the
calorimeter system drive performance. System details determine “cross-over”

A CALICE-like calorimeter, Jet energy resolution only very weakly
PandoraPFA + SC depends on ECAL resolution for higher-
r— I I I I I I I I I I | EIPIJIC> I77|, I69I8I (I20|‘I |7) energy jetS ( > ~ 75 Gev)
O\O — ]
— 5 B —=— No energy correction N
U\'I/g . —— SC only neutral hadrons - = 2 | SN BELENLENLEL N B L
& i —— SC for all at reclustering | o, - CLICdp-Note-2017-001 1
% R T T Intrinsic energy resolution | G— A - x\x\ E
- Ar Confusion term — ~5 . T . i
~—" — — (@)] — -
S i 1 C X i
(é) | — 8 3 i R = T I\ _-
0 B j _ E i I - = -
i T fffffffffz ] E_ 2 [ —— 45GeV Jets
5 B i lllll e ..__. llllllllllllllllllllll B U)g E — 100 GeV Jets E
e S RRCTIE R L = 1= — 180 GeV Jets  __
B mFum'.‘l"-'"-'-‘-'.-.'.-.'.'-'.-.-.-_-,-_ g | m : — 250 GeV Jets :
1 _| N A T T T AN T T TN I N SN TN AN TN N M M ] 0 I I R R R
50 100 150 200 250 15 20 25 30
E,, [GeV] nLayers

= e — = - —_— —— — - _—

— e e — — = = _
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The Jet Case

Depending on Energy, Energy Resolution
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 When using PFA, confusion (= shower separation, pattern recognition) and intrinsic energy resolution of the
calorimeter system drive performance. System details determine “cross-over”

A CALICE-like calorimeter,

PandoraPFA + SC
EPJC 77, 698 (2017)

'§' _I I I I I I I I I I | I I I I | I I I I | I |
Tl B —— No energy correction N
=S —— SC only neutral hadrons —~ 5 I T T T T T T
c” - : i o~ § .
@ i —— SC for all at reclustering | — - CLICdp-Note-2017-001
% e Intrinsic energy resolution _ G— - x\x\ -
= 4 _ N W 4 _
L 4 ] Confusion term ] = - . . -
I ] - A ]
w ] s I - * ]
: | P —i— -
4* - -
3 4 o ~~ . -
I ERETRTSAL ) | ’-\-_. B _
i s P w2 —— 45GeV Jets
i et i o i i
B TR i » - — 100 GeV Jets i
2 |- T . 2, I ]
L e T L > 1= —— 180 GeV Jets  _]
5 mm’"‘"’"'"""'-'-'-'-'-'------.-.-.-.-.-_| s o i — 250 GeV Jets ]
1 _| N A T T T AN T T TN I N SN TN AN TN N M M ] 0 I I U R B
50 100 150 200 250 15 20 25 30
E,, [GeV] nLayers

Physics Drivers for Calorimeters - ECFA HF WG3, May 2023

Jet energy resolution only very weakly
depends on ECAL resolution for higher-

energy jets (>~ 75 GeV)

=

- Emphasis on
“' .
granularity vs
resolution depends

—— e — —
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The Flavor Case A\(IT

POSSIb/e Wlth a Tera'Z Program Karlsruher Institut fir Technologie
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e Exploits extreme number of b pairs at FCC-
Still less developed than other aspects of the HF physics program

Comes with relative unique detector challenges - also for calorimetry:

Emphasis on “decay chains”, individual particles rather than partons
from decay of heavy states.
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The Flavor Case \‘(IT

POSSIbIe Wlth a Tera_Z Program Karlsruher Institut fir Technologie
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e Exploits extreme number of b pairs at FCC-
Still less developed than other aspects of the HF physics program

Comes with relative unique detector challenges - also for calorimetry:

Emphasis on “decay chains”, individual particles rather than partons
from decay of heavy states.

Vertexing often in focus - but calorimetry also highly relevant: Neutral particles in final states!
CKM measurements, CP violation

Here: Bs system _ / L % ~
W - S
fﬂ A few 10 GeV B’s
— b= L& -

- => Energy of final state particles typically
S - B—DLS a few GeV - 10 GeV - incl. y from m°
T2 b <,J
F—'—’ﬁ Ve coapmen g 7

p— e - —— —_— = — p— == e — —

—_— — — = — e — ————
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The Flavor Case
The Bs -> DsK Example

_— = —

* Here photon energy resolution really matters:
Clean identification and good reconstruction of 19, separation of D and Ds

entries :4351.78645500004 2020-06-06

Signal :2799.5 —DK-ppK-KKnn’K 18:59
200 -
-== fit DK
175 B I B ﬁt Bo_’DsK
DK

150 1 WM Dsn( =K)
b BY-D.K Xtal-like Cal.
c

125 - O0E 0.05
g BY-D.n( =K) = —— @ 0.005
v E JE
= 100 - H= data error
= PID on |
2 754 B =cp @5 !”'
B o7 pamer i}
= o= 2.0e-05,c = 103 1N

50 - ‘
95- = 5—2_@ C1
25| Co=50e02,q= .e-03
0 ] s Iql' ---------
5.20 5.25 5.30 5.35 5.40 5.45
MBSres

« Irreducible bkg » , only mass resolution can beat it
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The Tau Case

Relevant in different scenarios

I —— — = — —_———

* Some diversity: |
Vertexing, PID,

e Low-energy T’s as part of the flavor physics program: In decay chains of B’s .
9y P Py Prog y 10 reconstruction

* High-energy t’s: From heavy boson decays: Z, H, (W)

Typical signature: .. : L aestan
Low-multiplicity jet: charged pions, : 1
photons (from r°) \ R}

|||||||

CLIC 1.4 TeV Hvv, H-> 1T

Key calorimeter features: (lateral) granularity, em energy resolution

e — — - = —_— —— — —_
pr— p— —— —_— e — — = — I—— e — —

Physics Drivers for Calorimeters - ECFA HF WG3, May 2023 Frank Simon (frank.simon@kit.edu) iP= Data Procesing 14
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The Precision Case &‘(IT

RG(]U/meentS at the Z PO/e Karlsruher Institut flr Technologie

I . N —— e = —_——

 Afew 1012 Zs -> Extreme statistical precision, requires pushing down systematics.
Of relevance to calorimeters:

* Luminosity measurement - highly precise acceptance of luminosity calorimeters
* Long-term stability of detector

* Resolution requirements primarily from additional programs pursued at the Z pole, in particular flavour

e — = - —_— —— — =
E—— — E—————— e, - J— — — I—— e — —

h 7 . - = N 7 T 7 ) nstitute for -
Physics Drivers for Calorimeters - ECFA HF WG3, May 2023 Frank Simon (frank.simon@kit.edu) iP= pata Processing 15
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The BSM Case
Rough Ideas

* Rich spectrum of physics possibilities - two examples:

LLPs \‘\
VA
P s {/\\
o

Calorimeter features:
tracking capability,
granularity,

timing (= TOF),
hermeticity

- T T 7 Wl Institute f B
Phys:cs Drivers for Calorlmeters ECFA HF WG3 May 2023 Frank Simon (frank.simon@kit.edu) |P-D ata Proce: 16
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The BSM Case

Rough Ideas Karlsruher Institut fir Technologie
* Rich spectrum of physics possibilities - two examples:
LLPs Measurements at highest energies:

N

%

-~

Calorimeter features:

tracking capability, ’ - . L\

granularity, )
. ility for 1.5 TeV jets: tt TeV
timing (= TOF), Capability fo .5 eV jets @ 3 Te
. depth for containment
hermeticity o | -
(timing to cope with CLIC conditions)
" Physics Drivers for Calorimeters - ECFA HF WG3, May 2023 Frank Simon (ranksimon@kitedu) — Jpdmmsumces 16
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A Case For Timing
St/l/ develop/ng

* The obvious application: TOF for PID - could be provided by calorimeter systems

TOF difference /K
r=1.5m

ﬁ- 10°
|_
<

[ llllll|

T T 11

10°

[T IIIIII|
[ llllll|

10

[T IIIIII|
[ llllll|

[T IIIIII|
[ llllll|

—1||||| ||||||||||||||||||||||||||||||||||||
107059016 20 55 30 35 40 45 50

Momentum [GeV/c]

e — - = _— — p— — ——
E—— — = — —_— e — — S = e e —— —

. Wl Institute for
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A Case For Timing
St/l/ deve/op/ng % |

* The obvious application: TOF for PID - could be provided by calorimeter systems JINST 17, P08027 (2022)

) RN R R R R R R RN RN R o
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= : - L . = Energy
< i r=1.5m ] Timing also beneficial for 3. 13 ° 0 Time Assisted
102 _ ] _ v 10- @ A Time Assisted - no smearing
- - hadronic energy reconstruction > ° o
- ] : — 8 R © o
: : (= software compensation). More 5 g °© o o
10 = : : : ) 4
; ; potential with ML techniques? 3 © 2y
- ] o -4 & 8 B
i - 4
L3 = 40- 5
: : — A b 8 & b B
- - 307 4 o0
LT e Ty T=aar 55040
O 5 10 15 20 25 30 35 40 45 50 =
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5 .
X 0, ® g - B 8. .8
" 0 e goa-f } 0] L=}
< 5],
20 40 60 80
Beam Energy [GeV]
o Phys:cs Drlvers for Calorlmeters ECFA HF WG3 May 22 - - Frank Simon (frank.simon@Kkit.edu) i _=|D£t;t:g 17
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A Case For Timing
St/l/ deve/op/ng

* The obvious application: TOF for PID - could be provided by calorimeter systems

103: TOF difference VK =
- r=15m :
10°E E
10 E
e E
10—1_||||| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |

O 5 101520253035404550
Momentum [GeV/c]

Still a lot to explore:

P — S e S ———— S — — e —— —_— — = — - — = B — = ——

JINST 17, P08027 (2022)

e = —— e — = —— —— -

. o Std Reco
X 127 Energy
Timing also beneficial for 3. 13 ° ¢ Time Assisted
: . v 10+ 0 A Time Assisted - no smearing
hadronic energy reconstruction =z o o
: —. 8 2 0 &
(= software compensation). More & g °© o o
: : : _ 2
potential with ML techniques? 3 ° &g
o - { & n B
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>~ 30 A 9
gzo-e
10 1
5_
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I
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Possible benefit of timing for pattern recognition in PFA calorimeters,

Phys:cs Drlvers for Calorlmeters ECFA HF WG3 May 2023 Frank Simon (frank.simon@kit.edu) J = m= Date Processing 17
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Putting Things Together

An Attempt to draw some Conclusions

Phys:cs Drivers for Calonmeters E CFA HF WG3 Ma y 2023

Frank Simon (frank.simon@kit.edu)
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Main Observations A\‘(IT

What do We need from Calorlmetry? Karlsruher Institut fir Technologie

= —_— — = = —_—— — — = —
e—mpe———— s =l S — e —— - B — —

* The main performance criteria for a Higgs Factory calorimeter system:

Jet energy resolution

Electromagnetic resolution

Yo TN
e

v Y
¥
A5

_ Tau (NB: Also some relevance for Higgs)
Lateral segmentation
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(NB: Can also help JER: PFA, had. resolution)
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Mixing Requirements
Things are more “greyscale” than they appeatr...

* One example: electromagnetic resolution.

Photons from 10 increase confusion between jets

HepSim: Z— bb (e*e @250 GeV)

confusion term from m°

— 3%/E

jet /\\‘ \ photon mis-assignment S 8 008:— HZ-->bbqqgqq
a .’A : ; clfuster.ed i 8 ' - —— 0.03/VE
. ;' ! Yaa o D 0.0071 0.05/VE
HepSim: Z— bb (e*e- @250 GeV) : ; ' clustered T = - —— 0.1/VE
4000 I T | T | T I T | T | T | \\\ :' ’,' / Y - from Jet A E 0006:_ —_— 015/@
; ; i o — 0.3//E
. ' ' ¥B2 0.005F
— Pt:?ton - jet angle A ; n 15(y /\/E
— m ' - jet angle ' u . (1}
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S 0.001F I
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Reconstructed m° momenta

follow 1 (no bump) M(y,y,) [GeV]

1000 M

1 L
0 10 20 30 40 50 60 70
Angle photon-jet (degrees) lost photon

from Tr° <

Could be addressed by explicit 1©
reconstruction in PFA. Requires
excellent y energy resolution.
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Physics Drivers for Calorimeters - ECFA HF WG3, May 2023
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Bottom Line \‘(IT

And further StUdieS Karlsruher Institut fUr Technologie

e Calorimeters are central systems for future Higgs Factories

* The “core program” common to all proposed facilities emphasizes jet energy resolution
* Detector concepts around PFA calorimeters well established; dual readout; also LAr

* Flavor physics (at the Z pole) revives interest in excellent em resolution

« BSM signatures (LLPs et al.) impose explicit granularity and timing requirements

o Stability particularly important for extreme EW precision

=~ FCC-ee with its Tera-Z program adds diversity to the requirements - not all satisfied by a single current
concept simultaneously

e Significant need for further studies:
Further understand requirements - and the match to possible technological solutions
Fully establish benefits (and requirements) for timing - depending on technology

Phys:cs Drivers for Calorlmeters ECFA HF WGS May 2023 Frank Simon (frank.simon@kit.edu) |P:ID o Proces 21
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