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H—invisible with SiD

Abstract

While the Standard Model (SM) predicts a branching ratio of the Higgs
boson decaying to invisible particles of O(0.001), the current measurement
of the Higgs boson coupling to other SM particles allows for up to 30% of
the Higgs boson width to originate from decays beyond the SM (BSM).
The small SM-allowed rate of Higgs boson decays to invisible particles can
be enhanced if the Higgs boson decays into new particles such as dark
matter. Upper limits have been placed on By _iny. by ATLAS and CMS at
0(0.1), but the hadron environment limits precision. The ILC ‘Higgs
factory’ will provide unprecedented precision of this electroweak
measurement. Studies of the search for H—invisible processes in simulation
are presented with SiD, a detector concept designed for the ILC.
Preliminary results for expected sensitivity are provided, as well as studies
considering potential systematics limitations.
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Physics Motivation

e SM H— ZZ* — vvvv, BH_ yinv. ~ 0.1%

e Higgs potal DM - DM candidate couples
directly to Higgs, would leave invisible
detector signature

ILC is ideal for this precision
EWK measurement:

o _ _ @ Hadronic interacts/pileup
@ Additional couplings of DM to Higgs leave large uncertainties on

(mpm < my/2) could increase BR by MET from decay
0(10)%

_ _ @ Systematics-limited analyses
@ Directly probes of H—inv. process

don't benefit much from
increased stats

@ Detectors designed for
particle flow reduce jet
measurement uncertaintites
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Current By_s;,v. Results

LHC

@ CMS - Run 1 and partial Run 2
[1809.05937]

o BHosinv. < 19%(15%) obs(exp)
@ ATLAS - Run 1 and two Run 2 full

ILC
e ILD - [2002.12048]

analyses [ATLAS-CONF-2020-052] ° Combined Z hadronic and
eptonic channels
® Biinv. < 11%(11%) obs(exp) . B,Lmv < 0.23%(0.65%)
Cof s g for ILC250(500) at 95%
e hniEh B cL
0.6: "] SID L70|

o SiD preliminary work [1] ,[2]

95% CL upper limiton B,
o
o

E Il Il Il Il E|
0 ttH VBF Combined Combined Combined
Run 2 Run2 Run2 Run 1 Run 1+2
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https://arxiv.org/abs/1809.05937
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://arxiv.org/abs/2002.12048
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF2_EF1_Andy_White,_Jim_Brau-185.pdf
https://agenda.linearcollider.org/event/8671/contributions/46560/attachments/35938/55804/potter_sidopt_14Oct20.pdf
https://agenda.linearcollider.org/event/8933/contributions/46704/attachments/36057/56068/sidopt_potter_4Nov20.pdf
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SiD Detector Concept

@ Compact and
cost-constrained

@ Designed for particle-flow
paradigm

@ Highly granular pixelated
Silicon-based tracker and
EM Calorimeter, steel
RPC Hadron calorimeter

o Compact design with 5T
magnetic field

ILC TDR Vol. 4: Detectors
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https://arxiv.org/abs/1306.6329

H—invisible with SiD

Background Processes

\\
H (v X
X
e ete™ = Z7Z — viiqq | want to put a recoil mass plot here,
(XS ~ 46.8 fb™1) but let's look at these in more detail
e ete” = WW — lvqg§ in a few slides....

(XS ~ 2745 fb™1)
° efe” = qq, up
(XS ~ 47000,6190 fb=* )

Contributions from 2-, 3-, and
4-fermion backgrounds

o yith 0 LH electrone ond
A. Stelnhebel (U of Oregon) LCWS 2021 Draft 3 March 2021 6 /12
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Preliminary SiD Study, Z(had) (@

@ Kinematics cuts to define signal
region SiD full simulation
o N,

fiet == 2 ILC250 with By_iny. =10%,
20 < p¥* < 70 GeV 900 fb~! for both polarizations
75 < mys < 105 GeV (80/30)

—0.9 < cosfj; < —0.2

110 < Myecoii < 150 GeV

Requirement (Full) S(LR) B(LR) = S(RL) B(RL)

20 < p"i'f‘* < 70 GeV 1.25e+04 | 7.71e+06 8.84e+03 | 1.07e+06
75 < myis < 105 GeV 1.16e+04 | 1.79e+06 8.21e+03 | 3.14e+05
Njet =2 1.16e+04 | 1.79e+06 8.21e+03 | 3.14e+05
—0.9 < cosfj; < —0.2 [ 1.08e+04 | 8.68e+05 7.65e+03 | 1.78e+05

110 < Myppns < 150 1.03e+04 | 3.6e+05 7.33e+03 | 8.39e+04
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Preliminary SiD Study, Z(lep)

@ Kinematics cuts to define signal

region SiD full simulation
o Similar to Z(had) cuts ILC250 with By_iny. =10%,
o Ny == 2 (same flavor, 900 fb~?! for both polarizations for
opposite sign) SiD

e 75 < mys < 105 GeV
0 110 < Myecoir < 150 GeV

Cut S (LR) B (LR) Signif. | S (RL) B (RL) Signif.
All events 99158.4 | 1.71504e+08 | 7.56940 | 41778 | 8.5734e+07 | 451092
2 leptons 5390.72 | 8.57074e+06 | 1.84078 | 2392.23 | 5.45306e+06 | 1.02421
SFOS leptons 5388.79 | 8.53414e+06 | 1.84406 | 2391.46 | 5.43225e+06 | 1.02583
75 < myis < 105 GeV 4941.09 | 3.26039e+06 | 2.73439 | 2106 | 2.09218e+06 | 1.51741
20 < p¥= < 70 GeV 462255 | 368678 | 7.56575 | 2058.05 | 111210 | 6.11506
110 < Myeco < 150 GeV || 4556.48 | 149428 | 11.6116 | 2027.9 | 347431 | 10.5753
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Preliminary SiD Study, Z(lep) Cont'd

BR(Hinv)=10%, 900/fb, eLpR 80/30 polarization BR(Hinv)=10%, 900/fb, eRpL 80/30 polarization
3 F o o eRpL @ =
% [ SiD Preliminary I Hinv signal £ 16001~ SiD Preliminary
w L = L
5000~ - 1400~
. 1200~
4000~ F
[ 1000~
3000:— s00f-
2000 600~
E 400
1000 r
F 200
0 110 120 130 140 150 160 o 70 120 130 140 150 _ 160
recoil mass [GeV] recoil mass [GeV]
Integrals: Integrals:
signal = 4556.48, 2f=12243.6, Signal= 2027.9, 2f=10291.5,
3f=2723.9, 4f=134460.7 3f=2168.1, 4f=22283.6
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SiD Optimizations

Further optimize signal selection,
investigate MVA techniques (study )

MVA_BDT
MVA_BDT_rejBv:

sS

P Entries 100

— *Preliminary* | vean 0.4574
—

\ StdDev  0.2749

It

S
BDT LR (all bkg) H\

°
T T T I T T
LSRR AN AR R KA | {

|

Backgr rejection (1-eff)
o o o o o

o

L L L ! L L L L L
[E] 02 03 0.4 05 06 07 08

09
Signal eff

Preliminary application with
Z(had)Hinv

Understand impact of geometry and
strengths of SiD design

@ Active work to understand
impact of HCal tile size on
energy resolution
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https://indico.cern.ch/event/1001200/contributions/4236831/attachments/2191192/3703399/potter_uosid_16Feb2020.pdf

H—invisible with SiD

Systematics Studies

Minor impact from jet flavor

Recoil Mass

@ Work underway to understand ﬁ
which systematic errors may vt ]
drive degredation of expected

limit on By_siny.

@ Jet Energy Resolution plays large i .
role o 3 = s 0

recoil mass (GeV)

o Work in progress to quantify hopefully put quantified comment
about impact on limit
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Future Outlook

SYield | BYield | S/v/S+B
eLpR 1.03e4 3.6e5 17
Z(had) | gL 7.33e3 | 8.394 24.2
Z(lep) eLpR 4556.48 | 149428 | 11.6116
eRpL 2027.9 | 34743.1 | 10.5753
Combined | €LPR 14856.48 | 509428 20.52
eRpL 9357.9 | 118643.1 26.16
Combined | 24214.38 | 628071.1 29.9

chris, you have a lepton veto in Z(had) and these are orthogonal, right?
modulo rounding

@ Joint SiD approach - investigate potential physics gains from MVA
approach; understand limitations of study through systematics studies

@ Incomplete but evolving collaborative study

@ Inform Snowmass2021
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Backup Slides
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Z(had) Cutflow for ILC250

Requirement (Full)

1.25e+04 | 7.71e+06 8.84e+03 | 1.07e+06

1.16e+04 | 1.79e+06 8.21e+03 | 3.14e+05

1.16e+04 | 1.79e+06 8.21e+03 | 3.14e+05

1.08e+04 | 8.68e+05 7.65e+03 | 1.78e+05

1.03e+04 | 3.6e+05 7.33e+03 | 8.39e+04
Table 2: Selection table for /5 = 250 GeV, (P, ,P,+) = (~0.8,+0.3). Table 3: Selection table for /5 = 250 GeV. (P, ,P,.) = (+0.8,~0.3).

cut condition signal (efficiency) | all bkg (cfficiency) | significance cut condition signal (cfficiency) | all bkg (efficiency) | signifi

No Cut 18017 (1000) | LAI7<10° (1.000) | 1.59 No Cut 12776 (1.000) | 7.785x10 (1.000) | 145
ILD Niep=0 18880 (0.998) | 9.732x 107 (0.687) 191 Nip =0 12752 (0.998) | 4.893x 107 (0.628) 1.82
Pre-Cut 18202(0.962) | 3358x10°0.024) [ 991 Pre-Cut 12270 (0960) | 1329x10°0017) | 106
Npso > 15&Nuparged > 6 17918 (0.947) | 2.539x10° (0.018) 1.2 Nyfo > 15&Ncparged > 6 12067 (0.945) 852285 (0.011) 13.0
P € (20,80)GeV 16983 (0.898) | 1.368x10°(0.010) [ 144 pryj € (20,80)GeV 11304 (0892) | 285847 (0.004) 209
Mj; € (80,100)GeV 14158 (0.748) | 713194 (0.005) 166 M, € (80,100)GeV 9481 (0.742) 165798 (0.002) 26
|cosB),] < 0.9 13601 (0.719) | 539921 (0.004) 18.3 [cos 6] < 0.9 9126 (0.714) 130070 (0.002) 245
Miyecoit € (100,160)GeV || 13585 (0.718) 244051 (0.002) 26.8 Myeot € (100,160)GeV | 9115 (0.713) 62979 (0.001) 339

SiD background rates greater because 3-fermion backgrounds are included
(not used in ILD study)
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Upper Limit Estimation

Outlined in ILD paper

Compute number of signal Ns and background Npg events surviving
cuts

Calculate significance sig = Ns/+/Ns + Np
o For ILD shape fit, do this for each bin of myeci and Root Mean Square

combine
e For rough values, consider all events

95% confidence U.L[%]:SM BH—*E,g[%]Xl'%
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H—invisible with SiD

ILD Z(had) Backgrounds

lype
Higgs

2f

af

process name

qgh_zz_4n (signal)
higgs_f£ffh

2f_2_bhabhag
2f_Z_hadronic
2f_2_leptonic
4f_singleW_leptonic
4f_singleW_semileptonic
4f_singleZee_leptonic

4f_singleZee_semileptonic
4f_singleZnunu_leptonic
4f_singleZnunu_semileptonic
4f_singleZsingleWMix_leptonic
4f_WW_hadronic

4f_WW_leptonic
4f_WW_semileptonic
4f_27_hadronic

4f_2Z_leptonic
4f_77_semileptonic

4f_ZZWWMix_hadronic
4f_ ZEZWWMix_leptonic

final state

qqdv

ffh

eey

qq

up, Tt
eVUV, eVTV
evqudy

eeee, ecUp,
ceVeVy

ceqq
LUV, TTVV,
VeVequdu, VeVeqaqd

eeTT, eevVyVy,

eev,V,
ucqyqq, vuds, uudb, ceds, cesb
HVy TV

qqVu i, qqveT

QuiuQuqu,  Gdqadaqa,  Uuss,

uushb, uubb, cedd, cedb, ccbb
MUPH, TTTT, LUTT, TTVLVy,
HUVeVe

HHQY, Ve Vuqd, VeVeqd, TTqq
uudd, cess

MUV, TTV Y,
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ILD Z(lep)

update: invisible decay using Z—>11 @ ILC

o analysis is extremely simple: 2- T T LR P mem
; ) =S
isolated-lepton + missing 0 Sr=" 1
o event selections are almost identical 8 10g . “ 3
to leptonic recoil mass analysis 5, Ay ]
& except one more cut on visible 4- 10t ! ]
momentum other than the di-lepton e . “}_ “
0 5 100 150 200 _ 250
Ple-,e+) = (+0.8,-0.3); 250 fb @ 250 GeV Visibla Energy / GeV
250 GeV upH IH o
. 4f 1 4f sl 4f h BG significance
BR(inv)-10 H->inv (sM) - = - Sgniticance
176 8 3.67F 216E+07 37
16¢ 3 189E+05 | 1308405 | | i | 5208405 123
133 42 314 1084 27
13( 3 314 325 6.1
122 2 22 232 64
Note: cut0 includes all the usual cuts used in leptonic recoil mass analysis stu d
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ILD Z(lep) Cont'd

r 3
: invisible decay using Z—>11 @ 250 GeV
" (Br(H—>inv.) = 10%, 250 fb'! data)
T " (] sttt pte 25 T PR
40 (B8 Background - [E= sackground
= T 20 Cumn-su 3
o 30 — o
o 2 15 3
e 1, eLpR € L, eRpL
w20 HLp P w49 - o P 3
10
%20 125 130 135 140 140
" (] s cer e, " (] st cert, .
a0k [ [ 15 B escorows
[Cdumresm e nesu
w 30 »
o) ee, eLpR 2 1o ee, eRpL
o 20 &
5H
10
N- -
130 135 140 120 125 130 135 140
Recoil Mass / GeV Recoil Mass / GeV
| stud
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