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Events / 2 GeV

>

» Searches for BSM Higgs

Higgs @ LHC Run 2

» Re-discovery of the Higgs
» measur. Higgs properties
» cross section (also differential)
» mass & width
» couplings:
» to gauge bosons, to fermions
» tensor structure and effective couplings in the

lagrangian
ttH couplings

HO

H® MASS

VALUE (GeV)
125.09+0.21+0.11

» Mass measured to 0.2%
» Main couplings to ~10%

HIG-16-041 HIG-16-040
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Higgs @ LHC Run 2

35.9 b (13 TeV)

>1800'IIIIIIIIIIIIII lIIIIIIIIIIIIIIIIII"
H% TT . 8 :_ CMS 40 ~4- Obs. - bikg. ] ]
. . = 1600~ Preliminary a0k 1
Observation of the SM scalar boson decaying to a L1 400F-+-ovsns o Ll B
pair of T leptons with the CMS experiment at the 2 ook o oo |
LHC (4.96 vs 4.70 expected) = HIG-16-043 B oo e = E
-8) C [Jothers -10f ]
A 0™50°100 150 200 250 300 -
H->bb : ?) 600;— 3_::;: _— (GeV) 1
CMS has 3.8 evidence (3.80 expected) for Higgs a “F Boosted: e, K, i, %7, 3
boson decays to b-quarks and for its production in i — T E———
association with a vector boson 2 HIG-16-044, 0 50 100 150 200 250(@ \f;o
. . : m.. (Ge
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B CMIS Prolminary _ 35?fb (13Tev) é 10°) E'(‘sn ¢ 0w e ,
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. w - tH @ 3 . E — Bhg uncer
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3 1 10 g
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. . 7 -a.
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Physics landscape by 2017

A puzzle:
LHC experiments confirms that the SM is strong but is not the ultimate
theory of particle physics, because of the many outstanding questions:

» why is the Higgs boson so light (“naturalness”/fine-tuning/
hierarchy problem) ?

» what is the the nature of the dark part (96% !) of the
universe ?

» what is the origin of the matter-antimatter asymmetry ?

» why is gravity so weak ?

> etc...

= Run3 + HL-LHC

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017



LHC and HL-LHC

« LHC
LHC
. -1 -
300 fb by 2023 Run 1 Run2 | Run 3
[ s BGE 13514 vev TN 14 7 | s R
. -1 13 TeV m— wnorgy
30 fb Run 1 spice consolidation .‘::w yolm? HL-LHC 7.;\’7:«.':-;
7 TeV 8 TeV button colimators DS collimation narEcton luminosty
R2E projoct m% ) regirs installation
- -1 2011 2012 2013 2014 2015 2018 2017 2018 2010 2020 2021 2022 2023 2024 2025 2026 2037
>100 fo' so far f —
% m e "‘:‘7"" ,_————i?—' upgrade phase 2
; — e
" 4
EXd 150" 1 300" teres
+ HL-LHC LS2 (2019-2020) LS5 (2024-2026).
Q' LHC Injectors Upgrade (LIU) 0 HL-LHC installation
a Civil engineering for HL-LHC equipment @ P1,P5
+ ~3000 fb D First 11 T dipoles P7: cryogenics in P4 d Phase-2 upgrade of ATLAS and CMS
by ~2035 0O Phase-1 upgrade of LHC experiments
5x1034 Hz/cm?
' 3000 fb!
ATLAS, CMS 8x1033 Hz/cm? 2x1034Hz/cm? PU ~140
Upgrade plan 30 fb? 300 fb!
PU ~40 ~
LS1 At LS3

Phase 1 Upgrade

Phase 2 Upgrade
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HL-LHC and Phase Il upgrades

Phase Il Detector Upgrades:

Significant upgrades of ATLAS and CMS for HL-LHC conditions
e Radiation hardness

* Mitigate physics impact of high pileup

Higgs@HL-LHC:

* Precision Measurements (Couplings, Cross Sections,
Width, Differential Distributions,...)

* Rare decays and couplings

* Di-Higgs production =® self coupling

 BSM Higgs searches: extra scalars, BSM Higgs resonances,
exotic decays, anomalous couplings

* VV scattering

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017



CMS Phase 2 upgrade

New Tracker Muons

» Radiation tolerant - high granularity - less material * Replace DT FE electronics

* Tracks in hardware trigger (L1) e Complete RPC coverage in forward

* Coverageupton-~4 8 region (new GEM/RPC technology)
7/ : * Investigate Muon-taggingupton ~ 3

Barrel ECAL
* Replace FE electronics

* CSCreplace FE-Elec. for inner rings

* Cool detector/APDs

Barrel HCAL

New Endcap
* Replace HPD by SiPM 4 Calorimeters
* Replace inner layers scint. tiles? * Radiation tolerant

S ——— 0 \\\ ’ e '\\é’&/ High granularity

* L1 (hardware) with tracks and New all Al beam pipe with smaller

rate up ~ 750 kHz

e L1 Latency 12.5 us T A
y125u —4C ll'l/' |
- .

* HLT output rate 7.5 kHz KT
* New DAQ hardware 2 \\

N

i // 7 Z

Other R&D
e Fast-timing for in-time pileup suppression
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Modeling the projections for HL-LHC: ECFA 16

Goal to keep the current performance with the detector and software upgrades
ATLAS:
» parametrisation of the detector response (FAST SIMULATION) to mimic the
effects on selection efficiency and resolution, derived from:
> full Run 2 detector simulation with pile-up up to {(u) = 69
> full Phase Il detector options for (u) = 140, 200 for HL-LHC
» 2 scenarios for uncertainties:
» systematics based on Run 2, improvements from stat.
» theory systematics scaled by 1, 0.5 or O factor
» PU and detector upgrades taken into account

CMS:
» rescaling of run 2 signal and background yields for 14 TeV with the assumption
that current detector performance kept after upgrades.
» 2scenarios for uncertainties:
» Scenario 1: all systematic uncertainties are kept unchanged with respect to
those in current data analyses + PU/detector upgrades (S1+)
» Scenario 2: the theoretical uncertainties are scaled by a factor of 1/2, while
other systematical uncertainties are scaled by 1/VL + PU/detector upgrades
(S2+)

Snowmass ‘13, ECFA '13, ECFA ‘16
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Higgs signal strength: u=o0/o;,,- 3000 fb*

IC!VI§ Pro]jecltic?n - 3000 fbl (13Tev) CMS Projection 3000fb (13 TeV)
[ l I ] | ||||_||_|M|’Y||l|||||I|E(|;F|A!|6|S|1|+|||||||||
H—ZZ* — 4] — ECFA16 S1+ —— ECFA16 S2+ B ur | ECFA16 52+ B
— + 0.01 (stat.) = 0.08 (exp.) = 0.06 (theo.) —
uzZ + 0.02 (stat.) = 0.04 (exp.) = 0.07 (theo.) - =0.01 (stat) = 0.02 {exp.) = 0.03 (hea.) _
= 0.02 (stat.) = 0.03 (exp.) = 0.03 (theo.) IJggH — |
u 1 L _
99 ECFA 16 HUBF
lLVBF —H | B
P L |
VH EEE— |
—6.1| - I0I - I0|.1I - I0.|2I - I(].|3I - IO.|4I - I0.5
uﬁ H Expected uncertainty
ATLAS Simulation Preliminary
| | | 1 | | | | | | 1 | | 1 | | | | 1 1
\s=14TeV: ﬂ_dt SOO fb det—3000 fb
0 0.2 0.4 0.6 0.8 Fooyy — (cob)
Expected uncertainty g};
: . . VBF-like
ATLAS Simulation Preliminary ((WH-uke;
_ . o i ZH-like
S = 14 TeV: [Ldi=300 b ; [Ldt=3000 fb” g ——
H—=ZZ L
(VH-like) - S— o —— N i 0 0z 04
(ttH-like) — : Au/u
(VBF-like) = .. cpe ey
(agF-like) » Similar expected sensitivities between the two

experiments
Awn > Precision larger than 5-10%



Higgs signal strength: u=o0/o;,,- 3000 fb*

Snowmass13 arXiv:1307.7135v2

CMS Projection

I I | I | | | | | I I | | | | | | | |
Expected uncertainties on F— 3000 at ¥s =14 TeV Scenario 1
Higgs boson signal strength F— 3000 at Vs =14 TeV Scenario 2

H—)'YY T 1

H->WW ; I

H—2Z2z ; |

H — bb : |

Ho11 ' i

| | | | | | | | | | | | |
0.00 0.05

1 | l l l |
0.10 0.15
expected uncertainty

» Similar expected sensitivities between the two
experiments

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 201/

ATLAS Simulation Preliminary
's = 14 TeV: [Ldt=300 fb™ ; [Ldt=3000 fb"
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Higgs couplings formalism

LHC Higgs Xsection WG - arXiv:1307.1347v2

» Single resonance with mass of 125 GeV.

» Zero-width approximation

g - Ff
I’y
» the tensor structure of the lagr. is the SM one - observed 0*

o-B(i—sH— f)=

» coupling scale factors K; are defined in such a way that:
» the cross sections o, and the partial decay widths I,
scale with K% compared to the SM prediction

» deviations of K. from unity = new physics BSM

» Results from fits to the data using the profile likelihood ratio with k; couplings

» as parameters of interest or
» as nuisance parameters, according to the measurement

bb
FSM

11t




Higgs couplings formalism

arXiv:1307.1347v2 EE—

Production modes Detectable decay modes Currently undetectable decay modes
OggH _ { Kg("b:‘%mH) Fwwe 2 'e 2
SM T sM . - Kw SM Mt
Tggh Kg ng\,‘w(.) rti
OVBF
vl pe(xw,xz,mu) gy 2 Ty
VBF FSM - Z I‘SM
OWH o 72(%) £e
oM T KW T Tee _
WH bb g M = K
OZH ™™ = Kb pe
M Kz bb _
o.- T 2 'sM b
twH 2 SM = K 88
OSM = K rt_‘t" T ,
ttH ) Lt 2
T _ KB(KbaKLaKuKWamH) ™,
s K '
er _ Kzz.{}(‘cb:xt"(t’xw:mn) Total width 9
sS™M * I'n ki (1, mE)
Zy (Zv) SM = «2
H H
Production Decay __ .
H br w2 Ty=Zgyly (+ Mgsm)
Kwz H bt " Kwz o
VWS ————————— B -«
wzZ “ T,
~W,Z b T “. W.Z
’ . .
q . q g 2000000 ——— ¢ v,z Contributions from new
2k - K / .
WZsxwz H R LT H— Wbt physics through T, and
W,Z . t 1Ny
q 3 g O ~snsas t DN loop processes




Higgs couplings scale factors — 3000 fb™

Assump. : No extra BSM Higgs decays =2 Minimal coupling fit:

absolute couplings can be extracted
Ky = Kz = Kw

Snowmass13 arXiv:1307.7135v2 KF = Ky = Kp = Ky = Ky Full line: Scenario 1
CMS Projection Dotted line: Scenario 3
T T I T T T ' I T f T T | T T ' ' | T J (T | T T T T | T T T T | T T T T I =
Expected uncertainties on 1 3000t 5= 14 TeV Scenario | o5 300 fb”', w/ theory —— 3000 fb™!, w/ theory -
Higgs boson couplings F— 3000 at 5= 14 TeV Scenario 2 = 1’ 1, s
1.2 - 300 fb", w/o theory ------- 3000 fb", w/o theory
K, ; | 1.152_ + Standard Model _;
Kw [ 1.1 =
Kz I 1.050- =
K : | = =
g 1= —
K = | - =
i 0.95 =
Ky | | = B 3
0.9 R . . .
T } | = ATLAS Simulation Preliminary
| | | 0.85 s =14 TeV =
| 1 | 1 I | | 1 | 1 | | | | I 1 :[ | I | | | | | | | | | | I .
0.00 0.05 0.10 0.15 0.9 0.95 1 1.05 11

expected uncertainty

Ky

CMS: ur_]certamtles_on_ Ki limited by ATLAS: Couplings can be determined with
theoretical uncertainties on 5 % precision at 3000 fb

production and decay rates

o(ky)=3-5% o(kr)=5-10%
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Rare decays: H2>uu

« High statistics: rare decays become accessible

e 2 0Ssignisolated muons, resonant peak at the Higgs mass, very clear signature
* BR(H—->up)=0.022. Only visible at HL-LHC
* CMS projections from Runl: 16% precision on signal strength at 3000 fb-!
~+ With improved Phase2 detector:
mass resolution <1%, uncertainty on H->pu coupling <5%

5 0080p———————————— 5 ATLAS Simulation Preliminary
< 0.045 CMS pnase 2 simutation Preminary E ) 1 3
0.040F st turt gy Tluavemes 4 V8=14TeV: [Ldi=300/1b" ; [Ldt=3000 fb’
0.035 ' —— Gouss Fit, Phase-2 = —
— cammmns 3 H—>pu  (comb)
oo = )
0.020 _ (ttH-like)
0.015 x 3
0.010 \ =
0.005 \) =
000910~ B E——T
m,, [GeV]
M. [GeVI
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2017 Phase 2 Upgrade TDRs

Not only projections!

Tracker, Muon, Barrel Calorimeter, Endcap Calorimeters TDRs, DAQ, Trigger and
Timing detectors ID in the pipeline
Focus on detector performance with full simulation updates

CMS phase-2 Simulation Preliminary 3000 b, 14 TeV, 200 PU

VBF H—tt 14 TeV
> L %1.4 TTTT I TTTT N TTTT I TTTT | TTTTTTTTTTTTTT T TTTTT T T TT T TTTT
D 18005 * B § [CMSPhase2 @ pe=ifoen=™
O - . = 12 | Simulation Preliminary 4  Phase-2, 140 PU ]
+— 1600 — Zy, ZZ © 1-ef = Phase-2, 200 PU 1
?) : 125 GeV _5 VBF jet Il distribution (a.u.) _

— — m = e L= —
£ 1400 H g 1 . N
® : 8 i f f_#_ —A—- —A——A——A— . N
= 1200 — o [ e aet, ’
L - 2 0.8 - -
1000 =hat . ]
= i 2L e i
800 — 0.6~ S - o
600 :— : 0_4‘_* - T - N
400 i - . T 1
- i I 0.2 — ]
200 ds W - PR P - — -
- | - L} - B B —l— T
PR IR R~ —— R — 0‘.‘..|....\....|..‘.|....|‘.ml..‘|....|.‘..¢....‘
70 80 90 100 110 120 130 140 150 160 170 6 05 1 15 2 25 3 vglf t4 ) ||5
el generator
m,, (GeV) et g "
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N. De Filippis

Higgs studies for CepC

CepC workshop 2017, IHEP Beijing, November 6-8, 2017
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CepC motivation

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

FCC-ee/CepC: focus on a 90-250 GeV e*e” machine (100 km circumf.)
5 ab! integrated luminosity to two detectors over 10 years = 10° clean Higgs events

— FCC-ee/CEPC measure the Higgs boson production cross sections and most of its
properties with precisions far beyond achievable at the LHC

@ Higgs-strahlung (m, = 125 GeV)

Vs = 240 GeV

g300: N 7 ~H -
s F —e'e S HZ |
S o0k >“% —WW S H i
O N e/ — Total
5200¢ .
150F ]
100/ f \w‘g/ ;
n / """""" o
50F . /W&V
90220 < 260 280 300 320 340 ;
240D ‘@(Gg’g_@

e*e>> HZ- ggun~
€ The gluon can be studied with Higgs decays (BR ~ 10%)
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Higgs production at CepC

VBF production:
Higgs-strahlung or ete'> ZH ete2>vvH (WW fus.), ete>He'e (ZZ fus.)

o(fh)

2z
»0 i i i CEPC Preliminary Process Cross section Events in 5 ab™* w | é
C Higgs boson production, cross section in fb &
200 ete” = ZH 212 1.06 x 10° e _qz, Tg
I ete~ — viH 6.72 3.36 x 10* i\ E
I ete™ = ete H 0.63 3.15 x 10° e - =
1501 Total 219 1.10 x 10° e W
I E | s
100 [ Background processes, cross section in pb s wh B
i ete~™ — eTe~ (Bhabha) 25.1 1.3 x 108
3 efe” —qq 50.2 2.5 x 10° 102 b 1 5% 10°
s0k ete™ — pp (or 77) 4.40 2.2 x 107 W fusion
L ete” = WW 15.4 7.7 % 107 'y
[ , I I ete- = ZZ 1.03 5.2 x 108 vi fu\i“/n//F’/a )
- 1 T I | 1 + - 9 7 1 § 15x10°
B0 " w0 w0 ae Uoon o
c+‘e-% ffH [Gc“r] 50 100 150 200 250 30‘0 35‘0 400

\F[Gev]
N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 18



CepC Higgs factory: Vs = 240 GeV

Model-independent precision measurements
* A Higgs boson is tagged by a Z and the recoil mass

m;, =Ss+m, —2\/§(E+ +E)

— Measure o(ete™ - HZ)

— Deduce g,,, coupling

— InferI'(H>Z72)

— Select events with H>ZZ*

— Measure o(e*e” - HZ, with H—>ZZ¥)

ole'e — HZ — 777) = o(e'e” — HZ)x LI = 22)

H

— Deduce the total Higgs boson width I,
— Select events with H = bb, cc, gg, WW, tT, vy, uu, Zy, ...
— Deduce 8y, Bhiec s Brgg» Brww 7 Bhre» Bhyy 7 BHuus Bhizy s -+
— Select events with H - “nothing”

— Deduce I'(H—>invisible)
N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 19



Higgs from recoil mass method

1ef_011 \/_ Eff pif: = 8§ — 2Eff\/'§ -+ 'mif

Best mass precision can be achieved with the Z—=> |l (ee,uu) decays
Cross section, ZH and the Higgs-Z boson coupling g(HZZ), can be derived in a model-independent way
g(HZZ) and Higgs decay branching ratios can be used to derive the total Higgs boson decay width.

A relative precision of 0.9% for the inclusive cross
section has been achieved.

The Higgs mass can be measured with a precision I CEPC_PThmm_ar‘ﬁ
of 6.5 MeV; the precision is limited by the beam 3000 £ W | Lde=Sab
energy spread, radiation effect and detector i + gE];‘(Fi{tSimu'aﬁon
resolution % - —— Signal
. . . - w L Background
A relative precision of 0.51% on o(ZH) by combining 12000
ee,un and qq channels S
g(HZZ) can be extracted from o(ZH) with a relative _§
precision of 0.25% S
=
Z decay mode AMy (MeV) Ac(ZH)/a(ZH) AgHZZ)/g(HZZ) =1000
£e 14 2.1%
i 6.5 0.9%
ee + pup 5.9 0.8% 0.4%
0 ! !
qq 0.65% 0.32% 120 125 130 135 140
ee + i + 7 0.51% 0.25% N[t,leilml[GeV]
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Higgs coupling measurements

> 10 parameters Kby Rey Ry Ry Kz, Ry, Ky, Ry, BRinv& Ph
» assuming lepton universality 2 9 parameters &g, Koo Kr = Ky, Kz, Kw, Ky, Ky, BRig, T

» assuming the absence of exotic and invisible decays =7 parameters:

Kp, Koy Ky = Ky Kz, R, Re,

Precision of Higgs couplingmeasurement (Contrained Fit)

Projections for CEPC at 250 GeV with 5
ab!integrated luminosity and 7
parameters fit

= LHC 300/3000 i~

| 7==3 r—=1 m CEPC 250 GeV at 5 ab™' wifwo HL-LHC

Relative Error

CEPC CEPC+HL-LHC
Luminosity (ab™!) 0.5 2 5 10 0.5 2 5 10
Ky 37 1.9 1.2 0.83 23 1.5 1.1 0.78
Ke 5.1 32 1.6 1.2 4.0 23 1.5 1.1
Kg 47 2.3 1.5 1.0 29 1.9 1.3 0.99
Ew 38 1.9 1.2 0.84 23 1.6 1.1 0.80
Kr 42 21 1.3 0.94 29 1.8 1.2 0.90
Kz 0.51 0.25 0.16 0.11 0.49 0.25 0.16 0.11
Firy 15 74 47 33 26 2.5 23 2.0

K K, Ky Ky Kr Kz Ky
Concerning BR,, a high accuracy of 0.25%, while the HL-LHC can only manage a much
lower accuracy of 6-17%.
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What will we know by 2018/2019 ?

P. Janot (CERN)

* If new physics is found by the end of LHC Run2
— It will = hopefully — point to the best new accelerator to build
* Will in turn make it easier to get financial/political/societal support
— This hypothesis is, unfortunately, getting less and less likely

 Much greater challenge if no new physics is convincingly found
— Cannot continue indefinitely with R&D towards all possible future facilities
* A choice will have to be made in 2019-2020

* Physics absolutely need an ete™ EW factory with 90 < Vs < 400 GeV

— Four e*e” collider studies on the planet (ILC, CLIC, CEPC, FCC) in the
energy range !

— Exploration of the energy frontier best done with a hadron collider (e.g.,
FCC-hh/CppS)

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 22



Conclusions

HL-LHC: potential for new physics discoveries and precision measurements:

»  Higgs couplings modifiers and signal strenghts with precision between 5-15% level

» Measurement on mass, width, CP properties

»  Search for additional bosons, dark matter, rare decays, VV scattering

»  Similar conclusions from ATLAS and CMS projections in spite of the differences in

the assumptions and detector upgrades
FCC-ee/CepC: large potential AMpy ' o(ZH) a(vvH) x BR(H — bb)
beyond the HL-LHC 5.9 MeV 2.8% 0.51% 2.8%
Decay mode o(ZH) x BR BR
» Measurement of the Higgs mass at few 0 — bh 0.28% 0.57%
MeV level H— o 2.2% 2.3%
» Sub-percent measurement of the H — gg 1.6% 1.7%
h|ggs Coup“ngs H— 77 1.2% 1.3%
> Model-independent measurement of 7=+ WW 1.5% 1.6%
the Hioes width H—ZZ 4.3% 4.3%
8 L H = vy 9.0% 9.0%

» deduce I'(H->invisible) H s up - 17%
» show evidence of BSM Higgs H = inv - 0.28%
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Backup
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SM Higgs production @ LHC: 13 TeV

LHC Higgs Cross Section Working Group
arXiv:1610.07922v2

(]' q'

§>-- H I— H
g q q

(a)ge +H (h) VBF

>/\// ﬁ- ’/
\

\

, \ 09 :

N. De Filippis

ggF 48.58
VBF 3.782
WH 1.370
ZH 0.884
ttH 0.507

Uncertainty on 6(13TeV) from
theory:
@ NNLO/NNLL QCD + NLO EWK

ggF: 8% scale and 7% PDF
VBF: 0.6% scale and 1.7% PDF

Uncertainty on BRs: 3-5%
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Higgs decay channels

R S R L B E
5 at
= 18
5 | 3
o 10 g 2z 3
=A™ :
i |
10%E E
¥ V4 Zy E
10»3 , Lo MR R PNy
100 120 1\40 160 ‘IBRI1 %?O
L [Ge
S0 T A Atmy =125 GeV:
I iH H °
%1025 /z\
102 / I H(bb) =57%
| yd o H(WW) = 22%
/  H(ttr) =6.2%
i /  H(ZZ) =2.8%
10 1 * H(yy) =0.23%
Too/ 200 300 500 1000
M, [GeV]

N. De

Filippis
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S \s=8TeV J¢
o i 1o
o | — |8
p'e 1 EVBF H ,t+,,':- WW i | qu E ;
© L WH /4 Fvbb WW — Fyly {3

107 / ZZ - g0 .

7 2w

L zZ > |

1072E E

3l / /ZH->1ToB\ 2 ]

10 E l=e,u \ YY g

- V =VeVyiVe \ .

I q= udSCtl) | N
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107 100 150 200 250

M, [GeV]

Channel My

WH - euty /pputy, +v's
(W/Z)H — (ev/uv/ee/puu/n
H - WW* — 22v

H— 2Z\*) — 262g
H - ZZ — 2027
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Uncertainty on
cross section

Uncertainty on
branching ratio

N. De Filippis

Theoretical uncertainties

Vs =14 TeV LHC Higgs cross section working group
Process Cross section Relative uncertainty in percent
(pb) Total Scale PDF
: 19.6 12.2 7.4
Gluon fusion 49.3 My .
+2.8 4+0.7 +2.1
VBF 4.15 —-3.0 —0.4 —2.6
7 +4.1 4+0.3 +3.8
WH 1.474 Taa 106 T3's
+6.4 +2.7 +3.7
7H 0.863 5.5 —1.8 —3.7
Decay QCD Uncertainty Electroweak Uncertainty  Total
H — bb, ¢z ~ 0.1% ~ L —2% ~ 2%
H—=1tr,utp - ~1—-2% ~ 2%
H — gq ~ 3% ~ 1% ~ 3%
H — vy < 1% < 1% ~ 1%
H — Z~v < 1% ~ 5% ~ 5%
H—>WW*/|ZZ* — Af < 0.5% ~ 0.5% ~ 0.5%
CepC workshop 2017, IHEP Beijing, November 6-8, 2017 27
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Theoretical uncertainties

Vs =14 TeV LHC Higgs cross section working group
Process Cross section Relative uncertainty in percent
(pb) Total Scale PDF
: +19.6  +12.2 +7.4
Uncertainty on Gluon fusion 49.3 7146 84 169
cross section VBF 4.15 *30 o4 e
4.1 0.3 3.8
WH 1.474 i 185 35
6.4 2.7 3.7
7H 0.863 t5_5 flé t3.7
Channel Aay, Amy Am, Theory Uncertainty Total Uncertainty
Unc_ertalpty ON H s oy 0% 0% 0% 1% 1%
partial width g 35 fo3% +33% (% +9% +6%
H—ce R F01% T8I +2% +11%
H — gg H O F01% 0% +3% +7%
H—= 1t 0% 0% 0% +2% +2%
H—-WWw* 0% 0% 0% +0.5% +0.5%
H— ZZ* 0% 0% 0% +0.5% +0.5%

N. De Filippis

CepC workshop 2017, IHEP Beijing, November 6-8, 2017
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Sub System

Design

23 m

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
Opp /PT ~ 5 X 10~ 4pr @ 0.01

Pixels and Si-strips
PID w/ dE/dx
opp /PT ~ 1.5 X 10~4pr @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/vE & 0.007

Lead-Tungstate Crys. Homogeneous
w/o longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) z 11X
og/E ~ 50%/vVE & 0.03

Brass-scint. z 7TA0 & Tail Catcher
op/E ~ 100%/vVE @ 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

opr /pT ~4% (at 50 GeV)
~11 % (at 1 TeV)

Instrumented Iron return yoke

opr/PT ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)

N. De Filippis
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ATLAS Phase 2 upgrade

Complete replaCement of the traCker

e B (\ew inner muon barrel
Calorimeters to replaCe [NIRSE== B trigger Chambers
electronics, readouts and I8 = e A0 e

p—

power supplies Possible timing
' detector

Complete revision of Possible Forward
the trigger system muon tagger

» Complete replacement of the Inner Detector
* Improved tracking performance and extended coverage!

» Upgrades to the Liquid Argon and Tile calorimeters readouts and electronics to provide
more information to be available at LO trigger

» New barrel trigger chambers to be installed in the Muon Spectrometer to improve
trigger acceptance and to maintain current efficiency for HL-LHC

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 30



Modeling the projections for HL-LHC: ECFA 16

@ S1 All systematic uncertainties are kept constant with integrated luminosity. The
performance of the CMS detector is assumed to be the unchanged with respect to the
reference analysis

@ S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of
higher pileup conditions and detector upgrades on the future performance of CMS are
taken into account

@ S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic
uncertainties are scaled down by the square root of the integrated luminosity until they
reach a defined lower limit based on estimates of the achievable accuracy with the
upgraded detector. The effects of higher pileup conditions and detector upgrades on the
future performance of CMS are not taken into account

@ S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic
uncertainties are scaled down by the square root of the integrated luminosity until they
reach a defined lower limit based on estimates of the achievable accuracy with the
upgraded detector. The effects of higher pileup conditions and detector upgrades on the
future performance of CMS are taken into account

CMS

systematics exp. sys. theo. sys. | high PU
unchanged | scaled* 1/v/L | scaled 1/2 | effects

ECFA16 St v X X X
ECFA16 S1+ v X X v
ECFA16 S2 X v v X
ECFA16 S2+ X v v v

(*) until they reach a defined lower limit based on estimates of the achievable
N. De Filippis accuracy with the upgraded detector. 31



Modeling the projections for HL-LHC: ECFA 16

CMS extrapolation scenarios:

*S1: Systematic uncertainties
constant, unchanged detector
performances

*S2: Theoretical uncertainties
scaled by 0.5, experimental
uncertainties scaled by
luminosity

*S51/S52+: Includes higher PU
and detector upgrades effects

ATLAS extrapolation scenarios:

* Reference, middle and low
scenario corresponding to
different upgrade designs
(from more to less
performant)

-PU and upgrades taken into
account for projections

 Theoretical uncertainties
scaled by 1,0.50r0

N. De Filippis
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Higgs signal strength: u=o0/o;,,- 3000 fb*

Snowmass13

CMS Projection

arXiv:1307.7135v2

ATLAS Simulation Preliminary
\s =14 TeV: [Ldi=300 b ; [Ldt=3000 fb"
L — T~y T—T ] D

(comb.)

H-yy

H— ZZ (comb.)

H— bb (comb.) r

H—ott (VBF-like)

T 1 l 1 T T 1 l 1 T T T I 1 T T T I 1 T
Expected uncertainties on F— 3000fbat ¥s=14TeV Scenario 1
Higgs boson signal strength — 30001b™at Vs =14 TeV Scenario 2

Hoyy } |
H— WW } !
H- ZZ : |
H— bb } |
Ho1tt } |
1 1 1 1 1 1 I | 1 1 1 | | 1 1 1 | 1 1
0.00 0.05 0.10 0.15 )
expected uncertainty

» Extrapolated from 2011/12 results

» scenario 1 and 2 = upper and lower bounds

» precision of 4-8% on u

N. De Filippis

CepC workshop 2017, IHEP Beijing, November 6-8, 2017

H—up

comb F
r |

0 0.2 0.4

ATLAS:

» Based on parametric simulation

» precision of 1-2% for main
channels, 4-5% on rare models

33
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Higgs signal strength: u=0/o,,,

ATLAS:

ATLAS
VS
CMS

N. De Filippis

ATLAS Simulation Preliminary Au/p 300 b} 3000 fb!
's = 14 TeV: [Ldt=300 fb™ ; [Ldt=3000 b All unc. | No theory unc. | All unc. | No theory unc.
Hop  (comb) ﬁy—'—'—f H — uu (cc?mb.) 0.39 0.38 0.15 0.12
(incl) : (incl.) | 0.47 0.45 0.19 0.15
(ttH-like) [ (1tH-like) 0.73 0.72 0.26 0.23
H—1t (VBF-like) H — v (VBF-like) 0.22 0.16 0.19 0.12
H—ZZ  (comb,) H — ZZ (comb.) | 0.12 0.06 0.10 0.04
(VH-like) - (VH-like) | 0.32 0.31 0.13 0.12
(\g‘; :ﬁ; (tH-like) | 0.46 0.44 0.20 0.16
(ggF-lke) (VBE-ike) | 0.34 0.31 0.21 0.16
H—WW (comb.) (ggF-like) 0.13 0.06 0.12 0.04
(VBF-like) H — WW (comb.) 0.13 0.08 0.09 0.05
(+1]) (VBF-like) | 0.2 0.20 0.12 0.09
(+0) ot (+1j) | 036 0.17 0.33 0.10
H-Zy  (incl) (+0j) | 0.20 0.08 0.19 0.05
H-vy <\(/T40T|i ; H=Zy Gnel) | 147 1.45 0.57 0.54
(ttH-lke) H — yy(comb.) | 0.14 0.09 0.10 0.04
(VBF-like) (VH-like) 0.77 0.77 0.26 0.25
(+1)) (tH-like) | 0.55 0.54 0.21 0.17
(+0j) EEEET (VBF-like) | 0.47 0.43 0.21 0.15
0 0.2 0.4 (+1j) 0.37 0.14 0.37 0.05
A/LL (+0)) 0.22 0.12 0.20 0.05
f Ldt Higgs decay final state
(fb™h) Y wWw* zZZzZ* bb TT L Zy BRinv
ATLAS
300 9-14% 8-13% 6-—12% N/A 16 —22% 38—-39% 145 —147% < 23 —32%
3000 4-10% 5-9% 4-10% N/A 12—-19% 12—-15% 54—-5T%  <8—16%
CMS
300 6-12% 6-11% 7-11% 11-14% 8-—-14% 40-42% 62-62% < 17-—28%
000 4-8% 4-T% 4-7% 5-7% 5-8% 14-20% 20-21% <6 17% 34




Higgs partial width ratios — 3000 fb-1

: : : 2 .2 2
» No assum. on the total H width = ratio of k. o-B(i—H— [f) ~ Ay Kyy - Ay
» many exper. and theor. uncertainties cancel in ATLAS Simulation Preliminary
the ratio 's = 14 TeV: |Ldt=300 b ; [Ldt=3000 fb”
CMS Projection arXiv:1307.7135v2 - gg | 0T >
9Z
1 I I 1 I 1 1 I 1 1 I 1 l I 1 1 I I 1 : —|
Expected uncertainties on F— 300" at s =14 TeV Scenario 1 -------------------------------- ----------------------------- n %
Higgs boson couplings ratios 1 300f7at {5 =14 TeV Scenario 2 Mz : ? 3
(Op]
| D B e 19
Kge K /Ky ' ' 5 ) Mg CCD
k, / Ky } I FX/FY: KX /KY gl S ................................... _ '8
1 | A =
Ky /K7 1 1 Z (fu
, e s s susui — 8
K,/ Ky T L 7‘uz s~
Ko/ Ky : L N -2 S _
K, /xkg % : | Agz
o/ %, - B I |
1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 }\‘yZ 249994 ;;;;;:
0.00 0.05 0.10 0.1 5. s O SO T _
expected uncertainty Mgz
CMS: With 300 fb* the uncertainties
0 0.1 0.2 0.3

on the Higgs coupling scale factor

; ) Ky
ratios are expected in the range 4-15% MXY=A(K—Y)
N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 35



Higgs couplings scale factors

CMS
L(fb—1) Exp. Koy Kw Kz Kg Kb Kt Kr KZ~ Kuu
300 ATLAS | [8,13] | [6, 8] | [7, 8] | [8, 11] N/a [20, 22] | [13, 18] | [78, 79] | [21, 23]
CMS 5,7 | [4,6] | [4,6] | [6,8] | [10,13] | [14, 15] 6, 8] [41, 41] | [23, 23]
3000 ATLAS | [5,9] | [4,6] | [4,6] | [5, 7] N/a 8, 10] | [10, 15] | [29, 30] | [8, 11]
CMS | 2,5 | 2,51 | 24| 3,5 | &7 | [,10] | 2.5 |[10,12] | [ 8
Nr. Coupling 300 fb~! 3000 fb!
Theory unc.: Theory unc.:
All Half None | All Half None
1 K 32% 21% 2.5% | 2.5% 19% 16%
2 Ky = Kz = Ky 33% 28% 2.1% |2.6% 19% 11%
KE =K =Kp=Kke=K, | 8.6% 7.5% 7.1% |4.1% 3.5% 3.2%
ATLAS: Kz 84% 13% 68% |63% 50% 4.6%
Kw 8.0% 67% 62% |6.1% 4.8% 4.3%
3 ki 11% 9.0% 83% |7.0% 56% 5.1%
Kd3 = Kr = Kp 18% 14% 13% | 14% 11% 10%
. . K, 2% 20% 20% | 10% 8.1% 7.5%
Theory uncertainty not improved Xz 80% 7.0% 66% |52% 43% 4.0%
over today’s values = pessimistic kW 7% 68% 6.5% | 49% 4.2% 3.9%
Ky 19% 18% 18% |77% 6.7% 6.3%
numbers 4 | ka=kr=kg=xp | 16% 13% 12% | 11% 82% 7.2%
Kq 89% 7.9% 71.5% |4.3% 3.8% 3.6%
Ky 13% 93% 7.8% |9.3% 59% 4.2%
Kz, 79% 78% 8% | 30% 30% 29%
Kz 81% 71.1% 6.1% | 62% 49% 4.4%
K 79% 69% 6.5% |59% 4.8% 4.4%
Ky 2% 20% 20% | 10% 8.4% 7.8%
5 Kd3 = Kr = Kp 18% 15% 13% | 15% 11% 9.7%
K 2% 21% 21% | 11% 8.5% 7.6%
Ky 11% 9.1% 8.5% | 69% 55% 4.9%
N6 De Flllppls CepCWorkshop 2017'”- Ky 13% 93% 7.8% | 94% 6.1% 4.6%
KZy 9% 78% 8% | 30% 30% 29%




Higgs couplings scale factor ratios

CcMS

L(fb™") | ke -kz/ KH | Ko/Kz | KW /Kz | Kp/K7 | Ke/Kz | K2 /Ko | Ki/Kg | Ku/Kz | K2/ K2
300 [4,6] [5,8] [4,7] [8,11] | [6,9] [6,9] | [13,14] | [22,23] | [40,42]
3000 [2,5] 25] | (23] § [35] | [24] | [35] | [68] [7,8] | [12,12]
Nr. | Coupling 300 fb! 3000 fbT
ratio Theory unc.: Theory unc.:

All Half None | All Half None

] kvv | 1.6% 1.1% 69% |4.1% 33% 3.0%

Arv | 85% 1% 1.5% |3.7% 32% 3.0%

K2z 10% 9.3% 89% |6.1% 41% 4.1%

2| awz |47% 40% 37% |2.8% 20% 1.6%

Az | 94% 8.6% 8.4% |45% 3.9% 3.6%

K 13% 11% 10% | 6.3% 5.0% 4.5%

ATLAS: 3 Avu | 10% 89% 85% |4.6% 3.8% 3.5%

Adu 11% 9.1% 82% |7.1% 56% 4.9%

Ker 2% 18% 16% | 11% 14% 12%

4 Ave | 12% 11% 98% |93% 72% 6.4%

) . Agr 12% 9.6% 87% |9.1% 7.0% 6.1%

Theory uncertainty not improved A | 24% 2%  21% | 12% 9.6% 8.8%

, T Kz | 64% 44% 3.5% |46% 29% 2.0%

over today’s values = pessimistic vz | 5.1% 46% 44% |3.0% 23% 2.1%

A 18% 18% 17% |7.0% 6.1% 5.8%

numbers 5 Ay 13% 11% 11% | 10% 7.6% 6.6%

Az | 2% 21% 20% |92% 72% 6.3%

Az 12% 11% 11% |59% 50% 4.7%

Az 11% 6.9% 5.1% |7.1% 3.9% 1.8%

Azpz | 78% 8% 18% | 30% 29% 29%

6 Ky | 22% 16% 13% | 14% 83% 5.4%

Azy | 11% 69% 51% |7.1% 39% 1.8%

Awy, | 1% 73% 56% |7.4% 42% 2.2%

Ay 7% 23% 21% | 14% 97% 71.7%

Ary 15% 12% 11% | 10% 77% 6.7%

Ay | 21% 20% 20% |72% 6.6% 6.3%

N7 De Filippis CepC workshop 2017, IHEP Beijing, Novemt Ay | 18% 13% 11% | 11% 6.8% 5.0%

Azyy | 77% 16% 76% | 29% 29% 29%




Higgs couplings vs mass

To derive the mass dependence of the Higgs boson couplings we
define:

my S Vo = ™ 3
Mass-scaled Yi = kp— - v = v =
PR 0B g
coupling ratios: ng 3 _ my @
Yf/K)’ = Kf/K}’% o YV/K)’ - KV/K7 -
> wn
)
T i B A .
- ATLAS Simulation Preliminary t 19 ' —
1 Z : = o 19.7 o (8 TeV) + 5.1 f5' (7 TeV)
E —det:SOOfb’1 /i,;"z ::E E E = :CI\)IS. L
1 - — det:SOOO fb1 ////W L L'I,U’ %) 1 __Preliminary t
10- E e — Nt/ E ¥ E
= /// 3 % E - |=68% CL V‘ifi ]
- s 1N L |—95% CL -
10-2 __ T //// ] g 10'F -
A RS 0
N P ] = 3 L. R
B e 1 102k T" i
3 e 1Is=14TeV g ' E
10 g— u /// _E s 1
- x . Ll R S
Ll ol Lol Ll L 1 2 345 10 20 100 200
10 1 10 102 mass (GeV)

my [GeV] lovember 6-8, 2017 38



HVV: Anomalous couplings

* Excellent precision on anomalous couplings at HL-LHC

« Different notations in CMS and ATLAS, but both probe tensor-structure and the

presence CP violation in the H>VV coupling

My

VV,2 | VV 2
K + K +(1) e ~
YVl 41 T % ‘72} 2 €465 az""fw“)f (2),uv aglvf,fél)f*(z)’””,

CMS Projection (13 TeV)
|III|IIII T 1T 1T

[rrrryprrrrpr T T T T T T T T T of' 3— T T T L -
. i - < L i
Test for anomalous couplings: Expected limits on [, C ) ]
Higgs Boson anomalous couplings oF- o ___/_> =
fui = |a,~|20i/ Y |aj[?0; T Formes om0 - " ATLAS Simulation ]
H—ZZ* -4l 1 Prelimjnary J
¢Pqi = arg (a,~/a1) my =125 GeV r .
. . oF ‘l ) -~
- Statistically limited. 1% reach f22 | |+ | S 3000 ™" 68%-95% CL.
Co 300 b 68%-95% CL 7
@ 3000 fb-1 2z A= \ ]
a2 N E N -
2z R T .
* Interference contribution fii 2 e e
becomes more dominant at T o | | IBDF"I_:
smaller values of fa cos (fai 02 015 01 005 0 005 01 015 02 0 02 03 04 05
ai €0S (fai) Expected 95% CL limits f
g,
N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 39



Search for additional Higgs — 3000 fb

1P Er T T T T T =
Two-Higgs-doublet models in many BSM models —— Expectsd CLa -
» Existence of 5 observable Higgs bosons: 10 - 3

—

T IIIIIIII T IIIII|T| T 1T

* A ->Zh decay dominant at mz+m, <mp <2 m,,
* Relevant at low tanf3
* Consider Z h = llbb decay
» 30 0p syst. unc. assumed

.......

1
107E AT1.A8 Pretiminary, Simulation
L dt =3000 o', y5=14 TeV

IIIIIIIIIIlI[IIIIlIIII_IlIIIlIlI
300 400 300 &00 700 800 200

m, [GeV]

o (gg— A) x BR(A— Zh —=lIbb) [fb]
=]
%

ATL-PHYS-PUB-20114016

 Heavy H>ZzZ-4l & " ETiAS Filimndy, S 8 " EATLS Pty Seaioh |
. 3 ;'-.FL_d_t‘;_Qt“I)Ofb", {5=14 TeV — emesmicts T 10 det=3000ﬂ:", E=14TeV — commecia ]
* Extrapolation from E 10F o tusion - - 1§ F ver producon - =
Run1l analysis g e e (-
- —~ F
* atHL-LHCx10-150 ° [ b
better wrt SM Higgs 3 — o
boson production S  H  R R e TOR0 Bh 60 b6 oo
my, [GaV] my, [GaV]
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Summary of new ATLAS HL-LHC RESULTS

Channel Result HH Channel Result
VBF H—-W"W~ Ap/p = 14 to 20% HH—bbTT 0.6 G
VBF H—Z7—4f Ap/p = 15 to 18% (FULL uncertainties) —4 </l ism<12
1tH, H—yy Ap/p =17 to 20% HEH—bbbb
(p1(jet)> 75 GeV, —34 </l ism<12
VH, H—)y Ap/p = 25 to 35% FULL uncertainties)
off-shell Ap/p = 50% HH=bbyy 136
H—ZZ—4t I'g=4.2"152; MeV prme e~ 13 <Jmmm /s <8.7
An/n = 30%
H—Zy ' ; 0 ’ {tETH, HE—bbbb
A (stat. uncertainties 035¢
H—J/yy BR < 44 x 10 @95% CL only)
t—Hg BR = 10~ ®@95% CL

N. De Filippis

CepC workshop 2017, IHEP Beijing, November 6-8, 2017
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Di-Higgs production

g h g Ky h
OO A Q000 p——— -7
Nk "
Feom - - - < Fix l
- ,.f’f ol CMS Projection \s=13Tev  SM gg — HH
009 '- 0999 W
g h g t h IIII|IIIIIIIIIIIIIIlIIIIIIIII|IIII
— ECFA16 S2 —— ECFA16 S2+
— Stat. Only
. ECF._A1 6: Updated_prc:jectlons from Mo
public analyses using 2015 data at 13
TeV
l/l‘l:‘cbb I I
« Updated combination planned for next B B
year
H v H
« Also: bbWW — bbijjlv preliminar study - -
with Delphes (sensitivity vs m | |
. | |
background uncertainty) | o
—2 -1 0 1 2 3 4 5

expected uncertainty
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Invisible Higgs as a portal to Dark Matter

ATLAS at 3000 fb™

» Indirect constraints on BR(H->inv):
» from Higgs coupling fit
» BR(H—=2inv) <28% @ 95% CL
» Direct search
» ZH>ee/up+ET . )
» BR(H—2inv)<32% @ 95% CL . T

l Higgs decaying to DM

> Possible to convert the limits on

| DM-nucieon scattering in Higgs-portal DM Model]

90% CL UL

III T T IIIIII|

Q' 38 .
BR(H—=>inv) into the strenght of the 518-39 Higgs-portal Model

ATLAS Simulation Preliminary

. i
P ' '
-

interaction between dark matter G100
. S 104
and Higgs boson, }‘hxx S 1042E .
210
. = -44
» Bound on A, can be mapped into 218_45 ,,,,,,
. . o
scattering cross section of dark 0% ——
matter on a nuclei 2 10':; ...... ,
- comparison with direct searches % 18-49 ____________ =3 s
Lot . XENON10
........... XENON 1T

> Limits from ATLAS at low mass better 10

\s = 14 TeV, [Ldt=300 fb

e
|||||||
e
|||||
||||||||||||||
v
|||||||
||||||||||

[ CRESST 26
B CoGeNT
s XENON100
=i ATLAS 300 b, scalar DM
== ATLAS 300 fb", vector DM === ATLAS 300 fb ', majorana DM

T T T T T1TTT

ZH — ll+invisible

|||||

than those from direct detection limits
» degrade as m, approches m,/2

1 10

v

10

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017mh/2

2

DM Mass [GeV]
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Mapping & DM-types

I'(h — xX) (:) )\

I'(h — xx)
I'(h— xx)+I'(h — SM)

hx X & ONy

BR(h — xx) =

We consider three DM types: scalar, vector, majorana fermion

1/2
22 2 Scalar, 2 2 2 Scalar 4 2
FS“"“(h —xx)= —Zf 1— (2mz) 0.S]c;,alar _ AhXX my fy
mm m X - 4 2
2 Vector, 2 77 1/2 2 Vector 4 2
v v , 2m, \~ h my; f
rVectof(h —xx)= ey [mi —4m§m,2l + lZm;] 1 — (_1) o;%ctor _ _hx . NJIN 5
256mymy, my, 167Tm;, (m +mN)
2 Majorana_?2 273/2 2 Majorana 2.4 2
[Majorana (y _, o) — Zhax vomy, Majorana _ Mgy mamy, fy
A2 N - 3 2
32mh * ATATmy, (my +my)

N. De Filippis
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CepC challenges

CepC: 5 ab integrated luminosity to two detectors over 10 years = 10° clean
Higgs events will be produced during this period
- FCC-ee/CEPC measure the Higgs boson production cross sections and most
of its properties with precisions far beyond achievable at the LHC

Projection on maximum luminosity.

Z WW HZ tt

Compared with hadron collisions at
LHC, e*e” collisions are not affected
by underlying events and pile-up

Tagging of ete” > ZH events
through the recoil mass method
is independent of the Higgs boson

FCC-ee can reach the ttbar

& ¥ + +
‘|__| [TV | T v T v T T T T T T | T ]
» - . 14 % cm2st -
o - Z(912Gev): 4.6 x 107 oms @®  FCC-ee (Baseling, 2 IPs) —
(EJ : LEP X 105 ! L] FCC-ee (with 10% safety margin) :
< \ Bl ILC (250 GeV baseline)
mo 102 __FCC“ ............................................................................ ILC (with lumilenergy. Upgrade).......... — eﬁECtS-
r, - Na W'W (161 GeV): 6.4 x 10% cm2s™ CLIC (Baseline) =
> C ° Y CEPC (100km, double ring) ]
=
2 [~ :
- B .. HZ (240 GeV) : 1.6 x 10% cm2s™! N
g 10 :_CEPCN“\ ............ ?\‘. ............................................................................................. —
- - RSN 3
N v N (350 GeV) : 3.6 x 10% cm?s"! . decay
= tt' (365 GeV) : 3.0 x 10> cmrs™ CLIC -
[ H.Z..9.@..1..3...1.Q..9m..s..I....ltC ...................................................................................... |
: 1 | 1 1 1 1 1 | 1 I:
) 3 threshold
10 10
(s [GeV]
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Summary of Higgs measurements at CepC

Percentage level precisions can be achieved for the branching ratio measurements

AMy 'y o(ZH) o(vH) x BR(H — bb)
5.9 MeV 2.8% 0.51% 2.8%

Decay mode o(ZH) x BR BR

H — bb 0.28% 0.57%
H — ot 2.2% 2.3%
H— gg 1.6% 1.7%
H— 77 1.2% 1.3%
H—WW 1.5% 1.6%
H— ZZ 4.3% 4.3%
H — v 9.0% 9.0%
H — pp 17% 17%
H — inv — 0.28%

The integrated luminosity can be measured with a precision of 0.1% level, as achieved

at LEP

The center-of-mass energy will be known to better than 1 MeV

N. De Filippis

CepC workshop 2017, IHEP Beijing, November 6-8, 2017

46



FCC-ee / CepC discovery potential

e EXPLORE the 10-100 TeV energy scale

— With precision measurements of the properties of the Z, W, Higgs
* 20-50 fold improved precision on ALL electroweak observables
— my, I';, my, my,,sin?0,°%, Ry, agep (M), 0 (M,), top EW couplings ...
* 10 fold more precise and model-independent Higgs couplings measurements

e DISCOVER that the Standard Model does not fit

— Then extra weakly-coupled and Higgs-coupled particles exist
— Understand the underlying physics through effects via loops

e DISCOVER a violation of flavour conservation

— Examples: Z = tu in 5x10% Z decays; or t = cZ, cH at Vs = 240 or 350 GeV
— Also a lot of flavour physics in 102 bb events, e.g., with B - K*%t*t™ or B> t*t"

* DISCOVER dark matter as invisible decays of Higgs or Z
 DISCOVER very weakly coupled particles in the 5-100 GeV mass range

— Such as right-handed neutrinos, dark photons, ...
* May help understand dark matter, universe baryon asymmetry, neutrino masses

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017 47



Higgs studies for FCC-hh / CppS

N. De Filippis CepC workshop 2017, IHEP Beijing, November 6-8, 2017
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The Higgs potential

After spontaneous symmetry breaking:
A
Ahgn® + 1774 + Ao
2 — 9\h2 \
mh 0 . h h' h .

The strength of the triple and quartic couplings is fully fixed by the
potential shape.

1) it is the last missing ingredient of the SM, like the Higgs
boson was the last missing particle, we need to prove that
things really behave like we expect;

Why iS it relevant? 2)itnasimplications on the stability of the Vacuum;

3) It could make the Higgs boson a good inflation field (see
backup)
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HH production and decay

NNLO with full top mass *NLO m¢ - oo

o(fb) scale unc. (%)
Vs =7 TeV +4.0/-5.7
Vs =8 TeV 11,17 |+4.1/-5.7 3.1 2.6

PDF unc. (%)

Standard Model
L b

h
P”’

kb {3791 [+4.3/-60 [+2.1 +23
b i 145,00 [+4.46.0 +2.1 +2.2
e . el 12066 |+15.1-12.5 |+5.8/-5.0
g Lty Y triangle

VA 1748  |+5.1/-6.5 1.7 2.0

Higgs decay branching fraction = 2250

[f

4b ~ 1800
WWhbb T 1350
TTbb o 000
WWww 5
ZZbb 450
yybb 0 —
YYWw 0 25 50 75 100 125
0 0 0 0 0 Highest possible energy pays Vs [TeV]
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Current status @LHC

Vs [TeV] L (fb}) o(fb) 95% C.L. |o/osm95%C.L.
ATLAS: 4b, bbtr, bbyy, WWyy WWWW 8 20,3 < 470 <48
ATLAS: 4b 13 13,3 <1000 a
CMS: 4b 13 2,32 <11760 §
ATLAS: WWyy 13 13,3 < 12900 <340
ATLAS: bbyy 13 3,2 < 5400 <142
CMS: bbtt 13 39,5 <950
CMS: WWbb 13 36 <3270 < 86
HL-LHC Vs = 14 TeV, L = ] Present best channel 4b,
3000 fbt Exp. sign | A/Asu 95% C.L. exp o/0su situation will change with higher
ATLAS: bbyy 1.050 [-0.8, 7.7] <1.7 [recalc.] statistics when syst. dominated
channels will saturate their sensitivity.
CMS: bbyy 160 <13
ATLAS: 4b ? [0.2, 7.0]stat,, [-3.5, 11] |<1.5stat., 5.2 HL-LHC doesn’t seem able to provide a
CMS: ab 067 <2.9u. 7 useful constraint on A,
. , .Jstat.,
it could probably provide an
ATLAS: bbtt 060 [-4, 12] <43 observation of the whole process.
CMS: bbtt 0,39 <3.9tat, 5.2
CMS: VWbb 045 <4.6ua. 4.9 But advanced analysis techniques are
. , .Ostat., 4. .
on going...

N. De Filippis
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Current FCC studies for RD FA

4b

)

rrbb
wWWww

Between the final state from the HH decay:
« 4b, WWbb are dominant
- yybb, ZZbb are the cleanest

The Italian community started to work in

2016 on:
p * WWhbb, Inuggbb
W
oz | e 7/Zbb, 41bb
YYbb * We used a fast simulation tool
YYww (Delphes)
0 0.1 0.2 0.3 0.4 e Pileup simulation with 50, 200,
900 events
L=30ab™ |Ac/c AMA Last contributions to conferences:
yvbb 1.3% 2.5% * B. Di Micco, IFAE — Trieste — April
559 0 19-21 2017
4b (s/B~2%)  [290% «  B. Di Micco, FCC Week — Berlin —
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RD_FA: HH>ZZbb->4lbb, I=e,u

« >4 muons with pr>5GeV, |n| < 4.0
« > 4 electrons with pt > 7 GeV, |n| < 4.0

« Ziselection: ¢+ pair with mass close

to the nominal Z boson mass

40 GeV < mz1 < 120 GeV

« Z> selection: second .2t/ pair

12 GeV < mz2 < 120 GeV

Events/0.5 GeV

« Among the 4 selected leptons: at least

one with pr>20 GeV and one with pr>:

GeV

« QCD suppression: m(.£t.27) > 4 GeV

Events/0.5 GeV

» Kinematic cuts: m4,> 120 GeV, m4, <

130 GeV

* At least 2 b-jets with pr > 30 GeV

N. De Filippis (Bari), S. Braibant (Bologna)

70

80

90

Events/1 GeV

100 110

M, [GeV]

Events/1 GeV

nn

L=3ab !
Br(hh->ZZbb->4lbb)
161 61 12,1 38% 7,4%
161 40 7,7 25% 4,8%
322 101 20 31% 6,2%

N. De Filippis

L
60

7|\OAL[G8VG]D R T 20 25 130 135 M‘E[G;\dl?

e forwara p-tagging can be an
important ingredient of the
analysis, need to test

configuration with fwd dipole

e big impact from lepton isolation
cut (not presented here), need
to osptimise isolation criteria
-8, 2017 53
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Object in PU environment [WWbb analysis]
B. Di Micco, M. Testa, M. Verducci (Roma 3)
« Using charged hadrons, muons, electrons and _

. . . L. 3-0.2:-'|'--"'| LA BN BLALRLL B -

calorimeter towers to buildzparticlesfloswohiestsz,, ) 50.18= Do St E

» Tracks from pile-up are re f 0.16- aNC@NLO + Horwigr (wihFF) -

. . 0.14 _ —Pieup =50 HH- Wb .

« Anti-Kt (Fast Jet) algorith 0.4oE =20 -

. i . . = — Flla-up = 900 R_&!S_[?Gﬁ}ﬂ B

 particle-flow objects as ir 0.1= g 2L =

° R — O 4 x 0.08— — 15295 =

- Y. ' ] corrected _ raw __ JetArea 0.06— =

. Jet Area pile-up correction?’” b —F 0.04= £

. _private calibration to particle level °'°§? T N E
et L 00 -300 -200 -100 O 100 200 300 400

s ARG XZ2PFegeMet) algorithm L - EL ™ [Gev]

« negative vector sum of Jets, after Eile—up correction and calibration

. ; 0.4 ' I .
. A R R . . oo I I | o 3 - -
3009 " s |5 3016 ocpies s MORIIREN0] 03[ Do simien -
0.08F \G=100 Tay = = \5=100 TeV E — Pile-up = 50 B C ]
0.07F aMC@NLO + HorwigH (with FF} = 0-14¢ aMC@NLO + Herwigs+ (with FF) 0.3f —FPlew=200 aMC@NLO * Henwigh+ (with FF) ]
Tk Hit > Wb = 0.12 HH » W bb i [ Pleuwp =900 Hi» WW.bD B
0.08[ 3 oAf 4.0<n[<6.0, p,>20 GeV 1 025 Nl<2.5, p, >20 Ga¥ E
0.05 3 F — Pile-up = §0 e - .
F — Pile-vp = 50 E 0.08 - — p:|:..:2 =200 e 0.2 é%gV] .
0.04L — Pile-1p = 200 = 0.06 — Pile-up = 500 4 o04sf g:g i
003 - — Plle-ug = 900 — - - = . = : g
- 0.04f = 0.1 =
0.02 = 0.02k ] = 3
0.01 - ’ 0 - 4 0.05[ 7
0 E = Cooa L | | L L Lo [ B T h -

o 05 1 15 2 25 3 0 05 1 15 2 25 3 %4 0o 0 02 0.4
T - /p’T lew,,rafn R q]ra.,rnn
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HH->WWbb—Ivqgbb: MVA analysis

. B. Di Micco, M. Testa, M. Verducci (Roma 3)
Input variables:

WW Irons vartubde: ¢ drew
ARy, ﬁRb\%} VeRWW, M, 5 Mbb | SR i
miss o 2 E
My, PT P 5 L, My, MWW € R I
ini : s I
Pre-training cuts: s @ I
pW W pbb 57150, 80 < My < 180 GeV g iz I
ARbb < 2.0 g g
5 4‘ ; ; 1:) - 2 - : ; - ; - 10
drbb [unitless) d_odrww [unitless)
TMVA overtraining check for classifier: BDTG Stat sign 4 10 With S/B 0 06 130
| | [ | n n ,
3 1.4 7] Signal (fest sample) ' | | '¢ Signdl (trainihg sample) | ] 3Q @bq
.‘%; 12 Background (test sample) ® Background (training sample) _: é@ I Biag:l:;sg::;e;gecﬁon N
E . Kolmogorov-Smirnov test: signal (background) probability = 0.533 (0,001) . + Sisqrt(B) .:::::---.::.,‘,
z - i —+— Sisqrt(B+S) - s et
1 — 3.5 —4— 10°S/(B+$) - paé -:..“
: : § 33._ M“w "..:. .
18 & -FE€C-hh 100 TeV 3 ab’*
1 | Delphes Simulation PU 50
5 2 .
0.4 ER—2 . .
= ) i
0.2 § g
r g 0.5:—
-08 -06 04 -02 0 02 04 06 08 o: 5 : 0151 —_— 1
BDTG response ) - ' BDT
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