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The European strategy: '

SO0 UPDATE OF THE EURDPFLAN STRATEGY
FOIR PARTICLE PHYSCS

ey tha Ensregean Trabegy Group

«"..a new electron-positron collider operating as a “Higgs
factory”. Such a collider would produce copious Higgs
bosons in a very clean environment, would make
dramatic progress in mapping the diverse interactions of
the Higgs boson with other particles and would form an
essential part of a research programme..”




e W. Murray 3 \A/
ilities Council WARWIWCWK

The ground-rules '

«Fcc-ee producing 10° ee - Zh @ 240 GeV events

means 5ab™
« Aim to deliver in 3years
« With additional samples at tt threshold

«A decade after LHC has delivered 160M Higgs
bosons to each of ATLAS and CMS
«“Why Is this interesting?
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| was amused by ArXiv yesterday: '

«Two papers, next to each other in the mailing:
« “Prospects of measuring the branching fraction of the
Higgs boson decaying into muon pairs at the

International Linear Collider”

o https://arxiv.org/abs/2009.04285

@ Shin-ichi Kawada, Jenny List, Mikael Berggren
© 6 abt! @250/500 GeV - 17% precision

« “Evidence for Higgs boson decay to a pair of muons”
o https://arxiv.org/abs/2009.04363
© CMS Collab.
@ 0.16ab* @ 7/8/13 TeV - 40% precision

«Focus on what you are good at!



https://arxiv.org/abs/2009.04285
https://arxiv.org/abs/2009.04363

S W. Murray 7 vV
Facilities Council WARW|C]<

TTTTTTTTTTTTTTTTTTTTTT

Direct v Indirect studies '

«Example: SUSY Higgs sector, m, and tan 3

Septarnber 201 E'

U ] HA=T

=13 TeV, 3810

(SOIid) and 30 e - - :I:'Ejar:av.amm'
< : 15 = 13 TeV, 36.1 &'

10 E """"" ) H 22 dlivy

comparable

«Direct
60
: g .. JHEP 09 (2018) 138
IndlreCt 20 i : JHEP 11 (2018) 085
(purple line) § e
1E=13TeV, 361 0"
Eur. Phys. J G (2018) 7&: 283
Preliminary JHEP 03 (2018) 174
impact on hMSSM, 95% CL limits| &= H— W= bt
plane

searches -
E 40 JHEP 01 (2018) 055
EEH =
have =
«We learn a lot P o,

Euwr, Phys, J. G 78 (2018) 24
B H— hh— 4b,

— bb yyieT,
f5=13TeV,275-3611"
arkiv:1906.02025 [hep-ax]

h couplings [K,. x,, ¥,
Y3« 13TeV,361-7980"
arkiv:1909.02845 [hep-ax]

—— Observed

R W

from Higgs 500 300 400 500 600 700
couplings m, [GeV]
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Reminder: the run plan '

«Nominal plan 3 years in Higgs
« With tt run after
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HRTETIES B
g % ]
E /
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o éﬁﬁﬂa
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The 240 GeV run
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Why 240 GeV? '

«The cross-section peaks at 260 GeV
« But in a circular collider luminosity~ 1/energy
« Resulting in a peak rate at 240 GeV

g [ : | | | I;i I | I I I_
c B . ]
S 250 — — e*e’ > HZ ]
3 B — WW > H i
W - H -
S 200 — ; — Total .
8 E .
150 |— : —
100 [— ~
50— —

- P PR ]

340 360 380 400
s (GeV)

HUG 220 240 260 280 300 320
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«Z/H - ppubb at Fcc-ee and LHC

. & A ro o ro IS o ©
_\\\lllllll\\\lll\\lll\lll\\ll

“Negligible pileup and conservation of energy |
are huge advantages '
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The method '

«The Higgs-strahllung from known initial state is the

unigue and best feature of the Higgs factory
« Reconstruct the Z and the recoll

mass shows you the Higgs
o Extract cross-section g,

@ Assume SM coupling form &
measure g, _, i

« Rightis Z- uu
© Maximise sensitivity using sf
also hadronic Z decays :

25t

20t

Events/1 GeV

15}

«Measure BR to ZZ to extract = 6 o MO0 e
r., the width
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Higgs decay modes '

«All the Higgs decay
modes shown can be

studied
« Unlike LHC where gg and
cc are not measurable

«And the tagging opens
the door for new &
unexpected decays




e W. Murray 14 \A/
ilities Council WARWIWCWK

Errors on branching ratios '

« 1M ZH events at /5 (GeV) 240 365
Luminosity (ab™") 5 1.5
240 Gev 5(0‘BR)/U}];R (%) HZ v H HZ vwv H
¢« + 180K ZH, 45K H — any +0.5 +0.9
I " H — bb +0.3 +3.1 | £0.5 +0.9
WW fUSIOn In tOp H — cc +2.2 +6.5 +10
Fun H— gg +1.9 +3.5 £4.5
: H—-W"W-~ +1.2 +2.6 +3.0
«/H run domln_ates b Y P
branching ratio H— 77 +0.9 +1.8  +8
H — ~vy +9.0 +18 +22
measurements H oyt 119 40
IS very exciting, 3
per mille

¢« C/f 2-3% from HL-
LHC
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Kappa fit from various colliders

kappa-0| HL-LHC |LHeC [HE-LHC ILC CLIC CEPC| FCC-ee |FCC-ee/eh/hh
S2 S2" |250 500 1000| 380 15000 3000 240 365
Kw [%] 1.7 0.75 |1.4 098 1.8 0.29 02408 0.16 0.11| 1.3 |1.3.043}  0.14
Kz [%] 1.5 1.2 1.3 0.9 (0.29 0.23 0.22]| 0.5 0.26 0.23| 0.14 0.2@ 0.17 0.12
Ko [%] 2.3 36 (1.9 12 (23 097 06625 13 09| 15 | 1.7 1.0 0.49
Ky [%] 1.9 76 (1.6 1.2 167 34 19 |98« 50 22| 3.7 |47 39 0.29
Kzy [%]|  10. — |57 3.8 |99% 86%x 85 [120x 15 69 | 82 |8Ix 75% 0.69
K. [%] — 41 |- — |25 13 09|43 18 14 22 |18 1.3 0.95
K [%] 3.3 - |28 17| — 69 16| — - 27| - - - 1.0
Kp [%] 3.6 2.1 |32 23|18 058 048 19 046 037 1.2 | 1.3 0.67 0.43
Ky [%] 4.6 — |25 1.7 |15 94 6.2 (320« 13 58| 89 | 10 8.9 0.41
Kt [%] 1.9 33 /1.5 1.1 |19 0.70 057 3.0 13 088| 1.3 |14 0.73 0.44

«Charm coupling measured for first time
«Huge gain in Higgs coupling to Z :
«But b and W improve almost as much after tt run

« VBF and better kinematics
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https://cds.cern.ch/record/2651299?ln=en
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Exotic Higgs decays '

«Huge potential for unexpected Higgs decay modes

95% C.L. upper limit on selected Higgs Exotic Decay BR

1

LD

ME{ (bb) ME () + ME ()ME bp. ME HME ME (bb)(bb) (ce S(ce cc) Uf)(ﬂ) (bb)( r7) ()() [’ﬂ)(yy) (Vy)(yy)

—
(=]

—_
o

BR(h-Exotics)

—_
(=]

—
o

«Fcc-ee delivers up to 10* improvement over LHC
«This Is testing the couplings & mixings of the only
fundamental scalar
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There are many more ....

Decay Topologies

Decay mode F;

—< h—2

h—=Er

h—22-53

K

h—22-33—24

h-2-(143)

DS

Strong areas of Higgs factories ‘ (

h -—>";‘+ET
h = (bb) + £
h = (37) +Er
h= ("7 )+Er
h = (vy) +E7
h— (£ )+Er
h — (bb) +E7
h = (73) +£r
h=(r"7)4+ET
h = (vy) +E7
h—= (¢ )+Er
h— (pp)+Er
h —» bb +
h—j7+Er
h= 7t +Er
h=yy+Er

hs 0 +Er )

<

Decay Topologies

Decay mode F;

h—22914

[ h - (bb)(bb) )

h — (bb)(v*77)

h = (bb)(u*p)
h=(rtr)(rtr)
h= (e ) (utp)

h = (73)(37)

h = (57)(vy)
\_h () (e p) J
(h— (ET€)(ETE))
ho— (€M) (uhp)
h = (phu ) ptp)
L h= () )

h—3+2 92496

(Ao +Er
h— (£ )+ £
> J+ET +

h—>2-96

<<

A>T LT +Ey)

T

)

) More hadronic
With MET, less lepton
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«Assume Higgs
decay to long lived

particles
« Decaying to hadrons

«Two search

strategies
« Both exploit
displacement

«Projected h - XX BR
limits
FCC-ee/CepC
shown

«BR 10 accessible

95% Br(h->XX) Limit

0.010¢

0.005

0.001

5.x1074 |

1.x10™%

5.x107° -

Higgs to long lived particles '

vV
LS

my = 7.5 GeV
|II T T T T T r ]
! . . 4 ]
| Long lifetime d o
1 l', ’_:
,:’ / |
I’ /
'z' /A
II’ /
/
o - L - —-.""”, /
e p
- Large mass S /
I =
10|‘5 o.olo1 o.1loo | 1|0

Proper Decay length, m

https://arxiv.org/abs/1812.05588
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Sterile right-handed neutrinos '

«Assume RH R j
neutrino,

mixing with left
handed

107°

Displaced vertex search@20: ©?=3 |6, |2

Higgs decays10: ©?=y |0, |2
o 7
© 1077} mono-Higgs@10: ©%=|6, |2

Precision tests@20: ©?=|6,|2,|6, | 2

1079

PR e
different 0 ~
sensitivities M (Gev]

“|f 62 above 10° EW will see it
« Maybe Higgs
«Z decay to LLP give 6 orders magnitude more
reach for tens of GeV mass




.n" o W vaVRvJCK
Rare Z decays

«/ - JUe, et or Ut |

« Sensitivity Is 2 orders of magnitude better than HL-LHC

« There are constraints from p - ey, U - 3e etc
@ Strongly constraining for pe case
¢ But not so for decays with taus
«L_epton universality in Z decay

¢ 1.5x10" PM & TT pairs |

¢ 3 per mille constraints from LEP
© These are important constraints on the B flavour anomalies

« Fcc-ee will have to understand e/p/t efficiency well
@ This is a question of ID systematic errors

O e e e e



10—12%

Br{Z]

10'
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= HL-LHC

i

11n-12
w FCC-ee |10

«The 1011 clean Z’'s give a phenomenal reach for

many possible particle
« With a range dependent on your experimental optimism
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EW phase transition '

«Baryogenesis needs a strong 1°* order EW phase
transition
«This In turn requires new physics interacting with
Higgs
« effects must exist in Higgs couplings
« The question is are they visible?

«Real scalar singlet (no colour/EM) interactions can
do it
« And mixes with Higgs; changes ZZH coupling

ZMWMMZ -
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- - M
First order phase transition '

«So far we probe the nggS 1I2-|ow does this data guide our the?ﬁf?
potential near 250GeV i
“There could be a barrier 5| g
between the origin and N %
vacuum? B oo P ‘ZQ
¢If so the symmetric vacuum & ..
is meta-stable R P
«Universe does not | “*‘s\./""
smoothly evolve to the B R T TN

Higgs Field in GeV

observed Higgs VeV
«But will start from local
fluctuations which spread
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Why do we care? ch)

Continuous Crossover

First Order Phase Transition

increasing time increasing time

;,.,T h e | n h omo g ene Itl es 15t Order EWPT has profound implications for cosmology
associated could drive (Higgs) = v(T)
matter asymmetry,

«create gravitational

Waves Primordia
«Or seed primordial black fWae Primordial  atter| Exces
holes ()
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Sensitivity to singlet i

«Scan of 5 Huang, Long, & Wang (1608.06619)
parameters | Real Scalar Singlet Model
¢ Points give 1 =y | HL-LHC?
order transition : curen
shown S 01008, -1 ve
|
«HL-LHC sel- = 0.010
" " o
co_tijpllng may give £ . . —
eviaence §0.001 s | -
“FCC-ee has huge g 9 -
Sensitivity to a < 10 8 8 dashed = SppC / FCC-hh / ILC-1000 |

0.5 1.0 15 2.0 25

singlet |
hhh coupling: Az/Az sm

But if Lagrangian is a®? + b®* + c®d® give first-order
transition then FCC-ee can definitely see it
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T - Su mmary __J

«Fcc-ee will measure charm coupling for first time
« Only second non-3rd generation coupling known

«The ZH coupling studies are particularly good

« Discovery potential for 1% order EW phase transition
«Higgs to invisible limits at 0.3%
«Rare decay searches are an enormous opportunity

« Higgs or Z decays with missing energy especially
« and great long lived particle sensitivity

«Guaranteed excellent menu

«..and excellent discovery possibilities
Thanks to all those who’s work | stole




Radiative return

«Many thresholds unexplored e.g.
« BB @ 12.551GeV, = @ 20.3GeV

- _bb _bb

Integrated Luminosity

pb~! /8 GeV

PETRA [ EP

I B N e i |
50 100 150




ek W. Murray 29 vV
Facilities Council WARW|C]<

TTTTTTTTTTTTTTTTTTTTTT

s Low
Higgs to MET
HnggS o .dark "‘E 107 *---..‘}_i{gé @CHL “""'--.X!'_h LHC BR(h—>inv) < 24% (3.6%)|
matter IS % 10_44 Ssaslar Dfl;fj CEPC BR(h—inv) <0.31% |
0 I 2 .
100@ & 10-45;_ & . \ -
Invisible & ; e, _
«CepC offers g 10740 -
an order of 5, 7L
magnitude 5§ | 5
3 & c 10—48 e - =
Increase in F C ;
sensitivity = 10
“ Especia”y ; 10_5[]; | - fl.“»olhrerle'ntl\leutrilno S?:att:erirlwglé
useful at 1 5 10 20 3040 o0

low mass WIMP mass [GeV]
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B hadrons & Charles '

«Tau decay modes might be accessible at Fcc-ee?
« BS->TT or B KTT
« The B flavor anomalies make this very interesting
« B KTt with 3-prong tau decays allows 4 vertex

positions and thus full mass reconstruction
© O(100) events seen | |
with Fcc-ee?
o DD background in LHCDb

« Belle-Il/LHCD fail here?
«B to Kvv Fcc-ee can look
for MET+K — promising M
«B_- TV also promising 200

—
)]
o

T 11

100

Events / (0.02 GeV/c?)




h3 prospects Grojean

DiVita et al, arXiv: 1711.03978

XN\

(updated with latest HL-LHC) projections bounds on o K\
—1 1 2
bounds on &k, from EFT global fit 043 ' ' +0.50
2 -1 0 1 2 3 HL-LHC | %55 +130
'—H—| :68%9,30\1(3{_ bloulnclls,lle;:tc;n Imilidlerlor;lyl — -02 +0.2
B 689%,95%CL bounds, combined with HL-LHC HE-LHC | 4} +04
U e 8% L bounds (combined with HL-LHC) 0.05 0.05
»- - §8%,95%CL bounds, 1h only FCC-hh | 2o 2010
HL-LHC[?% I:‘: +080) 14TeV/(3/ab), LHC WG = 1
. . . FCC-ee |57 1080
CEPC| % H581240GeV(5/ab) only (CE ILC | 018 +0.20
& (e *0521540GeV/(5/ab)+350Ge\ 03 sl
FCC-eet i 1577|240GeV(5/ab)+350Ge\  CLIC (stage Il -g-?: il
124 FCC-ee with zero aTG L T
—1 0 1 2
e B Dark: 68%CL, Light: 95%CL
140541 250Ge V/(2/ab)+350GeV/(200/fb) ot-L, Light. 727%
23 above + 500GeV(4/ab)
08 {above + 1TeV(2/ab) ee couiders
will establish at 95%CL that
CLIC}?! +92%1350GeV(500/fb)+1.4TeV/(1.5/ab)+3TeV(2/ab) . . .
|, sty the Higgs self-coupling exists
+°2“ binned My, in vvhh (4 bins) ILC Wi" eStab"Sh it at 50

S — FCC-hh will probe
the quantum corrections
of the Higgs potential

Christophe Grojean 6 CEPC, Oxford,April 15,2019
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Higgs mass and width '

«Higgs mass in 4-lepton from will improve
« ATLAS currently 240 MeV error
« 52 MeV if no improvements made
« 47 MeV If ITk yields 30% resolution improvement
« 33-38 MeV If also scale uncertainty reduced 50-80%

« No current theory need for better —— T
“H - yy systematics more important | evsroee
«Width from off-shell couplings wRnzestueet (0

< CMS project range 2-6 Mev @95%CL loi\“---W/Stat.uncert.only(faizo)
@ S1/S2 similar here \
o Statistics are important
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