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The physics questions are at the root of the science drivers for politics...

) The Science Drivers

« P5 distilled the 11 groups of physics questions formulated at Snowmass into 5
compelling lines of inquiry that show great promise for discovery over the next 10
to 20 years.

e The Science Drivers:

« Use the Higgs boson as a new tool for discovery.

* Pursue the physics associated with neutrino mass.

 ldentify the new physics of dark matter.

* Understand cosmic acceleration: dark energy and inflation.

- Explore the unknown: new particles, interactions, & physical principles,

« Recommendation 2: Pursue a program to address the 5 science drivers.

The drivers are deliberately not prioritized because they are intertwined, probably more deeply than currently understood.
A selected set of different experimental approaches that reinforce each other is required. Projects are prioritized.

The vision for addressing each of the drivers using a selected set of experiments is given in the report, along with their approximate
timescales and how they fit together.

- Explored at Energy Frontier with colliders

... |
FCC Week 2015 - Lankford: US HEP community perspective S

A. Lankford @ Washington '15
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The handles that FCC-ee can play with to achieve its physics
goals: luminosity, beam polarization, energy

(( —UL )) Input from Physics to the accelerator design

0. Nobody complains that the luminosity is too high (the more you get, the more you want)

1. Do we need polarized beams?
-1- transverse polarization:

continuous beam Energy calibration with resonant depolarization
central to the precision measurements of m,, m,,, I,
requires ‘single bunches’
a priori doable up to W energies -- workarounds exist above (e.g. yZ events)
large ring with small emittance offers a priori excellent prospects
need wigglers; simulations ongoing (E. Gianfelice, M. Koratzinos)

-2- longitudinal polarization requires spin rotators and is very difficult at high energies
-- We recently found that it is not necessary to extract top couplings (Janot, Azzi)
-- improves Z peak measurements if loss in luminosity is not too strong
but brings no information that is not otherwise accessible

2. What energies are necessary?
-- in addition to Z, W, H and top listed the following are being considered
-- e+e- = H(125.2) (requires monochromatization A. Faus) (under study)
-- e+e- at ~70 GeV (Z-y interference)
-- e+e- at top threshold + <~20 GeV for top couplings (E_max up to 180 -185 GeV)
-- no obvious case for going to 500 GeV 'i"
A. Blondel @ Washington
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Phenomenology @ FCC-ee

1. Discovery via EW/Higgs physics
* potential of Higgs precision measurements
« EW precision measurements

2. EWSB and flavor probes of BSM
« sensitivity to new physics of precision EW/H observables

- direct searches
* rare phenomena: rare Higgs/Z decays, flavor violating decays

3. Probes of high-mass frontier

« search for sterile neutrinos
» fit of deformations of SM by higher-dimensional operators

4. DM @ FCC-ee

FCC-ee/eh/hh complementarity/interplay?
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Vivid activities

First FCC-ee mini-workshop on Precision Observables and Radiative

Corrections

13-14 July 2015
CERN

Europe/Zurich timezone

First FCC-ee workshop on Higgs physics

24-25 September 2015
CERN

Europe/Zurich timezone

Workshop on high-precision alpha_s measurements: from LHC to FCC-
ee

12-13 October 2015
CERN

Europe/Zurich timezone

FCC-ee Mini-Workshop: "Physics Behind Precision”

2-3 February 2016 -
CERN

Europe/Zurich timezone
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Higgs measurements and BSM indirect searches
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Higgs @ FCC-ee

K. Peters @ CERN 15 Overview of current FCC-ee Higgs results

- Higgs precision measurements

Discussion of new ideas / results

- 1st generation fermion couplings, rare decays etc.

Complementarity and synergy with other collider projects
- Complementarity between lepton and hadron colliders

- Synergies between different lepton collider studies

Which precision to aim for in Higgs measurements
- Which models can we constrain, which precision is needed
- Interplay with other EW precision measurements

- What precision is needed for the direct top-Yukawa coupling

M. Klute @ CERN 15 = FCC-ee offers fantastic opportunities to gain understanding of the Higgs boson and
EWSB

@ Sub-precent level Higgs coupling measurements (absolute measurement, not ratios like at LHC)
@ Access to first and second generation Higgs couplings (s-channel prod. & exclusive decays)

@ Precision mass measurement  and Higgs width (model-independent)

@ Higgs CP studies

@ BSM and exotic Higgs
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Higgs @ FCC-ee

Model-independent fit Constrained fit

Coupling | FCC-ee (240) FCC-ee ILC FCC-ee ILC

JHZZ 0.16% § 0.15%§ (0.18%) | 09% | 0.05% (0.06%) | 0.31%

JHWW 0.85% § 0.19%p8 (0.23%) | 0.5% | 0.09% (0.11%) | 0.25%

JHbb 0.88% § 0.42%0 (0.52%) | 2.4% | 0.19% (0.23%) | 0.85%

JHcc 1.0% § 0.71%08 (0.87%) | 3.8% | 0.68% (0.84%) | 3.5%

JHgg 1.1% § 0.80%8 (0.98%) | 44% | 0.79% (0.97%) | 4.4%

gHrT 0.94% § 0.54%Q (0.66%) | 29% | 0.49% (0.60%) | 2.6%

9Huu 6.4% § 6.2%y (7.6%) 45% | 6.2% (7.6%) 45%

GH~~ 1.7% § 15%8 (1.8%) | 145% | 14% (1.7%) | 14.5%

BRexo 0.48% § 0.45%8 (0.55%) | 29% | 0.16% (0.20%) | 0.9%

e* X=W.2b,g » Wy * Ye

H L =10 ab FOR * Ys

- ke < 2.2 at 30
- »
¢ X=WZb,g Py * Vu Vd
> WY
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Color naturalness & FCC-ee

Fan, Reece, Wang '14

FCC—-ee, unmixed: X;=0

FCC—ee 240/350 GeV (10/2.6 ab™1)
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Higgs mass fine-tuning Higgs coupling fit

Can exclude the 10% fine-tuned region

and significantly constrain the 5%
probe TeV-stops fine-tuned region

EW precision and Higgs data
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Neutral naturalness & FCC-ee

D. Curtin @ Washington

Singlet Naturalness

Fermionic top partners without any SM charge always lead to tree-level Higgs
coupling shifts. = Detectable at lepton colliders for partner masses < 1-2 TeV!

What about SM singlet scalar top partners? No theory yet, but can probably
write one down....

In that case, would have to rely on Higgs Portal Observables at future colliders: Craig, Englert, McCullough "13

h*¥—SS production (100 TeV) ‘("“ surprisingly low sensitivity Neutral scalar top partner 67y _
0(Zh) shift by partner loops (ILC/TLEP)

triple higgs coupling shift by partner loops (100 TeV)

Sensitive to singlet scalar top partners at ~ 300 GeV

If there is a mirror QCD, h—invisible decays at lepton colliders

0azn[%]

20
might be sensitive to~400Gevy & TR TTTTTTTTTTT
0.5! 1‘7\
0.2 5 EA‘1~50% |
100 150 200 250 300 350 400
BSM constraints from Zh precision mo [GeV)
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e

EW precision measuments and flavor probes
(In)direct probes of high-mass frontier
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J. Ellis, summary of TLEP Pisa meeting

Ge
¢ Twin Frontiers of FCC-ee Physics

Th

Precision Measurements

)
| @

* Springboard for :
sensitivity to new 3
physics o

* Experimental 1ssues: o

— Systematics .

* Theoretical 1ssues:

[
— Higher-order QCD
— Higher-order EW °
— Mixed QCD + EW .

Heinemeyer, Freitas, Degrassi, Salvarezza,

L L Tarrtic

Soreq, Matsedonskyi, Riemann, Schwinn, De

Chris Z‘op/]e G/*od'ean

| Rare Decays e

Direct searches for new
physics

Many opportunities

Z: 101

b, ¢, T: 1012

W: 108

H: 106

t: 109

Soreq, Nemevsek, Azzi, Strumia, Fischer | ¥
i e, . o T oy
. » ) 5 B e T ! § ‘A

~
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SM parameters and quantum structure

d’Enterria Lomonosov ’'15
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best test of QM beyond QED (and indirect probe of new physics up to ~40TeV)
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Accessing SM input parameters

Xqep(mz) Xqcp(mz)

Janot’1l5 Dam @ EPS’15

measure o(e*e — p*p-) and A M at (a) judicious /s

f
’ f

The y exchange term is proportional to 02,z (V/s)

R, = Maa/T)

LEP measurements with
(1) new N3LO results
(2) improved miop
(3) MHiggs

& (a(m;) )ep = £ 0.0038 (exp.) £ 0.0002 (others)
stat. limited

The Z exchange term is proportional to G2, hence independent of o
The yZ interference is proportional to o .5(V/s) x G;

TLEP statistics

O (a.(mM;) )ecc.ee = £ 0.00015

Oﬁe crabbed-waisfc year

Four IP's :

11 i 111 | i 111 | i 111 |

120 130 140 150
Vs (GeV)

By running six months at each of 88 and 95 GeV points:
» Could potentially reach a precision of : §a/a = 2 x 10°°
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Improving EW fit

LEP: 10° Z's = TLEP: 1012 Z's
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Fan, Reece, Wang ‘14

Landmarks for precision studies

oblique parameters not most suited for EW constraints at that level of sensitivity
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A. Blondel @ Washington

-- full use of precision measurements requires a considerable improvement
in the theory calculations
-- for the measurements themselves (e.g. Full two loops exponentiated for the QED ISR
-- for the interpretation; full three loop calculations for EWRCs
and on inputs (Aa_QED(m,) Was, Gluza, Heynemeyer, Kuhn, Frietas, Jadach, Ward..

M. Reece @ HKUST ‘16

A Wish List

Of course, we want the best measurements possible of
many quantities. But here are reasonable goals to probe
loops of ~TeV particles. CEPC will deliver what’s in bold.

Measure mw to better than 5 MeV (how 15 MeV)
and sin20w to better than 2x10-5> (now 16x10-5)

Measure mzto 500 keV precision (now 2 MeV)
importance of tt threshold ->  Measure m:to 100 MeV precision (now ~0.8 GeV*)

* Have precise enough theory to make use of these
results: at least 3-loop calculations.
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Top EW couplings
important to access the EW top couplings

? chiral gauge symmetries are the only one to be spontaneously broken?
9 probe various scenarios of physics beyond the SM

Atr/tRr(%)

O

L=
=
30%  -20%  -10% = 210%  20%  30%

Aty /1t (%)

adapted from Richard 14
see also Agasheetal’l3

FCC sensitivity down to 0.5%
=> probe New Physics resonances up to 15-20 TeV, way above direct LHC access
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Top EW couplings

mportant properties of tt production above threshold

. events are fully reconstructable,
all final parton angles can be measured
- production is from y-Z interference,
asymmetries are of order 1
- decay is by weak interactions,
asymmetries are of order 1

M. Peskin @LCWS’15

"

2my,
7 (gauge invariant) form factors, 5 CP-even & 2 CP-odd

Khiem et al ’15,
arXiv:1503.04247

’ - . T 2 . . y
r“X(k? q,q) = —ie {’m (F{ (k") + v Fia (k%) + =22 (g + )" (%Fg"'ff(k‘:’}ﬂwaFfﬂkg})}

Janot 15,
arXiv:1503.01325

Uncertainty
[

FCC-ee

. syst. error included (Vs=360 GeV)

. stast. error only
107E

. show feasibility of kinematic

reconstruction of the di-lepton . no beam polarization

. use final-state polarization

final state: e e = tt — 6f 0
B instead

. extract all ten form factors
simultaneously using ME
method

Christophe Grojean FCC —ee //}enomeno/ oqy 19 0% physics WS, Fev. 4 20l
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Z = atomic clock of HEP

(1) probing rare Z decays: Br(Z0 = Jjo ) N 8 x 10

Br(Z° = T(nS)~) = 1.0x 1077
(2) probing flavor-violating decays:

* In the minimal SM (with massive neutrinos and PMNS mass mixing
matrix), the LFV leptonic Z decays are beyond experimental reach

B(Z = e*uT) ~ B(Z — €*7F) ~ 107 and B(Z — p*r7) ~ 4.107%°
* Many NP models do foresee LFV Z decays: SUSY, Little Higgs etc...

* The current experimental bounds:  B(Z — e*pF) < 751077,
B(Z = e*rT) <9.81076,
B(Z — pF1T) <1.2107°.

* We could potentially go more than 5 orders of magnitude beyond.

S. Monteil @ Washington '15
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Direct search for (light) vr

—

—

(
<

1
-
<
=
-

-~

strong coupling

-

neutrino masses
are too large
107

Yukawa couplil
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Traditional seesaw
mvL = Y2 v3/mvr

e Assuming m, = 0.1eV
o if Y ~ 1 implies M ~ 10'*GeV
o if My ~ 1GeV implies Y, ~ 10~7

remember Y;,, ~ 1. and Y, ~ 106
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Indirect BSM constraints: EFT fits
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Figure 9: Summary of the reaches for the dimension-6 operator coefficients with TeV
scale sensitivity, when switched on indiwidually (green) and when marginalised (red), from
projected precision measurements at the ILC250 (lighter shades) and FCC-ee (darker
shades). The left plot shows the operators that are most strongly constrained by EWPTs
and Higgs physics, where the different shades of dark green and dark red represent the
effects of EWPT theoretical uncertainties at FCC-ee.
Higgs physics and TGCs, and the different shades of light green demonstrate the improved
sensitivity when TGCs are added at ILC250.

Chrrst op/?e 6/‘0(_/8&/7

FCC—ee p/}enomeno/ oqy

Ellis & You '15
Individual Marginalised
|| ILC250 1 ILC250 ||
Bl FCC-ee Bl FCC-ee

EW/’ EHW/Y EHB E3Wf
The right plot is constrained by
22 10“" physics WS, Fev. 4 206



http://arxiv.org/abs/arXiv:1510.04561
http://arxiv.org/abs/arXiv:1510.04561

Y
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DM & FCC-ee

In traditional WIMP model, DM caries SM (weak) charges
Other models where FCC-ee can be particularly relevant:
SM neutral DM + light mediators (could be the Higgs itself!)
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Conclysions

LHC-FCC interplay
If the LHC does not see any sign of NP, what should be the energy of the next machine?

FCC-hh -> exploration of the unknown/energy frontier
FCC-ee -> dedicated study of the EW+Higgs+top

Do we need to ttH, HH thresholds?

If the LHC sees a sign of NP, e.g @ 7506GeV, does it make sense to go for low E machine?
importance of precision measurements

open new horizons beyond LHC!
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