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Complementarity between FCC-ee and
FCC-hh Searches for BSM Physics
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I explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e) :
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ee Booster

Lepton beams must cross over through the
common RF to enter the IP from inside.
\ Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
- fec_ring_roundracetrack_lhc_99.983_14.3_000_ring.svy
. T T — r—
E — FCC-hh
2B - FCCat -]
' E ~— FCC-g4 i
- 20f P

) 1 RF(t)

E™ \ /
> L . /
10 % e e i I
q \ - . -~
- S /"’ i —
‘ NN/
N W rd
\-.__ ,/h'x =
I p—

w= ArC (L=16km,R=13km)
w= Mini-arc (L=32km,R=13km)
== DS (L=0.4km,R=17 3km)

= Straight

Coll 2.8km Coll 2.8km

FCC-hh

Extr 1.4 km Extr 1.4 km

layout

> -

| | L L
500

1
1500 1000 (] 500 1000 1500
GX (m)

Max. separation of 3(4) rings is about 12 m:
wider tunnel or two tunnels are necessary
around the IPs, for £1.2 km.

H & F
e 2mainlPsin A, G for both machines

« asymmetric IR optic/geometry for ee —_— —
to limit synchrotron radiation to detector




+CC-ee Physics & Experiments

Coordination

Physics Studies coordination
A. Blondel, P. Janot (EXP),

P. Skands M. McCullough m

Physics software Online selection & DAQ Polarization, Vs measurments MDI, Exp'tal environment
C. Leonidopoulos A. Blondel M. Boscolo
N. Bacchetta
Synergy with FCC-hh, LC, LHC Joint with FCC-ee Accelerator Adapt (to) the interaction region

Joint with FCC-ee Accelerator

Detector des igns Synergy Wﬂ:ﬂ LCand C:':-PC
A. Cattai, G. Rolandi, Set canstramt.s r::-n des;gqs_
to match statistical precision

Propose detector designs




ER The Objectives

How do FCC-hh, FCC-ee and FCC-he
complement each other? Cf, LEP and LHC

What are the synergies between them?
— And between them and other accelerators (LHC)?

Requires mputs from specific FCC-xx analyses

Broad subject: just starting
[1lustrate with specific physics examples

— Higgs and precision electroweak

— Supersymmetry




Flavour Changing
Extensions of the SM

QCD
EW/SM precision issues

precision studies

higher dimension operators
composite Higgs

rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter
baryogenesis
right-handed/(almost) sterile neutrinos

supersymmetry

composite models

rare H,Z, W,top decays
lepton flavor violation

extra vector-like fermions
5U(2)z models
leptoquarks

Perturbation theory, structure functions
Modelling final states

precision measts (m,,m,,,m,0,c.(m,),sin?6,,.R,...
higher-order EW corrections

W,Z triple and quadruple couplings
top (anomalous) couplings
charm/bottom flavor studies



(G TLEP (FCC-ce) study, arXiv:1308. 6176

Possible FCC-ee Precision Measurements

Obsggvable Measurement Current precision FCC stat.
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‘ Possible Future Higgs Measurements

B0.100 —

- |+ Need to reduce theoretical uncertainties to match
| experimental errors

1.000 —

I WW vy gg Zy HH tt bb cc TT  up  BRinv Ttot
e HL-LHC e FCCee e FCC-hh e FCC-eh

— Needed for BSM interpretations

A g I g < N Ty W L AT T g T

High precision at FCC-ee |
Big statistics at FCC-hh



One way to look for BSM physics
Standard Model Effective Field Theory

Higher-dimensional operators as relics of higher-
energy physics, e.g., dimension 6: |

Operators constrained by SU(2) X U(l) symmetry
s % s gtac, G
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|+ Constrain with precision EW, Higgs data, TGCs ...
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(( Eg )) JE & Tevong You, arXiv:1510. 04561—-'
‘ CC-ee Higgs & TGC Measurements

EWPTs and Higgs | Higgs and TGCs
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s 6| '
11 :
cw +e or ey & G M Crw CHp Caw E:;
~|* Shadings: |+ Shadings of green: .
v i ) _ ) e
| — With/without | — Effect of including

theoretical EWPT - TGCsat ILC
uncertainties Should extend to include prospective

s FCC-hh measurements of TGCs, ...
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Important to Control TH and SM Uncertainties

EWPO AT FUTURE COLLIDERS" IVITY TO NP
® Dimension six SMEFT (EWPD): P ure PR
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| operator at a time. Flavor universal.

LARGE impact of SM uncertainties
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I What lies Beyond the Standard Model?

. Could there be a hidden “Top Partner”?

Much attention now to alternative ideas:

- Folded SUSY  "ooov Twin Higgs 227,
Theory where EW-charged Theory where top partners
uncoloured scalars are top are SM gauge neutral fermions

artnePS vl N, o~ 1] .
& l\ ; fp “Folded Stops” tr Twin Tops
f}ﬂ‘:“x h """""" O """""" h
)
...but they must be charged ...but they must be charged
under new hidden QCD’. under new hidden QCD’.




(G=D)

Evil Twins of the Higgs?

. Naturalness not hidden, just look in nev'v'piéfc:es...

New hidden sector
introduces exotic

FCC-ee and FCC-hh
complement each other

1506.06141

m; (GeV) [Folded SUSY]

0 10 20 30 40 50 60
my (GeV)

Twin / Twin -
Gluons Hadrons

Higgs decays:  — < %
a000 U

FCC-hh can thoroughly probe
larger Twin confinement scales
through displaced searches.

FCC-ee has access for light top
partners, including for well-
motivated low confinement scales.




What lies beyond the Standard Model?

Supersymmetry

= New motivations
e Stabilize electroweak VaCUUIM [y

» Successful prediction for Higgs mass
— Should be <130 GeV In simple models

| » Successful predictions for couplings
‘ — Should be within few % of SM values

 Naturalness, GUTSs, string, ..., dark matter | :
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Where May Supersymmetry be Hiding?
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MasterCode Collaboration, arXiv:1610.10084, 1612.05210



(D
‘ Where May Supersymmetry be Hiding?
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Applying relic density
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neutralino LSP
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LHC 3000_\@ / _~—~¢ Coannihilation with

nearly-degenerate stop

2000 4000 6000 8000 10000
Scalar mass Mo {Gev} GAMBIT Collaboration, arXiv:1705.07935



QFCC-hh Reach in Squark-Gluino Plane

I I 1 1 1 1
et Rl Bl

pp—0g.04q.9q

5 ¢ discovery

— 100 TeV, 3000 fb
— 33 TeV. 3000 fb’

— {4 TeV. 3000 fb’
— 14 TeV, 300 fb!

Discover 12 TeV sqark,
16 TeV gluino @ 5o

5

DDIIII

FCC-hh study, arXiv:1606.00947
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‘ Exploring the Stop Coannihilation Strip

A =2.3my. H,Lh.f = 0.12. tan 3 = 20
; 140
X HE-LHC

m— BRW (monojets), MET 100 TeV e
-+ N N (monojets), MET =

e LHC 3000 : L RES ’:

2 (monojets), MET | N =
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- |* May extend to m, = mStOIO ~ 6500 GeV

JE Ohve & Zheng aerv 1404 5571 ',




Buchmueller, JE et al: arXiv:1505.04702

Precision Higgs

CM55M and NUHM1 at FCC-ee

h —yvt
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X
- =

cmssm low mass
cmssm high mass
nuhml low mass
nuhml high mass

cmssm low mass
cmssm high mass
nuhml low mass
nuhml high mass
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‘ Impact of Precision and Higgs Measurements

Contributions of Higgs and electroweak precision
observables to global 2 function along stop
coannihilation strip

Stop ceannihilation: A, =2.5m, and tand =20 Stop coannihilation: A, =3.0my, and tand=20
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1. FCC-ee vs FCC hh: possible test of supersymmetry at
; thelooplevel
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— Global Analysis, Combination
& Complementarity

* Will depend upon inputs from both FCC-ee and
FCC-hh (and FCC-he)

» Core business: probes of any new physics at the
quantum level

— E.g., Higgs, supersymmetry
— Effort needed from all sides
— Important to work on systematic, theoretical errors

— Accuracy of possible FCC-hh measurements?

— Explore further sensitivity to BSM > H, SUSY

oW

s .




Structure of FCC CDR

3 = Hadron Collider Comprehensive

1-PHYSICS

y.
Hadron
Collider

Accelerator Injectors Technologies

Infrastructure  Operatinr~.  Experiment  eh

5 - Lepton Collider Comprehensive

"'lYﬂCl ' n
opportunities - - -qrt-?..

L " 0 [T Sp—.

SEenance Summary

l Accelerator Injectors Technologies

Infrastructure Operanur Experiment

7 - High Energy LHC Comprehensive
Accelerator Injectors Infrastructure

Refs to FCC-hh, HL-LHC, LHeC
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\ Work Plan Towards FCC CDR

» Continue ongoing studies & document
=  — Particularly hh and he, but also ee
* Need to prioritize topics?

— Precision electroweak & TGCs

— Higgs

— Specific BSM scenarios

» Supersymmetry? Composite models? Neutrinos?
* To be largely 1n place for FCC meeting 1n Jan. 18

|+ Can then compile & document complementarities
& synergies
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- What H Physics can FCC-hh do?

 One thing is to have a large o

| - B

|* Another is to have small uncertainties
| OpDF dac Oscale  OPDF-theo  OEW Otbe ) 1
| x25% +29% 8% +25% 1% +08% + 1%

T e T R i T R e E
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%%Ieasurement of 3-H Coupling

e The story so far

Studies 1n progress

Barr,Dolan,Englert,Lima, | Contino, Azatov, He, Ren Yao
Spannowsky Panico, Son
JHEP 1502 (2015) 016 arXiv:1502.00539 arXiv:1506.03302

| FCC@ipoTev 30~40% 30% 15%
| 3/ab
| FCC@igotev |10% 10%
| 30/ab
|  S/NB 84 15.2 16.5
Details v Aypn modificationonly v Full EFT approach v Ayuy modification only
2 v c>b&j-yincluded o Noc—=b&j-y v ¢ - b&j - yincluded
3 v Background systematics v Marginalized o No marginalization
- o bbyy not matched v' bbyy matched v" bbyy matched
T v ' m,, =125+ 1GeV v’ m,, =125+ 5 GeV v’ m,, =125+ 3 GeV

v Jet /W4 veto

| » More decay modes, improved selections, .

™ . > ——
A s 2 <, Tl > " o ¥
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- woarpe we el .4 -
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FCC-ee Sensitivity to 3h Coupling

 Loop corrections to o(H+Z):

T et

And also: h--—--—{  r-—h

1624 = 100 (2521 0.01463,) %
|+ 3h correction o, energy-dependent .

|+ &, energy-independent: can di

200F

I i 1 =
— 20=04%, 6X°=1%
----- 620=04%, 6,°=3%

0 N
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—~100} NN
—200} . . Y
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A First Look at 4-H Coupling

e [ I"\'.:‘jr: 7 P —v'tfl-“ .._- A
O
HHH production and quartic coupling constraints
Papaefstathiou, Sakurai, arXiv:1 508.06524
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How Heavy could Dark Matter be in pMSSM?
o Largest possible mass in pMSSM is along gluino
| coannihilation strip: Mg ine ~ Mpeutralino u
- mg/mz=10 10000 — s
_ . | | | Cosmological i
Nominal o dark matter [iE
150/ calculation density >
= N _
< @ | 2 6000}
ok \ 3
3 \ 4000} |
V 2000 40'0(;n X[ Gégo\o/ ] 8000 10000
|+ Extends to m, = mMyin ’

TR RO IR e oG LR TSy < A e T T



@ Reaches for Sparticleﬂ

Model with compressed spectrum: small gluino-
E neutralino mass difference
= e

=k
=
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Indirect Stop Limits from Precision EW Data

« Solid lines = full calculation, dashed lines = EFT |

. - 1000

1000

800}

122 < M), < 128 GeV
122 < My, < 128 GeV

400¢

Xy"m;

Drozd, JE, Quevillon & You: arXiv:1504.02409
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Possible FCC-ee Precision Measurements

¢+ Conservatively based on LEP experience so far —it is just a start. Much work ahead.

Observable Measurement Current precision TLEP stat. Possible syst. Challenge
m; (MeV) Lineshape g1187.5+2.1 0.005 <0.1 QED corr.
Lineshape 24952 +2.3 0.008 < 0.1 QED corr.
Peak 20.767 + 0.025 0.0001 < 0.001 Statistics
Ry Peak 0.21629 + 0.00066 | 0.000003 < 0.000006 g—bb
M, Peak 2.984 + 0.008 0.00004 < 0.004 Lumi meast
R, 0.1190 + 0.0025 0.00001 0.0001 Mew Physics
Threshold scan 8038g = 15 0.3 < 0.5 QED Corr.
M, EE‘:?E?;;rii::S" zzgjz 1:..2-::53 0.001 < 0.001 ?
Brad = (Thad/T wthw By.q=67.41+ 0.27 0.00018 < 0.0001 CKM Matrix
Threshold scan 173200 * QOO 10 10 QCD (~40 MeV)
Threshold scan - 12 E o (mz)
Threshold scan W=205+1.05 13% ? a (m5)




) Reaches for Sparticles
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Qnat H Physics can FCC-hh do?

Nioo Nioo /Ns Nioo /N4
1 gg—H 16 G 42 x |0* 110 .
VBF 1.6 G 5.1 x 10* 120
WH 320 M 2.3 x |04 66
ZH 220 M 2.8 x 10* 84
ttH 760 M 29 x |0* 420
gg~HH 28 M 280

* Sub-% measurement of H to 41/yy? :
|+ 1% measurement of H to pp

|+ 5% measurement of 3-H coupling?

| Sensitive to 4-H coupling?

y-
b e
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HL-LHC : One experiment only
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l FCC-ee Higgs & TGC Measurements
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Measuring CMSSM with FCC-ee (&)
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Buchmueller, JE et al: arXiv:1505.04702 my [GeV]




‘ Where May Supersymmetry be Hiding?

tanb=10,Ay=2.3mg, p>0

Relic density constraint, T

assuming '1  HE-LHC [ &

~
-

neutralino LSP . Y / |

Stop
Excluded because N
4 coannthilation/ |

stau or stop LSP 8 AR g | focus-point

Excluded by LHC1 §
Jets + I\/IET search

*;;_l Excluded by
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