Global Analysis, Combination &
Complementarity
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I explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e) :
—



FER 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)?

Depend on inputs from specific FCC-xx analyses
Broad subject: not really started
[llustrate with specific physics examples

— Higgs and precision electroweak
— Supersymmetry
— X(750)
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Possible FCC-ee Precision Measurements
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I Possible Future Higgs Measurements
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HL-LHC : One experiment only
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Standard Model Effective Field Theory

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

off — 313 mn

 Operators constrained by SU(Z) X U(l) symmetry
' $'&B,, B + “q@@Tﬁw

e a

£ > oy [ete]6,['8) + &

207 miy miy

N 2iq © cg,rm _D”'i'J[T:;_DP‘i"] W .I. !I;i' f;HH :D#..j;.’rDu{I]] By

i'.l’t“ i"rt“'

N g '!11. [{IJ Tﬂ{ﬁp{i] DPH o '+ flf 'fﬂ [‘_ﬁi—{ﬁ#{i]ﬁwﬂﬁu

i'ﬂu ...Ti'!u

+-ﬂ@@¢fmm+gﬁ¢@¢9ﬁw+ﬂﬁﬂ¢¢L;H,_
o2

|~

|0 Constram Wlth preC|S|on EW Hldgg.s data TCiCs .|

.



(G=D))
! FCC-ee Higgs & TGC Measurements I
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JE & Tevong You, arXiv:1510.04561

CC-ee Higgs & TGC Measurements
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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? }j
|+ 1% measurement of H to pp

|+ 5% measurement of 3-H coupling?
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| * Sensitive to 4-H coupling?
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- What H Physics can FCC-hh do?
* One thing is to have a large o |
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” vieasurement of 3

e

-H Coupling

e The story so far

Barr,Dolan,Englert,Lima,
Spannowsky
JHEP 1502 (2015) 016
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| v Background systematics
o bbyy not matched
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Studies 1n progress

Contino, Azatov,
Panico, Son
arXiv:1502.00539
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v Full EFT approach

o Noc—>b&j-y

v' Marginalized

v' bbyy matched

v m,, =125+ 5 GeV
v Jet /W4 veto

He, Ren Yao

arXiv:1506.03302

16.5

v' Ayyy modification only ;
v ¢>b&j-yincluded [
o No marginalization -
v" bbyy matched

v’ m,, =125+ 3 GeV

* More decay modes, improved selections, .
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FCC-ee Sensitivity to 3h Coupling

 Loop corrections to c(H+2):
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A First Look at 4-H Coupling
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| HHH production and quartic coupling constraints -
Papaefstathiou, Sakurai, arXiv:1 508.06524

, B \\ B ) L : s TOOO0000)—__ f i # DO0O0000
/\) J A T - - ) h | -‘hh-} - |z
Y -/ i TR h # TRROOOT . ' - -
2| 712 4 b 6 mh s 4 A ‘
Veelt = p°|H|* + A|H|* 4+ Og, O = EAlHl Veelr = E(1+C3)h * 802 (1+da)h

hhh — (bb)(bbd)(v7)

-~ approximate ., exclusion, hhh —(bb)(bb){~), pp@100 TeV
hhh
hh+jets 6= - ’
= ¥
S ’
t—4 ,
L+
= st o |
& .
= ,
o r
= - o
4 5 !) #
= - 0 ’
= ~ R )
3% , -
2 ¥ -
> ’
a +F
............. 22 ’ )
& =5 £ =20 v
- —
- - < -
ﬂ." T }5
a
] —
b -b.r’
0 i i i i " 1 A i Fo i 0 _10 4 - " i . A a
-2.5-20-15-10-05 00 05 10 15 20 25 30 35 40 —3 -2 -1 0 1 2 3 4 5

Ce C3




Buchmueller, JE et al: arXiv:1505.04702

Precision Higgs

CM55M and NUHM1 at FCC-ee
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cmssm low mass

cmssm high mass
nuhml low mass

nuhml high mass
LHC

HL-LHC

cmssm low mass

cmssm high mass
nuhml low mass

nuhm1l high mass ILC

GFitter SM fit FCC-pe

estimate of opce o/ T SM unc. Higgs WG
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Measuring CMSSM with FCC-ee ((&&2)
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Buchmueller, JE et al: arXiv:1505.04702 my [GeV]




Where May CMSSM be Hiding?

S ?\ ta? b =10,A9=2.3my, p>0
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(ED

quark-Gluino Plane

et Rl Bl

- PP—049.99.99

— o o discovery

= 100 TeV, 3000 fb
— 33 TeV, 3000 ib’
— 14 TeV, 3000 fb’
— 14 TeV, 300 i’

Discover 12 TeV squark,
16 TeV gluino @ 5o
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‘ Exploring the Stop Coannihilation Strip

A =2.3my. H,Lh.f = 0.12. tan 3 = 20
' 140
HE-LHC
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| » Compatible with LHC measurement of m,,

* May extend tom, = mstOIO ~ 6500 GeV
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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

| ! 10000 i —— 10000
35 EOOO 25 2000
20f — 20b —
B000 > BOOD
[H] [i1] 3%
B S o [
= 15 - 15 B4
| 4000 I 4000 I
10 || ‘ 10
5 | l R 5 .7 | P
|| v EWPO e | | v (EWPO)
,"’Id — x (Higgs) -7 | — i
0 0 0 - - - - s s Ly
6000 2000 10000 12000 14000 0 2000 A40:00 &000 BOOOD 100040
my, [GeV] my [GeV]

e FCC-ee vs FCC-hh: possible test of supersymmetry at
| the loop level
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Buchmueller, JE et al: arXiv:1505.04702
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‘ Possible Future X Signal

* Assuming production by gluon-gluon fusion
- Djouadi, JE, Godbole, Quevillon, g™
o ° Normahzed tO GB(YY) 6 fb arXiv:1601.03696 "
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|* PDF, ren’n scale uncertainties (@ 100 TeV ~ 30%
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Alternative Higgs Doublet Scenario

After singlet, doublet? i
Heavy Higgses in 2 Higgs doublet model: ® = H, A
Nearly degenerate in many versions, €.g., SUSY
Expect t tbar decays to dominate

Can accommodate I'y ~ 45 GeV (ATLAS)

Need larger enhancement of loops compared to
singlet model

Rich bosonic phenomenology

“% A Djouadi, JE, Godbole, Quevillon, ariv:101‘.03696 )




+MSSM: tan 3 = 1

MH_

Iy,

ocB(A=>yy) =
2 X cB(H=>vyy)

Asymmetric

f 1&

I, ~32,35GeV

‘Breit-Wigner’

Resolvable?
v 8] Djouadl JE, Godbole QueV|IIon arXiv:1601.03696 &
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Possible ® = H,A Signals

* Normalized to 6B(yy) =6 tb @ 13 TeV

10%

gg — A’
gg - H

pp — ttA/H:




Possible H* Signals

o @ 14, 100 TeV for varying M, # M In generai
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E .
- Cross Sections for Vector-lee Q

 Pair-production at LHC, future circular colliders

100 |

" U(pp—:*QQ) [pb] i
2 10 | +/5=8,13,14,33,100 TeV
: 0 Djouadi, JE, Godbole, Quevillon,
arXiv:1601.03696
0.1 ¢
3 0.01 F. 33 “.,100 TeV
0.001 | :

0. 2 3 5 7 10

mq [TeV]

i - Present lower mass limit ~ 800 GeV
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ﬂ Cross Sectlons for Vector [Like L

 Pair-production at LHC, future circular colliders

10 : : - : 1 —
o(pp— LL) [pb]
my, = 0.8 TeV
L 01f N T

EE oo
2 NL =
| 01t &
5 0.01 } =
0.01 | ~
0.001 | S

5 8 14 33 100 5 8 14 33 100
vs[ TeV] vs| TeV]

Djouadi, JE, Godbole, Quevillon,

1o Present mass limit < 400 GeV arXiv:1601.03696
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Indirect Sensitivity of FCC-ee?

* To mixing between H(125) and X(750)?

* To vector-like fermions via electroweak
precision and Higgs measurements?

* To other indirect effects in two-Higgs
doublet models?

| * Other models?

- * Should we wait and see?




( FCC))

— Global Analysis, Combination
& Complementarity

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

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

— E.g., Higgs, supersymmetry, X(750) (?)
» Effort needed from both sides:

— Accuracy of possible FCC-hh measurements?
— FCC-ee sensitivity to new physics # H, SUSY

. If X(750) exists, it will change everything!
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| Indirect Stop Limits from Precision EW Data

‘Il

e 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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GEGE

Reach for the Stop

CL, Discovery CL, Exclusion

. N g 10 10000 .

| /s=100TeV == Boosted Top I /s =100 TeV == Boosted Top 1 .
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Single Vector-Like Q, L Productlon

* Single production at LHC, future circular colliders
10 ¢ T . . : r
| (pp_}]N) [pbjﬂhn EII}s@cern ch ' J(Pp—?QQ) [pb]

VF —8,13,14,33,100 TeV 10 [, /5=8,18,14,33,100 TeV |

‘ 1 ' E 0.1 | N 15 =0.1
- Djouadi, JE, Godbole, Quevillon,

0.1 T arXiv:1601.03696
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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 a
mg/mg=10 10000 . .
- | | | Cosmological =
Nominal ool dark matter Q=
150t/ o calculation density &
= /N _
. RV 2 6000
= 9>.'<100- , §
) \ 3
zgo \ 4000}
;i 2000 400()’?1 X[ (}620\0] ] 8000 10000 1 5 10 mq/m)( 50 100 500 . :
f : EXtendS to m rngluino ~38 TeV JE, Luo & Olive: arXiv: 1503.07142 |
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@ Reaches for Sparticles1

Model with compressed spectrum: small gluino-

neutralino mass difference
Srglp T T % = &= mTlev,j L dt- 3000 ", No PileUp e
mﬂ}” p¥* > 30 GeV E:m‘rm.nfu::mm" - 18¢ L 9 £
E"'"mm s 165 . PP00-GILAW, 8 §
o 10° Twe E - 5 di ’ o
5 [ W2Z + jets 14F Tl 7 >
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| o oo ey o - 8
- 10 ST E <
e 065 R
? 10° 0.4F 12 §
. "11' 02F [ —1 ﬁ
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w Large mass possible in gluino coannihilation ﬁm
scenarlo for dark matter "x
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