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HL-LHC Plans
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Now (Vs=13 TeV), <y>~38 (2017 data-taking)

Peak luminosity (cm™?s™') | p (pile-up)
Current 1.3-10% ~40
HL-LHC baseline 5-10% 140
HL-LHC ultimate 7.5-10% 200

Phase-II Atlas and CMS Upgrade

' ® Increased instantaneous luminosity
| and mean number of interactions

per bunch-crossing (pile-up)

ntegrated luminosity collecte®
ing HL-LHC ~ 3000 fb'!

-

®  Precision measurements on the
Higgs sector (couplings, self-
couplings,VBF production), rare-
decays
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CMS Projection
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* Scenario 1+: All systematics
remain constant with
luminosity + some detector
upgrade effects included

* Scenario 2+: Experimental
nuisances scale with VL,
theory uncertainties halved
+ some detector upgrade
effects included




Projected ete- Colliders:
Luminosity vs Energy
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ILC Measurements of H Couplings

Precision of Higgs Couplings | % |
and Synergy with HL-LHC

Tomohisa Ogawa
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ILC can improve

significantly ——
ZZ,WW,bb,tr,gz = 8
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Very challenging at LHC —
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| LHC 3000 fiv' ATL-PHYS-PUB-2014-016 (2014),
Maodel Dependent k-fit 4
B LHC 3000 i+ JLC 250 GeV 2000 b EFT-fit

.LII('J'IJIM&' + [LCIS0 2000 (b,
+ILCIS0 200 b, + TLOCSMD 4000 v, EFT-fi

at ICHEP2018

71— LHC is necessary
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Synergy with LHC
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CEPC-SPPC

Lrefiminary Concepiveal Design Report

Future Circular Colliders

FCC-ee FCC-eh ..--> FCC-hh
[Z-pole= EW precision NC ] [ EWPO: first quark families J 2{ - J
>, L . r[ Higgs: General measurements J : ]
WW threshold: EW precision CC) £ e Y F Wy _‘ Higgs: Top coupling

‘ [ i )( Higgs: Self-coupling ]

v v v T4 w v
[ EW bosons properties J ( Higgs properties J

The vision:

explore 10 TeV scale directly (100 TeV pp) + indirectly (ee)
; = -




FCC-ee CDR

(&= FCC-ee Parameters & Run

parameter
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4
no. bunches/beam 16640 2000 393 48
bunch intensity [101] 1.7 15 15 23
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 £ § 13 2.9
bunch length with SR/ BS [mm] 3.5/121 3.0/6.0 3.3 193 201245
i i 34 cm2g-1 > > > >
Working point Z, years 1-2 Z, later ww HZ tt threshold 365 GeV ‘
Lumi/IP (2034 cm-2s2) 100 200 31 7.5 0.85 1.5
Lumi/year (2 IP) 26 ab+ 52 ab 8.1ab* 1.95ab+ 0.22 ab+ 0.39 ab™*
Physics goal 150 10 5 0.2 1.5
Run time (year) 2 2 1 3 1 4
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I Fussible FCC-ee Precision Measurements

FCC-ee CDR

tt thresh.

Z pole

.
Ty

Observable

Measurement

Current precision

Dominant exp. error

Z Lineshape

91187500 £ 2100

Beam energy

/ peak
+ 4 GeV
for a,,,

line shape

2495200 = 2300

Beam energy

20767 = 25

Detector acceptance

216290 = 660

g—bb

2984 = 8

Lumi measurement

231480 = 160

Beam energy

WW thresh.

128952 + 14 Beam energy

(x10%) R, 1196 * 30 Same as R,
WW Threshold scan 80385 + 15 Beam energy
2085 * 42 Beam energy

2920 % 50O E

1170 * 420 CKM Matrix

oo Thrache 173340 = 760 = 500 QCD corr.

t tbar E QCD corr.

nw=1.28 % 0.25 QCD corr.

threshold
+ 30% QCD corr
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Precision
Electroweak

Measurements
with FCC-ee

1809.01830v1 [hep-ph] 6 Sep 2018

arxiv

Blondel et al, arXiv:1809.01830

BU-HEPP-18-(4, CERN-TH-2018-145, IFJ-FPAN-IV-2018-0%, KW 18-003
MTTPS18-052, MPP-2018-143, SI-HEP-2018-21

Standard Model Theory for the FCC-ee: The Tera-Z

Report on the 1* Mini workshop: Precision EW and QCD calculations for the
FCC studies: methods and tools, 12-13 January 2018, CERN, Geneva

https://indico.cern.ch/event /669224 /
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Precision Electroweak Measurements

Present and future EWPO errors

Blondel et al, arXiv:1809.01830

6Tz [MeV] | 6R; [1074] | 6R, [107%] | 6sin 6. [1078] | dsin? 5% [107°]
= Present EWPO errors
EXP1 2.3 250 66 160 1600
THI1 0.5 50 15 45 5
s FCC-ee-Z EWPO error estimations
EXP2 01 | 10 | 226 | 6 70

&= Comparison of future EWPO errors with TH estimates

FCC-ee-Z EWPO error estimations

e 6T, [MeV] | 6R, [1074] | 6R, [10-7] | 4sin? 6., [10~7]
| EXP2 [40] 0.1 10 2+ 6 6
| THlnew | 04 60 10 45
N TH? 0.15 15 15
- [EEE < 0.07 <7 <3 P
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Numbers of Diagrams to be Calculated

Z — bb Blondel et al, arXiv:1809.01830 |
Number of 1 loop 2 loops 3 loops
topologies 1 875 211 B 84 B 51
Number of diagrams | 15 | 2383 ‘237 1074 | 490387 ‘23" 120472
Fermionic loops 0 150 17580
Bosonic loops 15 924 102892
Planar / Non-planar | 15/0 981/133 84059/36413
QCD /EW 1/14 98 /1016 10386 /11008¢
P A lot ofwork
: for theorists,
Number of 1 loop 2 loops 3 loops Tath B Thilel
topologies 1 149795 211 W e B
Number of diagrams 14 2012 ) 880 397690 e 91472
Fermionic loops 0 114 13104
Bosonic loops 14 766 78368
Planar / Non-planar | 14/0 782/98 65487 /25985
QCD /EW 0/14 0/ 880 144/91328
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Possible Future Higgs Measurements

1.000 —
————— -
~0.100 —
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BN 0.001 ,3;
3 ZZ WW vy gg Zy HH it bb cc TT  up BRinv Ttot ©
= =
) e HHLHC e FCCee e FCChh e FCCeh -z
%‘1": * Need to reduce theoretical uncertainties to match |

i

experimental errors High precision at FCC-ee |
— Needed for BSM interpretations [ERsiTEE1sE e @ SO(OT:1)!
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(C’:.@D) FCC-ee CDR
Sensitivity to HHH Coupling

__FCC-ee, from EFT global fit s

[ — 5fab at 240 GeV

0.02- — +D 2 ab at 350 Ge‘v’

\ "::_' J- J(Je alone
0.01}
S 000
-0.01}
~0.02}

-4 -2 0 2 4

- Combining all FCC-ee centre-of-mass energies: precision in k, of £40%

Improved to £35% in combination with HL-LHC
Further improved to i25% when C, ﬁxed to SM value.
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Sensitivity to e'e’H Coupling

e* Yukawa coupling limits in e*e” > H, Vs = 125 GeV
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100 200
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Parameters of FCC-hh & HL/HE-LHC

parameter (HL) LHC
g collision energy cms [TeV] 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [10"] 1(0.5) 2.2 (2.2)1.15
bunch spacing [ns] 25 (12.5) 25 (12.5) 29
I norm. emittance ye, , [um] 2.2 (1.1) 2.5 (1.25) (2.5)3.75
i IP g, [M] 1.1 0.3 0.25 (0.15) 0.55
! luminosity/IP [1034 cm2s-1] 5 30 28 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (139) 27
stored energy / beam [GJ] 8.4 14 (0.7)0.36
SR power / beam [kW] 2400 100 (7.3)3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40
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Higgs Cross Sections

* Atthe LHC and beyond:
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FCC-hh Simulation (Delphes) S CC'"’I’ Sindieontrpae)

- - Vs =100 TeV o
= gtat + syst (cons.) | ' - —— allbkg x 0.5
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varying (0.5x-2x) background yields:
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H FCC Accuracy in H Couplings

HLLHC + FCC

HLLH+FCC-ee/FCC-eh

| Coupling Relative precision | Coupling Relative precision
0.39% :

l Kt 5.16% Kt 0.51%
- 0.59% Kr 0.58%
Ke 0.79% ks 0.79%

E Ky, 5.17% Ky 0.42%

= Kz 0.14% Kz 0.14%

. Rw 0.17% RKw 0.17%
Kg 0.74% Kg 0.74%
K 1.19% " 0.40%
K2y 14.3% Kzn 0.52%
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FCC Constraints on k.

LHC (7 TeV + 8 TeV)

. & Standard Model —— ._ATLAS
* Best fit

—— 68% CL




SM Effective Field Theory: Tool to Search for BSM

* D=6 operators 1n electroweak, diboson data

~(3) ~(1)
Crt (HTzD LH) (I M) + Cf“ HH? H)(I4*1) + C—(m D (Iv*0)

- £de¢w ;
()

SMEFT -

CHD Cu w B

_|_

2
HT IHWI B GE%C
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C_HL
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* D= 6 operators affectmg Higgs observables

G'uﬂ

arsaw GLH C{EII
LONTBRT D — 5 1,: —S-(H'H)(leH) + 2 —5-(HH)(qdH) + (H'H)(quH)

C G- N
SS(HTH)O(H'H) + ff (go* T4u)H G4,

G Cu Cuc
.- + 2 HtEWL Wi L 5 gt B, BY + “ECHYH GA,GA
' ’U TL:' v
T, — T = T TG ™ . T R

Cy C
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Updated Global SMEFT Fit
to Higgs, Diboson and Electroweak Data

* Global fit to dimension-6 operators using precision
clectroweak data, W*W- at LEP, Higgs and diboson
data from LHC Runs 1 and 2

* Results in Warsaw and SILH bases
* Improvements in the constraints from Run 2

* Constraints on BSM models
— Some contribute to operators at tree level
— Stops that contribute at loop level

.. Murphy, JE, Sanz & You, arXiv:1803.03252




Run 2 Higgs
Measurements

used 1n
SMEFT Fit

A

Include all

available

kinematical

information
+ W"W-
measurement

at high p,

Production Decay Sig. Stren. Production Decay y
1-jet, pp > 450 bb 2.371% pp
Zh | Bb | 0.9+05 Zh
Wh bb 17407 Wh / .
tth bb —0.19708) A Q\,\
tth 1£+2m, | —1.207130 | s | 6 T |
tth | 2ss + 17, | 0.86707% \‘g / —0.621%
tth 3¢+ 1m, | 122775 | 6 tin | 165,
tth 26ss 1.770:2 (g 2bss + 17 ??]
o Q/ R
h @ E‘Esa‘_ 1.57 .j_
"/ 9gF WW T B
/ VBF WW e
B(h — 77)/ B(h — 4¢) 0.69°015
0-jet & | 1o |
1-jet, pr < 60 44 0.67 5
1-jet, pr € (60,120) | 46 | 1.00°3%
&0 - A Lo 1-jet, ps ; (120, 200) -:15 z 1
-jet 4¢ 22 5
/ Y | 0553 “BSM-like” | 4 2312
il 2.2£09 [ VBF, p; < 200 4¢ 2,140
gitd 2.371p Vh lep 44 0.3F13
4¢ 1.2075 51 tth 4¢ 051°0% |
TT _ 0.84 +0.89 Wh WW 3.2+44
boosted TT 1177048 -
—+0.34
VBE T S B [\, hy, JE, Sanz & You, arXiv:1803.03252
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Summary

Warsaw basis 95% CL limits LEP + LHC Run 1+2

[ 1 Individual
B Marginalised

A/VE [TeV]

=
N

=
O

18
16

=
N

O N A O o

Theory | x? | x?/ng | p-value
SM 197 | 0.987 | 0.532
SMEFT | 137 | 0.987 | 0.528
SMEFT* | 143 | 0.977 | 0.564

JE, Murphy, Sanz & You, arXiv:1803.03252
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Extrapolating Global Fit in Warsaw Basis

HL/HE-LHC fits to each operator individually

100 - LHC (current) 15 I .
" HL-LHC (3ab™") | e
_ B HE-LHC (15ab")
- B HL+HE-LHC |(§5ab )

EMSY, based on arXiv:1803.03252



Extrapolating Global Fit in Warsaw Basis

HL/HE-LHC fits to all operators simultaneously

- LHC (current)

C W HL-LHC (3ab™ ')

- W HE-LHC (15ab™)

™ HL+HE-LHC (15ab™")

EMSY, based on arXiv:1803.03252




Remark on Primordial Gravitational Waves

Generated by first-order electroweak phase transition
Observable 1f |(I)|6/A2 A small also at HL LHC "

Iy el C ‘\ = T
107° L i— T(GeV] 1.5 1
i 109.2 I 1
" EPTA 'E g 1B E
07 : :
L /] e 058
:"é 10-0L | ﬁ 0.F
| = E 60.10 —05 o -
10721 SKA 4 B
= == —1.5 -
10-HL ) b
i / \ ] —1.5] ]
:| I\IHIIl \I\f{l\l J’\Ilfﬁ L ’I’:’\IHIH LE P \:i‘ 1L LI LI \I\I\I'i - - ! ! ! ! _ | ! ! N ! ! | : : | : : | : : )
0°  10° 10t 102 10° 10 _ 540 580 620 660 700 740 780 820
f[Hz A [GeV]

Reach of HL-LHC: 625 GeV @ 30, 766 GeV 20
Reach of LISA: 580 GeV




JE & Tevong You, arXiv:1510.04561

e'e” H, Electroweak & TGC Measurements

Higgs and electroweak
100f| Indiv d'idl Marginal |~,:-=d ]
- i - rccee -
sof @
= =
E 60 ‘
o >
j 40 :
:5::_1- 'I'I(’” Cr (:l:ii-! (er F!__L‘I Cq 5
| ® dhaaings: SLAULEd UL ZICTIL, -
. — With/without — Effect of including 2
theoretical electroweak TGCs at ILC
;; uncertainties Should extend to include prospective

Sy ' CC-hh measurements of TGCs, ...

O,



CLIC Senstitivities to Dimension-6 Operators

Ajve [TeV] AT [TeV)
0.7 0.8 11 16 16 1.1 0.8 0.7 11 13 151618 25 25 181615 13 11

E“ o i l"“ ]
(W ——t CHW
= =
. CHE ro— E— CHyn
| [ — Caw
.u-‘. | - rlﬂ.
¢, ( x100) =3 e, ( x100)
v e o e - ks
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 -0,004 ~0.002 0.000 0.002 0.004

m Individual operators Omitting W*W-
ensitivity enhanced y er centre-o1-mass

3 JE Roloff, Sanz & Tevong You, arXiv:1701.04804
oy FETg—
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CLIC Sensitivities to Dimension-6 Operators

8 I_“-". r
Individual operators Global fit
Individual Marginalised 30 individual Marginalised
10 =3 350 B 350 3 350 Bl 350
0 1400, |EEER 1400 EEE 1400 |EEE 1400
B 3000 |EEE 3000 25| 3000 |EEE 3000
— E —
& 2 20
= @ o
| o 15
S S
< 4 < 10l
7 B
o4 L - : . 0
Cw —Cp CHw CHp Caw % ]

Sensitivity enhanced by higﬁnér centre-of-mass

e A

JE, Roloff, Sanz & Tevong You, arXiv:1701.04804






What lies beyond the Standard Model?

Supersymmetry

New motivations
Stabilize electroweak vacuum Sl

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

Successtul predictions for couplings
— Should be within few % of SM values

Naturalness, GUTs, string, ..., dark matter L |

e
-
|-
-

| U R——




Inputs to Global Fits for New Physics ma@)

Electrowe ak Ohservable Constraint

observables

Flavour T(Bs = pp ) [63] 2.04 & 0.44(stat.) = 0.05(syst.) ps

[65]/ [66] (L988 + 0.045xp & 0.068 14 50 = 0.0601H susy

observables:

Interpretation

1.007 = 0.00dgxe £ 0.116=4

requires

1000y = 0001 Fgx e == ULODY3 7y

lattice inputs Lory [72]/ (73] 2.01 £ 1.30exp + 0185w
Dark Matter
LHC g —+ qgx, by, X

G — qis [16] Likelihood in the (mg, my) plane

b— bt [16] Likelihood in the (mj;, m_v), plane

t — %7, ex), bis [16] Likelihood in the (m;, ,mo), plane

%1 e R et Wt [18] Likelihood in the (m_+,mg) plane

¥ = Rt L 2 [18] Likelihood in the {mig,m}-:-_:-} plane
Heavy stable charged particles [74] Fast simulation based on [74, 75)

HiA—= 171" [28,29,76, 77| Likelihood in the (M., tan 3) plane

observables




Quo Vadis g, - 27?

* Strong discrepancy between BNL experiment and e*e- data now ~

New physics

at TeV scale? i©

SUSY?

3.70 Aa, = (27.05+7.26) x 10717

B :

DHMZ10 . ' i

HLMNT11 ' i

T’_“ FJ17 n—-—; E

= DHMZ17 _._. :

’-5 KNT18 l—;=;—| i
A BNL (x4 accuracy) 7060 —4—
" 160 170 180 190 200 210

-

_ (a,*" x 10'%)-11659000
o * New experiment at FNAL (J-PARC)

- Keshavarrzi, Nomura & Teubner, arXiv:1802.02995
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[MORE MINIMALJ

[COMF’RESSED]

(SUF‘EESOF'IJ

E%EMI-NATURAL%

UNNATURAL
E‘ﬂINI-sPLIT]‘/{ J

‘/ PLETHORA OF MODELS CONSISTENT
[ orT ] WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT US?




Analysis of pMSSM 11

3 gaugino masses : M 23,

. 2 squark masses : mz =mg,, My,
= * Phenomenological MSSM # mg, = my,my, -
P . - 2 slepton masses : m; = m; =mz = M My
with 11 parameters 2 e, = m, 3
~ F 1 trilinear coupling : A, (1) ”
Sample parameter Space Higgs mixing parameter : u, -
using Multinest technique | pseudoscalar Higgs mass: M,
ratio of vevs : tan /3, 7
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SUSY Dark Matter Mechanisms

* Bringing relic density into cosmological range
often requires specific relation between sparticle
masses, such as:

- | —Near-degeneracy, e.g..: “Blind spots™ &=

: o " M, . Wigs _—
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= 5 -
= -
- — Direct-channel resonance. e.o.: —
e H/A funnel : ‘Ei -2 <04 n
.;-_:5':;_'." m:"-:LII I'.'.-
- * Indicate by following shadings
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oy | Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



Squark & Gluino Mass Planes | ™%
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How Light can Squarks & Gluinos be? ”‘as(Té'E"é‘_;;"“
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Best-Fit Sparticle Spectrum ™=

Phenomenological MSSM
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Best-Fit Sparticle Spectrum | ™5™
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Likelihood for LSP Mass | ™=
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The Lighter Stop may be Light

1 —— FH214 --- FH210

8_
61 |
L'\l>< X E
< 4- U ............................................................. !
94 N ! i
0 : 2=l e i —
0 1000 2000 3000

m;, (GeV)

stop

« M_, <500 GeV allowed with Ay> ~2

4000

| e v? likelihood functions for m

stop> STOP MIXING

pMSSM11 —— FH214 --- FH210

MasTERcooe
™= 1 N -
]

0

4 —2

0
X:/Mg



Sparticle Masses in the pMSSM | ™7&Re=

4000 & production at e+e- colliders Fit without g -2
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= 68 & 95% CL ranges
- Best-fit values

- Accessible 1n pair production at ILC500, ILC1000, CLIC

Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



Sparticle Masses in the pMSSM MmasTER o)

4000 & production at et+e- colliders _m
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Fit without g -2

Higgs properties in the pMSSM

Fit with g -2
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EMSY, arXiv:1803.03252

SMEFT Constraints on Light Stops

B Current bounds Possible HE-LHC bounds




Direct Constraints on Light Stops
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Neutralino Reach =

wino disappearing tracks CO"lder LimitS
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Where could 1t be hiding?
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:; Experimental MET 51gnature
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* Near-degeneracy of LSP and heavier sparticle(s)?
* Coannihilation increases possible mass range
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- FCC Simulation Stop coannihilation

- /s =100 TeV, - strip could
: extend beyond
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Neutralino
Plane

|ir|’r||||'|'|'|'||||l[

=
f——
[~
|—
|—
|—
=
-
=
=

I | - s I 1 L T

| , 000 40 6000 8000 10000

) : m: [GeV]
No ‘no-lose’ theorem

~1.4 TeV ~4.5 TeV
HL-LHC FCC-hh (3ab™







« Empty » sace 1s unstable

Qark matte

e ¢ Ornigiit 01 matter

W <Mierarchy/naturalnes
! « MaSSeS O TIeIIINOS

1 * Inflation
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