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The Electroweak Hierarchy Problem

7 New physics

at scale A

Absence of sub-TeV sparticles = solution requires a lot of fine tuning. | “
‘However, nothing else prevents me from takmg Msysy Very large ‘
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Why still consider SUSY in 2025?

View of the believer

* The hierarchy problem hasn’t gone away; it is even more puzzling. Maybe there is fine tuning...
» SUSY is the unique extension of spacetime symmetry (for theories with S matrices).
* The thermal Higgsino is still a good DM candidate. Gauge coupling unification is predicted.

Should be taken seriously.

View of the skeptic
* SUSY is well defined with few parameters and represents how new physics may show up.

* Not too many better ideas for solving the big hierarchy problem...
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SUSY is not the main motivation for FCC-ee...
But could the FCC-ee discover SUSY?



Very Obvious Statement

Discovery correlates with technological advancement.
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Very Obvious Statement

Discovery correlates with technological advancement.
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What does future technology look like?
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What does future technology look like?
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What does future technology look like?

1()2 3 . Hadrons i O o> - 107 ‘ . Hadrons i -
| A Leptons : =~SppC  FCC-hh ! | A Leptons | FCC-ee I
| - 106 k ! (Z-pole) -
10" £ i E | | o |
' l 10° ¢ i FCC-hh -
N : o0t L i
\B) 0 - | - ~ : | :
= : E :
% ' ' CEPC FCC-ee > : |
3 107'F f  AA LEPI | . 3 o2 L PEP i :
i SLC | : A | :
ISR A LEP-] ! . Spear |
' PEP : ' 10! @& |
1072 3 A A E = ISR ® . Tevatron |
: SuperKEKB! : | > :
Spear upet | 109 E A | E
| i - ; SLC i
10~ 3 e — _ 10~ 1 A T R R S SR
1960 1980 2000 2020 2040 20060 2080 1960 1980 2000 2020 2040 2060 2080
Year Year
Berkeley &

BERKELEY LAB



What does future technology look like?
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What experiment explores the highest energy scales?




What experiment explores the highest energy scales?

Directly explores energy scales A ~ 10° GeV.

rrrrrrrrr
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What experiment explores the highest energy scales?

Super-Kamiokande

Directly explores energy scales A ~ 10° GeV.  Indirectly explores energy scales /A ~ 10" GeV.
Searching for decays using 10°* protons.
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Canthe FCC-ee See What The LHC Can’t?



Motivation 1: Colored sparticles may be too heavy for the LHC.

[Martin, 97093560]
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15001 * EWPTs are more sensitive to lighter particles.

* Alternatively, folded SUSY (for example) has no
colored sparticles.
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Motivation 2 : Blind Spots at the LHC
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How could the FCC-ee see SUSY?



Simplified Models

To make progress, I will consider the following simplified models:

U(1)y Dominated Model SU(2); Dominated Model

Pure Bino Pure Wino

Right Handed Slepton Left Handed Slepton

A bit overly simplified, but gives us an idea of the sensitivity of the FCC-ee.
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Corrections from SUSY (1I-Sparticle Level)

* If we assume R-parity conservation, all corrections are at 1-loop.

* Dominant effects from “oblique corrections” if considering only a single sparticle.

Marandella, Schappacher, Strumia [hep-ph/0502095]

* FCC sensitivity at the O(few 100 GeV) level (not the focus of this talk).
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Non-Universal Corrections to Z-pole Observables

Let 7 = (W, B) and £ = (L, o).

/- -
i .
Ly vrx | z + Zan-l E
Al g A

(Just one of several diagrams)
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Non-Universal Corrections to Z-pole Observables

Let 7 = (W, B) and £ = (L, o).
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(Just one of several diagrams)
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Finding a robust observable

['(Z — £7) is not the best observable. Instead we use

['(Z — hadrons)
[(Z - £F)

R,

* Hadronic decay introduces a (M) dependence. This must be determined by other measurements.

* Also depends on @y, We will identify this from

a (mz)
V2G i

This choice introduces modifications from oblique corrections.

. 2 A 20—
sin” Oy, cos” Oy, =

Be rke]ey =0
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Bino + RH Slepton
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Bino + RH Slepton
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Bino + RH Slepton
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Bino + RH Slepton
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Wino + LH Sleptons
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Wino + LH Sleptons
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Wino + LH Sleptons
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Conclusion

 EWPTs are complimentary searches for new physics.
» SUSY parameter space exists which may be explored at the FCC-ee.

* Motivates investigating which observables give the greatest reach to new physics.
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Electroweak Precision Tests (EWPTS)

* SM has many more observables than parameters = Predictions!
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Electroweak Precision Tests (EWPTS)

* SM has many more observables than parameters = Predictions!

1 y 1 A 117A nv o A 2 2 v
L = 49,QBWB“ 492W,LWW "+ |D, H —Z\H| H 5
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Electroweak Precision Tests (EWPTS)

* SM has many more observables than parameters = Predictions!

1 y | R A V2
L = 49/QBMVBM 492 W/J,VW MY+ ‘D,UH‘Q o Z‘H|2 (|H‘2 9 )
Observables

—1 1 ,
1. GF = (\/5\12) 3. my, = 5\/82 g : V

1 | g
2. My =—gV 4. SOy =

2 Ve

BC I‘l(Cle
UNIVERSITY (.;I'VLA‘.IHJVRNH’.

BERKELEY LAB



Electroweak Precision Tests (EWPTS)

* SM has many more observables than parameters = Predictions!

1 9 1 A 1i7A uy 5 A 2 2 v
Observables Prediction
>\ 7! 1 2 '
1. GF — (\/EV ) 3 mZ — _\/g g Vv 2
2 My
1 g pPE—F—— = | (At tree level)
2. My = —gV 4. sinfy = mz cos- 0,
2 Ver+g?

Berkeley
UNIVERSITY OF CALIFORNIA )

BERKELEY LAB



Electroweak Precision Tests (EWPTS)

* SM has many more observables than parameters = Predictions!

1 9 1 A 1i7A uy 5 A 2 2 v
Observables Prediction
>\ 7! 1 2 '
1. GF — (\/EV ) 3 mZ — _‘\/g g Vv 2
2 My
1 g ﬁ pPE—F—— = | (At tree level)
2. My = —gV 4. sinfy = mz cos- 0,
2 Ver+g?

* Checks like this give us a method of indirectly discovering new physics!
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Supersymmetry

The diagrams for Higgs boson mass corrections are the following:

Fermions Bosons

jf‘ e ——————— e "
‘1 _ —
‘ AWlH — An/lH,fermionks* T A’/}/lH,boks*ons =0 h

pend

l
|
- i = — = — ——

e =

If SUSY is exact. But it is broken...
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Supersymmetry

When SUSY IS broken the nggs gets correctlons

« - S
f

3yt m~ W
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Supersymmetry

When SUSY IS broken the nggs gets correctlons

u“—”

e R S _ — ?)j‘
- 1
|

3yt m~

~ AWlH An/lH fermzons T A’/nH bosons & log(m; / mt) }

20, ‘ I I
Pardo Vega, Villadoro .~

[1504.05200]
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Supersymmetry

When SUSY IS broken the nggs gets correctlons

“—-————’——-

3 222 |
| Am? = Am? + Am? X i log(m;/m,) }
| H H fermzons H.,bosons A2 t' M j
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Pardo Vega, Villadoro .~

[1504.05200]

Berkeley &

BERKELEY LAB Kevin Langhoff - FCC Workshop 2025

30


https://arxiv.org/abs/1504.05200

Supersymmetry

When SUSY IS broken the nggs gets correctlons

T BERE T —
»h A’/nH An/lH fermzons T An/lH bosons X A2 log(m; / mt) ’}
20, -

parch e, Zj}?f‘)m /SR 1 Might be just out of reach...
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Supersymmetry

When SUSY is broken the nggs gets correctlons
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Simplified SUSY Models
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Simplified SUSY Models
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Simplified SUSY Models
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Simplified SUSY Models
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Simplified SUSY Models
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Electroweak Precision Tests at the Z-pole

There are many measurements which can be

performed at the Z-pole.

— — p—
o (- S
b [3¥] -

Precision Improvement Factor

p—
=
o

Many measurements are systematics limited!

Which systematics should we prioritize reducing?

Berkele

UNIVERSITY OF CALIFUORNIA

S gyst

stats 1

a (my)

y BERKELEY LAB

R

as(mz)

Observable Present value =+ error FCC-ee Stat. FCC-ee Syst.
mz (keV) 91,186,700 =+ 2200 5 100

'z (keV) 2,495,200 = 2300 8 100

RZ (x10%) 20,767 + 25 0.06 0.2-1.0
as (mz) (x10%) 1196 =+ 30 0.1 0.4-1.6
Ry, (x10%) 216,290 + 660 0.3 < 60
op 4 (x10°) (nb) 41,541 + 37 0.1 4

N, (x10?) 2991 +7 0.005 1
sin?0S! (x 10%) 231,480 + 160 3 2-5

1 /agEp (mz) (x10%) 128,952 + 14 4 Small
AYy (x10%) 992 + 16 0.02 1-3
APNT (x10%) 1498 -+ 49 0.15 <2
my (MeV) 80,350 £ 15 0.5 0.3

'w (MeV) 2085 + 42 1.2 0.3

as (my) (x10%) 1170 £ 420 3 Small
N, (x10°) 2920 + 50 0.8 Small
Myop (MeV) 172,740 % 500 17 Small
Cop (MeV) 1410 & 190 45 Small
Mop/ Ay 1.2+0.3 0.1 Small
ttZ couplings + 30% 0.5-1.5% Small
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ATLAS SUSY Searches® - 95% CL Lower Limits

ATLAS Preliminary

July 2020 Vs =13 TeV
) -1 . -
Model Signature  [Ladi ™) Mass limit Reference
. L) L) L} 1] 1 L) 1] L l L] L] 1 L] L)
dd. G—at) Oe,u 26jets  Ep* 139 | g [10x Degen] 1.9 m(¥')<400 GeV ATLAS-CONF-2019-040
9 meno-jel  1-3jets  EF'™ 36.1 0.7 m{g)-m(t})=5GeV 1711.(3301
-§ 38, B g0, Qe 2Bjets  FMs 139 |z 235 m(i})-0 GeV ATLAS-CONF-2019-040
b 2 Forbidden 1.15-1.95 m(¥})=1000 GaV ATLAS-CONF-2019-040
B a2 zoqwi! Teu 2:G jets 139 | & 22 m(E|)<600 Gev ATLAS-CONF-2020-0¢7
3z, 3-qi(LOX) e, 2jets EM* 361 | & 1.2 m(#)-m(¥})=50 GeV 1805.11381
88, 844 1 7
§ 23, 3->qqWZ¥) Oeu  7-11jets EP™ 139 |Z 1.97 m();i} <600 GeV ATLAS-CONF-2020-002
3 SSe.u 6 Jets 139 | & 1.15 m(&)-m(Y})=200 GeV 1909.(8457
= - .
= 3, potily 0-1epu 3b E7S 798 | & 2.25 m(¥'})<200 GeV ATLAS-CONF-2018-0¢1
SSe.p 6 jets 139 |2 1.25 m(z)-m(¥;)=300 GeV 1909.(8457
byby, by —b¥) jib" Multiple 36.1 | b Forbidden 0.9 m(¥})=300GeV, BR(h{})=1 1708.09266, 1711.03301
Multiple 139 b, Forbidden 074 m(¥})=200GeV, m(¥;)=300GeV, BR(tX])=1 1909.08457
Byby, by —bVs — bhi) Oe.u 6 b Egi“ 139 | b, Farbidden 0.23-1.35 Am(FY.7))=1720 GaV, m(F})=100 GeV 1908.03122
25 27 2b E}™ 139 | b 0.13-0.85 Am(t3.1})=130GeV. m(i})=0 GeV ATLAS-CONF-2020-031
§ B i, i -t 01 ep >ljet Eps 139 |7 1.25 m{i1)=1Gev ATLAS-CONF-2020-003, 2004.14060
Rg nin,t —»vw?‘,’ 1e.u 3jels/1 b E',“‘“ 139 I 0.44-0.59 mit} =400 GeV ATLAS-CONF-2019-017
§, N, 1=t by, 7116 Tr+lept 20810 EPS 361 |4 1.16 m(7;)=800 GeV 1803.10178
g i), -k 168, t—ek| Oe,u 2¢ EF™S 361 |& 0.85 m{i1)=0 GeV 1805.01649
ESS ) . h 0.46 m'7, ,&)-m(¥})=50 GeV 1805.01649
Oe,u mono-jet  EF 36.1 i 0.43 n(f,,&)m(t})=5 GeV 1711.(8301
i, TS, W)z 1-2 e.pu -4b  EM™S 139 |G 0.067-1.18 m(¥2)=5600 GoV SUSY-2)18.09
L, 0ot + 2 Beu 10 E?i“ 139 t; Forbidden 0.6 m(¥)=360GeV, m(i; -m{¥|]= 40 GeV SUSY-2)18-09
ViFs viawz 3e.u CERS 139 |RUAG 0.64 miE})=0 ATLAS-CONF-2020-015
ee, >ljet EP™ 139 xf/x, 0.205 m(¥;)-m(t})=5 GeV 1911.12606
Yiv| viaww 2e,u ERis 139 | ¥ 0.42 m(¥)=0 1008.¢8215
f’ff'g via Wh 01epu 2b/2y E?i“ 139 XfX3 Forbidaen 0.74 n(t))=70 GeV 2004.10894, 1909.09226
= g XXy viady/v 2e.u E',“f“ 139 m(Z,7)=C.5(m(F; }+m(t))) 1908.08215
WS #, fori) 27 Ey™ 139 m(¥})=0 1911.06660
firlLR, I-EX) 2e,u 0 jets E}‘f” 139 ~ mE)=0 1908.(8215
ee, >ljet EF™ 139 m(#)-m(¥})=10 GeV 1911.12606
HH, H—=hG |76 Oe.u >3b 52?5 36.1 nn(?('." s hG)=1 1806.04030
4e.u 0 jets EF™ 139 BR(Y; — ZG)=1 ATLAS-CONF-2020-040
» Direct Y1 ¥] prod., long-livad ¥ Disapp. trk  1jet  EMS 361 Purz Wino 1712.02118
= % Pura higgsinc ATL-PHYS-PUB-2017-C19
g g Stable 7 R-hadron Multiple 36.1 1902 01636,1R08 04095
3 Q  Metastable z R-hadon. g—gyt) Multiple 36.1 m(F}])-100 GeV 1710.04901,1808.01005
Vivi V) ¥ szi—ret 3e,u 139 Pura Wing ATLAS-CONF-2020-009
LFV pp—v, + X. 7.—=epfer/ur epeTut 32 =011, ivjimpn=0.07 1607 (8079
Vi XS — wwyzeieery 4e,u Ojets  EPS  36.1 m(F))=100 GeV 1804.C3602
22, 8—q¢%1. X - gqq 4-5 large-R jets 36.1 Large 17, 1804.03568
0>. Multiple 36.1 m(¥} =200 GeV, bino-like ATLAS CONF-2018-003
@ 7 iotk), X] - ths Multiple 36.1 m(¥} =200 GeV, bino-like ATLAS-CONF-2018-003
if, i—h¥], X7 — bbs > 4b 139 ] Forbidcen 0.95 m(¥} )=500 GeV ATLAS-CONF-2020-016
iy, I —bs 2jets+2b 36.7 [lg@Bs 042 ost 1710.07171
nhn,t—gl 2e.u 2 b 36.1 i 0.4-1.45 BRI, —be ! bu)>20% 1710.05544
Tu DV 136 | i [1e10< X, <128 3e10< i), <39 10 1.6 BR(7) —qu)=100%, cosf=1 2003.11956

"Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Mass scale [TeV]



Electroweak Precision Tests

* The most general method of indirectly searching for heavy new physics is SMEFT.

(n)
LsmerT = Lsm + L L A 70 (n)

n=>5 1

* Assuming CP conservation and MFV, about 20 operators are relevant for EWPTs.

95% CL reach from the full EFT fit (Warsaw) 1907.04311
3L S
10 é - HL-LHC S2 + LEP/SLD . ILC 250GeV . CLIC 380GeV |Ight shade: individual fit (one operator at a time é 10 °
| Il CEPC Z/WW/240GeV B ILC 250GeV/350GeV Bl CLIC 380GeV/1.5TeV solid shade: global fit i
i B FCC-ee Z/WW/240GeV HILC 250G€V/350G8V/5OOGGV BCLIC 38OGBV/1 oTeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD |
5 B FCC-ee Z/IWW/240GeV/365GeV | P(e™,e")=(¥0.8,+0.3) P(e",e")=(¥0.8, 0) flavor universality imposed in gauge couplings )
S‘ 10— —10°
° :
0.1

On Oww Ogg Oge Oy, Oy, Oy, Oy, Osw Ows Or Oy Om Oune Ong Ohg Onu Owa Oy
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https://arxiv.org/abs/1907.04311

A Tale of Two Bar Plots

95% CL reach from the full EFT fit (Warsaw)

S M HL-LHC S2 + LEP/SLD M ILC 250GeV M CLIC 380GeV

| Wl CEPC Z/WW/240GeV B ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV
| Ml FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV M CLIC 380GeV/1.5TeV/3TeV
| B FCC-ee Z/WW/240GeV/365GeV | P(e”.e")=(70.8,£0.3) P(e".e")=(70.8, 0)

light shade: individual fit (one operator at a time) &

solid shade: global fit

lepton colliders are combined with HL-LHC & LEP/SLD |

flavor universality imposed in gauge couplings

On Oww Ogg Oge Oy, Oy, Oy, Oy, Osw Owg Or Ony Oy

Questions

1. Which SMEFT operators are most
interesting?

2. Which systematics should
experimentalists be most motivated
to decrease?

Berkeley
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OHe OHq O'Hq Onu Ona O

How do we interpret these?

10*

Precision Improvement Factor

fa—
-
o
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