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Future ete- Pnysics

e |[LC, FCC-ee, or CEPC will be a precision measurement
machine! As a Higgs factory, measuring Higgs
couplings precisely is a major goal.

* Aside from the "Higgs factory” run, these machines
potentially also do Z-pole physics and top threshold
physics. Part of this talk: what’s the relative importance

of these?

* | also want to give context: what could the measurements
tell us about what lies beyond the Standard Model?



Stops

To contextualize the results, I'll begin by focusing on one
llustrative case tor what the new physics could be: stops.

Different-spin pieces combine
to cancel large corrections.

“Stop” or “scalar top”: h h

cancels the biggest correction.
~10% tuned if mass ~ 700 GeV.



| HC: Towards Fine-Tuning?
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Direct searches for the superpartners are so far coming up
empty. But lots of still-uncharted stop territory.



| HC Stop Prospects

Exhausting all possibilities at the LHC requires a systematic
search of many ditferent channels and kinds of physics, e.Q.:

Compressed stops (see e.qg. Kilic/Tweedie; An/Wang;
Macaluso/Park/Shih/Tweedie)

R-parity violating stops: T < g ""X—z;-<

b t
Decay to hidden sector (e.g. stealth SUSY): & | b (g
(Fan/Krall/Pinner/Reece/Ruderman) 3 s<:b

G (soft)

Despite our best efforts, gaps can and likely will remain
in LHC direct search coverage.



Indirect Observables

The same physics that is relevant for naturalness—couplings
to the Higgs boson—can enter in loops to produce
modifications of Standard Model electroweak observables.

QY : :
- S hic'hW,,B""
S parameter: (4SWCW02> oW
20x ; 2
I parameter: —1° o) \h'D,,h|

Higgs decays: cpggh'hG, G + cpyyhhF),, F*



Stops: T Parameter
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A Higgs quartic coupling! These are the same
diagrams that lift the Higgs mass in the MSSM, except
that we are reading off subleading momentum
depeﬂdeﬂce: DUZ//'ns’[op2 ~ mzz/mstopz.



The S Parameter

¢ ’ \;, ~ Xt hT
42‘2'~~ Q%&"—~§R Q:i"‘:- >
S Yt * S Y B, W "‘:f o
W AN, AAB  + AN NAN B AN vin
Y. "' Yo Xy z" ~~T~ :
Sum” ~ “.I_'t ~~~~I
QS Q?) ‘E’ R QB Vomlmm=
IhT Xt h

The diagram on the right, at first glance, doesn’'t seem to
generate the right operator. In tact, it generates

<
i0" B,,,h' D"h

But it we work with a minimal basis of operators, equations of
motion turn this into a linear combination including the S
parameter.



Why Focuson S, 77

Any SU(2).-charged particles, coupling to the Higgs or not,
contribute at one loop to two other dimension-6 operators:

- 2 JVIN ke 2 T(R
g W WPW 8 T
“TGC” n rep R, mass M

Ay = Az
D,qui D Wi)\l/ - 92 T(R)
CJJ pv A e R DR L v
“Wparameter” rep R, mass M

where ap = 4 for Weyl fermions and 1 for complex scalars.

Unfortunately, their perturbative coefficients are very small.
(Could be lucky to have many new degrees of freedom?)

The U parameter is dimension 8: ¢ (thﬂhW'W”)2



Electroweak Fit

Present data CEPC fit
o (M2) 0.1185 = 0.0006 [23] +1.0 x 1074 [24]
Aal?, (M2) (276.5 & 0.8) x 1074 [25] +4.7 x 1077 [26]
my [GeV] 91.1875 + 0.0021 [27] +0.0005
my [GeV] (pole) | 173.34 £ 0.76cyp, [28] £0.5¢;, [26] +0. 2552051 [29, 30]
my, [GeV] 125.14 4 0.24 [26] < +0.1[26]
my [GeV] | 80.385 £ 0.0156xp [23]1£0.004; [31]]  (£3eyp & 1) x 1073 [31]
sin” 0% (23153 & 16) x 107° [27] (£2.3¢p & 1.5¢,) x 1075 [32]
', [GeV] 2.4952 + 0.0023 [27] (£B5exp £ 0.841) x 1074 [33]
Ry =T'y/Thad 0.21629 + 0.00066 [27] +1.7 x 10~*
Ry = Thaa/Ty 20.767 + 0.025 [27] +0.007

Numbers in boldface: major CEPC inputs to the electroweak

precision fit.




Baseline Fit

Electroweak Fit: S and T Oblique Parameters
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Even with conservative estimates, CEPC will provide a
substantial improvement over existing data.



[L.C and FCC-ee

0-2\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
Current
LHC Prospect
ILC

0.15

L)

0.1 TLEP-W

----
P g
L d
L d
L d
L d
L d
*
L d
'O
L d

0.05

—-0.05

—01- i T 68 % C.L.

-0.15

T
. .o .
I O Y O O O

SN0 Y22 T T T T Y Y
-02 -0.15 -0.1 -0.05 0. 0.05 0.1 0.15

-

2

0.04

0.02

-0.02

—-0.04

ILC

TLEP-W

|
-0

|
04

I
-0.02

W mass: 5 MeV if:lt ILC, 1.2 MeV at FCC-ee
sin20w: 1.3x10% at ILC, 0.3x10° at FCC-ee

top mass: 30 MeV at ILC, 20 MeV at FCC-ee

(theory-dominated: 100 MeV)

0.02 0.04

0.04

0.02

-0.02

-0.04

 ILC (red, dashed)
+ CEPC pessimistic (purple, dotted)

r CEPC optimistic (purple, solid) _..%
Ot
L Rots

~—pt

‘‘‘‘‘‘

-~

227N

68 % C.L.

TR
0.02

| |
0.04




Refining the t Mass

Much easier to do at the ILC than CEPC, due to
synchrotron losses.

Top mass measurements at the LHC are subject to
significant theoretical uncertainties due to hadron physics.

vvvvvvvvvvvvvv

L5t ¢) , {  The threshold scan can

| determine the top mass and
| width in the 1S scheme,
~ which is less subject to large
corrections than the pole
mass measured kinematically.

o{pb]

Vs (GeV]

Hoang and Stahlhofen, 1309.6323 Prospect for better than
100 MeV accuracy.



Refining the £ Mass

Energy calibration at FCC-ee Is better than ILC.
—rror bar on mz can be reduced: 2 MeV to < 0.5 MeV.

At a circular collider, the electron E [MeV]
beams can be polarized (have their s wim s s
spins aligned rather than randomized.) L S ot
B N

: , . . 0 I \ %
The spins precess in the bending field.  es |- 4
Applying an orthogonal field at the right °} i
frequency can depolarize the S I
electrons. v

Like NMR: carefully measuring the resonant depolarization
transition rate can calibrate the energy of the beam!



Limiting Measurements

It we only improved one input to fit at a time, hit limits:
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W mass is priority for measuring 1.
sin2@w is priority for measuring S



Comment

The most high-priority measurement that requires £
pole running is sin2fw. The W mass will be measured

well at 240 GeV.

sin26w benetits from the large cross section on the £

peak. It seems unlikely that it could be inferred as
precisely from any observables at 240 GeV.

(However, | don't know of detailed studies of how
much can be done at 240.)



Role of Top and Z Mass
for T Parameter
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At left: 5 MeV error on W mass. At right: 1 MeV error.
Top/Z masses play much larger role once W error is very
small. If error stuck at 5 MeV, limited improvement.



Role of Top/Z mass for S
Parameter, Aan,q TOr T Parameter
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Again, all the ingredients help, but first must achieve
sufficient precision on crucial numbers like mw and sin26w.



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 my to better than 5 MeV (now 15 MeV)
and sin26w to better than 2x10-> (how 16x10-5)

- Measure mzto 500 keV precision (how 2 MeV)
 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.



Improving on the Baseline”

CEPC Ty (mz) [GeV] my [GeV]

Improved Error | (£1eyxp 2 0.841,) x 1074 (£0.0001) | £0.03¢xp & 0.1¢y

Electroweak Fit: S and T Oblique Parameters
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Improving the Z width
measurement requires a
better energy calibration.
Improving the top mass
measurement requires an
e+e- collider threshold
scan. (Beyond CEPC
energy plans, but planned
at ILC and FCC-ee.)




Summary: CEPC Fit

Parameter | Current | CEPC baseline | Improved I'z (and myz) | Also improved m;
S 3.6 x1072| 9.3 x 1073 9.3 x 1073 7.1 x 1073
T 3.1 x1072%| 9.0 x 1073 6.7 x 1073 4.6 x 1073
Electroweak Fit: S and T Oblique Parameters
Results at Ay = 0 T ;

0.10f

The CEPC would provide o0
order-of-magnitude ‘

~ o.oof—

improvement over the |

current results from LEP, ™%

Tevatron, and LHC. -010¢
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CEPC and Stops

CEPC, unmixed: X;=0
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NO mixing:

Similar mass reach via
[-parameter and Higgs
couplings. Pushes
tuning to the few %
level.

Definitively close LHC
loopholes (hidden,
stealthy, compressed
stops).



Higgs Couplings
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Familiar low-energy theorem: beta function coetticients

times 810g M
Moo Similar result for photons (except SM

contribution dominated by W loop)
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(also see J. Fan, MR arXiv:1401.7671)



EWPT and StOp Mixing
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‘Blind Spot” for Stops

The light stop mass eigenstate may be decoupled from the
Higgs at tree level, at a certain critical mixing angle:

CEPC: Blind Spot X,*=m *+m_ >
1 2
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(also see Craig, Farina, McCullough, Perelstein 1411.0676)



Folded SUSY

In folded SUSY, stops have no QCD color (makes life
difficult at LHC). But still have electroweak interactions.

Measuring Higgs decays to photons and the 7 parameter

can help constrain folded SUSY stops.

The T-parameter bounds
previously shown for stops are
exactly the same for folded stops!

Higgs factories have exciting
notential for uncolored naturalness!
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Other Precision Z Physics

Rare Z decays: Standard Model predicts

X X 1()_8 (Grossman, Koenig, Neubert
1501.06569; see also Huang,
1.0 x 1077, Petrigllo 1411.5924)

Br(Z° — J/¢ )
Br(Z° — T(nS) ~)

2

2

No current collider has had a large enough £ sample to
see them. The CEPC or FCC-ee, with > 1070 Z bosons, can

explore a new frontier of the SM.

CEPC could also search for flavor-violating processes like
/ to muon + tau. Probe of high-scale flavor violation
beyond the Standard Model!



Higgs Coupling Measurements
(CEPC pre-CDR)

Precision of Higgs couplingmeasurement (Model-IndependentFit)

= ILC 250+500 GeV at 250+500 fb~! wi/wo HL-LHC |
' w CEPC 250 GeV at 5 ab™' wi/wo HL-LHC
6 0.1 ] e | — |
- : = |
L]
()
P
©
v _
¥ 1072
107

Kw Ki Kz K, K, Br(inv) kr

Figure 3.20 The 10 parameter fit result and comparison with the ILC. The CEPC at 250 GeV with 5 ab™*!
integrated luminosity and the ILC 250+500 GeV at 250+500 fb~* are shown. The CEPC and ILC result without
combination with HL-LHC input as shown in dashed edges.



Higgs Wavefunction
Renormalization

Craig, Englert, McCullough 1305.5251

h h
575, 6m2 ~ ---Q----.

1
Leps = 58M+—< u\H\Qﬁ“\H\Q

Paad M



Probes Any Natural Physics

E.g. toy model:

£ = Lo+ Y (10,07 — m2loul? — NP1

New singlets; undetectable; cancel divergences if:

D A =6)]

Less “toy” analogues include Twin Higgs or Folded
Supersymmetry: cancel top loops with partner particles that
do not have QCD color and so are hard to make directly.



Reach for new physics

Craig, Eﬂg'@l’t, MCCU”OUQh; Also probe |—||ggs self-
CEPC pre-CDR coupling through loop effect

Neutral scalar top partner 00,

SR (I\/ICCuIIough 1312.3322)

0.5
T 5240 = 100 252 +0.01465,) %
0 M8 N Would see effect if order-one

100 200 300 400 500 600 700 800 deviation from SM!
my [GeV]

(also useful to probe EW baryogenesis: e.g. Katz, Perelstein 1401.1827)



Two HIggs Doublets

Size of corrections: work in basis of doublet h with VEV
and Hwith no VEV. Mixing hH and quartic h3H terms
exist and are related by absence of Htadpole.

7
DR

Fermion couplings deviate at ~vZ/mu2;
gauge boson couplings at ~v4/my4.

Leading eftect: shift Iin F(h—>b5), all branching ratios change.
(see e.g. 1212.5240 by Gupta, Montull, Riva for a clear exposition)



8 8 888

N. Craig’s slide from
August CEPC meeting:

HL-LHC direct reach vs. CEPC coupling reach

MSSM Higgs Sector

Djouadi, Maiani, Polosa, T —

Quevillon, Riquer [1502.05653]

ts=20

ts =10 /,
=51
HL-LAC reach (direct)
"___________——-‘D

CEPC reach (indirect) —

tﬁ i [ S — —— SN i

Cover the “wedge ma (GeV) NC, preliminary

) 600 800 1000 1200 1400
regionto 1.2 TeV )
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Composite Higgs

(see Contino 1005.4269 for a review)

Tuning in Higgs VEV for a light Higgs. Specifically: for Higgs
as a pseudo-Goldstone, expect a potential something like

\? bA?
V(h) ~ 10,6 5 cos(h/ f) - 2 sin(h/ f)

T

This has v ~ funless:

—2cos(h/f) — (1 + €)sin®(h/f) = (h)” ~ 2¢f?

We tune v << fby making € << 1.

(Exception: “little Higgs”™ with extended symmetry structure.
Pay a big price in complexity.)



Composite HIggs

4 4
Constraints: S-parameter S = il mgN pa) , 47

m2 VN

2
Higgs couplings: a = ggh‘zH = 4/1 Uz
9vvh /

Currently bounds from S and Higgs couplings translate to
roughly m
m, < 3 TeV, f 2 max(4/ = X 400 GeV, 550 GeV)

FCC-ee would bring the ZZh coupling measurement to
the 0.1% level, probing f ~ 6 TeV and achieving a factor
of ~ 1000 tuning Iin the Higgs VEV



Bottom quark couplings

S. Gori, J. Gu, L.-T. Wang 1508.07010
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HIggs vs. eEWP T

Whether the (S, T) fit or Higgs coupling measurements are
more sensitive to new physics depends on the model. Two

well-motivated examples:

Composite Higgs: probe scale fvia ZH, S-parameter
Left-handed stops: probe mass via Hgg, T-parameter

Experiment |kz (68%)| f (GeV) |kq (68%) |m;, (GeV)
HL-LHC 3% 1.0 TeV 4% 430 GeV
ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV
TLEP 0.1% 5.0 TeV 0.6% 1.1 GeV

Experiment | S (68%) | f (GeV) |T (68%) |m;, (GeV)
ILC 0.012 | 1.1 TeV | 0.015 890 GeV
CEPC (opt.) | 0.02 |880 GeV| 0.016 | 870 GeV
CEPC (imp.)| 0.014 | 1.0 TeV | 0.011 1.1 GeV
TLEP-Z 0.013 | 1.1 TeV | 0.012 1.0 TeV
TLEP-t 0.009 | 1.3 TeV | 0.006 1.5 TeV

(from 1411.1054 Fan, MR, Wang)




HIgQgs-Z Interplay

've shown you results from fits of Higgs properties, and
results from Z-pole (and near-Z-pole) physics. But these are
not really independent. For instance, the S parameter

operator T ] ] LV
h'o"hW ,, B

will affect the Higgs decay rate to two neutral gauge bosons
(photons or Z bosons)—though other operators do too.

n the end, we should perform a global fit all the data together,
including all the electroweak operators. Use all the information.
-or Instance, angular observables in Higgs properties can
also enhance the physics reach (Craig et al.1512.06877).




=Xxotic Higgs Decays

Because the Higgs coupling to b-quarks is so small, there Is
ample room for small couplings to new physics to lead to
significant decay rates beyond the Standard Model.

Pseudoscalars, dark photons, dark matter,
hidden valleys, ...

€.9. y review for LHC: Curtin et al.. 1312.4992

</ ; Little study so far for Higgs

T < ; factories! The leading “direct
discovery” possibility for the
circular machines.



=Xxotic Higgs Decays

ECAL

—
N N

, , SRR Sl
Could involve particles that

propagate macroscopic e
distances in the detector Tl
before decaying!

Beam axis

We care about possible discoveries and not just
Standard Model measurements. Important to be
careful when designing detectors that opportunities
to see exotic physics aren’t unnecessarily closed off!



| iInear vs Circular

Complementary: in an ideal world, do both.

Linear: go to higher energy. Higher direct discovery
potential /f new electroweak states exist.

Linear: easy to reach top threshold, improve top mass
as input to electroweak fits.

Circular: resonant spin depolarization gives precise
energy calibration and Z mass & width measurement

Circular: future as high energy hadron machine.
Important to build a large enough tunnel that
foreseeable magnet technology can reach desired
energies!



Conclusions

The LHC has great potential to study colored particles, but
it can miss light uncolored particles or even colored
particles that decay in ways that mimic backgrounds.

Higgs factories can exhaustively probe particles that
interact with Higgs bosons, whether or not the LHC can
see them. EWPT and Higgs measurements contribute.
Example: the T-parameter could be the strongest constraint

on folded stops.

Linear and circular machines have different strengths.
We must take all the options seriously.



Backup



Other Colliders

Present data LHC14 ILC/GigaZ
as(MZ) 0.1185 £ 0.0006 [34] 4+0.0006 +1.0 x 10~ [35]
Aot (MZ) (276.5 £ 0.8) x 10~4 [36] £4.7 x 1075 [23] +£4.7 x 1075 [23]
my [GeV] 91.1875 £ 0.0021 [27] +0.0021 [23] 1+0.0021 [23]
m¢ [GeV] (pole)| 173.34 £ 0.76exp [37] £0.5¢1 [23] 1+0.6exp £ 0.25¢1, [23] 10.03exp £ 0.1¢1, [23]
my, [GeV] 125.14 £ 0.24 [23] < £0.1 [23] < 40.1 [23]
my [GeV] |80.385 & 0.015exp [34]£0.004y, [24] | (£8exp & 4¢n) X 1073 [23, 24] | (EBexp = 1¢n) x 1073 [23, 38]
sin? 0% (23153 4= 16) x 107° [27] +16 x 10—° (£1.3exp = 1.5¢5) x 1072 [20, 38]
Iz [GeV] 2.4952 4= 0.0023 [27] +0.0023 4+0.001 [39]
TLEP-Z TLEP-W TLEP-t
as(MZ) +1.0 x 10~% [35] +1.0 x 10~% [35] +1.0 x 10=% [35]
Aal® (M2) +4.7 x 105 +4.7 x 1075 +4.7 x 1075
my [GeV] 4+0.0001exp [2] 40.0001exp [2] 4+0.0001exp [2]
my [GeV] (pole) +0.60xp £ 0.25¢1, [23] 40.60xp & 0.25¢y [23] 1+0.020xp & 0.1¢y [2, 23]
my, [GeV] < 0.1 < £0.1 < #+0.1
mw [GeV] (£8exp & 1¢n) x 1073 [23, 38] | (F1.2exp £ 1¢n) X 1073 [20, 38] | (£1.2exp & 1¢n) X 1073 [20, 38]
sin? 0% (£0.3exp &= 1.5¢p) x 1072 [20, 38] | (£0.3exp £ 1.5¢1) x 1075 [20, 38] | (£0.3exp & 1.5¢) X 1072 [20, 38]
'z [GeV] (Elexp & 0.8¢1) x 1072 [2, 26] (£lexp £ 0.8¢n) x 1074 [2, 26] (Elexp & 0.8¢n) x 1074 [2, 26]
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