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CEPC precision on Higgs

iINgs will provide an entirely

new window on physics beyond

NoO

the Standard Model.

- merely an improvement on

"

HC

ggs coupling measurements; it

probes entirely new possibilities.



lesting the HIgQs
Sharp predictions for Higgs couplings in the Standard
Model; completely fixed by mass spectrum.

Any deviations are an unambiguous sign of new physics.

Extensions of the Standard Model give motivated patterns
and magnitudes for coupling deviations.

The coupling reach at CEPC provides qualitatively new
probes of the most motivated scenarios for physics
beyond the Standard Model.



Higgs couplings at CEPC

AMp 'y o(ZH) o(vvH) x BR(H — bb)
5.9 MeV 2.8% 0.51% 2.8%
Decay mode o(ZH) x BR BR
H — bb 0.28% 0.57%
H — cc 2.2% 2.3%
H — gg 1.6% 1.7%
H— 711 1.2% 1.3%
H—WW 1.5% 1.6%
H— 77 4.3% 4.3%
H — ~ry 9.0% 9.0%
H — 17% 17%
H — inv — 0.28%

The benchmark precision @ 5/ab
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HIQQgs & Hierarchy Problem

Great triumph of Run 1 @ LHC: discovery of an SM-like
Higgs @ 125 GeV.

Great challenge for the future: sensitivity of elementary
scalar mass to higher physical thresholds.

We expect many scales above the weak scale: flavor, dark matter,
neutrino mass, gauge coupling unification, PQ symmetry breaking, ...

At the very least, as far as we know a theory of quantum gravity should
give physical thresholds around the string scale.

An apparently elementary Higgs makes the hierarchy problem as
pressing as ever.



JUST SO
STORIES

Natural vs. unnatural

Hierarchy problem is not a “just-so story”

Fleld Symmetry as m — 0 Implication
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k mWWw (chiral symmetry) Natural! y
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Hierarchy Solutions

(compositeness, SUSY, turtles)

| Supersymmetry l Global symmetry

SUSY breaking Global symm. breaking

Sparticles m Partner particles m
=411/G <4m/G
Higgs mn Higgs mn
v v

New symmetries for Higgs — new states coupling to Higgs

3y7 -
ms; ~ 4—m2 log(A?/m?)  Totally natural: m < 200 GeV
7T 8



A physics driver @ LHC
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Beyond the LHC

e | HC has finite reach in direct searches for states
assoclated with naturalness.

* There are also possible holes in search coverage well
below the LHC’s kinematic limits.

* The question of naturalness of the weak scale will not
be settled by the LHC.

* Precision Higgs coupling measurements (specifically,
better than %-level) at CEPC can go much further.

10



Naturalness at CEPC

Very generally:

Solutions to hierarchy problem influence Higgs mass

-

Generically also give

h

x dmi,07;

Iggs wavefunction renormalization

Etfects generically correlated.

Latter effects measurable in Higgs coupling deviations.

11
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T ]k b t'L tr DL

h

n N
Supersymmetry Composite Higgs

Iwo conventional solutions to the hierarchy problem
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O ) Tg_@ &
S@PER%ME@@Z Minimal supersymmetric
WIGGS . extension of the Standard Model
N SER requires two doublets Hu, Ho

After EWSB, five physical states:

>
Potential SM- /\h H A I_l+
ike HIggs N _5 y Ly /My, T

Neither CP-even scalar is exactly SM-like; tree-level
mixing leads to Higgs coupling deviations.

Higgs potential is fixed by supersymmetry;
free paramete&s are mp, tanf3



SUSY at tree level

In the limit mn <« my coupling deviations are clear:

4 ™
o 0 2 Leading effect
N et ~ s N fermion
H H  couplings
\_ Coupling to fermions Y
- R
o 0 4 Deviations
o H v -
 [PTRPP. SIEOY ~ —r are higher
.. ' "'H  order in v/mn

K ° °  Coupling to gauge bosons )




SUSY at tree level

In detall...
K Q 0 < o .0 < \
------------ o-'*'lt
g'd
(" )
QmQZ
Ry = K+ ~ 1A 2m2
L ma; ) Ky ~ 1 m‘}j cot? f3
2m? ST
ke ~ 1 W;Z cot? 5 Best sen8|t|V|t.y N
K My bottom couplings y

CEPC: ~1.2% precision in Ky (combined 7-param fit)
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Reach comparison

HL-LHC direct reach vs.

CEPC coupling reach

. . o MSSM Higgs S
Djouadi, Maiani, Polosa, tg = 50— llggS, e,Ct(,)r ,,,,,
Quevillon, Riquer [1502.05653]
§§ hMSSM | [ ]am-~
; g B gez0)
Mf(oc(:ev) 400 500 600 700 10
CEPC reach (indirect) —
tg= 1L - —
C the “wed ) 600 800 1000 1200 1400
OV@/’ e weage my (GeV) NC, preliminary
region to 1.2 leV ) .




Fan, Reece, Wang [1412.3107]

SUSY at .

loop level o

[GeV]

1000

Superpartners can contribute
to loop-level Higgs couplings

()

m~

500

2
My
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———-~.
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Higgs coupling(purple,solid) —

~ -
~—-——————

\ 1
|\||I|||||

— 1) ~ ——
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|
1000 1500 2000
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1

See also M.

Reece’s talk
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300
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200

tests naturalness to 5% level
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o
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o
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Higgs mixes w/ heavy resonances,
couplings dictated by symmetries
(as in the chiral lagrangian)

ars
™ 5
L Wiy~
:. 'ﬂ — — — — —
4

Ry s

LA -
A"

f = decay constant of pNGB Higgs

Coupling deviation contributes to precision electroweak

Pre-LHC constraints as good
as reach of LHC Higgs m — 0ky S DY

\ /

coupling measurements N St
18



Reach comparison

Adopted from
[Thamm, Torre, Wulzer, 1502.01701] CEPC coupling sensitivity
constrains fwell beyond
existing precision
electroweak limits

107"
............................... Also far exceeds direct

LHC reach for heavy
resonances
10_25 ----------------------------------- ;
05% imit using K, - Pushes naturalness of
composite models to
0% %St below the 1% level




‘Neutral” naturalness

10 TeV
W elenetenetetenl W Z
teteteenteels 1L 1R DL = t| tR b\
- h
......... N I &
......... g’ e e e 000 0 0 o g
(Scalar theories Twin Higgs

under study) 20 [Chacko, Goh, Harnik ‘05]



Neutral fermionic partners

e.q. Iwin Higgs

No direct sensitivity @ LHC

Higgs is a pNGB; coupling
deviations like those of
composite Higgs models

f sets mass scale for neutral
top partners; definitive and
test of “neutral” naturalness.

21
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Neutral scalar partners

Enforce naturalness by couplings 2, 171242
to the Higgs of the form Yt ‘H| ‘(I)‘

Just like stops in SUSY, but neutral under the SM
No direct sensitivity @ LHC.

How to probe experimentally with the Higgs 7
* No tree-level coupling deviations.
* No loop-level contributions to loop-level couplings.

e But there are oblique corrections.

22



Neutral scalar partners

Loops of neutral scalars generate

Higgs “oblique™ operator
[Englert, McCullough 1303.1526; NC,
Englert, McCullough 1305.5251]

‘\ ,/ AN See also M.
@ @ McCullough's talk
// \\\ 2
4 \\ = ; nCI)yt
// ‘\ /,/f’ \\\\\ H Y,
/ \ - \ 1672
After 1 cy 2 2 v 1 >
0, |H — (1 4+2cyp—= | X =(0,, h
EWSB, Qm?b(“‘ ) ngb 2( uf)

Looks like wavefunction renormalization for the physical Higgs.
23



Neutral scalar partners

Canonically normalize kinetic term—shift all Higgs couplings

Shift drops out of all coupling
ratios; can’t be measured at LHC.

3000

2 GeV

Entries/0

2000

CEPC Preliminary
Z— ptu I Ldt=5ab"

—4— CEPC Simulation

—— S+B Fit

—— Signal
Background

0
120

125 . 130 135 140
M. ! [GeV]

recoi

0.1
100 200 300 400 500 600 700 800

Neutral scalar top partner 00,

10

5\

o ——— —— — —— - S S

20 CEPC

10 CEPC

n¢=6

my [GeV]

But measure 0oz, directly at CEPC via Z recoils.



MSSM Higgs Sector

t’3=50

b LHC

tg =10}

tg=5

CEPC
ts =1 o
g 600 800 1000 1200 1400
mu (GeV)

Neutral scalar top partner 60,

20 CEPC

B ) e G L

10 CEPC

n¢=6

0.1 T TN, S
100 200 300 400 500 600 700 800
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Beyond couplings

Lo D yy HZ,Z" + ) H 2y, 2" + ¢ 5 H Zuy 2" + cagH Zyy A" + ¢y 5 H 2, A

Z7Z

+ HZ, 4" (cv + cavs) L+ Z, 09" (gv — 9av5)0 — gem QA 00",

Beneke, Boito, Wang [1406.1361]

Studies to date focus on
coupling shifts; much more
information in tensor
structure, accessible in

angular variables

A ! /1 d cos 6 (cos(261)) d°T
= 11
% T arjdg? [, ¢ O PSSR e g cos 6,
27 2 27
A¢ /g /0 d¢ sgn(sin ¢) 1240 .A¢ T/ d? /0 d¢ sgn(cos ¢)
27 2 27T
2) 1 g . (9 d<T’ (4) 1 / 9
A¢ T dg /0 ¢ sgn(sin(2¢)) 1240 & ar/dg /. d¢ sgn(cos(2¢))

20

d*T
dq?d¢
d*T
dq?d¢




NC, Jiayin Gu, Zhen Liu, Kechen Wang, In Progress

__afft] Ao, Ay
D "2 e 0 e +«.  CEPC sensitive not
Qoo | | 1-0.7  Gept | 4+0. Gop - 1+0. .
_— 93 G — 07 g, Lo only to coupling
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Conclusions

With sub-percent level precision in many channels, CEPC:

* Places strong constraints on tree-level corrections to tree-
level couplings, exceeding reach of direct searches.

* Also constrains loop-level corrections to loop-level
couplings, covering holes in direct searches at LHC.

 Most impressively, constrains loop-level corrections to
tree-level couplings. Qualitatively new territory.

Covers the parameter space of Higgs deviations
motivated by naturalness.
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