2nd CFHEP Symposium on circular collider physics Aug, 2014

HIGGS PHYSICS
AT THE CEPC-SpPPC

Tao Liu

Hong Kong University of Science and Technology

(on behalf of the Higgs working group)

Monday, August 11, 2014



lT'D Higgs Working Group

Higgs Physics at the CEPC-SPPC (for Pre-CDR)

Ning Chen,” Hong-Jian He,*%* Tao Liu,”* Shou-Hua Zhu,%%* & other members (add)

¢ Institute of Modern Physics and Center for High Energy Physics,
T'singhua University, Beijing, 100084, China

b Department of Physics, Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong

“Institute of Theoretical Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China
dCenter for High Energy Physics, Peking University, Beijing 100871, China

* Conveners

ABSTRACT:

In this report, we survey Higgs physics in the SM and beyond, review the current measure-
ments of Higgs physics at the LHC, and present the potential studies of Higgs physics at the
CEPC-SPPC.
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W Missions after Higgs Discovery

Within the SM structure

Electroweak phase transition - Higgs self-interaction

Mass generation of the SM (charged) fermions - Higgs Yukawa
interactions

Mass generation of W and Z bosons - gauge interactions

After discovering the 125 GeV Higgs particle in 2012,
we are compelled to fully test them, which requires
precision measurements on the Higgs properties
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W Missions after Higgs Discovery

Searching for physics Beyond the SM

Can we remove the instability of the SM EW vacuum around O(10711) GeV

How to stabilize the SM Higgs mass at quantum level?

What is dark matter (DM)?

Why is there more baryonic matter than antimatter in the Universe nowadays?

How is the non-zero but tiny neutrino mass generated?
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W Missions after Higgs Discovery

Searching for physics Beyond the SM

How to remove the instability of the SM EW vacuum around O(10711) GeV

How to stabilize the SM Higgs mass at quantum level?

What is dark matter (DM)?

Why is there more baryonic matter than antimatter in the Universe nowadays?

How is the non-zero but tiny neutrino mass generated?

One way to do that - Higgs measurements

Modify Higgs couplings with the SM particles (both CP and non-CP)
Introduce new Higgs couplings with non-SM particles

Introduce new members in the Higgs sector
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W Higgs Boson - a Powerful Tool to Probe for NP

v

Measure the SM Higgs

Search for non-
standard Higgs bosons

Interactions

Measure Higgs CP-
properties

Search for exotic productions
and decays (absent in the SM)
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JJ Not Easy for the LHC!

ll

For example: TeV scale new physics typically indicates % level
deviation, which defines the target precision required for the
Higgs coupling measurements

Model Ky Kb Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3=-9% ~ —-9%
Top Partner ~ —2% ~ —2% ~ +1%

[Snowmass’13]
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JJ Higher Precision

ll
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Peskin'12
LHC: can do some first measurements, but not enough

The uncertainties are generally around or above 5% at the LHC (HL-LHC may raise
this to 2% level)

Yukawa couplings (except bb, tautau, 1) + self-couplings will be largely unexplored
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lT'B Broader Energy Scale Coverage

New physics and new particles are expected to be related to a higher energy scale

Even if new physics or some new particle are observed at the LHC, it would imply a
new world (new scale, e.g., SUSY, little Higgs, etc)

To fully explore this world, we need broader energy scale coverage

All of these --

expected tasks for Higgs factory and pp collider of next generation
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JJ Higgs Production in Non-polarized e+e- Collisions

ll

(b)

Total /W/

W fusion

10

Cross Section [fb

—1 . . . . .
10500 300 500 700 1000 1500 2000

Vs [GeV]

CEPC energy domain: dominated by the Zh production
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lT'Jj Sensitivities at Circular e+e- Collider  snowmassi3

Facility ILC ILC(LumiUp) TLEP [4 IP)
Vs (GeV) 250 500 1000 250/500/1000 24() 350
[ Ldt (fb=1) 250 +500 +1000  115041600+250QF 10000  |+2600

P(e—,e") (-0.8,40.3) (-0.8,40.3) (-0.8,40.2) (same) (0,0) (0,0)
'y 12% 5.0% 4.6% 2.5% 1.9% 1.0%
Ky 18% 8.4% 4.0% 2.4% 1.7% 1.5%
Kq 6.4% 2.3% 1.6% 0.9% 1.1% | 0.8%
Kw 4.9% 1.2% 1.2% 0.6% 0.85% 0.19%
Kz 1.3% 1.0% 1.0% 0.5% 0.16% 0.15%
Ky 91% 91% 16% 10% 6.4% 6.2%
Ky 5.8% 2.4% 1.8% 1.0% 0.94% 0.54%
Ke 6.8% 2.8% 1.8% 1.1% 1.0% 0.71%
Kb 5.3% 1.7% 1.3% 0.8% 0.88% | 0.42%
Kt - 14% 3.2% 2.0% - 13%

B Riny 0.9% < 0.9% < 0.9% 0.4% 0.19% 0.19%

Good: the precision is lifted to 1% level or even lower

Bad (CEPC): no direct access to the htt coupling due to kinematics limitation
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Role of the SppC

SppC: designed to measure Higgs physics, and new physics of TeV

scale or above

The scales of the mass generation of W/Z and SM fermions can be
estimated by requiring perturbative Unitarity, e.q.,

VLVL, f]? — TLVL (TL Z 2)

The strongest model-independent upper bounds may come from n > 2

Dicus and He'04

&6 ViV tt bb e S8 dd Ul G R e~ et Vv,
Mass (GeV) || 80.4 | 178 485 165 0.105 0.006 0.003 | 1.777 0.106 5.11x107% | 5x10~!!
n, 2 2 4 6 8 10 10 6 8 12 22
EXmn) (Tev) || 1.2 | 349 234 308 521 774 836 339 56.3 107 158
E3_,, (TeV) 1.2 | 349 128 377 6x10® 10° 2x10° [ 606  10% 2x10° | 1.1x10'3

Note, no Higgs boson is assumed here
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Example I: Higgs Gauge Coupling

0.8
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2 £=0(SM)
0.0 : \ \ \ ! | | ! | | ! ! | ! ! ! !
5 10 15 20 25

E (TeV)

30

Ren & He

WW have a cm energy ~ 10-30 TeV for 50-100 TeV pp collider, so the
SppC may directly probe for physics leading to a deviation as small as

Ak ~ O(107%)

a number comparable to the CEPC sensitivity
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T'J‘ Example lI: Higgs-Top-Top Coupling
W o — _

- Unitarity Violation

He, TL and Ren

lap|

E (TeV)
No fundamental symmetry or principle to protect the SM Yukawa couplings

Easy to get 10% or even larger deviation of top Yukawa couplings in NP

The SppC may directly probe for physics leading to a deviation which is at
least comparable to the ILC500 sensitivity (~14%)

If any deviation in these cases is observed at the CEPC or at the ILC500, the
related NP can be directly probed at the SppC.
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Higgs Self-coupling

1000 F

1000

o(pp — HH + X) [fb]
My

126 GeV gg —+ HH

_aq" — HHqq"
T qa/geg — ttHH

H .
H ”z \ o, a8 — WHH
- H Nﬂ‘:“v‘“ qa — ZHH
L b/ |
i
0.1 - ' -
- 5 25 50 5 100
Vs [TeV]
HL-LHC(3ab~!) | ILC1000 | ILC1000 (LU)
6r(%) 50 21 13
e"e7240(10ab™!) | pp33(3ab~1) | pp100(3ab1)
6n(%) 28 20 8

W. Yao’13, McCullough’13, Snowmass’lQ
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JJ Physics Motivation - EW Baryogeneis

ll

Sakharov conditions’67

Baryon number violation: EW sphaleron
C and CP violation

Departure from equilibrium: strong
enough 1st order EW phase transition

< B

[A Cohen et al'93, Huet and Nelson’96]

<¢)> () <0> = ()

Bubble Wal| =

The CP-violating phase in charge of EWBG need to enter Higgs couplings
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W CP Properties of the 125 GeV Higgs Boson

|(1,3|20'3

h / ~
AL = —; (alm%/V“Vli + a2F,u1/F HY 4 CLSF/M/F/MV) fCP —

Z I(I.,;|20-z:

Collider | pp YY mTpT | target
E (GeV) | 14,000 126 126 | (theory)
L (1) 300 250)

VVH? 0.07 ¥ V4 <105
VVH? 4.10~* - - < 10-3
VVH® 7104 = - < 10-5
ggH 0.50 & = < 102
4 £ - 0.06 - =102
ZvH ~ = - <102
TTH il o V4 < 102
ttH v = - < 102
ppH - - v | <102

[Snowmass’13]

Note: required target precisions are different for different modes
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lT'Jj CP Properties of the 125 GeV Higgs Boson

my . = :
AL = Uf hf(bl + Zb2’7/5)f

It seems more effective to use a coupling for which the CP even
and CP odd components are on the same footing to measure Higgs

CP-properties

Octe——hZ 0.2 pb
Br(h —> T+T_) 61(7(.

71, efficiency 50% 70% Br(t— — 7 7%)  26%

30 £L=550fb1 L£=300fb" Br(Z — visibles)  80%

50 £ =1500fb~! L£=700fb"! R 990
Accuracy(L = 3ab™!) 11.5° 8.0° Accuracy 3.3:°

Large Hadron Collider

[R. Harnik et. al."13]

CEPC (3/ab) by F. Yu
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J J Motivation

ll

Decay width in Ged

10D 150 200 300 500 700 | (%)

Higas mass in GeVic

The SM Higgs width is tiny for mh ~ 125 GeV

About three orders smaller than the Z or W widths (~ 4MeV only) |

A small non-standard Higgs coupling or a higher-dim operator of high
new physics scale (> TeV) may lead to sizable effect.

So exotic decays of the 125GeV Higgs provide a natural and efficient
way for probing new physics

For more details on exotic Higgs decays, see the talk by S. Gori
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lT'D Examples: Sub-EW Scale DM (h -> visible, semivisible)

H'H : one of the two gauge-invariant dim-2 operators in the SM [Patt and
wilczek'06] For gauge-singlet NP operator, we have

L O ANH'HONp

Lorentz invariant gauge singlet

Example 1: if ONP = SS is an operator for light DM candidate s, h -> ss or
invisible is kinematically turned on

EXample 2: PQ limit of the NMSSM
h-> LSP (O(1-10) GeV singlino-like DM) + NLSP (bino-like)
Collider signature: h -> semivisible (MET + visible objects) Y1

[J. Huang, TL, L. T. Wang and F. Yu'13, '14] ~

[N. Weiner, S. Chang'07]

Q\".ﬂ
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ThudT] Rich Decay Topologies and Collider Signatures

<=

h— 2 h—2-—3 h—2—-53—->14 h—2-—(1+3)
[D. Curtin et. al.’13]
h h h—<<
/
h—2—4 h—>2—4-36 L MET h — 4b
h — ~+MET h  — 2027
h — 2v+MET h —  202p
h — 20+ MET h — 41,2724
h — 4l +MET h — 45
H -> invisibl visibl Sibl h — 1llepton —jet + MET h — 272j
-2 [NVISIDIe, semi-visible, VISIDIle b — 2epton —jets + MET h — 47
h — 2b+ MET h — ZZp — 4l
h — 2rMET h — ZpZp — 4l
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LHC: many of them are difficult to detect

At the CEPC

CEPC: wonderful site for fully exploring exotic Higgs decays!

Dedicated analyses are absent (except invisible Higgs decay)

LHC and e + e— collider: Zh, with h — inv
ATLAS | HL-ATLAS CMS HL-CMS
Br(h — inv)(%) || 23-32 8-16 17-28 6-17
ILC250 | ILC250 (LU) | ete (10/abd)
Br(h — v)(%) | 0.9 0.4 0.19

[ILC'13, Snowmass’13]

About two order improvement!
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New Higgs Resonances




W New Members in the Higgs Sector

Symmetry or physics requirement => an enlarged Higgs sector
Can be electrically neutral, singly charged, doubly charged.
A long list of models:

SM + singlet

2HDM

Supersymmetric models

composite Higgs models

Higgs-inflation extended by TeV scale physics H.J. He et. al."14
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Nonstandard Higgs Search

CEPC: No good sensitivities for direct searches due to kinematic limitation

SppC: can play an important role due to its high energy scalel

The production cross section of the CP-odd Higgs boson in the MSSM: an
enhancement of two orders at SppC (100TeV) vs. LHC

" 10° -
10° |
10—1 A
0L 7 . .
E = JZ f 107°F
: 1 -2 ‘;.'-::. o] 3 -
——gh— Ab 107" F ——gb— Ab
P - bb— A E bb — A
. B g AR gh— Agh = 10—4 = gb — Agh 3
bb — Ag E ——bb— Ag
104 E ' ‘ ‘ - 10-5 1 i I i AN
25 50 75 100 500 1.000 2,000 4.000 8,000
/5 [TeV] my [GeV]
J. Hajar, TL
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u JJ Nonstandard Higgs Search

1 channel will play a crucial role in searching for heavy non-standard
Higgs boson as well as probing its CP-properties

At the SppC, 1-10 TeV range expected to be probed (in progress)

m— 50
) LHC sensitivity
1 7+8 TeV/ 25 fb—1!
= ’ 10 ’
; Q
~ 01 | =
= : E 3
= k - 5 H/A — 71
[ H—VV
A —hZ s
H — hh— 3 H — hh_
[ H — bb— | H/A — tt g
H-WW '
H-7rr '
HoZZ— |
O-Ol ' 1 1 ¥ T ¥
) 210 300 400 500 160 200 400 600 800 1000
My [GeV] Ma [GeV]

A. Djouadi, 2013
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_IT'D Summary

EW phase Mass geneljatlon EW Neutrino
. of massive Dark matter . .
transition varticles in the SM baryogenesis physics
A
\
Higgs precision: Higgs CP- rE)ZIOti:. Hliggs d New members
standard couplings properties PTo ZZ;:;S an in Higgs sector

\ \ //
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lT—B At Circular e+e- Collider (240 GeV)

Circular e+e- collider (240 GeV, 10/ab) can measure sigma[hZ] to 0.4%
Estimate: can probe the Higgs self-coupling to 28%

McCullough13

Monday, August 11, 2014



