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LHC Discovery @ 2012
Higgs Boson (125GeV) — God

HEP at a New Historical Turning Point
posing :
New Opportunities + New Questions
+ New Challenges

Hong-Jian He's talk on Feb.28 2015



Higgs discovery is not just about H particle

= Force Mediators
> Gauge Forces — Spin-1 Gauge Bosons
= Gravity — Spin-2 Graviton (?)
> New Force — Spin-0 Higgs Boson

= Deep understanding of Mass Generation
> Yukawa Forces — Hierarchy & Mixing (Flavor Symmetries?)
> Discrete v.s. Continuous
= Full v.s. Residual [1104.0602, 1108.0964, 1308.6522]

= Higgs Self-Interaction Forces — h® & h* (concerns spontaneous
EWSB and providing masses to all particles).

= True Self-Interactions — Exactly the Sample Quantum #
= Spin
= Charge

= Both Yukawa & Self-Interaction forces associated with spin-0
Higgs were Never Seen Before. Needs to be directly tested.
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Current Status

= LEP/Tevatron/LHC have good tests only on gauge forces.
= Higgs Yukawa Force is Flavor-Dependent + Huge Hierarchy.
» LHC has limited sensitivity to Yukawa couplings of htt, hbb, h77 @

the order of 15% ~ 30%.

= LHC cannot probe other Yukawa Couplings!
difficult @ LHC Run-I.

19.7 fb (8 TeV) + 5.1 ol (7 Tev)

= Higgs Self-Interaction is also
19.7fb* (8 TeV) + 5.1 5% (7 Tev)
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Standard Model is Incomplete!

= Mass Generation

= Yukawa force is Flavor-Dependent & Hierarchically Unnatural
= Higgs mass itself is Radiatively Unnatural

= Vacuum Stability

= Neutrino Oscillation

= Dark Matter

= Matter-Antimatter Asymmetry

= Vacuum Energy & Inflation

Generation 180 L T ' .10
I L
3 [ Insabiliy" Meta-stability .- -~
£ 175F
s F k!
e [ ]
§ o . 1
2 mer 12
3 o™ Stability 1
1 ‘ ‘ | 1205.6497 7
Spin %2 Spin 1 Spin 0 1 120 125 130 135
Fermions Gauge Bosons  Higgs Boson Higgs mass M, in GeV

Shao-Feng Ge (MPIK); CEPC Workshop @ IHEP, 2015-8-10 CEPC Higgs Physics



Beyond SM? |

= NO particle beyond SM discovered @ LHC yet!
= New Physics © Higher Energy?

= Even within SM, we are strongly motivated to
quantitatively test Yukawa and Higgs Self-Interaction
Forces!

= Precision Measurement + Discovery Machine:

> LEP 4+ LHC

= Go beyond!
> CEPC (ee, 250 GeV)
= SppC (pp, 50-100 TeV)
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Higgs Factory @ 250 GeV

= LHC tells us: h(125) is SM-like — Precision test is possible!

= CEPC produces h(125) via ete™ — Zh,vvh,e"e h

= Indirect Probe to New Physics. 5/ab with 2 detectors in 10y —
10° Higgs
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Production & Background Processes

> Large Statistics — 10 Higgs

Process Cross section Nevents in 5 ab™!

Higgs boson production, cross section in fb

ete” — ZH 212 1.06 x 10°
ete” — vl 6.72 3.36 x 10*
ete” —wete  H 0.63 3.15 x 103
Total 219 1.10 x 10°

= Clean Background
Background processes, cross section in pb

ete™ — ete™ (Bhabha) 25.1 1.3 x 108
eTe” — qq 50.2 2.5 x 108
ete™ — pp (or 77) 4.40 2.2 x 107
ete” = WW 15.4 7.7 x 107
ete” = 227 1.03 5.2 x 108
ete™ — eeZ 4.73 2.4 x 107
ete” — evW 5.14 2.6 x 107

= Easy for Simulation [Loop Calculation]

= Polarization
Shao-Feng Ge (MPIK); CEPC Workshop @ IHEP, 2015-8-10 CEPC Higgs Physics
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ete” — Zh ]

> Recoil Mass Distribution: m2,. = (/s — Eg)? — p%
» Cross Section: o(Zh) = T(h— ZZ)
» Higgs Mass: my,
» Higgs Width: I,
= Branching Ratios: Model-Independent
= Invisible Decay
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Combination of Various Channels )

> o(Zh) [0.51%]

Z decay mode AMy (MeV) Ac(ZH)/a(ZH) Ag(HZZ)/g(HZZ)
ee 13 2.1%
s 6.6 0.9%
ee + i 59 0.8% 0.4%
qq 0.65% 0.32%
ee + pp+ qq 0.51% 0.25%
> h — bb [0.28%], cc [2.2%)], gg [1.6%]
Channel H —bb H = ce H — g9
(e H signal 11067 561 1808
background 467 746 1838
A(e x BR)/e x BR 0.9% 12.6% 3.8%
eeH signal 11033 544 1914
background 732 1369 3137
Ao x BR)/e x BR 1.1% 14.6% 5.6%
v H Ao x BR)/o x BR 0.45% 3.2% 2.8%
qqH Ao x BR)/o x BR 0.4% 3.0% 2.6%
Combined A(e x BR)/o x BR 0.28% 2.2% 1.6%
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Combination of Various Channels )

s> h— WW [1.5%)]

Channel Precision Comment

Z — pp H -+ WW* — fugq, vy 4.9% CEPC Full Simulation

Z —ee, H - WW* = lugq, tivw 7.0% Estimated

Z — v, H - WW* = qqqq 2.3% Extrapolated from ILC result
Z — qq, H - WW* — fuqq 2.2% Extrapolated from ILC result
Combined 1.5%

s h— ZZ [4.3%)]

Channel Precision Comment
o(Z(vv)H +vvH) x BR(H = ZZ) 6.9% CEPC Fast Simulation
BR(H — ZZ*) 4.3% Extrapolation from FCC-ee [29]

s h— 77 [1.2%]
2 h — v+ [9.0%]
2 h— pp [17%]
= h — invisible [0.14%)]
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Extracting the Physics Potential

= Coupling:

&hii _ . _
gﬁ,r-l,;‘ = ki =1+ 0k;.
= Cross Section:
5o(Zh) do(vh)
~ 20K s =2 20kw -
o(Zh) Rz, o(vih) "
= Decay Width:
[ i Miny i
F:;l =K}, Fom = Br(inv) = driny
hii tot

= Branching Ratio:

I; ,
Br,- = - i ~ Brism 1 4 ZAIJ(SKJ , Brinv ~ 6/finva

tot
J

with coefficients,

A =206 —Br™), Aiinv=-1, Ani=0, Ajpyin=1.
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Inputs: Event Rate — Cross Section & BR )

AM, Ty |o(Zh)| |o(vvh) x Br(h — bb)|

59 MeV 28% 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— 717 1.2% 1.3%
h— WW 1.5% 1.6%
h— ZZ 4.3% 4.3%
h — vy 9.0% 9.0%
h— pp 17% 17%
h — invisible - 0.14%

Br(bb) Br(cé) Br(gg) Br(r7) Br(WW) Br(ZZ) Br(yy) Br(uf) Br(inv)
58.1% 2.10% 7.40% 6.64% 225% 2.77% 0.243% 0.023% 0
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Analytical Linear x? Fit — Definition

= Observable Basis:
X2 — (Oth,O + Ak — Oexp)Tffl(Oth,O + Abk — Oexp)’

. =1 .
where the error matrix X = of measurements is diagonal,

f—l di 1 1 1
=dia .
EV (202 (80y)2 7 (DO,
= Fitting Basis:
X2 = sznin +0kTE 1ok,
can be obtained by a simple matrix manipulation,
Tl-ATT A
= No Data yet
Oth,O — OP — 2 0
- Xmin = Y-
This assumption affects only Xﬁﬁn, not error matrix X 1.
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Analytical Linear y? Fit — Marginalization

= Marginalization
When talking about the uncertainty of a specific fitting parameter,
the number quoted should be independent of any other parameters.

~ .+X
P(m---aqu---ann):/ P(Sky -+ Ok -+ - Okin) Ay .

J —o0

Keep doing this until only one parameter is left.

= Matrix Manipulation
For linear x? fit, Gaussian-type integration can be replaced by
matrix manipulation.

= Uncertainty

Ak = /5. I
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Precision on Higgs Couplings

J

Table: Precisions on measuring Higgs couplings at CEPC (250GeV, 5ab™ 1), in
comparison with LHC (14TeV, 300fb~!), HL-LHC (14TeV, 3ab~!) and
ILC (250GeV, 250fb—!)+(500GeV, 500fb—1).

Precision (%) | CEPC | LHC HL-LHC | ILC-250+500
Kz 0.254 0254 | 85 6.3 0.50
Kw 122 122 | 54 3.3 0.46
iy 467 467 | 9.0 6.5 8.6
kg 152 152 | 6.9 438 2.0
Kb 120 129 | 149 85 0.97
Ke 160 169 | - - 2.6
Ky 140 140 | 95 6.5 2.0
Ko - 859 | - - -

Briny 0.138 0.138 | 8.0 4.0 0.52
Ch 28 28 | - - -

Shao-Feng Ge (MPIK); CEPC Workshop @ IHEP, 2015-8-10
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Precision on Higgs Couplings
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Precision on Higgs Couplings

1970 (8 TeV) + 5.1 5 (7 Tev)
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Precision on Higgs Couplings )

Precision of Higgs couplingmeasurement(Model-IndependentFit)

» ILC 250+500 GeV at 250+500 fb~" wi/wo HL-LHC |

m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

Relative Error

Kv Ko Ky Kw K¢ Kz K, K, K Bripy
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Effective Field Approach seeabo 14110676 |

= New physics appears @ high energy scale & can only be probed
Indirectly
Ci
L=Lsy+ Z P(’)
i

= SM Gauge Invariance is respected

1
OHEE(au|H|2)2a Ot 52(HT Du )7

Oww = g2 |HPW2, W Opgp = g”|H[?B,.,B",
Ows = gg'Hlc®HWI,B" | O = ig/(D'H) (D"H)B,,,
Onw = ig(D*H)0?(D"H)WS, | (’){3) = (iH'0? Bu H)(W Ay oV ),
O = (W,y,0%0 ) (V" 0°W,), O = (HTH)U, Hyg,
OL = (H' D, H)W"W,),  Og = (iHT D, H)(@r1"tr) .
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Effective Field Appl’OElCh see also 1411.0676J

= Z-Scheme to fix free parameters in EW sector
(o, Gf, Mz) <> (g, &', v)

> Zeroth-Order Correlation

)
sin 2000 = J dra

0 0)\?
V6l (my)
= Inputs
do(Zh)
= 0.51% @ CEPC
a(Zh) 0.51% ’

Mw = 80.835+0.015GeV.
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Effective Field Approach ]

CEPC Reach of New Physics Scale via dim-6 Operators
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See also Craig & McCullough’s talks [1411.0676]
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Higgs Self-Coupling

> Rescaling of the trilinear term h3
1
AL = —aammmm .

= Affect o(Zh) via Loop Correction

= Constrained by o(Zh) meansurement

do(Zh)

~ 2 .014 .
O'(Zh) X 0kz +0.014 x dkp3

1312.3322
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Higgs Self-Coupling
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CEPC Test of Higgs CP Violation 1308.105¢ |

¢

LHC. h—~ ZZ, r7

> CEPC:h = 717
Yr

V2

= Complex enough to retain info about the 7 spin.

Lprr h7(cos A + iyssin A)T .

h =71t +717
= p U+ p s
— 7T+7TOET + 7T_7TOV7- .
CP-even part (cos A) in p-wave & CP-odd (sin A) in s-wave.

> Precision Measurement @ CEPC Higes Report

Colliders LHC HL-LHC CEPC1 CEPC5 CEPCI10
Accuracy(lo)  25° 8.0° 5.5° 2.5° 1.7°
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Summary

= Higgs Discovery is not just about New Particle, but also New
Force!

= Yukawa Force: Non-Trivial Mixing & Hierarchically Unnatural
= Higgs Self-Interaction Force: Radiatively Unnatural

= New Physics
= Neutrino Oscillation
= Dark Matter
= Matter-Antimatter Asymmetry
> Vacuum Energy & Inflation

= LHC - Discovery Machine vs Poor sensitivity
> CEPC - 10° Higgs
= Higgs Coupling ~ O(1%) Level
= Probe the scale of new physics to 10 TeV
= Higgs Self-Coupling ~ 30%
= Precise measurement of CP ~ 2.5°
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Thank You!
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