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SM Spectrum is Complete but SM ltself is NOT

o Force Mediators
o Gauge Forces — Spin-1 Gauge Bosons
o Gravity — Spin-2 Graviton (Planck Scale?)
o New Force — Spin-0 Higgs Boson

@ Deep understanding of Mass Generation
e Yukawa Forces — Hierarchy & Mixing (Flavor Symmetries?)
o Discrete v.s. Continuous
o Full v.s. Residual [1001.0940, 1104.0602, 1108.0964, 1308.6522]
e hWW, hZZ, hv~ & hZ~
o Higgs Self-Interaction Forces — h*® & h* (concerns spontaneous
EWSB and providing masses to all particles).

True Self-Interactions — Exactly the Same Quantum # (Spin &
Charge

@ These new forces associated with spin-0 Higgs were Never Seen
Before. Needs to test directly.

e Even within SM, we are strongly motivated to quantitatively
test Higgs Couplings!
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Why CEPC? gnme
Precision = Discovery

m my sin 9W EW symmetry breaking \
Global symmetry of scalar potential

ArB Parity violation; weak isospin

r, 3 active neutrinos

m, Fermion mass origin (the only natural quark)
I, Equivalence theorem

my Vacuum stability

k I H fundamental or composite, or ...... J

We, bump hunters, are also excellent painters of Nature’s details.

... excluded (ruled out) ... We discover ... is not supported at 95% CL

... consistent with the SM ... We discover a tight constraint on NP ...



Higgs Factory @ 250 GeV )

@ LHC tells us: h(125) is SM-like — Dream Case for Experiments!

e ILC250 & CEPC produces h(125) via ete™ — Zh,vivh,e"e h

e Indirect Probe to New Physics. 5/ab with 2 detectors in 10y —
10° Higgs — Relative Error ~ 107 3.
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Inputs: Event Rate — Cross Section & BR )

AM, T, |o(Zh)| |o(vih) x Br(h — bb)|
50 MeV 26% 0.5% 2.8%
Decay Mode | o(Zh) x Br Br
h — bb 0.21% 0.54%
h— cc 2.5% 2.5%
h— gg 1.3% 1.4%
h— 771 1.0% 1.1%
h — WW 1.1% 1.2%
h— 727 4.3% 4.3%
h — vy 9.0% 9.0%
h— pp 17% 17%
h N invisible _ 014% latest 1o uncertainty

KITPC WS, July 28, 2016

Further improvement with ML [poster by Gexing Li]

SM Predictions
Br(bb) Br(c¢) Br(gg) Br(r7) Br(WW) Br(ZZ) Br(yy) Br(ui) Br(inv)

58.1% 2.10% 7.40% 6.64% 22.5% 2.77% 0.243% 0.023% 0




New PhySiCS Scales Ge, He, Xiao,1603.03385J

@ New physics appears @ high energy scale & can only be probed
Indirectly

Yii ~ O) 7 eyt i
ij i

@ SM Gauge Invariance is respected

Higgs EW Gauge Bosons Fermions
Oy = 3(9ulHPP)? Oww=g2HPEWZ, W O = (W 7,07 )(V 7#07W,)
O = L(H! D, H)? Opp = g2|H[2B,., BH ol = (iHte?D H)(W yrorw,)
Ows = gg'HicHW 2, B O, = (iH' D, H)(W 74 v,)
Gluon O = ig(DFH) G (DVHYW2,  Op = (IHT D H)(Grr vg)
O,=g?H?G2, G O, p=ig'(D*H)T(DYH)B,., O¢= |H|?F Hf
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Existing EWPO & Future HO )

@ Observables: EWPO (PDG14) + HO (preCDR)

Observables Central Value Relative Error SM Prediction
@ 7.2973525698 x 10> 3.20x10~ -
Gk 1.1663787 x 10 °GeV 2 5.14x 1077 -
Mz 91.1876GeV 2.3x107° -
Mw 80.385GeV 1.87 x 10~* -
o [Zh] - 0.50% =
olvivh] - 2.86% -
o[y h)3s0Gev - 0.75% -
Br{WW] - 1.2% 22.5%
Br[ZZ] - 4.3% 2.77%
Br[bb] - 0.54% 58.1%
Br[cc] - 2.5% 2.10%
Brlgg] - 1.4% 7.40%
Br[r7] - 1.1% 6.64%
Br[v~] - 9.0% 0.243%
Br{pup] - 17% 0.023%
e Exclusion (95%) & Discovery (50) Reach Ge, He, Xiao,1603.03385

| 0w Or Oww Ops Ous Ouw Ous O OF 0, 0p OF) 0, Op, Opy O

2.50 10.6 6.38 5.78 6.53 2.12 0.604 8.23 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
1.57 6.65 4.00 3.62 4.09 1.33 0.378 5.15 7.57 6.39 5.49 1.29 0.356 0.246 0.212 27.4

95%
50
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Sensitivities from Existing EWPO & Future HO

New Physics Scales to be Probed via dim-6 Operators
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Enhancement from M, & M,, @ CEPC )

Relative Error
Observables Current CEPC
M 23x107° | 55x100~1.1x10"°
My, 19x107% | 37x105~62x10"°

Table: The Mz & My © CEPC [z.Liang, “Z & W Physics @ CEPC" & preCDR].

Scheme-Independent Analysis

%[Tevl ‘ On Ot Oww Oss Ows Ounw Ous O(L3L) 023) Or Or (9(337 OLq Oru Ora Ogf
HO+EWPO | 2.74 10.6 6.38 5.78 6.53 2.16 0.604 8.58 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
+Mz [2.74 10.7 6.38 5.78 6.54 2.16 0.604 8.62 12.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
+My |2.74 21.0 6.38 5.78 10.4 2.16 0.604 15.5 16.4 10.2 8.78 2.06 0.568 0.393 0.339 43.8
+Mz w [2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.4 18.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8

Table: Impacts of the projected Mz and M\ measurements at CEPC on the reach of new physics scale A/, /|¢;] (in
TeV) at 95% C.L. The Higgs observables (including o(v7h) at 350 GeV) and the existing electroweak precision observables
are always included in each row. The differences among the four rows arise from whether taking into account the
measurements of Mz and M)y or not. The second (third) row contains the measurement of Mz (M) alone, while the first
(last) row contains none (both) of them. We mark the entries of the most significant improvements from Mz /My,
measurements in red color.

Ge, He, Xiao, 1603.03385
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Enhancement from Z-Pole Observables @ CEPC

N, \ Ars(b) \ R® \ R* \ R \ sin” 6,
1.8 x 10*3\1.5 X 10*3‘8 X 10*4\5 X 10*4\5 X 10*4\1 x 1074

Table: The Z-pole measurements at CEPC [z Liang, “Z & W Physics @ CEPC” & preCDR].

Ge, He, Xiao, 1603.03385

Z-Pole Observables are IMPORTANT for New Physics Scale Probe

Oy Or Oww Og Ows Ouw Ous Oﬁ) 023) O, Or OESL Orq Oru Org Og
2.74 23.7 6.38 578 11.6 2.16 0.604 17.4 18.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8
2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.5 18.3 10.5 8.78 2.06 0.568 0.393 0.339 43.8
2.74 24.0 8.32 580 12.2 2.16 0.604 20.7 23.0 12.5 13.0 2.23 1.62 0.393 3.97 43.8
2.74 24.0 833 5.80 122 216 0.604 20.7 23.0 12,5 13.0 7.90 7.89 3.55 4.05 43.8
2.74 24.0 854 580 122 2.16 0.604 20.7 23.4 14.4 14.0 8.63 8.62 4.88 4.71 43.8
2.74 24.0 875 5.81 123 2.16 0.604 20.7 23.7 15.8 14.9 9.21 9.21 559 5.17 43.8
2.74 26.3 12.6 5.93 15.3 2.16 0.604 30.2 35.2 19.8 21.6 9.21 9.21 559 5.17 43.8

Table: Impacts of the projected Z-pole measurements at the CEPC on the reach of new physics scale A/ /|¢;| (in TeV)

at 95% C.L. For comparison, the first row of this table repeats the last row of Table ??, as our starting point of this table. For
the (n + 1)-th row, the first n observables are taken into account. In addition, the estimated Mz and M)y measurements at
the CEPC, the Higgs observables (HO), and the existing electroweak precision observables (EWPO) are always included for
each row. The entries with major enhancements of the new physics scale limit are marked in red color.

Another factor of 2 enhancement from Z-Pole Observables
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Sensitivity from EWPO+HO+4Z-Pole |

New Physics Scales to be Probed via dim-6 Operators
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Yukawa-like Operators )

@ Dim-6 Yukawa-like Operators
Of = ‘H’szHfR

o Shifting Yukawa Couplings

3crv? _ V2ms n crv3

o Constraining New Physics Scales

Ye—=>yr+

A < v3
\/a o \/imfAKJf '

Naive Expectations

N,cocyf2 = A/ffO(yf_l = /\ocy,?
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New Physics Scale via Yukawa-like Operators

)

N/IGl(TeV) | o | CEPC | LHC HL-LHC | ILC-250 ILC-500

b quark 1.27% | 13.2 | 3.87 5.12 6.89 15.2
T lepton 1.33% | 15.4 | 5.74 6.95 12.8 20.0
¢ quark 1.75% | 24.4 - - 7.76 12.5
u lepton 8.59% | 25.1 - - - -
30
LHC
HL-LHG

25 | |CEPC: lab™l mmmm i

3ab™l e

Sab ! m—

20

15 -

New Physics Scale AV|qj| (TeV)
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TGC

Constraints

New Physics Scales to be Probed via dim-6 Operators
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New Physics Scales to be Probed via dim-6 Operators
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Neutral TGC @ Lepton Colliders )

@ We have mentioned dim-6 operators. What about higher
dimensional operators?

@ The ZZ~ vertex can only arise at dim-8 level

o Perfect place for testing dim-8 operators:

Oy = iH'BuwW"{D,, D"}H +h.c,
Opiy = iH'BL W {D,,D'}H +h.c.,
Oww = HW,WH{D, D'}H +h.c.,
Ozp = iH'B.B"{D, D'}H +h.c,

o Opy is equivalent to Og
o Oy & Opg cannot contribute to ZZ~ with on-shell Z & ~
e Only one independent operator!

John Ellis, SFG, Hong-Jian He, Rui-Qing Xiao, [arXiv:1902.06631]
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Clear Signal @ Lepton Colliders

J

@ The ete™ — Z process has clear final states & observables (6, ¢)

iT7-(q1, 92, q3) = sign(c;)
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Scattering Angle (¢) Distribution
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Decay Plane Angle (¢) Distribution
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Sensitivities )
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Summary |

@ SM is NOT complete although its spectrum is [DM?].

e Higgs Discovery is not just New Particle, but also New Force!
e Yukawa Force: Non-Trivial Mixing & Hierarchically Unnatural
o Higgs Self-Interaction Force: Radiatively Unnatural

@ Precision = Discovery

e CEPC - 10° Higgs
o Precision Measurement
e Higgs Coupling ~ O(1%) Level
o Higgs Self-Coupling ~ 30% (?)

o New Physics Scales @ dim-6 level
e Probe indirectly to 10 TeV (43 TeV for O,) from EWPO+HO
° 35TeV @ Z-Pole
° 25 TeV for Yukawa-like Operators

@ efe” — Zv for nTGC @ dim-8 level
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Thank You!
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Scheme—lndependent Analysis Ge, He, Xiao, 1603.03385J

o EW Parameters:

MEY =My (1 + 5MZ> LG =g <1 + —EGF) , oW = ol <1 + 6—a) :
MZ GF (03

which can be denoted as

fOM = £(0) 1 5f ~ (") <1 + 5:)

@ Observables:

O = OFfM) 50 = 0(f)) + O'(f)éf 4+ 50

o Analytical x? Fit:

O (Mz, 6Gr, bax, &) — ofxpr

<5Mz,5GF,6a ) ZJ:[ A0,
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Correction of Dim-6 Oi to EWPO Ge, He, Xiao, 1603.03385J

@ Fine-Structure Constant
dox N o

9o | o111 ((Sww _ cws CBB
o @ ’

- -
2 2 2
/\TeV /\TeV /\TeV

@ Fermi Constant

e ®
9Ge  9CF 4 5101 ( aL o ) .

Ge  Gr Now Ny
o Mz & My
Mz oMz cT cww CB cws
~ — 0.0303 + 0.0206 + 0.00149 + 0.00555 ,
M; z gI‘ev /\grev A’ZI‘eV /\grev
SMw 8Ge M, dou cww
W ~ 0.184G—F +1.37 e — 0.1847 + 0.0262/\2TeV R
1 Mz 2 (86Ge da s2 se(5¢2—s2) A 2
Msm:M(r) 1 2 Sw _IR ) _cw 2w w w) A )
v W{ +cos29w [CW Mz T GF « 2 °f 8(c2 —s2)? n
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Correction of Dim-6 Oi to HO (1) Ge, He, Xiao, 1603.03335J

o Mass: My & My,
o Parameter Shifts

(0)
(mz,Gr,a) sin 26 A:;;a o2
26t (o)

o Field Redefinition & Kinetic Mixing
1 V2 + +
h — 1_77CH hEZhh, W 1+ gCWW w EZWW .
2 A2 A2
YA {1 + — (cwg cww + ¢,5,,88 cwe + 528" CBB)]Z“ =2Z,7",
AF {1—}-—(5 g%cww — ¢,5,,88" cwe + c2 g cBB)]A“
V2

1
+ 2@ |:Cwswg2CWW — 5(cv2v —s2)gg’cwe — chWg’chB} ZH = ZpAF + 8Zy Z".

2
G, — <1+ Azgscg) G, = ZcG,
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Correction of Dim-6 Oi to HO (2) Ge, He, Xiao, 1603.03335J

e zZ e z
@ Vertex
AZ
o ZZh o - 0
(a) (b)
g v v2 ” v vOuh Sw o, v
2c 2 A2 CThZ ZM+ (ZZ — l)hZWZ + E A2 gCHw + ?g cug | £ ZHY,
w
o Zete™
—~ 1 Mz 168G c2s? Sa gV’ [ 3 .
1) = - | — - g — g,
st [2cos20W ( Mz t3 2 Gr ) cos26, « & 2/A2 <c" +CL) tom
— 52 Mz 1 6Gg c252 5a g, V2
1) = - w — ogn,
&R [cosZOW < Mz *t3 2 G > cos260, « &~ 22 opz R gR

where 68, = Qg;cwswdZx + g:(T3 — sva)(ZZ —1), dgg = Qg-cwswdZx — gzsle(ZZ —1).

o AZh .
8Zx swg°v
2—hZ“,F“"
! + 2¢, A2

(CHW — CHB) 8“’721,,:“”,

e Zhete~

g;: [(Cf) — CL) ZHEL’Y‘LUL - (C=_3) + CL) ZMJW“dL - CE;’(Z)R’YH’(bR] h
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Beyond SM Fitter (BSMfitter)

$name = "CEPC preCDR"
$author = "Shao-Feng Ge"
$email = "gesf02@gmail.com"
$version = "August 20 2015"

observable (#sigma_eezh)<
@data = 1
@sigma = 0.005

>

observable (#sigma_nnh)<
@data = 1.
@sigma = 0.02857

>

observable (#sigma nnh2)<
@data = 1.
@sigma = 0.0075

>

observable (#BR_hWW) <
@data = 1.
@sigma = 0.016

>

observable (#BR_hZZ)<
@data = 1.
@sigma = 0.043

>

http://bsmfitter.hepforge.org

$name = "dim6 EW'

$author = "Shao-Feng Ge"

$email = "gesfO2@gmail.com"
$version = "2016-03-09 17:03:28"

$variables = {dGF, dWZ, dAlpha, c_{H}, c_{T}, ¢
{wW}, c_{BB}, c {WB}, c_{HW}, c {HB}, c@*{(3)}
[ {LL}, c@ {(3)}_{L}, c_{L}, c_{R}, c@{(3)}_{Lq
}, c {Lq}, c_{Ru}, c_{Rd}, c_{g}}

$separate = "yes'

$mandatory = 3

observable (#sigma_eeZh)<
@prediction = 1.;

@coeff = {"dGF", 2.34}
Qcoeff = {"dMZ", 5.51}
@coeff = {"dAlpha", -0.344}
@coeff = {"c {H}", -0.0605}
@coeff = {"c_{T}", -0.206}
@coeff = {"c_{ww}", 0.338}
@coeff = {"c {BB}', 0.0122}
@coeff = {"c_{WB}", 0.0682}
@coeff = {"c_{HW}"', 0.0429}
@coeff = {"c {HB}', 0.00315}
@coeff = {"c@*{(3)}_{L}", 1.02}
@coeff = {"c_{L}", 1.02}
@coeff = {"c_{R}", -0.755}

>

observable (#BR hAA)<

CEPC. exp CEPC.exp 43 1 35%

Shao-Feng Ge @ HPNP 2019, Osaka Uni., 2019-2-22

/* Latex expression for sigma_eeZh:
2.34 \frac {\delta G F}{G F}
<m6_EW.mod
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