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Higgs discovery is not just about H particle

= Force Mediators
> Gauge Forces — Spin-1 Gauge Bosons
> Gravity — Spin-2 Graviton (Planck Scale?)
= 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 [1001.0940, 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 Same Quantum # (Spin &
Charge
s> hWW, hZZ, hy~ & hZ~y

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

= Even within SM, we are strongly motivated to quantitatively
test Higgs Couplings!
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Standard Model is Incomplete!

= Mass Generation

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

= Neutrino Oscillation

= Dark Matter

= Matter-Antimatter Asymmetry
= Vacuum Stability

= Vacuum Energy & Inflation
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Higgs Factory @ 250 GeV )

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

> CEPC produces h(125) via ete™ — Zh,vivh,ete h

= 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)|

2.6 MeV 2.8% 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 1.7% 1.8%
h— 71 1.2% 1.3%
h — WW 1.4% 1.5%
h— 27 4.3% 4.3%
h — vy 9.0% 9.0%
h— pp 17% 17%
h — invisible - 0.14% Sofouare s, Miarch 26

SM Predictions
Br(bb) Br(cé) Br(gg) Br(r7) Br(WW) Br(ZZ) Br(yy) Br(pi) Br(inv)
58.1% 2.10% 7.40% 6.64% 225% 2.77% 0.243% 0.023% 0
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Deviation from SM by Scaling Ge, He, Xia0,1603.03385; preCDRJ

= Coupling
8hii

g =k =1+ 0kK;.
= Cross Section
do(Zh) do(vih)
~ 20 ——~2) .
o(Zh) B2 To(uih) w
= Decay Width
[ i 2 [iny .
— =Kj, — = Br(inv) = dKijny -
o I Mot ™
= Branching Ratio
ri sm
Br; = r ~ Br‘i 1+ Z Aijénj , Briny ~ 0Kiny -
tot .
J

with coefficients,

A =206 —Br™), Aiinv=-1, Ani=0, Ajpyin=1.
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Combined Higgs Coupling Precision Ge, He, Xiao,1603.03385; preCDRJ

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

Software WS, March 26

Precision (%) | CEPC | LHC HL-LHC | ILC-250+500
Kz 0.249 0.249 | 8.5 6.3 0.50
Kw 1.21 1.21 5.4 3.3 0.46
Koy 4.67 4.67 9.0 6.5 8.6
Kg 1.55 1.55 6.9 4.8 2.0
Kb 1.28 1.28 149 8.5 0.97
Ke 1.76  1.76 - - 2.6
Kr 1.39 1.39 9.5 6.5 2.0
o - 850 | - - -
Briny 0.135 0.135 | 8.0 4.0 0.52
i 2.8 2.8 - - -
LHC & ILC from Peskin 1312.4974
SM Predictions
Br(bb) Br(cé) 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

Shao-Feng Ge @ CEPC-SPPC Workshop, IHEP, 2016-4-8

Higgs Coupling Precision & New Physics Scales @ CEPC


http://arxiv.org/abs/1603.03385
http://indico.ihep.ac.cn/event/5592/
http://indico.ihep.ac.cn/event/5277/

Combined Higgs Coupling Precision Ge, He, Xia0,1603.03385; preCDRJ
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Precision on Higgs Couplings )
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Precision on Higgs Couplings precoR |

Precision of Higgs couplingmeasurement(Model-IndependentFit)

mm
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New PhySiCS Scales Ge, He, Xiao,1603.03385J

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

Yij ~ 0(1) T oyt Ci
L=Lsm+ Z X TorCay : 1014GeV(L,-H)(H L)+ Z Foi'
17} I

= SM Gauge Invariance is respected

Higgs EW Gauge Bosons Fermions
Oy = 3(8uIH)? O =g2HRWz, wanr 0¥ = (iHte?D H)(V o7V,
Or= L(H1 D, H) Oga=gHPBuWB O = (W7.0°W ) (W 140V,
Os = gg'Hic HW2, B O, = (iHT D, H)(V 74 W,)
Gluon Opw= ig(D*H)T?(DVH)W3,  Op= (H1D,H) @y tg)

Oy =g [H?G}, G Oyg=ig/(D*H)T(D"H)B.,
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Scheme—lndependent Analysis Ge, He, Xiao, 1603.03385J

= 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:)

= QObservables:

O = OFfM) 50 = 0(f)) + O'(f)éf 4+ 50

> Analytical x? Fit:

O (6Mz, 6Ge, Sax, &) — O]
AO; :
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Correction of Dim-6 Oi to EWPO Ge, He, Xiao, 1603.03385J

> Fine-Structure Constant
dox N o
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Correction of Dim-6 Oi to HO (1) Ge, He, Xiao, 1603.03335J

= Mass: Mz & My
= Parameter Shifts

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

= Field Redefinition & Kinetic Mixing
1v2 + +
h — 1——-—cy hEZhh, W 1+ gCWW w EZWW .
2 A2 A2
VA |:1 + — (ng cww + ¢ Swgg cwe + swg CBB)]Z‘“ =27Z;Z",
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
= ZZh o P .
(a) (b)
g v v2 ” v vOuh Sw o, v
202 N2 —SCthZyZM+ (27 — 1)hZ,, ZM + 5 Az |8CHw T —g'chB Z,ZH,
w
s Zete™
— 1 Mz | 165Gk chsy Sa &’ [ 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;cwsw0Zx + g:(T3 — sva)(ZZ —1), dgg = Qg-cwswdZx — gzsle(ZZ —1).
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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] - 0.51% =
olvivh] - 2.86% -
o[y h)3s0Gev - 0.75% -
Br{WW] - 1.6% 22.5%
Br[ZZ] - 4.3% 2.77%
Br[bb] - 0.57% 58.1%
Br[cc] - 2.3% 2.10%
Brlgg] - 1.7% 7.40%
Br[r7] - 1.3% 6.64%
Br[v~] - 9.0% 0.243%
Br{pup] - 17% 0.023%
= Exclusion (95%) & Discovery (50) Reach Ge, He, Xiao,1603.03385

3 3 3
| 0w Or Oww Ops Ous Ouw Ous O OF 0, 0p OF) 0, Op, Opy O
250 10.6 6.38 5.78 6.52 2.11 0.603 8.21 12.1 10.2 8.78 1.85 0.565 0.391 0.337 39.8
1.57 6.64 3.99 3.62 4.08 1.32 0.378 5.14 7.57 6.39 549 1.16 0.354 0.245 0.211 249

95%
50
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Sensitivities from Existing EWPO & Future HO |

New Physics Scales to be Probed at CEPC 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 2.15 0.603 8.57 12.1 10.2 8.78 1.85 0.565 0.391 0.337 39.8
+Mz [2.74 10.7 6.38 5.78 6.54 2.15 0.603 8.61 12.1 10.2 8.78 1.85 0.565 0.391 0.337 39.8
+My |2.74 21.0 6.38 5.78 10.4 2.15 0.603 15.5 16.4 10.2 8.78 1.85 0.565 0.391 0.337 39.8
+Mz w [2.74 23.7 6.38 5.78 11.6 2.15 0.603 17.4 18.1 10.2 8.78 1.85 0.565 0.391 0.337 39.8

Table: Impacts of the projected Mz and My 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 Os Ows Ouw Ous Oﬁ) 023) O, Or OESL Orq Oru Org Og
2.74 237 6.38 578 11.6 2.15 0.603 17.4 18.1 10.2 8.78 1.85 0.565 0.391 0.337 39.8
2.74 23.7 6.38 5.78 11.6 2.15 0.603 17.5 18.3 10.5 8.78 1.85 0.565 0.391 0.337 39.8
2.74 24.0 8.32 5.80 12.2 2.15 0.603 20.7 23.0 12.5 13.0 2.08 1.62 0.391 3.97 39.8
2.74 24.0 833 5.80 122 215 0.603 20.7 23.0 12,5 13.0 7.90 7.89 3.55 4.05 39.8
2.74 24.0 854 580 122 2.15 0.603 20.7 23.4 14.4 14.0 8.63 8.62 4.88 4.71 39.8
2.74 24.0 875 5.80 123 2.15 0.603 20.7 23.7 15.8 14.9 9.21 9.21 559 5.17 39.8
2.74 26.3 12.6 5.93 15.3 2.15 0.603 30.2 35.2 19.8 21.6 9.21 9.21 559 5.17 39.8

Ta ble: Impacts of the projected Z-pole measurements at the CEPC on the reach of new physics scale A/ |Cj| (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

Shao-Feng Ge @ CEPC-SPPC Workshop, IHEP, 2016-4-8 Higgs Coupling Precision & New Physics Scales @ CEPC


http://indico.ihep.ac.cn/event/4338/session/2/material/slides/1?contribId=32
http://indico.ihep.ac.cn/event/5277/

Sensitivity from EWPO+HO+4Z-Pole |

New Physics Scales to be Probed at CEPC via dim-6 Operators
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Summary |

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

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

= New Physics motivates precision measurement of Higgs couplings

= CEPC - 10° Higgs
= Precision Measurement

= Higgs Coupling ~ O(1%) Level
= Higgs Self-Coupling ~ 30%

» New Physics Scales

= Probe indirectly to 10 TeV (40 TeV for O,) from EWPO+HO
= 35TeV @ Z-Pole

= CEPC = SPPC
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Thank You!
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