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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 [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 — v 9.0% 9.0%
h— pp 17% 17%
h — invisible - 0.14% ot o,

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 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

1603.03385, preCDR J

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~*).

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
Key 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
Ku - 8.59 - - -
Briny 0.135 0.135 | 8.0 4.0 0.52
i 2.8 2.8 - - -
LHC & ILC from 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% 225%  2.77% 0243% 0.023% 0
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Combined HiggS Coupling Precision 1603.03385, preCDRJ
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Precision on Higgs Couplings 1603.03385, preCDRJ
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New Physics Scales 1603.03385 |

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

L= £5M+Z—AN1014GeV(ZH H +Z

= SM Gauge Invariance is respected

Higgs EW Gauge Bosons Fermions
Oy = 1(8uIH?)? Opw=g2HREW2, war 0P = (iHte?D H)(W v o?w,)
= %(HT BM H)? Ogg= g2‘H|2B/wBW Ol(j_) = (WL'YHUa\UL)(WL'YMUa‘UL)
Ops = gg'HT o HW2, BV O, = (iHT D, H)(V 74 v,)
Gluon O = ig(D*H)fo?(DYHYW3, Op= (iHTBMH)@waR)

Oy =g2[H?G}, G Oyg=ig/(D*H)T(D"H)B.,
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Existing EWPO & Future HO )

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

Observables Central Value Relative Error SM Prediction
Mz 91.1876GeV 23x107° -
Mw 80.385GeV 1.87 x 107* -
(ef3 1.1663787 x 10~ °GeV 2 5.14x 1077 -
a 7.2973525698 x 103 3.29x 10710 -

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%

Brlcc] - 2.3% 2.10%
Br[gg] - 1.7% 7.40%
Br[77] - 1.3% 6.64%
Br[vy~] - 9.0% 0.243%
Brluu] - 17% 0.023%

> Exclusion (95%) & Discovery (50) Reach 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

Observables

Relative Error

Current

CEPC

Mz
Mw

23x10° [ 55x10°%~1.1x10"°
19x107% | 37x105~62x107°

Table: The Mz and My, @ CEPC [z.Liang, “zZ & W Physics @ CEPC"].

Scheme-Independent Analysis

A (7ev) ‘ Oy O Oww

Ci

Oss

Ows Ouw Ous Oﬁ)

o® o, ok

0(3)

L,q

Orq Oru

OR,d Og

HO+EWPO [ 2.74 10.6 6.38
+Mz [2.74 10.7 6.38
+My |2.74 21.0 6.38
+Mz)w 2.74 23.7 6.38

5.78
5.78
5.78
5.78

6.53 2.15 0.603 8.57
6.54 2.15 0.603 8.61
10.4 2.15 0.603 15.5
11.6 2.15 0.603 17.4

12.1 10.2 8.78
12.1 10.2 8.78
16.4 10.2 8.78
18.1 10.2 8.78

1.85
1.85
1.85
1.85

0.565 0.391
0.565 0.391
0.565 0.391
0.565 0.391

0.337 39.8
0.337 39.8
0.337 39.8
0.337 39.8

Table: Impacts of the projected Mz and M)y 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,

1603.03385

measurements in red color.

Shao-Feng Ge @ CEPC Software Meeting, IHEP, 2016-3-26

Higgs Combination, New Physics Scales & Differential Dist.


http://indico.ihep.ac.cn/event/4338/session/2/material/slides/1?contribId=32
http://indico.ihep.ac.cn/event/5592/

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 x107*

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

Z-Pole Observables are IMPORTANT for New Physics Scale Probe

Oy Or Oww Oss Ows Ouww Opp Oﬁ) O(L3) O, Og OESL Orq Oru Ord Og
274 23.7 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
2.74 240 8.32 580 12.2 215 0.603 20.7 23.0 12.5 13.0 2.08 1.62 0.391 3.97 39.8
2.74 240 8.33 580 122 215 0.603 20.7 23.0 12.5 13.0 7.90 7.89 3.55 4.05 39.8
274 240 854 580 122 215 0.603 20.7 23.4 14.4 14.0 8.63 8.62 4.83 4.71 39.8
274 240 875 5.80 123 2.15 0.603 20.7 23.7 15.8 149 9.21 9.21 559 5.17 39.8
274 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/ /|c;| (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.

A factor of 2 enhancement from Z-Pole Observables
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Sensitivity from EWPO+HO+4Z-Pole ]

New Physics Scales to be Probed at CEPC via dim-6 Operators
40 T T T T T T T T T T T T T T T

35 |4 50 EWPO+HO+Z-Pole

5F-- -k N II ....... . I I J | ||||| .- B E
o I I 1 1 1 1 1 l I le =l 1 1 1 1 1 1 1 I | 1
CH Cr Cww BB Cwe CHw CHB cff) cf? < R cff) Clg CRu CRd Cg
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Higgs Self-Coupling )

> Rescaling of the trilinear term h3
1
AL = —§5mh3)\7,',’,’hh3 .

= 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 CEPC preCDR |
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nggS CP Phase in h — 777~ Decay 1308.1094J

s LHC.:h—> ZZ 7
> CEPC:h = 717

Lprr < —=h7(cos A + ivssin A)r

I

V2

= Complex enough to retrieve info about the 7 spin & Higgs CP
h =7t +7"

= p U+ p

— T 7TV7—+7T 7T0V7-.

CP-even part (cos A) in p-wave & CP-odd (sin A) in s-wave.

> Kinematic info of v's retrievable

= Hadronic decay 7 — pv fully reconstructable
> BR(7 — pv) ~ 25% & BR(p — 7)) ~ 100%
> The p meson has narrow width = On-Shell

Higgs Combination, New Physics Scales & Differential Dist.
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HiggS CP Phase in h — 777~ Decay 1308.1094J

¢

h — 7777 : Measure T spin perpendicular to p;,

. X1,1 + X—1,-1 , . X1,1 — X—1,—1
Mpsrr o |p —|cosAT—T— = —JE__sinAZ—
T \/§ T \/i
E__ . .
~ \‘b (e “xin +e+'AX71,71)

= T — p vy p, follows 7 spin

M " .0 mr 0
- vy X € _ - |le_1sin - — ¢ cos —
—p P 1 2 Oﬁmp 2

> p~ — 7 7% Momentum difference p,- — p,.0 follows Py

Mp~>7r7r X €,— (P,\-* - Pwo)

¢

Neutrino momentum can be retrived using

= Energy-momentum conservation
> On-shell conditions
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Higgs CP Phase in h — 777~ Decay 15081094 |

= © Angle

I, E -E_
© = sgn [\77+ - (E- x E+)] arccos <:r7_‘>
|E+|1E-|

= Differential Distribution

Truth level © and reconstructed © for A =0

truth
- reconstructed

0.10

Normalized yield
Normalized yield

0.02

> Precision Measurement @ CEPC CEPC preCDR

Colliders LHC HL-LHC CEPC1 CEPC5 CEPCI10
Accuracy(lo)  25° 8.0° 5.5° 2.5° 1.7°
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Triple Gauge Coupling vs EFT 1507.02233J

= Mass Eigenstate Basis
3 _ _ . _ iy _
Lrcc/gwwv = ig1v (W:fy WiV, — W, W Vu) + iRy Wi W, Vi + Miﬁ‘/w;“ Wi Vox

\Y b g \Y -
+ 8 euvpo (W; dp W,,) Vo — gy W,jwy (Ou Ve + 8, V)

o iAo .
+RVW W Vi + o W, W Vo
w

= EM gauge + Charge + Parity Invariances = 5 nonzero terms

Agiz=g1z—1, Bryz=kyz-1, Ay, Az.

= SILH Basis

_ igew = v i CHW CHB BCIW ik \ 1 iv 1 asip 1 aski
AL =22 (Ho' D" H) (D" W) + 25 Onw + 175 O + S W WP W™
w w w w
CHW
Agi1z = 2 Ak~ = —(Chw + cuB) ,
Arkz = Ag1 7 — tf/AK’Y s Az = )\7 = —C3w -
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TGC - Five-fold Differential Distributions 1507.02233J

do(ete™ = WHW™ = Ahfify) B 3\2 N N
—BR 2V ST ER) EOr D (08, 610D, (= 05, 7+ b5
dcos Odcos 65 depj dcos 65 dp} 327s (87r> 172 () e 01 61) ( 2™+ ¢2)

a7

do B dog

a0, " 4o, [1 4+ wi(@)a; + wij(Q)ejaj]

where Q) = cos 6, cos&fvz, ¢f,2' aj = (Ag1,z, Aryy Ay) or o = (cyws iy 3w)

/ o1 06 B
= 04 B
= :
- = - 1
3 -2 5 - R —
R 03 04
y — i
o4 06 S
- 0.
10 05 00 05 10 10 05 oo 05 10 -3 -2 -1 o 1 2 3
cosfl costli, @
° [ 1.0} 4
o N =
5 //
0s y
+ ~ o4 05 4
= 3 -
Ea E — g
5, g o0 3 — - -
g 3
~—
~_
1 0s - i
-0 05 00 05 1.0 0 05 00 05 10 3 2 0 1 2 3
cosy cost; 5
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Triple Gauge Coupling

1507.02238J

s
oo oo
5 oo + oo + oo
oo oo
oon oo
gz gz Axy
.
. oo
oo o
S e S s e o

0.001

Agiz

W ATLAS
W CMS
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Angular Observable in Higgsstrahlung

1512.06877J

= CP violating dim-6 operators

Ogn = (®10)0(01P) Oy = (BTO)W,[, Wik L -
Osp = (2T DIP)* (@D, @) Ogp = (270)B,, B 7 ¢
« _
04 = (@1iD,@)(Ey"0) Ogwp = (irl®)W], B
P « _ —
0f) = (@NDI®)(Iyrt) Oy = (BT®)W, Wi do
«r ~ -
Og = (®1iD,®)(ev"e) Oy = (®10)B,,, B depdcos O1dcos 6,
Our, = (Ly, ) (Ey"¢) Oyiig = (@irI®)W], Brv
= QObservables
1 1 do
o(s) Agl = — / dcos 01 sgn(cos(207))
o J-1 dcos 01
AW = L T centsin gy 42 A® = L 7T centsin2o)) 22
=7 -/0 ¢ sgn(sin ¢) 5 & b /0 ¢ sgn(sin(2¢)) 7
@ _1 @@ _ 1 po=m do
AV = — / d¢ sgn(cos ¢) AV = — / d¢ sgn(cos(2¢)) —
£4 o Jo ¢ o Jo do

Aco .o,

1 "1 "1
— / dcos 01sgn(cos 07) / dcos Opsgn(cos 05)
oJ-1 1

d’c

dcos 01dcos 05
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Angular Observable in Higgsstrahlung 151206877 |

a A A 0 @ (] @
6, 081,28, Ay Ay Ay Ay
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a5 ] 088 &) 0. a I 059 g o, a4 o, a4 — 1064 3, 1o
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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 = Pave Road for SPPC
= Probe indirectly to 10 TeV (40 TeV for O;) from EWPO+HO
> 35TeV @ Z-Pole
> Differential Distributions
= ®Angleinh— 1777 = pTp v — 7t n’7r 7% = CP ~ 2.5°
> Five-fold distributions in TGC = Error ~ 107*
> Angular observable in Higgsstrahlung = CP violating dim-6 O
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Thank You!
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Scheme-Independent Analysis 1603.03385 |

= EW Parameters:

5Mz 5GF S
MEW — ) (1 n ) GM _ g0 <1+ > EPNCU NG <1+ 7) _
MZ F F GF c e « [e%

which can be denoted as

FSM) — () 4 5f ~ ) <1 + ‘jf)

= QObservables:

X = X(fOW) 15X = X(f)) + X'(£)6f + 6X

= Analytical Fit:

2 (5Mz,5GF,5a, %) =
J

Ot (§Mz, 6Gr, Scx, &) — 021

J
AO;
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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
00 =0 —  xZ,,=0.

This assumption affects only Xﬁﬁn, not error matrix ~ 1.
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Analytical Linear y? Fit — Marginalization J

= 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
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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%

/* Latex expression for sigma_eeZh:
2.34 \frac {\delta G F}{G F}

<m6 EW.mod 40 1 11%
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