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O Effective Operators beyond SM at CEPC

O Tree Level & Loop effects (The Covariant Derivative
Expansion); the RG running and operator mixing
between different operators.

O CEPC 400 and Higgs self couplings
O Summary:

_
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Why Effective

d Operators at the lepton
colldiers?




Circular e e/ - collider with center
of mass energy 240 GeV

What we use effective operators!
O Fixed energy: EFT is always valid.

O General model independent parametrization &
categorization.

O Simply map to the lepton collider measurments



Cicular eM e”- collider with center of
mass energy 240 GeV

What can it go beyond the LEP!?

O EW precision
O Tri-gauge boson precision

O Higgs precision



Underlying Simplified Effective CEPC

Models Models Operators  Observables

Models with

eV Just some Total cross

: new

Symmetries, | METY section, angle
dynamics to  particles, or . T

: operators distributions,
the interpret SOme strong atc

EWSB, dynamics
naturalness,
etc.
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Effective Operators
Beyond SM (TGC

example)



Operators beyond SM

O OO There are operators up to dimension 6;
including one dimension 5 operator which
gives the neutrino mass (VVeinberg operator)

Flavor diagonal, no B-violating.

For the  d=6 operators, e.o.m.and CP
conserving would reduce this number to

Let’s see what an collider
can do for those operators before
Higgs discovery
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Operators beyond S

Independent observables related to LEP |, I

bosonic fields

Higgs/fermions

4-fermion

Owp = (H To*H W:VB""
0, = (H 'D,H )
Ow = e"ch:"Wf,"\Wf“

021 =1 (HtD"H) (LL’)/’,LL)

O, = 41D (1,2

Ohu =i(H'D*H (uR')'puR)

Ohe =i (H'D*H) (Eryuer)

Ot == 2 HfO'aD"‘H LL’)V“O' LL)
EH* °D“H§ (Qu1.Q1)

OM =i (H'D*H) (drv,dr)

= 5 (Ley*Ly) (LryuLr)
LL’Y" L) (Qr.Qr)
Liy*Ly) (Ery.€er)
Liy“Ly) (Grysur)
(erY"er) (ErYueR)
(Lry*o°Ly) (LL7;40°LL
L Y*Ly) (Qryuo®QL)
QLY*QL) (Ervuer)
L’Y“LL) (dR'YudR)
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Bosonic fields

OWB = (HTO‘GH) W:VB'W
O, =(H'D,H)’
Ow =e“"“WW Wit

Famous S, T parameter

Let’s consider different
BSM examples
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Operators beyond S

Practically, this is more complicated since we neec
to consider redundant operators for convenience.

Consider a simple case where one integrate out a
vector SU(2) L triplet in MCHM.

The first two terms are Op =Oyp +Opp +Owg,
related with the S parameter, Ow = Opw + Oww + Owp.,

(D, WvH)e = —%g(ihf‘l_)’“a“h + IyH ol + gy*o%q),

W &Y can be rewrite using
the e.o.m. of the gauge fields 8, B = —%g’(ih*‘l_?)“h) -9 ) Y,
f




Operators beyond S

VOO But certainly we can do those e.o.m. and generate too
many independent operators to do the constrain:

Therefore, one should include all the redundant
operators for the fits

g2 |H[? G, G 5(0u|HI*)?
g |H > Wg,wor L(H'D,H)’
o*|HI" BB HF1D,HE CP conserving
2ag Hir" HWj, B paf bosonic
g (H freDrH )D" Wi
i Y (1B H) P B operators

19sf GG G
21 gEWHW VWP

1
2
-1
2
-1
2




In the CCWZ formulism of MCHM, integrating out the h

€€_

spin one vector meson “rho” and axi-vector meson “a

D EaLpuD EaLp

rho contributes
toSW Y

a contributes
to -5, TGC

One loop diagram needed (large rho coupling)




Real singlet for EVVF

1

AL = % (8,®)* — §m2<1>2 —A|H?® - %k H|? ®* - !

3!

1
pd® — E/\<1><I>4.

1 1 1
ALiiiee = —A|H]* @+ 52 (—32 —m?—k |H|2) D, — S u®E — Aol

One loop:

1 1 1 1
Aﬁeﬁ',l-loop = 2(4—’”)2_2 [_E(PMU)2 - EUS]

2 3
_ 1 1 (k—OH—k—Os).

T (4r)?m? \12 12




EWV scalar doublet (St

£5|Du@? = m? (@ = 2 [@f* + (i [HI* + 70 [21°) (2 H +hic)
~ i |H? @2 = A |@- H|* = X3[(@- H)® +hel,

Stop: One-loop

cH = gz (6nenn + 13 (4N + 4Mde + A3 + 4N)] | BB = G Ye (M + X)) |aaw = gz asd”
or = Gz i3 (A2 — 4%9) ww = g2 +X) |ew = s
CR = (—p' [677t1>77H 4 2 (/\ +4A§)] CW B W 12/\2Y<I> C2B = (ﬁyfs%4g'2Y§

C6 = M + Tamyz | 3AeMir + 6ma (A1 + Xo) — §(223 + 3MTA2 + 30123 + A3) — 2(M + A2) A3




A general coding:

All bosonic operators

OGG = gg(HTH)G;leG#V’ OH = e:,(auIle)z

Oww = g*[HPWg, W, Op=_(H'D*H)
Opp = ¢*|H|*B,,B*", Ogr=|H|*|D,H?

Owgp = 2g¢'(H'T*H)W/,B**, Op =|D*H|?

Ow = ig(H'1* D*H)D*W?,, Og = |H|°

Op =ig' Yy (H' ‘B"H)a"B,,,,, O = —%(D“GZ,,)Z

1 » 1
Osc = ggsfach,, GG, O = —E(D"W:u)z

1 1
Oaw = ageabCW:”WSAWK“, Oap = —E(fa*'za,w)2
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Han & Skiba basis

(1) Operators that modify gauge boson propagators
g = (h'e®R)WS,B*, 0y = (k' D*h)(D,h"h). (6)

(2) Operators that affect tree level SM gauge-fermion couplings
O;, = i(h'D,h)(Iy*1) + h.c.,0}, = i(h' D,0%h)(Iv*0°l) + h.c. (7)

Oy = i(hTD,h)(ey"e) + h.c., O3, = i(h'D,h)(gy*qq) + h.c. (8)
he = i(h'D,0%h)(@y*a°q) + h.c.,Op, = i(h"D,h)(@y*u) + h.c.  (9)
Oha = i(h' D, h)(dy*d) + h.c.. (10) Han &

(3) Four-fermion opertors SI (iba baSiS
O}, = 3(Iv*o°l)(Iy,o®l), 05, = 5(Iv*1)(gY.9) (11)
O}, = ;(I7*a°1)(@yu0°q), Ote = (Iv*1)(EYpe) (12)
Oqge = (37"9)(8u€), Otu = (In*1) (Wyuu) (13)
Owa = (Iv*1)(dyud), Oce = 5(€7"€)(€V0€) (14)
Oeu = (e7"€)(uyun), Oea = (e7"€)(dypd) (15)
O = (I (ly,l). (16)

(4) Operators that modify triple gauge boson couplings
Ow = e**“WI'W, W3, (Owg). (17)
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Use E O M. to change

= —20\Y -0V +3X0;, — —(r Och, + T'uOun + T4Ouy) — m2|h|* (18)

. 1 1
Ol = 92( 0(1) +0 + Oﬁ“:) - gxo,, -~ Z(I‘,,O,,. +T,0un +TiO0u) + §m2|b19)

O = 1 ¢2(20Y + 0" - 3)0,, + E(I‘COC;. + TyOun + TaOun) + m?|h|*
2

2 1
——O(l) O + 0(1) - éohu - §0hd)

1 1 3
Oy = —Eg 230 4+ 201 +20,] + 30" + 5004 + 0 = 520,

1
+Z(Fcoeh + Puouh + rdodh) + §m2|h|4) (21)

Oy = —59 207 + 10(1) - §/\0h + %(Feoeh +LyOun +TaOun) + %m"’lhl‘

——0 ) Ohe 0(1) gOuu - lOruzr

+5 o“’ +20,. + ~00Y 4 8o<*>+ 2

18 99
1 1
-50,.,+50,.,-30 - ou,+ od,+ o(') of,},’ . f,f,’) (22)

5Oud + O — o“’

BB =29"0OnB, OWp=99'0wp, Oww =2¢°Onw (23)

1
Osw = 2190w, Ol = Osn, O =30 (24)



Operators beyond S

7
| Future CEPC make
1. Matching like B, flavor physics

o mlg’el > I Can have both tree and

ensiniell | loop results at the UV
o Ramning RG running: one loop UV

M=Z%y,‘cj operators contribute to

dlogu “'lom
IR (weak scale) operators
l O(0.1%) - O(1%)
Precisio

My =1~ Clmy) ———> i Weak scale operators

i fipuiog maps to the Observable.
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RG Runnings

{O'y, 07,0 5,0w,0' 28,0 w,0 88,0 ww,0'ws, 03w} .

Running effect

cap(mw) 0.914758  0.000128298 —0.0185242 —3.25679 — 05\ / cpp(A)
eww(mw) | _ [ 3.10393¢ — 06 0.90556 —0.00165509 —0.0154459 cww (A)
ewn(mw) | | —0.00332701 —0.012287 0.875589  0.00314274 ews(A) |’
Caw (mw) 0 0 0 0.885251 Caw (A)

(cuscrs e ew,cap, aw)’ (mw)
0.817183  0.0232377  —0.0014199  0.00975445  0.00106505  —0.034927 \
-0.00221894 0.78282 0.00274073 0.00146195 —0.00199478 —0.000736735
0.00455058 0.022526 0.909505 —0.00299701 —0.025421 0.00151002
0.00444872  0.00442166 —0.000270172  0.857823  —3.50986e — 05 —0.068742
2.91354e — 06 1.4471e —05 0.00114785 —1.90868 —06  0.943d1  9.59124e — 07
\1 .01829¢ — 05 1.01354e — 05 —1.47944e — 06 0.0038691 —0.00138992 0.824636 )




Vector fermion exam
O

m 2(|yul® + |al®)
£L> [ O

_ 8(wul” +lval®) —12wul*lval® o, | 2(0vul® = [val®) ) 34(ul® + [yal®) + 24Jyulual” o,

15M2 5M2 r 15M2
Cly?+ |y.1|20  (1+16Y +32Y?)|y.|* + (1 - 16Y + 32Y2)|yd|20
48M2 ww 48M2 BB
N (3+8Y)|yul®* + (3 - 8Y)Iyd|20
24 M2 S
T(lyul? + lyal?) T(lyul® + |yal®)
l 60M?2 Ow + 60M?2 O
53(|yul® + lyal?) 53(|yu? + lyal?)
2002 Ouw + 5002 Ous
2 2
+ |yu| + Iydl OD]

—-—

15M?2

L fm)(wl? + ),
(47‘.)2 M2 GG »

+-




Vector fermion exami

EW + Higgs fit Future EW + Higgs fit

Blue is the one with RG running



The one-loop from UV

There are also one-loop contributions can be
obtained by directly using the Feymann diagram or
the covariant derivative expansion.

Realistic calculation is still very difficult. (Huo Ran
& John Ellis’s group difference: Regulator)
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q CEPC 400




CEPC-400
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Notice the CEPC 400 only lose a few (roughly a

factor of two) cross section, but | believe it makes
the circular electron collider much easier
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CEPC-High




Why hhh in lepton coll

‘ A w A
” - . -
. - ¥
~ ;—'
-~
.\
. .
. .
”, -~ .
-~ -
.
. - -~

VVhh VVh + hhh Vhh

All tree level, no new physics particles in
the loop like 100 TeV SPPC

VVhh is essentially connected with VVh (very well
measured), especially when VVh deviation is small
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Determine the hhh

olete” — hhZ
a[e[+e— > hhZ] S]M = afinzz + BEhzzbimn + Y éhzz

+6 EnnzzEnzzEmmn + €€nnzzE8 22 + CEiz2Emmn »

9nzz _ 9nhzz

§hzz="gr s Chnzz =
9hzz gISthZ

a | 8| v | 6| €| (C
Vs =400 GeV|0.174|0.105/0.079/0.267|0.212|0.157
V3 =500 GeV|0.276|0.097(0.105/0.311|0.153|0.059

TABLE I: The numerical fits to the total cross section of ole*e™ — hhZ].
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Determine the hhh

For large higgs self-couplings, the sensitivity is very good!
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Possible Channels

Nevent (CEPC)

83
62
29
32
24

8

TABLE II: Possible decay modes and their branching fractions. We also estimated the number
of events for the SM triple Higgs self-couplings A\3}} at the ILC (500 GeV,2 ab™') for unpolar-
ized /polarized cases and the CEPC (400 GeV ,5 ab™ ') runs.




Charge leptons

The 4b+ ¢t¢~ channel

Very Loose (or no Higgs) reconstruction

Lepton + jets More than 3 b taggings

Z invariant mass

T 7bh | zhh(am=10) | ¢ | wwz | w hZZ
S5l included in
Ccurd [ 12 | 180 | 406 | 1089 | 109
EOEEES B B the later
s [ 4101 | 2z | 0 [0 .
analysis




Difficult Higgs reconstruction

‘ ‘ The 4b + v channel

Unfortunately, the Z invisible invariant mass
window is not sharp

For the ttbar and hZZ backgrounds, they all
could fake the first higgs mass window very
well (just like the ttbar h channel)

Only the 2nd Higgs mass window and
the aggressive b tagging can help

A naive no showering BDT results show:
zhh (12.9), tt(4.2), zzh(4.17)



WW?*bbijj channel

The 4b + qg channel

Just need more work



What needs to be done

Full universal one-loop effective action (notice top Yukawa is large, the
RG running effect would violate the universality, have to deal with it)

Need to implement more future CEPC expected sensitivity and
measurements

Apply to more realistic models: Covariant Derivative Expansion for
SUSY, composite Higgs, etc.

More refined analysis for CEPC 400. (parton level + Delphes)
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q Back-up slice




+95 €pvpo (W,‘+ (5)qu) V, — gy WiW, (apv., + a.,V,,)
iAy

+iEvW:Wu_‘7,w <+ AT%,W;;‘W"—"VVA .

+ —
vt v W/\uWwVW\

Lrce/gwwyv = g1 v (W,LW,,_ V, =W, W+V) + i"vW: W, V. +

Only the Ist line is C and P conserving

In the SM, g1v = ky = 1 Five independent variables:

The W boson charge
suggest g1~ = 1 .

Unfortunately, poorly measured at LEP
because the lack of data



DOO  Up to D=6 level, in the SILH basis,

AL = W9 (Hfa“ﬁﬁy) (D*W,,) + W9 (DrHY o' (DY H)W,

T2MZ, Mz,

icgpg + Caw 9 ijkyxrivyari pvark
o, (D*H)(D'H)B,, + 6)M2, W W PW -

The first one is constrained by the S parameter,

A«, = Az, Arky = Agl,z — tan? 9;{,-'An‘y.
— cot® By enw

~(caw + cus), Three independent variables:

= —Caw,




Kinematics

[AAYAYMA
do(e*e” =+ WW~ = fifafafs) 3 (3)\° ) pM)s
d cos fd cos 8idéid cosB5dds R 327s \ 81/ E FrinFoir;

TIT|T27T)

XD,V;(GI, ¢I)Dmfé(7r - 0;’77 + ¢;) )

D:W decay matrix

C: Coupling coefficients

Production amplitude

2
FA (s, cos6) = —¥ [CON MY, (s, cos6)

7
- Z (Cf“')(/\, s,al) + (), s, a}z)))M(.") (s, cos 0)] ,
i=1

b LATT



In principle, one would get five independent
histograms to discriminate S and Bs:

At the lepton collider, the reducible
backgrounds of WW is less than 5% after cuts

leptonic or semi-leptonic

Multi-variable methods:

BDT methods (will be used soon)

: Summing over different bins
Previous LEP only use theta for 5 distributions



Linear Differential Sensi
5 abA-

‘ ‘ ‘ TABLE I: estimations of the reaches of sensitivities (x10~1) at CEPC

channels Agl,z AK,:, Anz /\7 Az
leptonic | 14.49 |8.02|9.82 12.70(12.00

semileptonic| 5.52 (2.71(3.59 4.32  4.63

hadronic | 6.56 (2.74|4.00 4.40 | 5.65
all 4.06 |1.87|2.58 3.00 | 3.44

channels Agi1 z Ay Ay CHW CHB C3W

leptonic ~ 5.90 9.87 6.57 3.36 9.91 6.58 IO/\_3 ~ IO/\_4

semileptonic 2.19 3.33 2.35 1.18 3.34 2.35

hadronic  2.51 3.37 2.54 1.26 3.37 2.54 TWO Orders

all 1.p9 230 1.67 0.84 2.31 1.67 improvements




S
Individual sensitivit

contributions ~ cosf cosy ¢; cost ¢]

‘ Agiz 0.525 0.051 0.425 - i}

leptonic Ak, 0.523 0.272 0.205 - -

Ay 0.617 0.044 0.339 - -

Agy z 0.650 0.032 0.261 0.031 0.027

semi-leptonic Ak, 0.532 0.138 0.108 0.119 0.102

Ay 0.709 0.025 0.192 0.024 0.050

In most cases,
scattering angle and
azimuthal angles are

most sensitive

Agy z 0.850 - - 0.080 0.070

hadronic Ak, 0.546 - - 0.244 0.210

Ay 0827 - - 0.056 0.118

Agy z 0.722 0.020 0.167 0.048 0.042

all Ak, 0.538 0.081 0.065 0.170 0.147

Ay 0.755 0.015 0.117 0.036 0.076




O Leptonic and semi-leptonic backgrounds are small
(full backgrounds simulation in semi-leptonic using whizard)
O Precision W mass. 3 MeV at CEPC

O Beam energy uncertainty. |0ppm ~ | MeV

O Detector simulation and radiative corrections are roughly at
the same order. (ILC notes)

O < 10M{-5} in general, OK!



TGC Comparision

W ATLAS

BCMS
D&

B LEP

WLHC14

WILC

B CEPC

Improve more than two orders of
magnitude at the CEPC



Why tri-gauge boso

Why learning the tri-gauge boson coupling
is important!?

Our current super-simplified EW constraints (S, T) are based on the
facts that tri-gauge boson coupling are poorly measured!

Fermion gauge boson corrections arise very common in
new physics models (a Z’ model)




EW & TGC Interpla

20scv? v / /
_Y Og — gV —Or+ g'off = 2¢'Oyp — 'O + g—OBB - g—oh?n
o 8 2 2

4q' scv?
_ Os + g(O} + O:Lq) 490pw — 690h2 + gOww — gOhs,

o
AS ~ g —AT ~2¢p3 ~ g AthZ/thZa

2 g’
EAS ~ §Ch2 ~ ?AthZ/thZ?

4c2




EW & TGC Interpla

future prospects  cyw CHB
HL-LHC - 6.3 x107* 3x 1073
CEPC - 1.2 x 1074 3.3 x 1074

S: HL-LHC 5x107% 1.4 x 104
T: HL-LHC - 1.6 x 1074
Bgnzz . HI-LHC 45x%x1073 1.3 x 1072

GhZZ

onhe sigma

S: CEPC 1.6 x 1074 4.2 x 107°
T: CEPC — 5.3 x 107°

Adnzz . CEPC 3x10~% 9x10~*

GhZZ

Examples of how CEPC observables
constraint operators



