Probing New Physics
Through Loops at the CEPC

el
Qing-Hong Cao
Peking University

In collaboration with
Yang LI, Bin Yan, Ya Zhang, Zhen Zhang



ATLAS EXxotics Searches™ - 95% CL Exclusion ATLAS Preliminary

Status: March 2016 [L£dt=(3.2-20.3) b Vs=8,13TeV
Model (,y Jetst ET [rdt[fb] Limit Reference
T T LI l T T T T T T LI l T T T T T T LI l T T T T
ADD Gkk + g/q - >1j Yes 3.2 Mp 6.86 TeV n=2 Preliminary
ADD non-resonant £¢ 2ep - - 20.3 n=3HLZ 1407.2410
2  ADDQBH — {q 1epu 1j - 20.3 n=6 1311.2006
-g ADD QBH - 2] - 36 | M 8.3 TeV n=6 1512.01530
< ADD BH high 3 pr >leu >2] - 3.2 Mih 8.2 TeV n=6, Mp =3 TeV, rot BH ATLAS-CONF-2016-006
°E’ ADD BH multijet - >3] - 36 | Mg 9.55TeV n =6, Mp = 3 TeV, rot BH 1512.02586
3 RS1 Gk — ¢ 2e,u - - 20.3 k/Mp; = 0.1 1405.4123
bS] Bulk RS Gk — WW — qqtv 1ep 14 Yes 3.2 Gkk mass 1.06 TeV k/Mp; =1.0 ATLAS-CONF-2015-075
W Bulk RS Gxx — HH — bbbb - 4b - 3.2 | Gkk mass 475-785 GeV k/Mp = 1.0 ATLAS-CONF-2016-017
Bulk RS gy — tt Tep 21Db2>1J2) Yes 203 |ERkmasSEmanrren BR = 0.925 1505.07018
2UED/ RPP le,u =22b,>4j Yes 3.2 KK mass 1.46 TeV Tier (1,1), BR(AGD - tt) = 1 ATLAS-CONF-2016-013
SSM Z' — (¢ 2e - - 3.2 Z’ mass 3.4 TeV ATLAS-CONF-2015-070
w SSMZ' —ar 27 - - 195 [Zmass  202TeV 1502.07177
8 Leptophobic Z’ — bb - 2b - 3.2 Z’ mass 1.5 TeV Preliminary
Q8 SSMW' -ty Teu - Yes 32 | W mass 4.07 TeV ATLAS-CONF-2015-063
Q HVT W’ - WZ — qqvv model A O e, pu 1J Yes 3.2 W’ mass 1.6 TeV gv =1 ATLAS-CONF-2015-068
©  HVTW - WZ - qqqgmodel A - 2J - 32 | W mass 1.38-1.6 TeV gv =1 ATLAS-CONF-2015-073
e HVT W’ — WH — tvbbmodelB  1e,u 1-2b,1-0] Yes 3.2 | W mass 1.62 TeV gv=3 ATLAS-CONF-2015-074
(O] HVT Z/ — ZH — vvbb model B Oepp 1-2b,1-0j Yes 3.2 | Z’ mass 1.76 TeV gv =3 ATLAS-CONF-2015-074
LRSM W, — tb 1e,u 20b,0-1] Yes 20.3 1410.4103
— Cl qqqq - 2j - 3.6 A 175TeV nu=-1 1512.01530
@) Cl qqtt 2ep - - 3.2 A 231 TeV 7nu=-1 ATLAS-CONF-2015-070
Cl uutt 2e,u(SS) 21b,1-4] Yes 203 [ANEEEEEEEEEEEE————sTen Cuul =1 1504.04605
s Axial-vector mediator (Dirac DM) Oe,u >1j Yes 3.2 ma 1.0 TeV 84=0.25, g,=1.0, m(x) < 140 GeV Preliminary
Q Axial-vector mediator (Dirac DM) O e, u, 1y 1j Yes 3.2 ma 650 GeV g4=0.25, g,=1.0, m(x) < 10 GeV Preliminary
ZZyy EFT (Dirac DM) Oe, u 1J,<1] VYes 3.2 M. 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 15t gen 2e >2] - 3.2 LQ mass 1.07 TeV =1 Preliminary
=  Scalar LQ 2" gen 2u >2j - 3.2 | LQmass 1.03 TeV B=1 Preliminary
Scalar LQ 3™ gen 1eu >1b, >3] Yes 20.3 _ =0 1508.04735
VLQTT - Ht+ X leu 22b,>23) Yes 20.3 Tin (T,B) doublet 1505.04306
>0 VLQ YY —» Wb+ X leu =1b > 3j Yes 20.3 Y in (B,Y) doublet 1505.04306
© E VLQ BB - Hb+ X le,u =22b,>23j Yes 20.3 isospin singlet 1505.04306
:‘,‘:’ g_ VLQ BB - Zb+ X 2/>83e,u  >2/>1Db - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QR — WqWyq 1epu >4j Yes  20.3 1509.04261
Ts;3 > Wt leu >1b,>5] Yes 20.3 1503.05425
Excited quark g* — qy 1y 1]j - 3.2 4.4 TeV only u* and d*, A = m(q*) 1512.05910
8 (é) Excited quark g* — qg - 2j - 3.6 5.2 TeV only u* and d*, A = m(q*) 1512.01530
"5 -  Excited quark b* — bg - 1b, 1] - 3.2 "
> § Excited quark b* — Wt lor2e,u 1b,2-0j Yes 20.3 fo=fi=fr=1
WO gycited lepton ¢* 3epu - - 20.3 A =3.0TeV
Excited lepton v* 3epurt - - 20.3 A=1.6TeV
LSTC at —» Wy Tepu 1y - Yes  20.3
LRSM Majorana v 2e,u 2j - 20.3 m(Wg) = 2.
o Higgs triplet H** — (¢ 2e,u(SS) - - 20.3 DY productig
& Higgs triplet H** — (7 Seu, T - - 20.3 DY productic
"o" Monotop (non-res prod) leu 1b Yes 20.3 Anon-res = 0
Multi-charged particles - - - 20.3 DY productic
Magnetic monopoles - - - 7.0 DY productio:

L L L1 I L L L L L L L1 I L L L L L L L1 I
1/_=13TeV -1
- 10 1 10 Mass s

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
+Small-radius (large-radius) jets are denoted by the letter j (J).



What if no new physics signals were found
at the LHC or even at the HL-LHC?

1. What could be possibly missed?

2. Could CEPC say anything about it?



Degenerate Dark Matter Model
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Loop does not care about mass split at all,
but demands HIGH PRECISION measurements 4



The demand for an e"e” collider

high luminosity ‘

clean background ‘

~107 CEF
precision

High precision ‘

Precision of Higgs couplingmeasurement (Contrained Fit)

IHEP-CEPC-DR-2015-01 ’
m LHC 300/3000 fb~

— m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

Relative Error

Kp, Ke Kg Kw K, Kz K

Y

Precisions of a few percents are achievable for some of the couplings.
The CEPC can robustly improve this precision by an order of magnitude. 5



Our Framework

Add NP scalar S and/or vector-like fermion F to the SM

_|_

ete” —utu 7T
ete” — WTW— %  Assuming NP does not
talk to electron directly

ete” - ZH



Big savior:

Severely constrained _
by DM direct detection Small mass split between real

and imaginary components
of neutral DM scalar



Simplified New Physics Models

New fermion multiplet
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One Loop Corrections toe™ e — WW-
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AVAY,

w. Lrao/gwwyv = igyy (Wi WiV, = WL, WiV, )
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Large Mass Expansion
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Ditferential cross section of e'e —>WW-
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Deviation from the SM contribution
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Weak and Hypercharge Quantum Numbers of §

Yq € {—Is,—fs +1,.-- ,IS}

Blue region:

Yellow region:
Representations
with DM candidate

Doublet, Triplet,
Quartet, Quintet
allowed
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Weak and Hypercharge Quantum Numbers of /

Yr € {—]F,—IF—|—1,°-° ,]F}

Vs =500 GeV Blue region :

Representations
with DM candidate

Only fermion doublet allowed .



Deviation of e'e >W W™ at the CEPC (24OGeV)
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Electron-Positron Colliders (500GeV and 1TeV)
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Simplified new physics model

AL = F(ilp — Mp)F +|D,S|* — M2STS — V (S, H)

{ wakSZ/_LIZF] —|—h.C.
_|_

Effective couplings of Zu™ ™ /yu™ ™

— ieu (k=) (avy* +1By " qy + &1,y 15 + E2,vdHys) v (k)
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Weak and Hypercharge Quantum Numbers of S and

Yellow region:
Representations with DM candidate

H O
| \, |
00 \ »
‘ 00 J | . | m -
oy 5 00 J‘
/ /FZS+ 1/2 -1 B F=S-1/2 7
=32 +/s=1000GeV, B - Vs=1000 GeV, = V5 =1000 GeV,
| M=200 GeV | —3/2—| M=200GeV | .| -2 M=200 GeV |
e | | |
0 1/2 1/2 1 3/2 0 12 1
1 g 1 S I S

Blue region :
Higher Reps excluded by

mono-jet + MET data 20



Ao /o [%o]

Ao /o [%o]

Deviation of cross section of e'e —>u W

(S
~
~
Ss
-~
________
____________

- -
mmmm——————

----- S=1/2,Ys=1/2
— $=0, Ys=-1

SOYSO

C $=1/2,Ys=—3/2 |
- S=1/2. Ys=—1/2 _

-~
—— e

- S=1/2,Ys=1/2

— S=1/2,Ys=—1/2 |

300
M [GeV]

The et*e- collider with 10-3 precision can probe certain parameter space

Ao /oo [%o]

I
N

— S=1/2,Ys=-3/2 -

-- S=1/2, Yg=—1/2 ]
S=1/2,Ys=1/2 A
— S=0, Ys=-1

I
[
-

I
ok
)

S=1, Yg=—1
S=1, Yg=0
S=1,Ys=1 1

— S=1/2,Yg=—1/2 ]

- S=1/2, Ys 1/2

100 200 300 400

M [GeV]

500

Ao /oo [%o]

10F

—15

1000 GeV

\\
S
-
~——
--------------

~
. N
N %

e ————— |
- ————
—

~
~
Sso -
~ 4
~
~4

"
-
,,,,,
7 4

.
~
.
~
)
N.‘

C  8=0, Ys=-1
- §=0, Ys=0 _
— S=1/2, Ys=-3/2
-- S:1/2,YS:—1/2_E

200 4()0 60() 800 1000
M [GeV]

MTTTTIaTT | IIIIIIIIIIIIIIIIII | IIIIIIIII | IIIIIIIII 4_

1000 GeV -

S=1,Yg=0 1
S=1,Ys=1 -
— S=1/2, Ys=—1/2 1

- - S=1/2,Ys=1/2 -
""" éo'(')"""40'(')""'6()'6""'8'()'(')'""1'000
M [GeV]

21



Ao /oo [%o]

AAgp/A% [%o]

—-10

ete" > uu: F=S (ur)

240 GeV

2N
~
Ss
~
~——
——
------------

‘‘‘‘‘ = S=1/2,Ys=-3/2 .

----- S=1/2,Ys=1/2
— $=0, Ys=-1
—-- $=0, Y5=0

_IIIII|IIIIIIIII|IIIIIIIII-'_

- S=1/2,Ys=—1/2 |

100

200 300

M [GeV]

()

[T T 1T 1771 IIIIIIII||IIIIIIIII_|_

240 GeV

---- $=0, Ys=0

.
\'
~.e
----
———

e i e

— $=0, Yg=—1 |

el
——————————
-
————
-
-
-
’/
’

- S=1/2, Ys=—1/2

----- S=1/2, Ys=1/2

| I N N N | | | N S [N N [ [ [ B | -|_

— S=1/2,Ys==3/2 |

100

200
M [GeV]

300

L N L L B B L I AL L =
5[ 500 GeV ]
g oL B e i ==Y
= I . ]
5 VAL 2 520, Ys=-1
5 I en v
3 _sf \ | $=0,Ys=0 1
N — S=1/2, Yg=-3/2 -
i e S=1/2, Yg=—1/2
B 10| — S=1/2,Ys=1/2 ]
Do bevrvvrsrr bvvrrrre by by 19

100 200 300 400 500

M [GeV]

(b)

i
]
1
\
/o
\
!

~
~.
~a
~ea
\\\\\
__________
————————

2+ A 500 GeV-

—————

’
rd

4
4

SN

————
-
-——"
-
-
-
R
-

S=1/2, Yg=—3/2

{ - S=1/2, Ys=-1/2

C— S=1/2, Ys=1/2

Tod Lo b b b 1
100 200 300 400 500

M [GeV]

Ao /oo [%o]

L LN R R LR R BRI LR LB LI L
53 41000 GeV !
[ 5 /N — =0, Ye=-1.
N o 820, Ys=0
01/ . ==
_5k .." =12, Yg=—3/
I 1 e =172, Yg=m1/2..
A S=1/2, Ys=1/2 |
— 10 b e L 0
200 400 600 800 1000
M [GeV]
(c)
AR LR ""‘fl" \
2_’\ 41000 GeV
— 820, Ys
Vi N VA S=1/2, Ys=—3/2 -
N e S=1/2, Ys=—1/2
=25 / ----- S=1/2,Ys=1/2 |
EEEY ARREENEREEEENI SRR REREENE RN ERNEE NN SRNERREEE |

200 400 600 800 1000

M [GeV]

22



23



Simplified new physics model

New scalars and fermions

Eftective HZZ/H Z~ couplings

: C2.V
igzmz|c1,y gh® m2 (—g"%k - q + kHq™)]
Z
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Simplified new physics model

New scalar

L (HiHU) <¢’f¢“) + 2C2y (qﬂlﬂi) <¢kHTj> + XC3 <¢“HU) <q§kH)
. (gblHj) (gka) + AsCPyy (H'HY) (¢l¢k)
+ X6Cl (6'HY) (6" H') + M CTyy (o7 H7) (65 H7)
S (HH'T) (0%61) + A Cyy (H'H7) (65 6™)
+ MoCly (HPHY) (946!) + e+

Focusing on
ACiki (¢T1Hi> (¢kHTj>
New vector fermions

AL =F@ilp — Mp)F + x(i) — My)x + yCijx F'x? H* + h.c.
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Weak and Hypercharge Quantum Numbers of @
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Weak and Hypercharge Quantum Numbers of F'
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Summary

It is hard to probe DM models with nearly degenerate mass spectrum

SM

Mono-jet (photon)
+ MET

DM

F
[ Missing Energy
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Precision can

probe certain parameter spaces of NP models

Increasing c.m. energy would improve the sensitivity significantly



Full calculation
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