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Abstract

I the Circular Electron Positron Collider (CEPC), a measurement of the

Higgs € mixing

Summary

through ¢te™ —+ ZH 5 it p H{—+ bbfoc/gg) proves is presented, with 5.6 ab !

collision
data al the conter-olmass energy of 240 GeV. In this study, the CP-violaling parameler a7 s

constrained belween Uhe region of —8.27 x 1002 and 8.09 x 1072 and G5 belween —2.15 x 1072
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and 202 x 1072 at 95% conlidence level. This study de strales Lhe greal polential of probing

Higes O propertics al the CEPC.
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Introduction

Properties of Higgs in Standard Model: my; = 125.10GeV,J?¢ = 0**

Related experimentsin LHC:
> The hypothesis of spin-1 or spin-2 Higgs has been excluded by the ATLAS and CMS at >99% CL in
\[g — 788 TeV, 25 fb—l data. Eur. PhYS. J. Cibh (2015) 476

o The results of the study on the CP properties of the Higgs boson interactions with gauge bosons
by the ATLAS and CMS show no deviations from the SM predictions.

Higgs-gauge vector boson interaction lacks precise measurement in all inclusive Higgs
production mode(i.e. ggF dominant).

Any observation of CP violation in Higgs would be New Physics!

What we want to study is the Higgs CP mixing model aiming to find the CP-odd Higgs.
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Introduction

Future et e~ collider experiment as Higgs factory :

> At a center of mass energy of \/s~240GeV which maximizes the Higgs boson production cross section
through ete™ — ZH process.

> Cleaner environment and more events produced than (HL)-LHC.
> More precise Higgs-gauge boson coupling study.
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Theory framework THEP 03(2016) 050

JHEP 11(2014) 028

Consider a 6-dimension EFT model: L ¢r = (4) +3 Z 1,0k (Lpsym)

Lofr D cyf HZ,ZM + ¢S HZ ZHY + CyzHZ, ZMY + CazHZ AR + C,

+HZ,ty* (cy + cays)t + Z,y*(gy — 9aVs)t — Gem QeAuf’V”f

HZm, v

Where: cé? = m%(\/fGF)l/z (1 + &élz)) (2)& (\/_GF)l/zafzz, Cr7& = (\/_GF)l/zazz,
Caz = (\/EGF)l/Z&Az: Caz = (\EGF)UZ Apz

> In this base, the experimental observables G, m,, a., could be presented:

m, = mzo(1+ 8z), G = Gro (1 + 5GF): Tem = Aemo(1 + 64)
T A . A My = 91.1876
where: SZ = zz +ZQ’¢.D, SGF = —ay + Zaf(m , 6A = ZaAA.

Gro = 1.166367e-5

A oo = 1/127.940
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Theo r\/ framework JHEP 03(2016) 050  JHEP 11(2014) 028

The H — Zll matrix element:

u 1 _ u q"v €*VPp,qs
My e = m—Hu(Psrss) 14 (Hl,V + H1,AY5) + m—ﬁ (Hz,v + Hz,Ays) +m—§]’p (Hs,v + Hs,Al’s) V (P4, S4)

o Where €g123 = +1 and q = p3 + p4.
And the parameters in the function are following:

1/2
; _[ 2 (V265) " dmeff < S5 ) e = ma(V26,) " - s)aky
= r—s v R ZZ_ZT AZ 1 =0z T gy
bmy(v2G,) " r K TG
H 4= ga (1 ast —=ay; ), seft — &) mH( GF) (T—S)Ofcpz
’ r—s r a; Edyz; + 2\/7 g
A
H _ _ZmH(\/EGF) [2& +Q€gem(r_s)& ]
2,V — —s 9y |£0zz  san 9y AZ
4mH(\/§GF)1/2 ~
A= TQA“ZZ
D L s, () :sMterm
W= r—s gV[ 2 sgv “AZ] Others : EFT contribution
amy(V262)"
34 = s 9alzz
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Theory framework THEP 03(2016) 050

JHEP 11(2014) 028

Differential cross section forete™ - ZH — lIH:

do _ Ny(q?) 2
dcosOidcosO,dp m# J(q*,01,63,9),

1 1 JA(Ls,
Na(qz) = o)

2102n)3 ry; 2

Yy

?

| LT

l%/ &

iR - .
9)’ {1 | 2
H / | Z/}(;‘
05

L0 :
|
|

T (G2, 01.02,0) = Ji(1 4 cos® 0y cos? O+ cos® B + cos® )
+ Jo sin® 67 sin? 65 + J5 cos By cos B
+ (Jysin @y sin 0o + J5 sin 2604 sin 205) sin ¢
+ (Jgsin 0y sin o + J7 sin 201 sin 205) cos ¢

+ Jgsin? @ sin® By sin 2¢ + Jg sin? 61 sin® Ay cos 2.

Variables for studying distribution: @,,6.,, ¢
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Theory framework THEP 03(2016) 050

JHEP 11(2014) 028

Differential cross section forete™ - ZH - lIH:

do _ Ny(q?) 2 Assumption for simplification:
dcos,dcosO,dp m# J(q*,01,0,9),

1 1 JA(Ls,
Na(qz) = (o)

° a,; and &,; contribute to cp-odd. (useful parameters)
> Others aresetto0,so Hyy /4 = 0.

2102m)3 \ryz 2

Ti=2rs (g +b) (v P+ [HiaP)
Jo =t (g5 +gv) [v (IHLv >+ [Hial?) +
J3 =32rsgagv Re (Hiyv Hi 4)
Jy=46VrsAgagy Re (HivH; 4 + HI-AH;,V)l’

y
4
1 el
I @< =
o et 2
H A e W
05

|
|

i 1
L s= 5h VrsX (¢4 +9%) Re (HyvHyy + Hy 4 H; 4)|
\ Jo=4Vrsgagy [4kRe (Hyy H} 4) + ARe(Hiv s +Hraie)] |

T (G2, 01.02,0) = Ji(1 4 cos® 0y cos? O+ cos® B + cos® )
+ Jo sin® 67 sin? 65 + J5 cos By cos B
+ (Jysin @y sin 0o + J5 sin 2604 sin 205) sin ¢
+ (Jgsin 0y sin o + J7 sin 201 sin 205) cos ¢

+ Jgsin? @ sin® By sin 2¢ + Jg sin? 61 sin® Ay cos 2.

1 f
Jr=5Vrs (9% + gv) [26 (|Hiv|* + |Hyal?) + X RetHrvHwte Hy 4 H3 4)]

Z,V

Vs = 275 VA (¢4 + g%) Re (Hi v Hyy + HiaH3 )
Jo=2rs (9,24 +g%) (|Hl,v|2 + |H1,A|2) .

6 of these 9 functions are independent —— Oinassumption
() EFTCP-odd term

Others CP-even contribution

Variables for studying distribution: ¢, 6., ¢
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Optimal variable approach

Differential cross section could be represent as:

do

dcosBidcosf,d

where @,7 and &,z are CP-violating parameters.
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Optimal variable approach

PLB 306 (1993) 411-417

do
dcosf;dcosO,dp

In this formation, we could define Optimal Variable w which combines
the information from {64, 6,, ¢}:

]Odd (61!92!¢) ~
w4, = 1000 X 1 to measure @, ;
1 ]even (91!62!¢) Az
61,6, -
w, = 1000 X Jodd; 91629) ) measure Ay

Jeven (01,62,9)

(The factor of 1000 is included here only for numerical convenience)

Benefits:
o Combine the information from 3-dimension phase space

o Easier to study
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Monte Carlo samples

Samples:

> The SM Higgs and background samples: generate with Whizard 1.95 and fast simulated based on the

CEPC baseline detector design.

o

CP-mixing Higgs samples: generate according to differential cross section for ete™ - ZH — llH:

do _ Ny(q?) 5
dcosfidcosf,dp  m} J(q*, 61,02, ¢),
° /s = 240GeV

o]

The mass of Higgs boson is set to be 125GeV and the couplings are set to the SM predictions.

All the generations are normalized to the expected yields in data with an integrated luminosity of 5.6ab 1.

o]
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Event selection

(using the SM Higgs and background samples)
> Signal:ete™ - ZH - u*u~H(- bb/cc/gg) channel
o Background: Irreducible background which contains the same final states as that in signal.

Choose selections by the best significance:
° Muon pair selection:

|cos6,+,~| < 0.81; Mass,, € (77.5GeV,104.5GeV) ; Mecoil ., € (124GeV, 140GeV).

2 _ 2 2 _ 2
Where Mi.ocoil yy = (Vs = Eyu)” — Pjip = 5 — 2Epu/s + mjg,

o Jets pair selection:
|cos8je¢|<0.96 ; Mass;; € (100GeV,150GeV).

2022-3-23 Qiyu Sha shaqgiyu@ihep.ac.cn



Event selection

Cut Flow:
ZH — u*u~ +bb/cc/gg channel
Signal Irreducible Background
Original 2.86 x 10° 1.25 x 10°
Muon pair selection 1.84 x 10* (efficiency:64.33%) 1.14 x 10* (efficiency:0.91%)
All selection 1.33 x 10* (efficiency:46.50%) 3.61 X 103 (efficiency:0.29%)

2022-3-23 Qiyu Sha shaqgiyu@ihep.ac.cn 13




Event selection

Correlation:

° We can see that 8, 6,, ¢ have little correlation with cos8,+,-, Mass,,, Myecoit uur €056jer, Mass;;.

RCosThetal2 - 1.0000 eBSEY - -0.1465 0.0020 -0.9 RCosThetal2 - 1.0000 [egeEi-RE -0. -0.2789 -0.0005

-0.8

RCosTheta34 1.0000 & 0.0195 0.0049 RCosTheta34 UL Ed -0.8656 0.0023 0.0012

RMass12 & -0. = 0.0026 RMass12 JeUErFal - -0.0024

RMass34 B -0.4469 -0.1749 -0.7336 -0.0037 RMass34 B -0.8656 -0.4334 -0.0010 -0.0018

Rreco34 & 0.0195 - 6 EEEeDloel -0.0092 0.0019 Rreco34 Rivak:] -0.4334 - -0.0011

thetal -0. -0.0092 -0.0253 [GEIENE -0.0005 0.0023

theta2 0.0026 0.0019 j[GECyE -0.0020 0.0012 -0.0018 1.0000

phi -0.0009 0.0017 -0.0025 0.0017 -0.0036 [l -0-0063 0.0001 - 0.0000

°© So we can ignore the
impact of event selections

to 91, 92, and ¢

RCosThetal?2

RCosTheta34

RMass12

RMass34

Rreco34
thetal
theta2

phi -

RCosThetal2
RCosTheta34
RMass12
RMass34
Rreco34
thetal
theta2

phi -
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Fitting strategy and result

Fit strategy: Maximum-likelihood fit

fE (@) = Nyig * £&(@) + Npg * i g (@)

where @ means @7 and @7, w represents w, and w,.

> Fit w to get fj,(w) and fp} , (w)
° Fit My ecoil u, to g€t Ngig and N,
> Evaluate likelihood function for each « value hypothesis, and constructa ANLL as a function of a.

—_— ! 4 L T ‘ T T Ij feamy | C T T ‘ T 1 17T | LI \_
g 0045 . E B 0025 —sm =
8 004 — iy =5x10" 3 8 r ]
% 0.0352_ By =T X 10 _i % 0.02]- E
D 0.03[ = @ i :
0.025F- E 0.015F -
0.02F = - o

s 3 0.01— ]
0.015 = - 5
0.01E E 0.005 -
0.005F- = - ]
0E L 3 o5~ =

06 04 02 O 02 04 06 =2 2

o, 0,
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Fitting strategy and result

Fitw :
o Use histogram pdf to fit MC signal and background sample.
o The red curve is global fit, the green curve is signal events, the blue curve is background events.

Fit Mrecoil_uu‘
o The signal modeled by the Crystal Ball function.

o The background modeled by a second-order polynomial.
o Using ISR sample can simulate the small exponential tail (which corresponding to the expected distribution.)

_ 2 ErT T "I Nokg = 3502947 " T 3
é — o E@; E e Nsig = 13384 + 137 3
@ 2000 = m B 8000— [T =
e E - 7000 3
1600 = = C —— giobal 7
1400 = ] 6000 = E
oy E E 5000 =
1600 < & 40000 =
800 3 E - =
600 = . 30001 j i E
400 = : el E
200 = e 1000 =

% 0.6 o f22 126 128 130 132 134 136 138 140

2

£

M [GeV]

recoil_up
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Individual Fit

Extract maximum-likelihood fit p-value and interval
o Fit ANLL curve with a quadratic function ANLL(@) = a - (& — @)?
° 68%(95%) CL interval correspondsto ANLL=0.5(1.96).

o Set: fit to @z ,8z5 = 0. ° Set: fit to Uyz ,Ayz = 0.

ANLL(G,;|w,) =2.93x107*(@,, + 8.68 x 107 1)2 . ANLL(G,;|w.) =4.51 X 1073(d,, + 6.36 x 1071)2
For @, . For d,;:
68% CL: [—4.22 X 1072,4.04 X 1072] . 68%CL:[—1.12 X 107%,9.89 x 1073]
95% CL: [—8.27 X 107%,8.09 x 107%] '\ 95%CL: [—2.15%x1072,2.02 X 1072]
% af— ANLL curve E. %I 5;_ ANLL ehese
2-5; ' 4=
15 | -
C i ol—
i : -
u.5f— é 1;_
0: | C

1 | 1 1 1 1 | 1 1 1 - - = 1 1 1 1 1 1 1 1 1 L1l
=700 50 ij 50 100 l 0
&, (x10%) !
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Fit to phi

¢ has the most information among the three kinematic variables (64, 8-, @)

straight-forward to fit ¢.

o Set: fit to &az ,8z5 = O. | ° Set: fitto yz,d,5 = 0.

ANLL(G,/|¢) = 2.68 x 10™4(d,» + 1.05)2 ANLL(G,;|¢p) = 2.98 X 1073(@,; + 5.53 X 1071)?

For @,;: For &

68% CL: [—4.42 X 1072,4.21 x 1072] | 68% CL: [—1.35 x 1072,1.24 x 1072]

95% CL: [—8.66 X 1072,8.45 x 1072] | 95% CL: [—2.62 X 1072,2.51 x 1072]

% 33— ANLL curve : %I 5 ANLL curve

2-5; i 43—
d .

5f- - The results of ¢-fitting is slight
i 5 worse than those of the w-fitting
- | i > 61 and 8, have less information.

0.5 : B
- ol
0

. 100 . |
o, (x107) .

2022-3-23 Qiyu Sha shaqgiyu@ihep.ac.cn



Result compare --> Compared with HL-LHC

In order to compare our study with HL-LHC, some conversion is necessary. (show in backup.)

——__  Parameter - .
Analysis %-h_h"‘-«__ Coy Coro Case
In HL-LHC: (1S|gma) HL-LHC (4¥, incl.) <:@J}.22] [-0.33,0.33] | TP _
[-0.250.25] [0.270.27] | 1P,..... arXiv:1902.00134
HL-LHC (17, difT.) [[0.10,0.10] [-0.31,031] | IP
[0.13,0.13]  [-0.220.22] | 1Py,
HE-LHC (14, incl) | [-0.18,0.18] [-0.17.0.17] | 1P
[-0.23,0.23] [-0.20,0.20] | 1P, ..
HE-LHC (17, diff) | [-0.05,0.05] [-0.13.0.13] | IP
[-0.06,0.06] [-0.10,0.10] | 1P, ..

I - "

In CEPC (fit to w): 68% CL(10) <1=0.36,0.35] [—0.08,0.07] >
95% CL(20) [~0.71,0.70] [~0.16 0.15]
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Summary

An EFT based Higgs CP-mixing test is performed.
Set up some basic assumptions to have a simplest CP-mixing model.

o}

o}

Introduced optimal variable with better performance.

o}

Used ML-fit in w and ¢ distribution to extract @7 and t,7.
Result: 95% CL@ 5 € [ — 8.27 X 107%,8.09 X 1072 ] and @zz € [ — 2.15 X 1072,2.02 X 1072

o}

For future
o Increasing luminosity like 20ab 1.

> More processessuchas ZH — etTe H.

> The sensitivities to new physics could be improved by about one order of magnitude.
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Thank youl!
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Backup
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Result compare --> Compared with HL-LHC

In HL-LHC: arXiv:1902.00134

et L eNgi g o . 9 s . 95 e
Lepy =— [cwIAWA“V + &z, 12 22 AW + Gy =27, 7" + Gy — Wi, W

Compare theory model in P5, we can get that the value in red frame are same:

(g1=0.358, g2=0.648, €=0.313, v = 1/_[V2G2 = 2My, /g ~ 246.22GeV)

(\/EGF)UZ azzH ZI-WZ Y = g Czz = 1'.92

4
3 o fgz_l_gz i
(\/EGF)U apzHZ, AFY = H Czy A el 7 Sy (72 e |g2+g32
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