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Determination of CPV Higgs mixing angle in
/Z-fusion at 1 TeV ILC
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Outline

1. Could 125 GeV Higgs mass eigenstate be a CPV mixture of CP-odd and CP-even states of the

extended Higgs sector via mixing angle Wp?
2. If so, with what precision can this effect be measured at ILC (1 TeV e*e" linear collider)?

3. What is the interpretation of measurement sensitivity in the context of Snowmass CPV White

paper [arXiv:2205.07715v3]?
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https://arxiv.org/pdf/2205.07715.pdf

CP-sensitive observable

Generic model of CPV mixing: h;,c=H-cos W, + A-sin ¥,

* CP-sensitive observable: angle between production planes A®

 AsshowninarXiv:2203.11707v3 (S. Qiyu et al.) A® carries the
most information on the Higgs CP state

e A can be retrieved in the following way:

A®D = sgn (A®) -arccos(ny - ny)

R Eiei_xzie; . qe;l' e}-
_ G1 (X 1) n, ==—_-—3 Ny = "=5—5
sgn (AQ) = JruXn e .
J ( ) |G- (1% 13)| |qel qefl |qe£" qe}'|
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https://arxiv.org/abs/2203.11707

Event samples

Expected in 8 ab™! Reconstructed
1Tev B (i) full range MC events
SIGNAL: i
ete” > Hee,H - bb |13 104000 g 49150 ﬂ?“E;F::ES
ete™ - bbltI~ 1 - 105 DELPHES
255 2-10° Energies up to 1 TeV are optimal due to
ete” - qqltl” 5886 full sim. . . .
" - interplay of x-section and centrality
e —4aq 9375 | 75-10¢ 120343 full sim.
.
2R = 4116  [32.9-10° 955058 full sim.
Ldt
_ ILC Vs j
* Generator level WHIZARD V2.8.3/UFO/Higgs (baseline)
characterization model for signal and WHIZARD 2 abl @ 250 GeV
1.95/SM for background events 2 Zbl'l@ =D EEY
) 0.1-1TeV 4 ab” @ 500 GeV
* Beams are unpolarised
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ﬁ 80 : qqll background after preselection .
. B - i
Event selection g | :
S . ]
(o) B i
: . . 40 [~ .
* Preselection — electron isolation: H } + } + } } + ﬁ
M,+,- > 200 GeV (exclude HZ) 20 (Il gt be F T bt b e
« E,+ >60GeV ; ?& + ﬁ hﬂIHJ[ Hﬁ {H t{ JrﬁH lﬁhﬂlﬁh ﬁfﬂﬂ#ﬁmﬁh Hﬁ 1
 DELPHES electron isolation: —2 0 2A¢ rad]
e AR .. =0.5
. mei:z 0.5 GeV Background is CP insensitive.
p7(D > DT min .
e | = 2izp ——= pr () <0.12 > 2 —— A x2/ ndf 10.12/19
* Signal preselection efficiency: ~ 71% § PO 0819820.0177
£ 15 —
* Selection cuts: S f -
* 80 GeV<mys <160 GeV % 1; R ++++4++1 o
* Mg 7z, >30GeV @ - T T
Dree > 15 GeV 0-5 - -
* Drmiss < 150 GeV - ]
* Selection efficiency: 96% 0 2 0 2
* Total signal efficiency: ~ 68% A® [rad]

Unbiased selection w.r.t A®
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Generated and reconstructed signal

Generated information (WHIZARD), and corrected reconstructed signal

— gen full range

600 — — reconstructed —

— corrected

count/8 ab™

o
(-
o

200 —

AP [rad]

e Acceptance correction needed to retrieve full physical information
e Generated information is reasonably well reproduced with corrected reconstructed data
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CP-observable A® and mixing angle Wcp

Minimum of A® shifts for non-zero Wcp values

]
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— — 2000 —— —

— Yep = 0 mrad
—— Wep =-100 mrad
—— Wep = - 200 mrad

— Yep = 0 mrad
— W¢p =100 mrad
— Wep =200 mrad

1500

count [a.u.
o
o
o

1000 [ —~ 1000 F -

i ] i ey ]

500 — 500 —

0 [, . | . . . | . . . | . L 0 [, . | . . . | . . . | ]
-2 0 2 -2 0 2

A® [rad] A® [rad]

» Differently from the H — tt angular observable whose dependence on W¢p can be derived from the
differential x-section, here is no simple analytical dependence, which has to be extracted empirically
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How to extract Wep?

Position of local minimum of A® is sensitive to ¥ ; 5
oo
=

1. Determine position of the minimum b/a by performing §

the fit function:
f(AD, W) = A+ B: cos(a-AD - b)

2. Position (b/a)/ W is a linear function of W ,:

(b/a)/qjcpqujcp'l‘m "_(_QU
(e o)

3. Determine (from simulation) coefficients of the linear ?

function (k, m); 3

4. ¥, can be retrieved from quadratic equation:

k- ¥ 2p+m W, — (b/a)=0
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x?/ndf = 66.16/60

GENERATED

A =3200 =+ 290

B =-2830 + 280
a=0.142 + 0.009
b =-0.003 + 0.005

x2%/ndf = 74.44/60

AP [rad]
RECONSTRUCTED

A =2840 + 240
B =-2460 + 240
a=0.155+0.010
b =0.001 + 0.005
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How to extract Wep?

Position of local minimum of A® is sensitive to ¥ ;

1. Determine position of the minimum b/a by performing

the fit function: n 10 —— — —————————
(@) ~ _
= B k=-79 +1.9;m=7.6 0.2 |
f(AD, W) = A+ B: cos(a-AD - b) o 8 ]
o) L -
2. Position (b/a)/ Y, is a linear function of W : 6 ]
4L -
(b/a)/¥Yp=k-¥p+m - .
oL -
3. Determine (from simulation) coefficients of the linear - ’
function (k, m); oL S S R B
0.05 0.1 0.15 0.2
Y., [rad]

4. ¥, can be retrieved from quadratic equation:

k- ¥ 2p+m W, — (b/a)=0
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How to extract Wep?

Position of local minimum of A® is sensitive to ¥ ;

1. Determine position of the minimum b/a by performing
the fit function:

f(AD, W) = A+ B: cos(a-AD - b)
2. Position (b/a)/ W is a linear function of W ,:
(b/a)/¥Yp=k-Pp+m

3. Determine (from simulation) coefficients of the linear
function (k, m);

4. ¥, can be retrieved from quadratic equation:

k- ¥ 2+m ¥, — (b/a)=0

exp [rad]

B

0.2

0.15

0.1

0.05

L 1 | 1 L L 1 | L 1 L 1 ] L 1 L L
0.05 0.1 0.15 0.2
L4

OI—IImIIII|IIII|IIII|IIII|III—I—

true [

Red line illustrates dependence Weyp = Wirye
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How to extract Wep?

Position of local minimum of A® is sensitive to ¥ ;

1. Determine position of the minimum b/a by performing
the fit function:

f(AD, ¥,) = A+ B: cos(a-AD - b)
2. Position (b/a)/ W is a linear function of W ,:
(b/a)/¥Yp=k-Pp+m

3. Determine (from simulation) coefficients of the linear
function (k, m);

4. ¥, can be retrieved from quadratic equation:

k- ¥ 2+m ¥, — (b/a)=0

count/ 8 ab™

count/ 8 ab™
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GENERATED

Yep =(-0.8+4.6)mrad
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Pseudo-experiments

ALP(Csltpat.) =4 mrad

Entries 2000

w B Entries 2000 »u 60 x3/ndf 68.01/77
GC, 80 — Mean 5.324¢-05 (% I\Sn_ean 505%072723;3;0728343
£ B Std Dev  0.004235 £ lgma DI(750.
S 60 - - L a0 _
X < |
P i i 0
(@) o —
Q B B o 20 —
n - - 0
o 20+ — o .

0 N : — ] 0 |

-0.02 -0.01 0.01 0.02 -2

\Pexp_\Ptrue [rad] (lPexp_LPtrue)/AlP

e 2000 pseudo-experiments give 4 mrad for statistical dissipation of the mean
e Pull distribution indicates that uncertainties are correctly estimated
e Systematic error from the fit parameters uncertainties gives < 1 mrad

N. Vukasinovic

A detector for a Higgs factory and beyond: ILD

15-17 January 2024 CERN



Interpretation

« Common framework for interpretation of CPV results is defined in the Snowmass CPV White paper
* Benchmark parameter f-, quantifies relative contribution from CP-odd amplitude

hVV |2

prx = Tox! [ g—
P = [CPodd | [OPowen AL

* For the pure scalar state f, ~sin?(4 ¥)
* Interpretation for LHC/HL-LHC and future Higgs factories, for EFT and CP-sensitive observable based
measurements

(68% CL, pure scalar) arXiv:2205.07715v3
Collider pp pp pp e e’ e e’ e e’ e e e p vy pp ptp|target
E(GeV) 14.000  14.000  100.000 250 350 500 1.000 1.300 125 125 3.000| (theory]
L (fb™1) 300 3.000 30.000 250 350 500 1.000 1.000 250 20  1.000
HZZ/HWW [4.0-107° 2.5-107° v 39-107°29-10°13-100°3.0-100° v v v v [<107°
Hyy 0.50 v 0.06 < 10™°
HZ~ ~ 1 v ~ 1 < 107*
Hgg 0.12 0.011 v < 1072
Hitt 0.24 0.05 v 0.29 0.08 v v <10~ °
Hrt 0.07 0.008 v 0.01 0.01 0.02 0.06 v v v <10 *°
Hpup v <10 ~°
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https://arxiv.org/pdf/2205.07715.pdf

Interpretation

1 TeV ILC, ILD

v" First measurement in VBF at an e*e

v" Full background simulation of ILD
detector and fast simulation of the signal

v" Realistic ILC running scenario

(68% CL, pure scalar) arXiv:2205.07715v3

Collider pp pp pp e e’ e e’ e e’ e e’ e p vy o p pp|target
E(GeV) 14.000  14.000  100.000 250 350 500 1.000 1.300 125 125 3.000|(theory)
L (b1 300 3.000 30.000 250 350 500 1.000 1.000 250 20  1.000
HZZ/HWW [4.0-107° 25-107° v 39-107°29-10°13-100°30-100° v v v v [<107°
H~yy 0.50 v 1 TeV 0.06 < 10™°
HZ ~ 1 1077

¥ v 8 ab-! < []_2
Hggq 0.12 0.011 v < 10

. 105

Hit 0.24 0.05 v 0.29 1610 v v < 1077
Hrt 0.07 0.008 v 0.01 0.01 0.02 0.06 v v v < 10~
Hpp v <10 *

N. Vukasinovic A detector for a Higgs factory and beyond: ILD 15-17 January 2024 CERN


https://arxiv.org/pdf/2205.07715.pdf

summary

* This is the first result in VBF fusion at an e*e” collider;

¢ Complete simulation of CP Higgs mixing angle (W) measurement, at 1 TeV ILC with the ILD detector;

* From 8 ab! of 1 TeV ILC data, pure scalar state should be measured with 4 mrad statistical uncertainty
of W.pat 68% CL;
Systematic uncertainty from the fit is found to be smaller (< 1 mrad);

* CP factor f., can be mesured down to 1.6 - 10 approaching the theoretical target corresponding to the
10% admixture of the CP-odd state.
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Backup
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Reconstructed signal
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