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Why CPV interesting?

« Baryon genesis: why more matter than anti-matter?

« Sakharov’s conditions Standard Model
1. Baryon number violation Y
2. Cand CP violations &
3. Departure from the equilibrium &

In SM

« Sphaleron process can lead B violation. But,
« CKM, only CPV source in SM, is not enough

* Higgs mechanism in SM is too smooth



Higgs boson open the door

The discovery of Higgs boson open a new sector

Many BSM, e.g. 2HDM, provide new CP violation sources and

strong phase transition at Higgs sector
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Higgs boson open the door

« The discovery of Higgs boson open a new sector
« Many BSM, e.g. 2HDM, provide new CP violation sources and

strong phase transition at Higgs sector

« LHC Higgs physics program

« Is there CP violation in Higgs I @'}D ‘7U pbe,
coupling
« EW symmetry breaking the 1st + Y, %"j ;ﬁﬁ* k. c.

or 2nd order phase transition




Higgs boson open the door

« Higgs boson is found a CP-even scalar, as SM prediction

« JP=0* compared with alternative spin-model

ATLAS H—-Z7" - 4]
—e— Observed ls=7TeV,4.5 f5'
------- Expected /s =8TeV, 20.3 b’
= gzﬂi;‘; H—> WW* = evuv
= 0 SM+30 $=8TeV, 20315 « But, mixing between CP-even and
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e 5=7Tev, 451 CP-odd, which could lead to CP
o 's=8TeV,20.3 iy’ . . _ .
": {  violation, is still allowed
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Indirect constraint

 Low energy experiments, e.g. electron EDM, can constrain
the Higgs CP indirectly

LD —\l’—é (kfff+ ~z‘@fw~,~5f) h

ACME collaboration:

W eEDM<1.1X102° e:cm
oy ]
e ’ .| < 1.7 x 1072

|7, < 1.0 x 1072

« But, very model dependent
« Gauge-dependent contributions, UV-divergent diagrams, etc.

From J. Brod at Higgs 2020
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CP violation in Higgs sector

« General methodology:
* using event topology to build some CP sensitive angle

Higgs coupling to
vector bosons (HVV)

Higgs coupling to fermions ---- H
(Yukawa coupling: Hff) t

g t

 |ndirect measurements not discussed here
« e.g.ggf loop, cross section, etc

« ATLAS public results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic



New results from ATLAS

« CP structure in Higgs-Vector boson coupling
« Vector Boson Fusion (VBF) with H—yy
« arXiv:2208.02338, accepted by PRL
*  Main collaborators: Y. Fang, B. Liu, F. Guo, H. Chen, A. Tarek, efc.

 CP structure in Higgs-fermion Yukawa coupling

« Higgs decay to lepton: H—>1*1"
« arXiv:2208.02338, accepted by EPJC
*  Main collaborators: H. Li, A. De Maria, K. Lie, T. Cheng, eftc.



Study HVV CP in VBF production

« HVV vertex in VBF Higgs production
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Optimal Observable

* Single CP sensitive observable

e combine kinematics information of VBF jets and Higgs, to constrain
Wilsonian coefficient, e.g. d and ¢,

IM|? = | Msm|? +d 2Re<M5MMcp0dd)'+d - | Mcp-odal?

2 Re (M Mcp-odd)
| Msm |2

opt —

e Evaluated with

* momentum fraction of initial-state parton x1(x2), four-momenta of
Higgs boson and two VBF jets

* Atrec. level, ,reco _ MH jj etVH ;i Mujj (Vy;j): invariant mass (rapidity)
1,2 \/E of Higgs and VBF jet system
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Optimal Observable

* Single CP sensitive observable

e combine kinematics information of VBF jets and Higgs, to constrain
Wilsonian coefficient, e.g. d and ¢,

IM|? = | Msm|? +d 2Re<M5MMcp0dd)'+d - | Mcp-odal?
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t . 2 Re(MSMMCP_Odd) 42 : %T:?:Tilyu:zzofg1 -—-=- zx+BSM (inter. only) :

opt — o 40 ’ — — - SM+BSM (quad. only) |
|MSM |2 o [ VBFH-owy SM + BSM (inter. + quad.) -

8 - d=0.10 ]

5 S0 ] o
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e  Phenomenon = H .
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* Inter. : asymmetry, direct CPV - i
 Quad. : over cross section 10;_ -
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VBF signature at detector
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Illustrative figure
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VBF: H-vyy

« Events selection
« N.. =2 and H-yyfinal states

jets —

« Two BDTs: VBF v.s. ggF and VBF H-yy v.s. continuum
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In(1+S/B) weighted events / 1.0

Data - bkg.

Optimal Observable

Events further categorized into six OO bins
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VBF Higgs signal extracted by a simultaneous fit on diphoton mass
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Optimal Observable

« Events further categorized into 6 OO bins
« VBF Higgs signal extracted by a simultaneous fit on diphoton mass
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Constrain CP-odd in HVV coupling

« CP-odd operators in two EFT bases constrained
« HISZ basis: d; Warsaw basis: ¢y,
« d further constrained by combining with H-tt previous results

FrTrrrr[prrrryrrrr[rrrr 111111 71] LA I B L B B L B B

- — F ]
%‘ o5 ATLAS -= Exp.Comb = Obs. Comb _] %‘ 9;_ ATLAS =
X r Vs=13TeV,36-139 6" ... Exp.Hoyy — Obs. Hoyy ] X 81 {s=13TeV, 139 f5' =
[qV] L | Al C .
20 -- Exp.H> 1t — Obs. H— 1t ] 75 VBF H— vy
- ] 6;_ R Exp. stat. + syst.
15k, 5E —— Obs. stat. + syst. =
E . L ol N N WL A =
10 " E 3
- I 3 =
- 2k =
95% CL L. F =
k- 68% CL )| RSNORRNHENRUHNAN SUFRRRIN, SPSNRRRRSRRE o AR, -
68% CL F =
0_ L | -l >
-1 -0.5 0 0.5 1
d Chi

* Results compatible with SM and no CP violation observed

« The most stringent constraints on CP-violating effects in the HVV
coupling so far
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Constrain CP-odd in HVV coupling

68% (exp.) 95% (exp.) 68% (obs.) 95% (obs.)
d (inter. only) [-0.027, 0.027] | [<0.055, 0.055] | [<0.011, 0.036] | [<0.032, 0.059]
d (inter.+quad.) [-0.028, 0.028] | [<0.061, 0.060] | [<0.010, 0.040] | [-0.034, 0.071]
dfromH -t | [-0.038, 0.036] - [-0.090, 0.035] -
Combined d [-0.022, 0.021] | [-0.046, 0.045] | [<0.012, 0.030] | [~0.034, 0.057]
¢y (inter.only) | [-0.48,0.48] | [-0.94,0.94] | [-0.16,0.64] | [-0.53,1.02]
¢y (inter.+quad.) | [-0.48,048] | [-0.95,0.95] | [-0.15,0.67] | [-0.55,1.07]

« CP-odd operators in two EFT bases constrained

« d in HISZ basis: 95% confidence interval(Cl), achieved for the first time

* cu In Warsaw basis: 95% Cl, five times better thanH->yy differential
measurement (arXiv:2202.00487)

« Combination with previous H—-tt results on d
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CPV in Yukawa coupling

 CP-odd HVV coupling is high dimension operators, usually
arisen at one loop, e.g. 2HDM prediction:

sin oy 1

Lﬁfeﬂe 3 _ﬁh,;z hZ,,Z" — Gnww hWLW*““} Gnzz = - t.anﬁ 6 x 105 GeV
- _ Sinay 1
« LHC constraint P fan B 5 x 10° GeV
* (137 fb™%, CMS PAS HIG-19-009)  9nzz S 5, 1013 oy
1
e (HL-LHC, 1902.00134) G2z S 5 Tor Gy

 CP-odd in Higgs Yukawa coupling to fermion Hff coupling

« Can be arisen at tree level in, e.g. 2HDM

{-CYI_II{ D _% (H',f.ff_{_ i&ffT»Bf) h J
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CP structure of H—tt coupling

« CP-mixing of Higgs to t lepton yukawa coupling
(p*cp : angle between two t decay planes encodes spin correlation

1/0 - do/decp

T —_ . _
Ly =— ~ k. (cos ¢, 7t + sin ¢, Tiys7)h
dI’
dpcp
0.25"~ I -~ ’." CP.:+1 lCP:—'I .-'
N 7 . ~ X
.‘~ ¢ ¢T=_E \ // \\ .
/2, 4 \
o20f ;" RARY N
: . \
/ ol .
o A
0.15} //“ M /]
\ . \ .
/ . \ AN
0.10F 7 yTs0™, \ v,
// "~.. . ‘ . R S
pp - TP+ vV
%% 1 2 3 4 5 6

Propagated to the tau decay products

m

1. CP mixing parametrized by ¢_

(H— t777) ~ 1 — 5.3, + RQa!"™) - 5,5, ~ 1 — ]1[—6b(E+)b(E‘) . cos(pep — 20117

2

@cp [rad]

2. ¢, measured as modulation, or
phase shift, in @", distribution.
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How to detect tau lepton

 Tau lepton
 Heaviest lepton: 1.777 GeV, Decay length: ct = 87 um
e ~35%toeory, ~65%to hadrons

* Experimental signature
e Tau decay to e or u looks like prompt e or pu

* T,,4 Nas anarrower energy deposit at calorimeter and
finite number of tracks

o+, jet of hadrons
Il_‘) l:l;' [ 5]

V.S. quark / gluons
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Event fraction / 0.5

Event fraction / 100 MeV

T.q Identification

Multi-Variate Analysis to combine all detector information
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Tau decay mode classification

« Two methods to build T decay plane

Notation Decay mode Branching fraction
4 (o 35.2% Impact Parameter (IP)
1pOn v (nv) 11.5% (10.8%)} method
Ipln Wl (7 57%0) 25.9% (25.5%)
IpXn ht > 27 (’}‘TiZ’}TOI}) 10.8% (9.3%)} Rho method
3p0n 3h* v (3r7v) 9.8% (9.0%)
Yop

Impact Parameter Rho method }

method




Tau decay mode classification

|dentify ¥ in hadron collider
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Overview of H—tt analysis

Br(H—1t1)

2 final states: TlepThad> ThadThad

6%

Production modes: ggF and VBF

9 38E0CTTOB0]

g g fusion : t "/
t

g9900QQQ0Q0|

» HO

/q
q s

WW, ZZ fusion : H°

q -

/ |
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H—tt: VBF

\

« VBF: tag two forward high p+ jets
 High di-jet invariant mass: m;,

q > W,Z

WW, ZZ fusion : He
* Large separation: 4n; W,Z

q -

—| v —1
—— ] —
== ! ] =
Tl .'f-;"'_ “E 'l"l- \T —|.|'l!| T
: | L ] | | | | l‘: | | L [ § ]

- : f d jet
forward jet ~ ety

b g d "
HIE TR, =il |
= VE. e ET =
- ———=

Illustrative Figure .



« VBF: tag two forward high p+ jets
« ggH: larger color factor than quark initiated Z—tt

* more high p; gluon radiation

q l
~ 7 . t
g g fusion : t H°®
g t
q %% !_ %%%

Color factor: C,=3 v.s.C,=4/3
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Event categorization

* |Improve H—-tt significance

VBF Boost

pE > 30 GeV
mj,; > 400 GeV

|An;;| > 3.0

Mg, * Mjp <0
Central 7-leptons

Not VBF
pr > 100 GeV

Signal region (110 < mMM¢ < 150 GeV)
VBEF_1 | VBF_0 | Boost_1 | Boost_0

AR. . <1b5and | AR.. > 15or
pr > 140 GeV | pI7 < 140 GeV

BDT(VBF) > 0 | BDT(VBF) < 0

Z — 711 control regions (60 < mql\_/lTMC < 110GeV)
VBF_1 Z CR | VBF_.0 Z CR | Boost_1 Z CR | Boost_0 Z CR
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CP sensitive observable

* @ :angle between two tau decay planes, sensitive to ¢,
for oop oip
* Combinations: 1 } 3
1pOn-1pOn, £-1p0On, N A
1pOn-1p1n, £-1pin, :\\\ §;>>\
lpln-1pln etc. ;

3
. |
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Event categorization

 Improve significance on ¢,
* Impact Parameter significance: dgi‘g = do/c

e T spin-analyzing functions: yf/al from p or al meson decays

2 2 2
Erg—E + Mz, —Mm_ .+nm;,
P _ a 1 1
V) = (Eg+—E _0)/(Ez++E 0) 1 _
* T T Ve Eyp+Eqe 2m2

Channel  Signal region Decay mode combination Selection criteria

|58 ()] > 1.5

1pOn—1p0On si
PRRTEP |58 ()| > 1.5
. A (T1p0n)| > 1.5
High 1pOn-1plin o " (T1pon
P P |yp(T1p1n)| > 0.1
1pln-1pln ly” ()Y (12)] > 0.2
Thad Thad |df)ig(7'1 on)| > 1.5
1pOn—1pXn p
P P |yp(T1an)| > 0.1
Medium lplnflen |yp(Tlpln)yp(Tlen)| >0.2
y” (T1p1a)| > 0.1
1pln—3p0On a BPh
PP [y (Tapou)| > 0.6
Low All above Not satisfying sclection criteria
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CP structure of H—tt coupling

* Analysis strategy:

 Simultaneous fit on ", to extract the CP mixing angle

Events
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In(1+S/B) weighted events

40F

30

CP structure of H—tt coupling

T ATLAS

T
Z
(2]
0
(2]

C Vs=13TeV, 139"
35—

—e— Data - Bkg.
Hott (¢, =9°)
74 Uncertainty
— Ho1T ((])1 =09
— Hotr (9, = 90°)

0 40

80

120 160 200 240 280 320 360
(p*CP [degrees]

-Aln(L)

T T T T T T T T T
TLAS

T
A
Vs=13TeV, 139 fb”!

— Observed: ¢ = 9+16° (68% CL) ]

------ Expected: 67" = 0+28° (68% CL)

2\

I\I|II\I|II\I|III |I\II|I\I’

III\|IIII:1I\I|II\I|II

80600 20 0202080
o, [degrees]

()
o

Observed (expected) ¢, = 9° + 16° (0° £ 28°) at the 68% CL

Results compatible with SM expectation within uncertainties

Excluded pure CP-odd state at 3.40 significance
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« CP violation is one of the most interesting and profound topics in
particle physics, where Higgs sector is a new field to look into

 Two new results from ATLAS experiment presented
« for CP in the Higgs coupling to vector bosons and fermions.

* New techniques: decay plane building, Optimal Observable (Matrix Element
method), MVA method widely used in CPV

* Diverse theoretical frameworks: EFT based, Amplitude, etc.

« Both analyses still statistically limited. More data in Run 3 will
definitely help
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Study HVV CP in H—-ZZ decay

- Parameterize in terms of cross section fractions, f,

« Forthe V=W.,Z,

)
la; | o a
S 2 2 2 2o o \ay
lai "o+ |ax |70y + |as|" o5 + |k |Top1 + | K7 |7 00 1

« Four fractions: f_,, f 3, A4, and f,,4¥
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arXiv:2109.13808v1

Studies of ggH vertex in H>WW

CP properties of the Higgs boson in the effective Higgs - gluon coupling

C T T T ‘ T T T ‘
. ATLAS Simulation
- Vs=13TeV, ggF H - WW*= evuv

0.15~ —CPeven --CPodd ---CP mixed

* Production mode: ggH
* In the large top quark mass limit: the CP structure of the top-
quark Yukawa coupling is inherited by the effective Higgs - gluon
interaction 0.1

* Assumption: SM-like HVV coupling

Event fraction

ST

* Theoretical framework: EFT with Higgs Characterization 005+ b
8
L(I)DOP =— ‘ligg (cos @G5, G +Sln()Gu G* ’w) 0 2 T4
Ad;
Effective coupling CP-mixing angle CP - even: k. = 1 COS(a) =1
‘ N CP - odd: K =1; cos(a) =0
* Target: constrain the CP-mixing angle a CP - mixed: Ky -1, cos( Q) =1/2
* Sensitive observable: signed-A¢; ’
Signed difference in ¢ of the leading and subleading jets for events with at least two jets
* Shape sensitive to CP effects
Higgs 2021 Chiara Arcangeletti 10
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Studies of ggH vertex in H)>WW

o Select ggF +2 jets events

* BDT to discriminate H->WW signal from the main backgrounds

* Build 12 categories in the 2D space BDT vs 4n);
* BDT score split: maximize the signal/bkg ratio

*  An, split: separation between different CP hypotheses for A¢;, increase at high 4n,

* Perform a fit on signed-A¢,

S OCE aas T T —e Observed Post - fit distribution of signed-A¢;
?;3 ¥§:13TeV,36.‘1fb'1 ////Tmalum-:- f?:. ,HH"H‘Im“HHIHH‘MI‘HH‘HH“H‘“IH‘HH‘HH‘HHIHH—o—ObseWed
S L Howw S evy I ggF + 2 jets S - ATLAS —— Obse
o [ ggF + 0/1 jets 2 157 [5=13Tev, 3611 77 Total unc.
- oy [ I VBF S L Howwo e I ggF + 2 jets
107 0d 10 E 14.02.0] [20.3.0] [B.0) I Other Higgs E - 0gF + 2 jets SR [ ggF + 0/1 jets
Il W + jets “ r _ .
e - g B Other Higgs———— Estimated MC
162 [ Diboson N + |15 mmeeep Data - Driven
1t wt I Z + jets .
— ggF + 2 jetsx 50 I Diboson > Notmahzatlon
10 | . | | | —— VBFx 50 It wit constrain using
.8 L e e e S S S B B i Control Regions
= 1.2F E L -
LS T— o .A_vﬁi/,};«w...«fu},z%wmw//,k IR
& os8f ' ¢ 4 g 14F -
o £ E = E |
o 0. " L " " " " " " " " L L L L T E. 1.2 =
2 S ; g (2 g S ; g (3 2 S ; ; S 2 S ; g S g 15%/%‘/(7‘/*/7@;///%///{%/;//y‘iﬁ/y’t‘//;ry‘/*//y‘*‘//yk
v V'— Vr— Vr— Vr— \I/ V’— Vr— VI— VI— \I, V'— V»— VI— VI— \I, V'_ VI— VI— Vr— e 0'6? ¢ i
ER 22 8838388828238 8282 0.6 -
I B G i i A R i 0 T 2n
RN SRR PR RE R RA x0
2S¢ ccd|lP356529 35329 a0 o i
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Studies of ggH vertex in H>WW

* Perform a fit on signed-4¢;
* Two approaches:
* Exploits only shape information: best isolation of CP-dependence

* Lower sensitivity = does not reach 1o confidence level ————

* Both shape and rate are considered: best sensitivity

arXiv:2109.13808v1

P T L L I L L L BN B
3 [ ATLAS ]
Z1.2F 1s=13 Tev, 36.1 b — Expected
o [ Ho Www*— evuv — Observed 7
C nVBFfixed to SM, Kkgq=1 B
0.8 e
0.6]- -
0.4 -
0.2 -

086 a2 0 24 e e
tan(o)

e (Observed sensitivity worse than the expected = signal strength of the ggF + 2 jets process lower then expected:
Xp gn ngt gg Jets p €Xp

¢ Simultaneous fit of the coupling strength scale factors

peeF*2i = 0.5 + 0.4 (stat)'™7 g ¢ (syst.)

8\ =T ‘ T T T ‘ T T ‘ T | T T T -\ R ‘ =] ] 1 0 J _I 7‘ . ‘ — I —— I : ‘ —— —— — I —— I —— ‘ : L
S - ATLAS * SM prediction - 2l 2 Aras Evocted
8 2 {s=13TeV, 36.1 b * bestfit - 0 o S 6 (s=13Tev,36.1 10"  Obeonad
(&) T H - ww* > eviy — 68% CL 118 « o F 'L(/B?WW - ev,uv_ e
o | e D ----95% CL ] E uYEFfixed to SM, Kqq = 1 =
f’ [ ,”- ....."s_... = 77 E E
't s 5 £l
N5 . . e E
i 1M Data consistent with SM g E
CS 7 . prediction within 1o and g 1.
L i M the excluded limit g .
bl | | [ s b b 1y il
i 1 K_cos(@) vs. k_sin(a) at 20 4 6 8
- TESESETEEERCCS 1 eEe (@) g (@) tan(o)
=1 ‘ L 1 L ‘ L 1 1 ‘ L L | L ‘
-1 -0.5 0 0.5 1
Kgq SIN(0) tan(a)=0.0 + 0.4 (stat.) £0.3 (syst.)
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Reconstruct di-tau mass

 Likelihood based method to I B -
. r -prong t decays .
recover neutrinos 10,

« Simulate kinematics: Prob(AR, p,)
* Include measured information

A 2 10
P(Fr,,) = oxp <( %) ) :

« Final LLH
L= —log(P(AR:,p-1)
X P(ARs, pr2) _
x P(APr,) so0p

x P(Afr,)) 200f

D560 750 200 250 300 380
M. (GeVic))
NIMA 654 (2011) 481-489 40

10%-

cov e b b b b b Py \I
10 01 0.2 0.3 04 0.5 0.6 0.7 0.8
AR

LA L L L L B L B |

H—11, lep-had channel, M,=115 GeV/c? —f
Missing Mass Calculator
Collinear Approximation

(=
(=]
T

Arbitrary units
[=}
I?I TTTTTT
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CP structure of H—tt coupling

ATLAS - _

EXPERIMENT
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As already mentioned above, we analyze all major 1- and 3-prong tau decay modes:

T—=>1+Vi+Ve, (3)
T—sa +v. = x+21° +v.. (4)
tadl fve 2t F T vy (5)
T p+Vve > 1+10+ v, (6)
T T+V;. (7)

We call the decay mode 7 — af‘T + v¢ in (3) also ‘1-prong’, because the 4-momentum of a;—L
can be obtained from the measured 4-momenta of the 3 charged pions. The longitudinal (L)
and transverse (7') helicity states of the a; resonance can be separated by using known kine-
matic distributions [22-25].
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