~
I/I\I (5%, U.S. DEPARTMENT OF
rrroeerr i,g()g“
\Z o/
Y/ ENERGY

BERKELEY LAB LAWRENCE BERKELEY NATIONAL LABORATORY

ATLAS Higgs CP analyses

Hongtao Yang (LBNL)
on behalf the ATLAS Collaboration

LHC Higgs WG2 Meeting
Jan 22, 2021



@ .
Introduction

- Known CP violation sources
in SM are not enough to
explain observed matter-
antimatter asymmetry

I . —e— Observed [s=7TeV, 45 fb'1-1

» Higgs boson productions e
B 0'SM =20 H—WW — evuv

[ ]0'SM=30 [s=8TeV, 20315

and decays at LHC offer an — o

[ ]JP«30 [s=7TeV,451b

s =8TeV, 20.3 fo"
© 40

novel opportunity for o
probing new CP violation fgrrFI»rLr
TEERERET

sources in Higgs boson o .
interaction with SM particles 7+ = & 7w v v
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5% Recent ATLAS results: H—TT and H—WW

O AR IARSAORRR R
* H—t1: probe CP of V-H interaction in VBF {6 s | o]
- Use EFT model with only CP odd dim-6 {ZI

operators considered

- Build optimal observable as ratio between i TR SRR Y
SM_CP Odd interference and SM2 ;io:...... ... | T g A s L

:l."l"l | l I 111 l 111 l | l“"l‘""{ ;;/BXFII-IX’ ?7701041:

-15 -10 -5 0 5 10 15

- 1 1 1 Optimal Observable
CP violation strength constrained PLB 805 (2020) 135426

d € [—0.090,0.035] @68% CL

L _ § oot TeV. agF H o W vy
* H=>WW: probe CP mixing in effective g-H = go1s —crewn --cpoda —cpmisea
[ . . . Lﬁ : njj > 3. 4
interaction using ggF+2-jet events ;
0.1

- Use Higgs Characterization model

0.05], M|

- Using both shape and rate:
Kpge!Kpge = 0 £ 0.5
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-055/

- Reinterpret simplified template x-section (STXS) o 4 ATLAS

L B e v
+ Observed best-fit

47 — Observed 95% CL
. ey FH 72" > 4l + SM 1
measurements in SMEFT framework: fitting CP-odd SPf-toten gt SM orpeed 85% 01
. . . 2 1
Wilson coefficients to data I
- Viable in other channels & combination as STXS o
. . . -1F
framework is widely implemented £
- Need to be careful with modification of acceptance T
Coy
2 F I I ]
o 5 ATLAS - ATLAS Expected: Stat+Sys
) - " . H—ZZ* - 4l = Observed: Stat+Sys
o b HoZZr -4 = _ y Y
5\ 45 Vs=13TeV, 139 fb” : EM—E::?I_TeVJSQ o m|  Observed: Stat-Only
6 3 ¢ Data _CHé=0'02 T
~ b vom=26 Gy =13 . Bestfit  95% CL
o ""CHE;=0'4 CHWB=0'7 - B ]
C ¢ N A= C .- o. +06  [2424]
C . + | * — l-—"--] . W ' -
1:5.—?-—1-.: O CTrD ?.:.- oo X -.-.:+-.-.-......{.. FEEPTTI oo s v PRY FPPYSTS PRPR T — E CHg . 0.00 [-0.56.0.56]
O;— ? —; CHWB_ ., 0.0 [-1.0,1.0] 1
oL S R TR R T A N S N SN NN B 3 . +10% 0000 [-0.029,0.029]
Qo o, %o, o o, %o, R %, o, oo, %on % I | 2 |
o 0 B Sy S B e b b R S G
SIS T T S AL N L R 2 0 2 4 6 8
5y Ky 5 e, %, 6@ T B
% % % % Y Q) Parameter Value

Particle-level production bin
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/

* Only indirect constraints on CP mixing in t-H v
interaction existed before Run 2 ttH observation ‘

- Stringent limits from EDMSs (e, n, ...): , sin(a) < 1073/ "2

- Also from loop-induced H—yy and ggF rates: k, sin(a) < ~ 0.5

- The ttH/tH production mode opens a new possibility to probe
CP mixing

- The Lagrangian for t-H interaction including CP mixing is

m _ . _
<L, = ——k/(cos(a)tt +isin(a)tysH)H, k, > 0, a € [—x, 7]
v

SM correspondsto a =0, ki =1, full CP odd is a = 90°

- The H—yy channel is ideal for this study due to excellent
sensitivity and clean signature
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

- The presence of a CP odd component in t-H coupling alters:

- Cross sections as well as kinematics of

. can provide direct constraint to top Yukawa
coupling (focus of this analysis)

- H—=yy BR and ggF cross-sections: indirect constraint, can
have different interpretation scenarios

=
% . ATLAS Simulation {s=13TeV, 139 fb™
W , H § 10k —ttH inc.
tH T - —tHjbinc. -
t E -
) —tWH inc.
C
C
= S |l NN Yo
b S S Y A
©
v o
o
_} PANAANAANAANANY 1:
H-vyy g
------ \t/b/T
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
-150 -100 -50 0 50 100 150
§\299000/ ” CP mixing angle o [deg.]
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- Data: full Run 2 dataset of 139 fb-
- ttH/tH signal: NLO MG5_aMC+Pythia8 using

- ttH: ke =1, a =0°, 15°, 30°, ..., 90°

- tHjb/AWH: sample generated with both k=1 and = 1 at
different mixing angles. Kw =1

ggF signal: PowHeg NNLOPS

- Kinematic dependence on CP mixing checked to be well-
covered by syst. using MG_aMC HC model ggF+2j samples

Other Higgs production modes: same as typical ATLAS
Run 2 Higgs analyses
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£ :
Analysis strategy

- Divide diphoton event sample into hadronic (=3 jets, =1 b-jet, 0 lep) and
leptonic (=1 b-jet, =1 lep) regions

* In each region, train following two BDTs (using XGBoost)
- Bkg. rejection BDT: separate ttH-like events from continuum background
- CP BDT: separate CP-even-like ttH/tH events from CP-odd-like

- Divide categories on 2D plane of bkg. rejection vs. CP BDTs

- Fit the myy spectrum in all categories simultaneously to extract signal

Hadronic Bkg Rejection BDT discriminant ——— Leptonic Bkg Rejection BDT discriminant ————

background | | background |7
L 20

A 6 3 s i 1 7 1 4
Hadronic |7 g a0 g Leptonic [ e
creoT | Rejected 8 CP BDT [ , 19 13
discriminant |- discriminant |0
10 4 1 L 15

CP odd ttH/tH s CP odd ttH/tH
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» Use the same BDT discriminant (but not categories!) from
Moriond 2019 CONF note

- Trained on PowHeg ttH sample using 4-vec. of v, j, |, and MET

« Serves the purpose of CP analysis very well
- Good rejection of background; good acceptance of ttH/tH signal

- Weak dependence on CP mixing angle

[%2] %]

T 0.3 50-5: ' ' ' ' ' ' """':::ﬂ_
o ATLAS i - ATLAS -
5 0.25 \s =13 TeV, 139 b 5 041 \s =13 TeV, 139 5" =
c c : .
2 02 ® Data 2 - e Data ]
S S 03 p ]

= 0.15 — SMttH +tH : b —— SMttH + tH
- 0=90° K =1ttH +tH - 02 e =90° K =1 ttH + tH ¢ -
0.1 t - - t + .
0.05 0.1 . -
0 .............. |....|....|....:
0 01 02 03 04 05 06 0.7 08 09 1 0 0.1 02 03 04 05 06 07 08 0.9 1
Hadronic Bkg. Rej. Discriminant Leptonic Bkg. Rej. Discriminant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/

« Train BDT to separate between CP even £0.24

) ) ©0.22
and CP odd ttH+tH signal using b 0.2 ATLAS
_ 28-_112 \s =13 TeV, 139 f&'
- py/ n of diphoton system; S0 14 o Data
£0.12 —— SMttH +tH
- pr/n/ ¢ /top reco. BDT score of 0.1 -~ = 90%k =1 tH +tH
0.08
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Aq)(t1,t2) mtt’ mt1|-|; o.og " i T T T P T
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https://arxiv.org/abs/1501.03157
https://arxiv.org/pdf/1312.5736.pdf

£ . .
Categorization
« Scan category boundaries on 2D bkg.
rejection BDT vs. CP BDT plane to optimize
both SM ttH significance and CP separation

]
Fraction ofTData Events

- 20 analysis categories defined in total

- 12 categories in hadronic region, 8 in leptonic

o

Vs =13 TeV, 139 f&'

0O 01 02 03 04 05 06 07 08 09 1
Hadronic Bkg. Rej. Discriminant
g9:||||||||||||5||||||||: g9:||||||||||||;||||||||:
> N - - > L - .
E sf : 3 ATLA € gL : - ATLA
. CPeven ™ 1 2" CPodd I
3 ] Vs =13 TeV 3 : ] Vs =13 TeVv
5 F ] . s : ] B
: [ ttH/AH T : [ ttHAH : RS
6 3 :
- C ] K =1 - : ] K =1
5 -
1 Bk WooF
. OvsF JVBF
] OvH OvH
. OttHa=0° [OttH o = 90°
BtHb o =0° BB tHjb o = 90°
WitwHo =0° BtWH o = 90°

1234567 8 91011121314151617181920

Category
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Event yield

MC/Fit

To fit mixing angle a and top Yukawa coupling strength k: as
free parameters, need to parameterize ttH and tH signal yields
In each category as function of these two parameters

For ttH process, use

Ax? cos?(ar) + Bk? sin’(ar) + Ex? sin(a)cos(a)

~— aussae 1« Parameterization
40_ s=1.3Te\:,139|fb_184°/ _: ] . .
355_ Inclusive, %2 p-value = 18. o_: descrlbe MC predlctlons

well in all categories

30— —4— ttHMC (x,= 1)

252_ Acos?(q:) + Bsin®(a) + Ecos(a)sin(ct) . ® Coefﬂ C | . nt E fo r
200 .
+ __________ . interference term found to

~0 70 20 30 40 50 60 70 80 9'05 be negllglble as eXpeC’[ed

CP mixing angle o [deg.]
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- For tHW and tHjb processes, need to use
more complicated parameterizations
considering interference between t-H and W-H

Ak? cos*(a) + Bx? sin*(a) + Ck, cos(a) + Dk, sin(a) + Ex? sin(a)cos(a) + F

a2 a’2 2Re(ab) 2Re(a’b) 2Re(a a’) b2
é 35 ,‘4TLA.‘S Simt‘JIation‘ -

= - {s=13TeV, 139 fb" 3

& 30 = Inclusive, 52 p-value = 63.7 % E

25 =

= Acos?(r) + Bsin®(a) + Ccos(a) + Dsin(a) + Esin(a)cos(a) + F =

20 =

£ —¢—tHpMC =

15 —

- — Fit —

10 =

5 =

Interference terms = o —

5 1.025 =

between CP evenand £ &t .. +------+- ..... T $...... + ...... g -
0.96E =

Odd fOU nd negligible OE (0° ‘7) (75% 7 (30:5 7 (45% 7 (60% 7 (75% 7 (90% 7 (0> ‘0.5)(0")‘2) (45«52) (78;70, ”

(CP mixing angle a, coupling strength Kt)
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£9) i Pt
‘“ ttH and tH cross-section measurements =

- Single-channel ttH observation at 5.20, assuming SM for
other prod. modes

. o(ttH, H—yy) = 1.6473%(stat.) 101 [(syst.) b

« tH cross-section < 12xSM @95% CL

- Statistical uncertainty dominates

%‘300_'.'I""ul""I"'.'uln""l"" %3405_ .Dat::-n = g = T T T T T T T T T T Te=T T T T T T T 14
15 S E 3 R
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§ 260 a3 25E E C = ' B SM Resonant Bkg -
c e DDD“DEDD . uu u 5  B0E + E B Continuum Bkg N
5 :n o (| DR . E155 E | ]
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e e I T N
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B00oo00o0fdo-o-0o. = 000 g E 20 : —
o8 ® oJoof0o00ccooo ssQe g %30:— E %’ &‘-:Backgroundonl_yerror
conofeooOfo-cos0es[oo e _+_-+- + ] N D ttH + tH, (c, ) fit
C 11 320 = ©
1202 OoQdJecOecO0d0O0 oo oo[o h 2] E _+_ E £
lo s oJssoQoc.0000 o & o] 10}++ +-¢- “+ E o 0
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- Constrain mixing angle a using
only info from ttH and tH

ATLAS

50l Vs=13TeV, 139 f5'

Signal Events

—ttH +tH,0 =0°
===+ ttH + tH,a = 90°
e Data - Bkg

- Use Ky Vs Kg results from 40
80 fb-1 Higgs coupling
combination o ttH(yy) to
constrain H—yy and ggF rates

30

20

10

Wlth no prlor ConStralnt On Kt 0 Odd-like Categories IIntermediate CategoriesI Even-like Categories
Pure CP odd excluded at 3.90

/g Z:I LA L T R D B B =
2 —w + Best it X M
= . ST
5 .

R R R R R S SR T T T B I
% s ATLAS & Bestfit ]

I (s=13TeV,24.5-79.8 b —68%CL
- mH=125.09GeV,IyHI<2.5 ...-95% CL -

1.2] Pou=88% * SM 3 14 A\ 7 \u - =

E "__,.---""""'----...____._.-. E 12 - 0_5; ."'—»._2 é
e E 10 = of | N
1 . E E —0.5:* S8

P E — Total g0, E | .
- I T T T CRTRREEL EERTRTSY SRR 9%l E ATLAS
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fs=13Te Stat. 3 -1.5 {s-13Tev, 139 b E

18F .
16F -

l
|

-2AIn(L)

0.9F
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Kg CP mixing angle o [deg.] K,cos(ct)

80 fb-1 combination

15 Jan 22, 2021, LHC Higgs WG 2 Meeting Hongtao Yang (LBNL)



A
|l|

rrrrrry

) . -
“  CP constraint: resolve H—yy/ggF loops ==

« Assume potential new physics in H—=yy/ggF is only in t-H coupling, and can be
parameterized as function of a and k: (Ellis et. al. JHEP 04 (2014) 004)

kg = K cos*(@) + 2.6k; sin*(a) + 0.11k, cos(a)(k, cos(a) — 1)
K, = (1.28 — 0.28k, cos(a))* + (0.43k, sin(ax))

such that H—yy/ggF rates could be used to constrain a together with ttH and tH

« Exclude lal > 43° @95% CL with no prior constraint on ki

A2.5|||||||||IIII|II|||II||II|I||||||||||

j E '__L: I é E E
T 18 ) 4 £ o =
] 16C .. N ‘£~ = =
' = NN T 3 1.5F =
14 - - ]

g . 1= E

12— - - =

10 — = =

: ] O E

g 1 -05F E

4 E_ATLAS ,': — Total 95% CL_E _1 ;_ "',,’“'““l — —;

- V5=13TeV, 139 fb” - Stat. E —1.5 ATLAS E

- . _oF Vs=13TeV, 139 fb" =

_I 11 I ) | I ) | I 11 1 11 I ) | I ) | I 1 I_ — .

_1 50 _1 OO _50 O 50 100 150 _2.5 :l 11 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 :

CP mixing angle o [deg.] ~1 0 1 2 3 4 5 6 7

K,cos(x)
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https://arxiv.org/pdf/1312.5736.pdf

@ .
Conclusions

- Probing CP mixing in Higgs interactions remains interesting for
Run 3+

- CP mixing could be small, and thus would require high precision
measurements based on large dataset to expose

- Measurements limited by stat. uncertainty

- CP analyses still largely in exploratory domain so far, with many
Interesting ideas tested

- V-H: harmonize analysis strategies to facilitate combination: STXS
bin sensitive to CP mixing; optimal observable

- t-H: explore multiple decay channels of ttH/tH; interpret ggF and
H—vyy rates and ggF event topologies

- Look into H—TT
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Backup
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- From Eq. 2.4 of JHEP 1311, 180 K
(2013),
d,/Je =9.0 X 10~%*’cm KK, !

» From ACME experiment h/ "2
d,Je =1.1x10"cm - e .
’z't < 10_3 JHEP 1|31’;I .,|=1180| (20I13)

Hg EDM

. Also could to constrain CP odd K,
using neutron and mercury EDMs = o
with no assumption on coupling
to 1st generation fermions

.......................
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https://arxiv.org/abs/1310.1385
https://arxiv.org/abs/1310.1385
http://www.doylegroup.harvard.edu/wiki/images/6/6b/ACME_II_short_paper_with_supplementary_material.pdf
https://arxiv.org/abs/1310.1385

