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A@s Introduction

EEEEEEEEEE

* Large matter-antimatter asymmetry in s TRD )
Universe cannot be explained by =han e
J =10 H—yy

o
B U =20 [s=7TeV, 451"

known CP violation mechanism in SM: = .
looking for additional CP violation o rr[rL ._
L I =

=
- . -
sources is well-motivated :;g;: BN L
- Study of CP properties in Higgs sector PG 20 e g e
started with V-H interactions since the ~ jw ams, ;

[JBackground 7

Higgs boson discovery in 2012

« CP properties of fermion Yukawa 7 LB 784
coupling, in particular the largest top 1°Mi
Yukawa coupling, were not directly ﬂ
studied until Run 2 ()

Observatlon of ttH
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/

&L CP properties of top Yukawa coupling [

EEEEEEEEEE

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

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

SM correspondsto a =0, ki =1, full CP odd is a = 90° !
* Only indirect constraints on CP mixing in t-H t
interaction existed before ttH observation h -

- Stringent limits from EDMs (e, n, ...): k, sin(a) < 1073
- 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 H—yy channel is ideal for this study due to excellent
sensitivity and clean signature
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A@s What if there is CP mixing? e

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

- Cross sections as well as kinematics of .
provide of CP mixing in top Yukawa coupling
(focus of this analysis)

- H—=yy BR and ggF cross-sections: indirect constraint, also
sensitive to other new physics scenarios

q = L L L L L L B B B B
% . ATLAS Simulation {s=13TeV, 139 fb™
> —ttH inc.

W ,H ﬂ,’ 107 Inc
tH T - —tHjbinc. -
t E -
) —tWH inc.
C
5
g b 5 [Tl N\ S e
3
H-vyy F
t/bh  Demmee-- H H ------ \t/b/T
v v v by b b v e v b
-150 -100 -50 0 50 100 150
g \229900/ Saaaate PRL 125 (2020) 061802  CF Ming angle a [deg]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

£ Analysis strategy ]

EEEEEEEEEEE

<+—— Hadronic Bkg Rejection BDT discriminant ———

- Divide diphoton sample into two regions o L
background

- Hadronic (=3 jets, =1 b-jet, 0 lep) 9 6

- - Hadronic % 12 3
- Leptonic (=1 b-jet, =1 lep) o | Reletted 8

| | | 11| 75 2
* In each region, train following two BDTs 10 4 1
(using XGBoost package) LoP ot
L _ > 12F afas T T
- Bkg. rejection BDT: separate ttH-like O [ fs=13Tev, 130" t DI E
] To) 10 Category 10 Continuum Background™]
events from continuum background N 7 Lo Background. e
§2) C — Signal+Backgroun 7
- CP BDT: separate CP-even ttH/tH g o E
events from CP-odd i E
2 ~
 Divide categories on 2D plane of bkg. ) A e e -
At ir 35 ' ' ' ' 3
rejection vs. CP BDTs o 2 ‘ l /MH ‘ ‘ ‘ ]
m 1% ®/ E
- Fit the myy spectrum in all categories g Ot N
- - O T390 120 130 140 150
simultaneously to extract signal PRL 125 (2020) 061802 m [GeV]
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£ Background rejection BDT )

EEEEEEEEEEE

» Use the same BDT discriminant (but not categories!) from ttH
search, which is trained using low-level inputs such as 4-vec.
ofvy,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

n wn

S 03 50-5: ' ' ' ' ' ' """':::ﬂ_
o ATLAS i n ATLAS .
50.25 Vs =13 TeV, 139 f5' 5 04 Vs =13 TeV, 139 f5' =
c c N ]
2 02 ® Data 2 o e Data =
5 5 03f LS

= 0.15 — SMttH +tH £ } —— SMttH + tH
- 0=90° K =1ttH +tH 02 - @=90% K =1ttH +tH ¢ -
0.1 t - t + .
0.05 0.1 -
0 .............. |....|....|....:
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1

Hadronic Bkg. Rej. Discriminant  PRL 125 (2020) 061802 Leptonic Bkg. Rej. Discriminant

Hongtao Yang (LBNL) Aug 27, 2021, Higgs potential and BSM opportunity 6



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

£ CP sensitive observables )

Compared with SM (CP even), CP odd ttH/tH gives
- Larger m,;; and m,z; more boosted p(H)
- Less back-to-back ¢(¢t); larger opening #(t)

- Exploit shape information in this analysis. Avoid relying on
normalization dependence

% —G=m2 z| 2r0.07
% O0.1F _gMn Tz .06 | -l (at 1, bt 0)
X i S - (at=0’ bt=1)
= : 0.05- I
£ ' 5 JHEP 04 (2014) 004 SN o A (a=1,b=1)
o 0.04 | ] 2
Z E |'I i: 1
0.05F .03 |J : 1
r il
H: ] LL
0.02f: | L
0.01 :'=-;,___"1____
H 1-'-..___ _
900' - 460 ) 6(')0 300 10 ) 1200 %50 100150 200 250300 lésé”ioo 450 500 - .
p! [GeV] 3
my[GeV] " PRD 92, 015019 (2015)  A¥Hh [rads]

Hongtao Yang (LBNL) Aug 27, 2021, Higgs potential and BSM opportunity 7


https://arxiv.org/abs/1501.03157
https://arxiv.org/pdf/1312.5736.pdf

[ CP BDT )

EEEEEEEEEEE

2 - ' = LSS S LS L S L L L I I
C 45 ATLAS o yeets E
g tiH s
356 " Fitted tota E {s =13 TeV, 139 fi’
30F —+— Data =
255— O-lep, = 3 jets, = 1 b-jet 3 ¢ Daa
3 s 105GeV <m, <160 GeV 3 SMH +tH
20E * : ] ---- a=90°k =1ttH +tH
15F- = o000,
E : * = ° .,?. =t -9 .-.I.
10 . = --o® ' :
5E ¥ T E -1 -9 ® :
- wab @ ---. ], i . O | rom PPN U TSN N NI A N AU N A M A
Oy 50 100 150 200 250 300 350 400 450 500 o 01 02 03 04 05 06 07 08 09 1
Top candidate mass [GeV] PRL 125 (2020) 061802 Hadronic CP Discriminant

- Train top reconstruction BDT to reconstruct two top quarks #,, 7,
- Trained using ttH sample: correct pairing vs. wrong paring
- In case 1, cannot be built, sum up all remaining objects as 7,
- Train CP BDT to separate between CP even and CP odd ttH+tH
- pr/n of diphoton system; Hp, N, Npiesr AR(Y, )
- pr/n/ ¢ /top reco. BDT score of £} and ty, m, g, my ., p(111y), n(t,1,)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

=

A@s Categorization |

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

- 20 analysis categories defined in total

- 12 categories in hadronic region, 8 in leptonic * e 00w

00 01 02 03 04 05 06 07 08 09 1
Hadronic Bkg. Rej. Discriminant
S T T T T T T T I T T T T T T T 1711 S T T T T T T T T T I IEr T T I T 1T 1
> » » - > L . -
g 8- Signal yields & 3 ATLAS % 8- Signal yields 4 Amas
g - CPeven 3 remwTe 8 /= CP odd 4 o
® r ] 139 fo ® I : ] 139 fb
E ] k=1 L E k=1
5F . .
Hadronic Leptonic i mooF WooF
1 [OveF VeF
3 OvH OvH
OttHa =0° OttHo = 90°
BtHib o = 0° WltHb o = 90°
WitwHo =0° BtWH o = 90°

1234567 8 91011121314151617181920

Category PRL 125 (2020) 061 802
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

£ ttH signal yield parameterization

EEEEEEEEEE

- Parameterize ttH and tH signal yields in each category as
mixing angle o and top Yukawa coupling strength x;,

 For ttH process, use

Alct2 cos’(a) + Blct2 sin’(a) + Elct2 sin(a)cos(a)

Eo— ansssmiaen 1+ Parameterization
o 40r s=13 Te\:, 139|fb i . o
g et cpalie 1A - describe MC predictions

well in all categories

30— —4— ttHMC (x,= 1)

252_ Acos?(q:) + Bsin®(a) + Ecos(a)sin(ct) . ® Coefﬁ C | . nt E fo r
- 20y .
+ __________ . interference term found to

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

PRL 125 (2020) 061802 CP mixing angle o [deg.]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

- 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 ;_ ,IATLA.IS SimtljlationI —
= - {s=13TeV, 139 fb" 3
& 30 = Inclusive, 52 p-value = 63.7 % E
25— =
20 i Acos?(a) + Bsin?(a) + Ccos(a) + Dsin(a) + Esin(a)cos(a) + F E
E H"eMe pR) 125 (2020) 061802 | 3

Interference terms

= 1.04F —
S 1.02E =
between CP evenand £ &t - +------+- ----- R - + ------ oo S
Odd found negllglble noes fo: .7) s, 7 o: 7) fs: 7 @o: 7 s 7 o: 7@ .0.5)(00’.2) (45?.2) (7827", 7)

(CP mixing angle a, coupling strength Kt)
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A@s ttH and tH cross-section measurements QW

EEEEEEEEEEE

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

U= 1.43J_r8§?(stat.)f8:ﬂ(syst.)

* tH cross-section < 12xSM @95% CL

(]
o
o

_% ||||||||||||| E T '|:tt |dt|t|| dl T § F ol I AFLDAIS T % q>40;_ . Dt 3
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> 2 | r | 6 E igna ckgro!
h 107" ATLAS Wi+t ot 3 E%Fe .ooa oo TV 19 z Saok = Total baciground.
E Vs=13TeV, 139 b’ @SV ResonantBkg % 260;] 8 We- o @ | E O,k - Continuum backgrou nd
L - © — %] [
- Continuum Bkg N g (@0 v o0DO:e-oQ o 5 ?520; E
— — Q o o oJooo[Jr o 1] O« s 50w IS E .+. _:
Data o - 15 E 3
10l *\ | ;240..,.;. ............... o 3105 ATLAS '+' E
= . = T B EEEEE. e Ee - o- 4, S E =137V, 130" + 4+
. = 2203.1 R E S T oo In(1 S/B) WeghledS m . 3
= §2oo_ﬂnuun|:|uuul:lun-uuuu-.u|:| 0= 110 120 130 140 150 GVO
= £ “"Ho0o0:0000oo:oon. o0 s . . . " (el
' s _E|I:Il|:|EI|:||:| ogodo0 ooo[JoQ v F E
b — 8 150 g S kb ATLAS =
= - Leptonlc = ¢ "*lagoofo O0cO0O0OoO0O00G, 350: -+- (s=13Tev, 13917 3
po P coBHo0c0ol00o0: 0. -0000- 5 |, Ziof _+_-+- _+_ In(1 + S/B) Weighted Sum -3
E%) ! = Background only error Al DDDDDDlDD z D” - 008 2305 ]
ol D —ttH + tH, (<, o) fit soBee00000o00ee00s aeDo o 5%F ]
] mooodeoofo: oo EI“EING ExnE .+. '+' E
< 141 Z20F 3
S o o Oo0ec0:000 o0s ] . + 1
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T s S T T T s 16 17 5 1920 IO N SRS TRL A B A = . , - T e
110 120 130 140 150 160 100 150 200 250 300
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@ CP constraint: not resolve H—yy/ggF Ioops

- Provide direct constrain mixing angle o < gl amas T UgBestit ]
. . 2 2n08 Gev. b 255 gL
using only ttH and tH info 1ol P8 et
Use K, Vs K, contour (80 fb-1) to 1 .
constrain H—yy and ggF rates ! E
0.9 —
: excluded @95% CL without : :
. 0855505 085 1 105 14 115 12
assumption on k; PRD 101 (2020) 012002 "
g 18_'_ L L L L _'_ 260_ 7]
s F ... Pure CP odd ; i [ ATas .
«  16F . excluded at 3.90 ;A E E sof- (s=13TeV, 1391 -
14;_ A g - _; »n r ]
12F = OF T uett o o0 .
10:_ B ” e Data-Bkg ]
o E 30 -
° ;_ATLAS —' Total gz, C,__; 20 :_ _:
4_—- R B L EE e 1 I S ]
Zf_V_ 13 TeV, 139 b ---’;Stat. = ) e B EEn cmmme -
0755~ —103 B R T o of | | ----------------------- .
CP mixing angle o [deg.] Odd-like Categories Intermediate Categories  Even-like Categories

PRL 125 (2020) 061802
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
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- 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)

2 2

cos?(a) + 2.6x*sin*(a) + 0.11x, cos(a)(k, cos(a) — 1)

k; = (1.28 — 0.28«, cos(a))* + (0.43k, sin(a))°

. Exclude @95% CL without assumption on x;
PRL 125 (2020) 061802
g I B B BN oA L L B L I BRI I R
[ — + Best fit XsM E o —To + Best fit N E
0, 1.5 ... 26 — iz oo 26 =
» C . ¥ = -
e . E L S E
0.55— _E 0_52_ _z
o : o
050 3 05 E
“F AtLAS T E 150 ATLAS ™ =
-1.55 {513 TeV, 139 fb! = —of Vs=13TeV, 139 b E
T e I e e T T U
Using only ttH and tH info Kicos(e) ttH + tH + Hoyy + ggF Kcos(o)
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https://arxiv.org/pdf/1312.5736.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

A@Z Conclusions

EEEEEEEEEE

- CP properties of top Yukawa coupling studied with
ATLAS experiment based on full Run 2 data

- CMS results: PRL 125 (2020) 061801

- No deviation from SM observed yet

- Constraint limited by statistical uncertainty

* In the meantime, explore other Higgs decay
channels (e.g. H—bb and multi-lepton), SM top
processes (e.g. 4-top production PRD 99 (2019)
113003), and Higgs combination (using ggF and
H—vy rates + ttH rate & kinematics)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://arxiv.org/abs/1901.04567
https://arxiv.org/abs/1901.04567
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. t/bh Deeee-- H
Main
g 00000/
Gluon-fusion 7 Vector boson 7
ggF (~87%) fusion (VBF) (~7%)
AR AR [REARRNRRRRN IRSRRE RRRRS Me
0% 1 M(H)= 125 GeV =g
a F : : - = %
; C E H(N:LOOCO*NLOE ) : :g
Iy 18
:E 10 5 : >| _"
Tk Run 1 'Run 23
C 0 EW) ]
g T 4 (L0 QCD = :
. . ° 1k —
- Distinct topology from each production mode : ;
- Cross section of main production modes oL )
calculated with relatively high accuracy - ) ;
- : ]
- Rare production modes difficult to probe, but = ;5-2L : i
_lIlll'llll]lIllllllI[llllIlllllllll.lllllllll[—

important for beyond the SM (BSM) scenarios 6 7 8 9 10 11 12 13 14 15
LHC Higgs XS WG Yellow Report 4 Vs [TeV]
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https://arxiv.org/abs/1610.07922

£ Higgs boson decays

EEEEEEEEEEE

- “Big five”: ZZ, WW, 1T, bb

« “Rare” channels: , ZVY, cc, etc.

Fo R L N R
H—ff b - H—=VV w*/Z* g - = ww -
S
______________________ |91O17 TT S Y4 i%
i i e T |
% cC
b, T, ut wW/Z o
SN0%e E
T |
H—)YY/ZY i
7
H ------ ¢/b/T :

'4 L L L | L L L | L L L | L L L L L 1
1050 100 120 140 160 180 200
Ny Yellow Report 4 M, [GeV]
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&) The ATLAS detector =

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

LHC

V "'&itm‘nos
CNCS

R Gran Sasso
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BOOSTER

East Area

n-ToF ¢ X
2001 ) /o
LINAC 2 4
neutrons
~ Leir
LINAES 2005 (78 m)
lons

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

LHC HL-LHC

1L
11

Higgs boson We are here

discovery 13- 14 Tev RAE LS3 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation d
7 TeV 8 TeV button collimators int):a_r;ctlion . inner triplet : HL LH(-:
— R2E project regions Civil Eng. P1-P5 radiation limit installation

[ e 20 2016 2020 2 BEET T N N A

5to 7.5 x nominal Lumi

ATLAS - CMS //—'
experiment upgrade phase 1 ATLAS - CMS

beam pipes . . . . HL upgrade
nominal Lumi _2x nominal Lumi , ALICE - LHCb _2xnominal Lumi .
75% nominal Lumi upgrade

/—I m e eey] 3000 fb!
luminosity [V {3
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£ Run 2 data taking )

EEEEEEEEEE

T
ATLAS Online Luminosity
2011 pp VS=71eV

ATLAS Online, 13 TeV ﬁ_dt=146.9 fo
2015: <u>=13.4

Run 1

— 2012 \s =8 TeV

e | . = o =
.g 605— 5= —E ‘é 3 E
S OVL | —2016pp Vs=13Tev - > - [ 2016:<u>=25.1
e - | — 2017 {s =13 TeV . = L ]
S 50 L= 201822 {§=13 Tev - 8 400 [ 2017:<u>=37.8 _
- = E < C [ 2018:<u>=36.1
o - E g C [] Total:<u>=33.7
5 40F . 3 300k ]
8 305 4§ :
- ] é 200 ]

20 = @ - 1w

C 1¢ o B 1z

10 ] % 100~ -&

0: | | | : i 7 1 0: 1°

yan o)l A\ oct 0 10 20 30 40 560 60 70 80
Month in Year Mean Number of Interactions per Crossing

- 139 fb-1 of 13 TeV proton-proton collision data collected for
physics by ATLAS detector

- Average 34 interactions per bunch crossing

- Thanks to the excellent LHC performance and smooth operation
of ATLAS detector
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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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