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5 The Higgs boson S

* In the Standard Model (SM), the Brout-
Englert-Higgs (BEH) mechanism provides
masses to elementary particles

- It predicts a CP-even scalar particle: the
Higgs boson

« Couplings of fermions (bosons) to Higgs

: 2
boson proportional to Mermion M 50m)

Fish discovered water
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http://web.mit.edu/8.701/www/Lecture%20Notes/8.701Wilczek-3-APPROVEDFA13.pdf
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- Distinct topology from each production mode : ;
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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]

Hongtao Yang (LBNL) June 24, 2021, PKU HEP Seminar 3



https://arxiv.org/abs/1610.07922

£ Higgs boson decays
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- “Big five”: yy, ZZ, WW, 11, bb

- Among them, yy and ZZ—4l have best precision due to excellent
detector resolution and high S/B

- “Rare” channels: py, Zy, cc, etc. Challenging but also important!
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https://arxiv.org/abs/1610.07922

EEEEEEEEEE

» Experimental measurements of Higgs
boson properties serve as a test

bench for the SM and . "
HovY: oo W
* New physics could show up in Building for Discovery

- Inclusive production and decay rates,
in particular loop induced processes
such as ggF and H—vyy

- Differential distributions, e.g. high
pt(H) sensitive to content of ggF loop

B 1 W e s oy Pt @t Pl T

- Rare processes, e.g. H= [, H=Inv.  “exploit the Higgs boson as a

new tool for discovery”
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&) The ATLAS detector =
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£ Run 2 data taking )
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- 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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Combined measurements

of Higgs boson couplings

ATLAS-CONF-2020-027
With up to 139 fb-1 of 13 TeV data

_ Channel | ggF | VBF | VH | ttH _
H—-vyy (139 fb-1) v v
H—ZZ (139 fb-1)
H-WW (36 fb-1)
H— 11 (36 fb-1)

H—bb (VH 139 fb-!, others 36 fb-)
H— pp (139 fb-)
H—inv. (139 fb-)

SNSNXKXKKX
SXSXXKXKKX

SNSXXKKX
SNSXNKXKK

v/: channel included in the combination
v/ channel available but not included in combination
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

£ Invariant mass spectra from input channels =

EXPERIMENT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

£ Other input channels )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
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*Assuming my = 125.09 GeV from Run 1 ATLAS-CMS combined measurement

- With every fb-1 of 13 TeV pp collision data, the SM predicts about
56,000 Higgs bosons produced

- Analyses included in the combination will select about 170 SM Higgs
boson candidates in every fb-1

- Large background from proton-proton collisions introduces difficulty in
trigger and event selection

- Number will increase once more analyses are added
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Statistical uncertainty 4.4
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I - Remove Sig. th. ]
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[ Pou=40% ' ] Background 2.6
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- ' . Background modeling 1.6
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1:____ . T Muons 0.2
O - Lo baa : 1 “” ] IR A BT ST A N A R . T-lepton 0.4
09 09 1 105 11 115 1.2 Other 16
w MC statistical uncertainty 1.7

Signal strength: p = Nsignal(0bs.)/Nsignai(€Xp.) *All numbers are in percentage.

u = 1.06 £0.07 = 1.06 £ 0.04(stat.) = 0.03(exp.)H03(sig. th.) = 0.02(bkg. th.)

- Reaching 8% precision. Good agreement with SM
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Cross-section normalized to SM value

S (TH+tH

dggF cross-section measured with precision of 7%, close
to 5% uncertainty on the N3LO cross section prediction

- All production modes observed with significance >50

Small correlations between different production modes
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Production cross-section measured in each decay channel /\Iﬂ
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 Leading order motivated framework: assign
coupling modifier to each (effective) interaction
vertex (e.g. Kw, Kz, Kt...) and total width (knr)

g v )
K2 K

K%%H%K—; o X BR(gg - H - yy) « ng—g
H KH

y
N
Assume.only g o v - ! in AT
SM particles > I N Wt H e b H eemee /b
contribute W+ w* t/b
g ¥ v Y
) 5 1.59x3, + 0.07x% — 0.67kyk,
6 X BR(gg —» H — yy) « (1.04x; + 0.002«;" — 0.04x,x;,) :
. K (Kpy Kyys Kgs - - )
Yellow Report 3 Kq KyZ/Ké
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https://arxiv.org/abs/1307.1347

£ Simple models oy
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Ky Kq

* Kv VS. Kr: vector boson vs. fermion coupling

* Kg VS. Ky: focus on loop-induced ggH and Hyy interactions, with
other coupling strengths fixed to SM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
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£ Generic model S

EEEEEEEEEEE

ATLAS Preliminary « LHC experiments do
(5=13TeV,245-139fp7  88% CL—— itivi
= , 24. not have sensitivity
My =12509 GV, ly <25 g5% cL— to directly constrain
Kz ——— = ["(H) (<< detector
Kw  —— —» resolution)
Kt O ——ﬂ—— - Binv_ < 90/0 @950/0
Kb e CL, mainly
K, | L i | constrained by
e, | ] H—inv.
K| S AU e | - Bundet. <19%
| B ' ' i @95% CL,
'- B,=B,=0 :
T pgy=2 ] constrained by
| | | ' | inclusive rate +
0.8 1 1.2 0 0.5 1

assuming Ikvl = 1
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&\ Ratios of coupling strength modifiers [

ATLAS Preliminary
Vs=13TeV, 24.5- 139 fb” 68% Ol e——— g ¢ 9
m, =125.00 GeV, ly | <25 K
pSM =92% I A{ o t. .
Kgz —_— e T L H
B ; N 8
Atg . g t
: g
Azg :
A’WZ
L _ v 7+
A’}/Z ——— W_
B 1 L
Az H ------ w* — - Fa
A w
bz | ! | ! ! | Y Z

. I0_8I - .0.9. L : L .1.1. - .1.2. - .1'3.

- Ratios are what we can measure best at LHC: less model
assumptions; common systematic uncertainties cancel out

- Aig: compare the direct determination of the top coupling through
ttH production (ki) to the indirect determination in the ggF loop (Kg)

- Ayz: probe new physics in H—yy process by comparing with H—=ZZ

Hongtao Yang (LBNL) June 24, 2021, PKU HEP Seminar 20



£ STXS framework L

EEEEEEEEEE

(STXS) framework: measure
cross-section per production mode
in different phase-space regions

= 0jets

pi < 200 GeV

- Decay is inclusive so far. No — 1ot
kinematic bins introduced yet

- STXS has several advantages > 2jets

- Reduce model dependence while
still allow aggressive analysis

techniques (e.g. machine learning) —

- Easy to combine multiple
production & decay channels

mj; < 350 GeV

VBF-like topology

- Facilitate kinematic-dependent -
interpretations (e.g. EFT) : High pt(H) sensitive to
BSM physics
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ATL

XPERIMENT

E

STXS measurements

my =125

ATLAS Preliminary

Vs=13TeV, 139 fb”

09 GeV, y,| <25
Py, = 95%

—e— Total I
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e
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0O-jet, 10 < p;’ <200 GeV

1-jet, p!f < 60 GeV

T-jet, 60 < p!' < 120 GeV
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>2-jet, m; < 350 GeV, p*T‘ <120 GeV

> 2-jet, m; < 350 GeV, 120 < p: <200 GeV
2 2-jet, m; 2350 GeV, p!/ < 200 GeV

200 < p’r’ <300 GeV

300 < p: <450 GeV

p'! 2450 GeV

<1-jet

> 2-jet, m; < 350 GeV, VH veto

> 2-jet, m; < 350 GeV, VH topo

> 2-jet, 350 < m; < 700 GeV, p: <200 GeV
> 24et, m; >700 GeV, p! <200 GeV

> 2-jet, m; > 350 GeV, p!! > 200 GeV

i =

qq—Hlv

p: <75GeV
75 < py < 150 GeV
150 < py < 250 GeV

p: >250 GeV

p: < 150 GeV

150 < pY < 250 GeV
pi > 250 GeV

pif <60 GeV

60 < p'! < 120 GeV
120 < p!! < 200 GeV
p'! 2200 GeV
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Including H—vyy, H—=ZZ, and VH, H—bb

Provide differential measurements for all
major production modes

Nontrivial correlations!
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€ STXS measurements: gg—H )

EXPERIMENT

ATLASPre!iminary oo | ° gg_’H — ggF + ggZ(qq)H + be

Vs=13TeV, 139 fb”
my=125.09 GeV, |y | <2.5

P, = 95% BBz o .
He s o : - Can reach even higher p;(H) when

v o ™« channels like boosted H—bb (ATLAS-

Tet, p¥ < 60 GeV |_._.||

o CONF-2021-010 dded

R ) are adde
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99H L et 350 m
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--------------------- . H I_._I
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""""""""""" > 2-jet, m; < 350 GeV, 120 < p!! < 200 GeV |_._|.|
p¥<150 GeV
gglaqsHIl | 150 < p¥ <250 ¢ > 2-jet, m; 2350 GeV, p'’ < 200 GeV |.|_._|
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___________ R 200 < p < 300 GeV H_._I
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60Sp¢<1206€
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P’ 200 GeV

1072 1 0‘1 1 10

o xB,./B5Y. [pb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/

£) STXS measurements: ttH and tH [0

EEEEEEEEEE

p'' <60 GeV | o
60 < p* < 120 GeV |_._.|.|
ttH

120 < p < 200 GeV —e—
pH >200 GeV —e

tH +—o |
||||| | | ||||||| | | ||||||| | | ||||||| |

1072 107 1 10
0 xBy7./B3y. [pb]

e I
---------- S et 0 Providing differential
_____________________________________ . measurements in pt(H)

pY <150 Gev —
Sl bins for ttH

l_._+| n n n n
__________________________________________________ —= | =+ Start having sensitivity
w1  for tH production

0 xBy./Bov. [pbll

Hongtao Yang (LBNL) June 24, 2021, PKU HEP Seminar 24



- )
rrrrey "'

STXS mterpretatlon EFT

ATLAS

EEEEEEEEEE

BERKELEY LAB

ATLAS Prellmlnary

—68/CL

Vs=13TeV,139fb~"  weeeee 95 % CL

my =125.09 GeV, |yy| < 25 —— Linear
SMEFT A = 1 TeV Linear + quadratic

) T U T e ootsmsmstos D S N
CHG uG,uH.top (X10) e
CHq ................ _.__ ...............

] _L_
O B | O S S

CHw, HB,HWB,HDD,uW,uB

\\\\. \\\\\\\\ e — \ \\\\\\\ \.\\
& + ..............

CHW , HB,HWB,HDD,uW ,uB

LHC will not have a major
increase of Vs in the future. On
the other hand, LHC will
accumulate very large dataset

In case new physics is beyond
reach of LHC, need to rely on
EFT to extract hints of new
physics from precision

e TR
o T measurements
e ” ________ il EFT operators will introduce
[](01) . nontrivial kinematic-dependent
B e e A S effect: ideal application case
LAG. C;;m;t_erzvg';e()_oss for STXS measurements
e —— T T T -


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/

A@)s STXS interpretation: constraining self-coupling (80 fb-1) A\”

EEEEEEEEEEE BERKELEY LAB
<8, T \ \ T I I ] o 14—y
— [ ATLAS Preliminary —— double Higgs 1 - ATLAS Preliminary |
~ [ Vs=13Tev,275-79.8" — Single Higes o T (s=13Tev,275-7981" |
C}l [ Ky=Kz=K=K=K,=1 — H+HH ] 13j Ky=K,=K=ky=1
6 3 - ASM o :
C ] L +BestFitH K e, . JUPE CELLL AL
5F 1.2~ +BestFitH+HH : N et it I
B [ —68%CL e
F L ..95%CL
4 1.1 =HH
C C —_H
3 C —H+HH
F ———
2r B
1 0.9
1027 NN AT O:HH\HH\HH\HHH AT - ‘ ¥
-20 -15 -10 -5 0 5 10 15 20 - - - — L TR R
20 15 -10 5 0 5 10 15 K20 0,854t
H K)\. A
ATLAS-CONF-2019-049
/
\
H------ * »-----—- H
\ /

- bropagator ° Single Higgs boson production and Higgs boson
decay are sensitive to self-coupling «; through

VBE V%:{f::, u NLO EW corrections (kinematic dependent)

1 — <-— * By performing H+HH combination, we can
- Provide stronger constraint on k; than HH alone

- Decouple k; from other SM couplings like k;
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-049/

EEEEEEEEEEE

Study of CP properties of
top-Higgs interaction in
ttH/tH, H—yy channel

PRL 125 (2020) 061802, CERN news
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://home.cern/news/news/physics/searching-matter-antimatter-asymmetry-higgs-boson-top-quark-interaction

£ CP study in Higgs sector )

- Large matter-antimatter asymmetry in = s .. s

F ____ Observed H—=WW*—evuv
- H— WW* = evuv Vs=8TeV, 20.3 15"

Universe cannot be explained by known = —g=
CP violation mechanism in SM

- Well motivated to look for additional CP
violation sources

 Study of CP properties in Higgs sector

- MR VLA
started with V-H interactions in VBF AR
production or H=VV decay since Run 1§ | i

- CP properties of fermion Yukawa
coupling, on the other hand, were not SN |
directly studied until end of Run 2 QAR e |
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/
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& Highlight of Run 2 Higgs physics: Yukawa couplings & e

KELEY LAB
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x10°
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- Direct observation of 3rd generation fermion 8 L f =13Tev, 139" —Totalpar
. . 2 A H Tognabd S
Yukawa couplings all established. Among them, & 2o PLB 812 (2021) °F 3
. . . . 150 —
is particularly interesting 100F- 19990 E
- Largest (O(1)) Yukawa coupling in SMs 3 -
_g'i 1000 : : : : N : : - -
- Rich phenomenology at LHC PR . SAL L B S I
T -500 !
. . . . © _1000 !
+ First evidence of 2nd generation Yukawa coupling 11015 T80 125 180 135 140 145 50 185 160
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/
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&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

2 T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
% | ATLAS Simulation {s=13TeV, 139 fb™
w , H § 10k —ttH inc.
T - —tHjbinc. -
t E -
) —tWH inc.
C
C
- S . N Y
b S S Y A
©
v o
o
_} PANAANAANAANANY 1:
H-vyy :
\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
g \229900/ Saaaate CP mixing angle o [deg.]
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£ Analysis strategy ]

EEEEEEEEEEE

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

- Divide diphoton sample into two regions S L]
- Hadronic (=3 jets, =1 b-jet, 0 lep) 9 6
- - Hadronic % 12 3
- Leptonic (=1 b-jet, =1 lep) iy - 8
. . . 1 7.3 2
* In each region, train following two BDTs 10 a1
(using XGBoost package) LGP oad i
- _ > 12F akas R
- Bkg. rejection BDT: separate ttH-like G F s=13Tev, a0’ * D@ E
To) T Category 10 T Continuum Background™]
events from continuum background N 7 Lo Background. e
i) C — Signal+Backgroun .
- CP BDT: separate CP-even ttH/tH 5 & E
events from CP-odd \: E
2 =
- Divide categories on 2D plane of bkg. ot—b T :
rejection vs. CP BDTs S o ‘ l /MH ‘ ‘ ‘ ;
m ‘E o/ E
- Fit the myy spectrum in all categories s ot H
simultaneously to extract signal ° 110 120 130 140 150
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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

[%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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£ CP sensitive observables ]

EEEEEEEEEEE

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

E —C /2 Z’ 20.07
> = /4 C
5 H L :
= .05~ I
2 £ 7 JHEP 04 (2014) 004 [
ZO 0.04f |

0.05- o0a. |

0.02:

0.01-

00400600800 1000  120( o, - -
My GeV] ! PRD 92, 015019 (2015)  “¥tb [rads]
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https://arxiv.org/abs/1501.03157
https://arxiv.org/pdf/1312.5736.pdf

[ CP BDT )

EEEEEEEEEEE

2 - ' = LA L LU L A A L I I T
S 45F ATLAS Ly +ets E
g [ tiH ] ]
= D Fitted total E Vs =13 TeV, 139 fb’
30F —¢— Data —
o5F- O-lep, = 3jets, = 1 bjet ¢ Daa
3 'y 105GeV <m, <160 GeV 3 SMH +tH
20 * : g - a=90%k =1ttH + tH
150 * E 00000,
= : 3 L 0-¢ 9@
10F ;| L 3 o e,
- s - ] --9 '
5E ¥ : - "' ® !
= o L.l L = L = SreriPiFl IS BT PP IR B
05— 350" 100 150 200 250 300 350 400 450 500 01 02 03 04 05 06 07 08 09 1
Top candidate mass [GeV] 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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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 0.1 02 03 04 05 06 0.7 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
?: 8- Signal yields & 1 ATLAS % st Signal yields 3 amas
o o ] Vs=13TeV C : 3 Vs =13 TeV
3 7t CPeven 4 o 8 7+ CPodd ; 1 °°0F
8 r ] 139 fo g : . 139 fbr
u% Py ttH/AH 3 2 eE ttH/tH : 4
E E K =1 o ] K =1
5 : . :
Hadronic Leptonic §  mBgoF Hadronic WooF
1 [OveF VeF
OvH OvH
OttHo =0° OttH o = 90°
BtHib o =0° WtHib o = 90°
WtWHo =0° BtWH o = 90°

1234567 8 91011121314151617181920

Category Category
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£ 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)

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

well in all categories

30— —+—ttH MC (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
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 35f_ ,IATLA.IS SimtljlationI —

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

@ 30; Inclusive, %2 p-value = 63.7 % E

25 —

= Acos?(r) + Bsin®(ar) + Ccos(a) + Dsin(a) + Esin(a)cos(a) + F 3

20— —

£ —¢—tHpMC =

15 —

- — Fit -

10 E

5F- =

Interference terms = o .

S 1.02 =

between CP evenand £ &t - +------+- ----- T + ------ oo S
Odd fOU nd negligible 0-96& (0° .7) (75?. 7 (30:5 7 (453. 7 (603. 7 (75?. 7 (90?. 7 (0> .0.5)(0",.2) (453.2) (76’_;7 ”

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

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

= 300p—T—r T e
_% ||||||||||||| E T '|:tt |dt|t Il dl 14 E F A ol I IAa"-|:|‘q|s T % a>40§_ . Dt 3
: = Fitted total and error S T ldg «:«: : g Db — Signal + Background -3
> o _| o nanl_ 6 E igna ckgro
@ 10 ATLAS Wt + H, (0 i 5 i 2800 08 epg Vs=gaTev.139fp : % Saok - Total background.
- Vs=13TeV, 139 fo' [ SM Resonant Bkg ] X 26031 0 bJ:o +0 Oa - LA E 2k - Continuum backgrou "d
- . 5 260~ a 2
- Continuum Bkg 7 g (@0 v o0DO:e-oQ o 5 ?520; 3
— — Q o o oJooo[Jr o 1] O« s 50w IS E .+. _:
Data o - 15 E 3
10 *\ | CRE eeeass-E-H-H- - 0 31OEATLAS '+' 3
= . = T B EEEEE. e Ee - \ oF Vs =13 TeV, 139 fb" ++++
N B c®Ge.0 opeoocsoosaa oo = In(1 + S/B) Weighted Sum . E
— %200Ir:|ﬂﬂﬂﬂ|:|nl:lul:lun-uuuu--u|:| 0= o 120 130 140 150 GVo
7 £ lp-000-0000oo 000 oD s . . " 1 [GeV]
i i S _E||:|l|:||:||:||:| opDodo ooo[oQ s [ 3
1 — 8 gl g S F ATLAS 3
= : Leptonlc E ¢ "l nno@o o oOo00oooOo0o] o%0F -+- s=13TeV, 13917 3
B L L = Blo0o0cl0oc0e o 20000 o |, 2,F _+_-+- _+_ In(1 + S/B) Weighted Sum
2 ! = Background only error B0 DDDDDDlDD L D” DDD 2 E
© ok D ttH +tH, (c, @) fit oBee00000ooone + df Za0fF 3
8 tooo[e |:||:||:|. uuuuu DnnDunE-__1 gzo:_ _+_.+. _+_ E
3 2 DoOe0:000 1O ] E . + E
..................... oD Oe-000 - o 0F 4 +4 4,
12 3 45 6 7 8 9 10 11 12 183 14 15 16 17 18 19 20 100':'.'I'.'.F."I".".F.'I....I....I.---' o 0: ) ) - ) +—0—0—
110 120 130 140 150 160 100 150 200 250 300
Category m,, [GeV] Reconstructed Primary Top Quark Mass [GeV]
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@ CP constraint: not resolve H—yy/ggF Ioops

- Provide direct constrain mixing angle o < gl amas T UgBestit ]
: i 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 : :
0.8 v b b b b b b Iy
assumption on Kt 085 09 095 1 105 1.1 1.5 1£g
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;_ :\ q = _; n r ]
12F = OF T uett o o0 .
10:_ B ” e Data-Bkg ]
i3 : - .
° ;_ATLAS —' Total gz, C,__; 20 :_ _:
4\ 1 I S ]
23_‘/_ 13 TeV, 139 b ---’;Stat. _f ] e A -
0755~ —103 B R T o of | | ----------------------- .
CP mixing angle o [deg.] Odd-like Categories Intermediate Categories  Even-like Categories

Hongtao Yang (LBNL) June 24, 2021, PKU HEP Seminar 40



- 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 2 2 oin2
Ky = K; cos™(a) + 2.6k sin“(a) + 0.11k, cos(a)(k, cos(a) — 1)
2 2 ; 2
k, = (1.28 — 0.28k;, cos(a))” + (0.43k; sin(a))

. Exclude @95% CL without assumption on x;
. e _ = 29T AN B S B
£ 2; — 1 +B|est fit | ><ISM - -g/ or — o “+ Bestfit Xsm 3
FA5C oo e = o “F .2 -
1 :_ lllllllll 3 (5 S e, .~ _: 1 E_ """"" 3(5 _E
0s- = 0.5 E
oF- = OF =
_0.50 E ~0.5( -
N Amas 0 T E ~15F ATLAS N
—1.55 ys-13Tev, 139 10" E _oF 15=13TeV, 139 1b" E
_2:|...|....|....|....|....|....|...|: ol b e b
-15 -1 -05 0 0.5 1 1.5 2 -1 0 1 2 3 4 6 7
Using only ttH and tH info Kk00(0) ttH + tH + Hoyy + ggF Keos()

oo vane oy S 24 2031 PRUMEP Seminer


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

EEEEEEEEEE

« Measurements of Higgs boson
productions and decays now reaching
~10% precision. Agree with SM so far

+ Hints for new physics could be currently
covered by uncertainties

- Combining with CMS: x2 stat

- HL-LHC could hopefully reduce
uncertainty to a couple of percent

- Higgs Factory can further reduce the
uncertainty to sub-percent

+ In the meantime, keep trying out
innovative ideas on current dataset

- E.g. using 4-top process to explore
CP mixing in top Yukawa coupling

Conclusions

proposed by PRD 99 (2019) 113003
by Q. Cao et. al.

Hongtao Yang (LBNL)

|| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental

—— Theory Uncertainty [%)]

2% 4% Tot Stat Exp Th

Ky B= | | 1.8 08 1.0 1.3
~ Projection for HL-LHC

Kw =_. L 1.7 0.8 0.7 1.3

== arXiv:1902.00134

K; = | 15 07 06 1.2

KgE=__. 2.5 09 08 2.1

Ki = | 3.4 09 1.1 31

K = \ 3.7 13 1.3 32

i ——— 1.9 09 08 15

T = | 43 38 10 17

Kzy 9.8 72 1.7 6.4

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Expected relative uncertainty

Current dataset only 5% of
expected LHC total!
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s Typical MC generators used for Higgs boson signal ,,;\lﬂ

Process Generator Showering PDF set s i [1pf;b ]TeV Order of o calculation

goF PowHEG NNLOPS PyTHIA 8 PDF4LHCI15 48.52 N3LO(QCD)+NLO(EW)

VBF POWHEG-BOX PyTHia 8 PDF4LHC15 3.78 approximate-NNLO(QCD)+NLO(EW)
WH POWHEG-BOX PyTHiA 8 PDF4LHC15 1.37 NNLO(QCD)+NLO(EW)

q¢ —ZH PowHEG-Box PyrHiA 8 PDF4LHC15 0.76 NNLO(QCD)+NLO(EW)
99—ZH PowHEG-Box PytHia 8 PDF4LHC15 0.12 NNLO(QCD)+NLO(EW)

ttH PowHEG-BoOX PytHia 8 PDF4LHCI15 0.51 NNLO(QCD)+NLO(EW)

bbH POWHEG-BoOX PyTHiA 8 PDF4LHC15 0.49 NNLO(QCD)+NLO(EW)

tHq MG5_AMC@QNLO  PYTHIA 8 CT10 0.07 4FS(LO)

tHW MG5_.AMC@NLO  Herwig++ CT10 0.02 5FS(NLO)
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£ Statistical methodology ]

EEEEEEEEEEE

« Construct combined likelihood model as multiplication of individual
channel likelihoods

- Common parameters, e.g. signal cross-sections and nuisance
parameters for the same systematic uncertainties, are shared
between likelihood of individual channels

- Use profile likelihood ratio A as test statistic:

= < 14 I I | | | ;
L(a,0(a)) S 120 s sen g T
A(a’) — ( 9) 10: [r:7€H;‘]IZS.09GeV,|yH|<2.5 <eees SM expected .
L& - ;
: 8, v 10 :
- 1-D 68% confidence interval defined by 1 (68%): 4 -
-2InA increasing by 1 (asymptotic limit) 4~ 31222 £
- Assumption validated with pseudo- N
experiments in low statistics case 208509095 1 1.051.11.151.2
KJ/
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£ Kappa parameterization )

EXPERIMENT

. i H
M Effective .. Jroveooon @, 9 oO0000y——g-------
Production Loops i ectve Resolved modifier
interference  modifier
o(ggF) v tb o 1.040 52 4 0.002 k7 — 0.038 K,k — 0.005 £, .,
o(VBF) - - - 0.733 Ky + 0.267 k3,
o(qq/qg — ZH) - - - K b
2.456 k5 4 0.456 r; —1.903
o(g9g — ZH) v -7 K(ggZ H) fz+ e izt
—0.011 Kz Ky, +0.003 Ky Ky,
o(WH) - - - Ky
o(ttH) - - - K2
oc(tHW) - =W - 2.909 k7 + 2.310 K3y — 4.220 Ky
o(tHq) - W - 2.633 K2 + 3.578 K2 — 5211 iy w
o(bbH) - - - nf
Partial decay width “H
r* - - - Ky
rvw - - - /ﬁ%/v .
rod v tb o 1111 K7 + 0.012 k7 — 0.123 k55
FTT _ _ _ K2
rz } } B 2
r : : SRR
1.589 K3y + 0.072 k7 — 0.674 Ky Ky
I v =W K2 +0.009 Ky 5y + 0.008 Ky ey,
—0.002 kykp, — 0.002 Ky ke
r“ v W Klzy) 1118 kjy — 0.125 sy ki, + 0.004 57 + 0.003 Ky ki,
ss 2 2 W ’ H
r - - - K (= Kp) /
THH ~ ~ ~ “i ¢
Total width (B; = B, = 0)
b

0.581 kj + 0.215 &7y + 0.082
+0.063 k2 + 0.026 k% + 0.029 >
Ty v - K +0.0023 15 + 0.0015 k{2

+0.0004 £2 + 0.00022 5, t H q
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£ STXS framework L

Hev, p¥ < 75GeV

- Hty, 75 < pi¥ < 150 GeV
qq — Hlv

Hlv, 150 < pll’ < 250 GeV

Hv, p¥ > 250 GeV

e {FE ey

myj; 2 350 GeV

pi < 200 GeV
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EEEEEEEEEEE STXS measurements: ratios of BR ks

ATLAS

ATLAS Preliminary

Vs =13 TeV, 139 fo™ BB | ol

my;=125.00 GeV, y | <25 . . . .

—~+| * Ratio of branching ratio is a

—e— Total I SM

o free parameter determined

»Pr
0-jet, 10 < p;’ <200 GeV

1-jet, p!f < 60 GeV
1-jet, 60 < p' < 120 GeV '...|
- by data

1-jet, 120 < p’r’ <200 GeV

> 2-jet, m; < 350 GeV, p!! < 120 GeV
2 24et, m; <350 GeV, 120 < p'! < 200 GeV —
>2-jet, m; 2350 GeV, p! < 200 GeV — N H 1 1
- ormalize to asitis

200 < p¢ <300 GeV
< p" < 450 GeV ——e—,

| the cleanest channel at LHC

gg—H

>2-jet, m; < 350 GeV, VH veto
> 2-jet, m; < 350 GeV, VH topo

r7/B 2z 'H
B -/B —eo—

7
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&) STXS measurements: qq— Hqq )

EXPERIMENT

ATLAS Preliminary o

Vs=13TeV, 139 fb” L

—~+| * qgq—Hqgq = VBF + V(qq)H

—e— Total I SM

e ~ . « Provide measurements in Riop

Tet, p¥ < 60 GeV |_._1|

1et, 60 < p < 120 GeV e .

— m;;, and pr(H) bins
99—-H > 2-jet, m; < 350 GeV, p!! < 120 GeV Py | I ]] )

> 2-jet, m; <350 GeV, 120 < p!! < 200 GeV —eH

2 2-et, m; > 350 GeV, p!/ < 200 GeV H—e—
i I - Significant improvement

— expected when H=>WW/TT

> 24et, m, <350 GeV, VH topo *—| T
H i T

ag=raq 22-]e1,350§mﬂ<7OOGeV,p’T‘<ZOOGeV I—QH S XS I I leasurel I Ients are added
> 2-jet, m; =700 GeV, p!! < 200 GeV Hed
>2-jet, my; > 350 GeV, p!! > 200 GeV He-
PY<75Gefl |rmmmm .= e
75<py<1 X 1 1

qq—Hlv 150 < p¥ - < 1 -Jet ' + '
Py 2250G > 2-jet, m; < 350 GeV, VH veto |_|_._|
P! <150G > 2-jet, my < 350 GeV, VH topo .—I—I

gg/qq—Hil | 150 < p¥ < qq —)qu

prazmne > 2-jet, 350 < m; <700 GeV, p'! < 200 GeV ——e

""""""""" > 2+ 27 V, pf <2 \%

e jet, m; >700 GeV, p < 200 Ge |.|.._|

<ph< > 2-j o> H >
o ?Zo pp1 > 2-jet, m; > 350 GeV, p > 200 GeV |.|.._|

L L K e e T el e
_________________ Ll Corrnnld Co il Ll

g 1072 107 1 10
o xB,5./Bay. [pb]
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&2 STXS measurements: V(I)H =21
o |7 pY <150 GeV H—e—

150 < pY < 250 GeV H_._|
p¥ 2250 GeV H-e—

pY <150 GeV PY I|

99/9q—Hil | 150 < pY <250 GeV |__|_._|
pY >250 GeV |_+_._|

IIII| | | IIIII-I| | | IIIIII| | | IIIIII| |
1072 107 1 10
o xB,,./By. [pb]

27

__________ e R v

pY <75 GeV | —e—
sty 75 < p¥ < 150 GeV |.|._._| o . ]

w27z ias - Sensitivity dominated by VH, H—bb
N - e - Splitin p;(V) bins because it has
R Prorrova— — — better resolution
I O S, . .
__________ we | e |« Wil extend to higher p;(V) once
- s 10 VR boosted channel is included
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atLas  Self-coupling interpretation: dependence on production/decay _\”]

EEEEEEEEEE BERKELEY LAB

< 8_I T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T 1T I_ < 8_I T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T | T T 1T T 1T I_
= - ATLAS Preliminary —— pposH, goF . = - ATLAS Preliminary —— H-2ZZ .
N /[ (s=13Tev,275-79.8%" — N 7 Vs=13Tev,275-798f" —— 0OV —
! - Expected (; = 1) pp—H, VBF . ! - Expected (i; = 1) B : : \t;\tI)W* .
i pp—H, VH ] i —— H-o 1w ]
o — o s
'_ — np—HH, ggF ] '_ — — HH— bb ]
5E : 5E ne Y I, I.E
a- NN\ E o (R L
B . - 95% CL
3F - 3k /
2 7 2
L o L : e G\ e /
: : 68% CL,”
O_I L1 | | L1 1 | | L1 1 O_I L1 | | L1 1 | | L1 1 | | - I g 11 | L1 1 |
-20-15-10 -5 0 5 10 15 20 -20-15-10 -5 0 5 10 15 20
LYY Ky,
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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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