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The t-quark and Higgs boson (¢) have a quite rich
phenomenology. == Understanding the couplings and the
connection to BSM, DM etc., is quite important @ LHC
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1=~ all about couplings and
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@ Many processes available
impossible to cover all production mechanism
concentrate on new results spin correlations \-)
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production cross-section

@ a Template Method to measure

tt spin correlations, Interferences...
[Eur.Phys.J.C 82 (2022) 2] b
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@ (i¢ production @ LHC
CP-violation, asymmetries and
Interferences in tt¢
[arXiv:2208.04271, 8 Aug 2022]

@ The tt¢ DM searches
via simplified models

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, |.S.T.



The top quark

° The top quark was discovered (CDF’DO) ﬁlzlztl’\psv:éJMS Preliminary My SUMMary, {5 = 7-13 TeV  June 2022
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@ Double Production at the LHC:
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tt Production: Top spin correlations

I Although produced unpolarised, the t spins are correlated in {t events

t 1
{ﬂ <J/
O =0RR+ 0Ll +O0ORL+OLR 3 o % OR & 0 8
= = = =
/s /r

quantum interference effects between polarisation states exist

1

IS Probe spin correlations using the ¢* i.e, cosf,+ (¢t dileptonic decays)
pp—=t+T+X = 070 + jets + ERS

1 do 1
€+ cdeosf 5(1 + rie 005 Be)

Ke+ = —Kg- = 1 in the SM at leading order (LO)

1 do _ 1
I The Ad,.,- also used in LAB frame 5 Geosty; = 21— Decos®u)
(does not require tt reconstruction)
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tt Production: Top spin correlatio

I Measurements with respect to {#,k:,7; } axis [JHEP12(2015)026]
The (four-fold) normalised cross section distribution:

1 ds 1 P PN X
;m=w(l+Bl'f1+Bz'f2_f1'C'f2)

dQ) = dcosfdp By (B2) = top (anti-top) vector spin polarisations | € = spin correlation matrix

21 (22) =the t’A*' (L’A') directions in the t(f) system

Different polar axes 4 and b can be used, and particles defined with respect to them:

2=cos B, = (4 z=cosf. = £ Why these axis choice?
Correlation sensitive to
Ap A 7 . CP-
The B and C functions are defined in the {f.K,n} basis: g((: f)) z" I}: gi:::
n O Ck, k) o P-, CP-even
Cr, k) +Clk,r) | cly P-, CP-even
C(n,r)+C(r,n) | cl, | P-odd, CP-even, absorptive
C(n, k) +C(k,n) | ¢, | P-odd, CP-even, absorptive
C(r, k) - Clk, 7) ¢l P-even, CP-odd, absorptive
Cn, r) - C(r, n) ol P-odd, CP-odd
Cln, k)= C(k,n) | —c! P-odd, CP-odd
By(n) + By(n) | bLF+bL- | P-, CP-even, absorptive
By(n) - By(n) | bt bl P-even, CP-odd
k = top quark flight:direction in ff system Bi(r) + Ba(r) | bt +b]" P-odd, CP-even
By(r) - Ba(r) | bt !~ | P-odd, GP-odd, absorptive
Bi(k)+ Ba(k) | bl + 0l P-odd,CP-even
F o= (001), Y Bi(k) - Ba(k) | bIt — bl | P-odd, CP-odd, absorptive
By(k*) + Ba(k*) | bET 401 P-odd,CP-even
Yo =Py By(k*) - Ba(k*) | T —bl~ | P-odd, CP-odd, absorptive
PR Bi(r*) + Ba(r*) | bET 4 b1~ P-odd, CP-cven
Bu(r*) = Ba(r) | bI* — b~ | P-odd, CP-odd, absorptive




tt Production: Top spin correlations

=" CMS Measurements [Phys. Rev. D 100 (2019) no.7, 072002]
for each 15 coefficient By,B,, C single differential distributions are used

Integrating over the azimuthal angles (for each axis i.j) %dcz‘:g, :%(1 + Bi cos ),
1
1 ; ; i i ; ; 1 d0 _1 i cos 6l
1 d_Q" _=—(1+HBj cos 0 + B} cos @) —(C;;cos b cos B}) » odcosd], 20+ Bacostd).
odcosbidcost), 4 lds 1 1
. pon | w20 -cmm().
01(0%) = ¢+ (¢-) directions in the t(f) system, with respect to i(j) axis (,K,n) x = cosdi cos

“
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
—— +— POWHEGV2 + PYTHIA8
Data * —=— Data +~ POWHEGV2 + PYTHIA8
—+— MG5_aMC@NLO + PYTHIAS [FxF
== NLO calculation -2 M [Fxx) —=— NLO calculation — MG5_aMC@NLO + PYTHIA8 [FxFx]
—* NNLO calculation
Cu i 0.300+0.0220.031 BX I e — 0.005:+0.010+0.021
i
Lina + + L)
C, e+ 0.081+ 0,023+ 0,023 BX [ S e 0.007 0,010+ 0.021
=) B
c e 0329001240016 B" —_—— ™ -0.023+0.01120.013
an 1 ' »« 0230011 0.
"
-D . 0.237+0.007 + 0.009 BI [ 0.010+0.0110.017
Hv\ 2 MH
lab - 0.167+0.003+0.010 L
Acose Pl 167 +0.003+ 0. B} 1 0.006+0.009+0.010
H " "
A = 0.108:+0.003+0.007 -
i) " . ! ! BY e 0.017:+0.009+0.009
"
result + (stat) £ (syst) result £ (stat) = (syst)
S S [ PRSI U NI U EEI I IS R
0 0.1 0.2 03 0.4 05 —0.06 -0.04 —0.02 0 0.02 0.04 0.06 0.08

Spin correlation coefficient/asymmetry

Polarization




tt Production: Top spin correlation

1= Using the Normalized Differential |A¢,+,- | Distribution (LAB system)

g 04 ATLAS1CMS Prelimi ‘ : ; g 04 ATLASLCMS Prelimi : .
™ 4+ reliminar = B + reliminar - T
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= L ATLAS, L =36.1 o' 4 = L ATLAS, L=36.11fb"
= 04~ T EurPhys.).C80(2020) 754 — = 04— T EurPhys.J.C80(2020) 754
— = [ - F
oft” F CMS, L=3591b' & ] ol F + CMS, L=3591b'
3= r Phys. Rev. D 100 (2019) 072002 i 1 J= C Phys. Rev. D 100 (2019) 072002
2 |- ..._-;_ﬁ - 2 = 'a;‘-;i:';a;a -1
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| |
L | ] C ]
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L | ] N ]
0.3— — ) — 0.3— ! —
= I B = prettasd s MG5aMC+Pythia8 —
o e i e T 5.2 [aMC@NLO, NLO incl] |
F NNLO (NNPDF3.1,1_ =p_=H/4) ] ATLA i
—MNLOINFDRS LR =k =) 40 o P S Powheg-+Herwig7
0.25— Phys. Rev. Lett. 123 (2019) 082001 ] 0.25— ownegrriewig” —
L ] [ ___ CMS MG5aMC+Pythiag |
= - = [FxFx, 2 add. jets] -
0.2C L I 1 1 ! ] C I I ]
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I I Y NI G~ N
g2 F——— e ) " oS F a W
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=" ATLAS and CMS data compared to calculations at NNLO on the left, and
different MC simulations on the right.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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tion: Top spin correlations wi emplate Method

=" Double Differential Normalized Distributions [Eur.Phys.J.C 82 (2022) 2]

Defining (with respect to any of the axis i.j={r.k.n})

1 &o 1 do 1 doxx
d (21,22) =
6 dcosbdcos6), 0dz1d22 f(zl’22) and  fxx:(a1,22)

—_— i r__
oxx dz1dz with X, X' =L,R

8169 = ¢+ (¢") directions in the t(f) system, with respect to i(j) axis rkn)
the Normalised Double Differential Distribution can be defined (at parton level)

f(zl,zz):ZaXX,fXX/(zl,zg) with ZaXX::I

XX’ XX

Phase Space cuts ( etc.) affect the Polarizations differentl Z dUXX/
P P 0, €tc. s Y dendes dzz dzldzz
(the bar = quantltles after cuts)

which implies sf(zl, Z2) = Z aXXrEXX1fXX1(Zl, Zz) + Aim(zl, Zz)

XX’
with @& = /o Interference Term
7 (small but not zero!)
= Fxx:(21,22)
exx' = Oxx//oxx' 2D Templates after cuts

F(z1,22)

: Oxx’ = ORR, ALL, ORL and A|R are the Parton Level spin correlation fractions
(no need for unfolding!)




tt Production: Top spin correlations with a Template Method

Dileptonic Signal Reconstruction: £ ouf
= 99,99 — tt — (b€+l/g)(5£71/_g) N gggz
PROTOS signal samples for SM and pure tgtg, o
4, tat, ti g (all rk,n axes) & DELPHES ‘ oo
15> Constrained Kinematic fit J
I- Mass constraints: mice
(1) (Pw+ +pp)? = E s
@) (Ppw- +pp)? = m,z s ‘
(@) (Pes +pv)? =iy, z
4) (pe— +pp)2 =m2,_

lI- Missing Transverse Energy:
(1) P +px = Ex
(2) py+p) =E ¢
lll- x2 Minimization:

2 _ (m{ecimt)z
(1) x r% + r2
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tt Production: Top spin correlations with a Template Method

1" Template 2D fit example in k axis (from linearity tests)

af (fit) = 0.203723 + 0.00477335 PROTOS (LHC, {'s = 13 TeV)
af (fit) = 0.205561 = 0.00462284 fL.dt =36.1fb"

PROTOS (LHC, s =13 TeV)

N(fit) = 238155

&N
dcos(6},).dcos(6})
N
dcos(8})

deos(8})

Measured
Fitted

=0.29748 + 0.00376902
=0.297427 = 0.00582786

(F
(fit)

3843.4
2797.6+

1751.84

-1 4




tt Production: Top spin correlations with a Template Method

I Interference effects can also be measured in all axes {,k, 7}

Ef(zl, 2) = Z aXX’EXX’]?XX’(Zly 22) + Aint(z17z2)
XX

N-axis




tt Production: Top spin correlations with a Template Method

I Results for the SM and CMDM in all {?,R,F)} axes

2D Template Fit Results K SM CMDM
Prediction Fit Prediction Fit
arr 0.335 £ 0.001 0.337 £ 0.006 0.349 & 0.001 0.350 £ 0.006

Spin correlations parameter Ci arr 0.336+0.003 0.330 +0.005 0.349 £0.001 0.339 £ 0.005
arr 0.165+0.003 0.167 +0.007 0.151 +0.001 0.175 £ 0.007
agr 0.165+0.002 0.160 +0.004 0.151+0.001 0.131 + 0.004
Cige 0.340 +0.002 0.340 +0.019 0.394 + 0.004 0.383 + 0.019
P, 0.001 +0.002 —0.014 - 0.008 0.000  0.001 —0.058 % 0.008

Cii = Orr + ALL - ORL - ALR

Top quark Polarizations P; 0.001 4 0.002 0.000 + 0.008 0.001+ 0.002 0.033 % 0.008
Pt = Orr + ORL - ALR - ALL
R SM CMDM
Pf= Org + QLR - ORL - ALL Prediction Fit Prediction Fit

arr 0.258 £0.001 0.254 & 0.006 0.290 &+ 0.002  0.291 + 0.006
arpr 0.2594+0.002 0.264 +0.006 0.289 +0.002 0.290 £ 0.006

Sample with large top quark arp 0.242+0.001 0.23640.006 0.210+0.001 0.210 = 0.006
anomalous chromomagnetic apr 0.2414+0.002 0.2414+0.006 0.21140.001 0.201 % 0.006
: = Cp  0.036+0.002 0.041 +0.019 0.159 £ 0.002 0.170 + 0.019
dipole moment (CMDM) dv=0.036 3% 5004+ 0.0005 0.015 % 0.010 —0.001 +0.004 —0.011 £ 0.010
also used as a test Py 0.002+0.002 0.006 % 0.010 —0.001  0.003 0.008 % 0.009
s - A®
L=—22t"(d id Z_tGHv N SM CMDM
me (dv +idavs) 9 a Prediction Fit Prediction Fit
arz 0.333+0.001 0.320 +0.004 0.358 +£0.001 0.363 % 0.004
(da set to zero) arr 0.334+0.002 0.329+0.004 0.358 +0.001 0.352 + 0.004

arp 0.166+ 0,001 0.164+0,004 0.142 % 0.0003 0.138 + 0.004
. any 0.167 £ 0,002 0.169 40,004 0.142 % 0.001 0136 + 0.004
take home message: Con 0.336+0.002 0.325+0.010 0.433 +£0.002 0.442 + 0.010

Fits are Very sensitive to P; 0.002 £ 0.001 0.005 =+ 0.009 —0.001 £ 0.002 —0.014 + 0.009
- P; 0.000 £ 0.002 —0.005 £ 0.008 0.000 &+ 0.001 —0.009 £ 0.009
Interference terms in ’

Spin Correlations TABLE III. Theory predictions and best-fit values for vari-

ous polarisation coefficients in the SM and CMDM data sam-

may be probed @ LHC (RUN3) ples. For the theory predictions, the quoted uncertainty cor-
without unfolding! responds to the Monte Carlo statistical uncertainty.
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tt Production: Loop corrections sensitive to top Yukawa couplings

EW Loop corrections in tt Production @ the LHC
[Phys. Rev. D 104, 055045 (2021)]

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, |.S.T.



tt Production: Loop corrections sensitive to top Yukawa couplings

1 EW loops in tf production are sensitive to the Higgs CP nature (k,k)
Phys. Rev. D 104, 055045 (2021)

Effective Lagrangian for top quark Higgs boson interaction
L(Htt) = —@1[3, (B+ ifns) v H, K(&) = cp-even (CP-odd) components
v
SM (pure CP-even): &k=Dand I?: 0

BSM, pure CP-odd: k=0and I'(v= il

s- and t-channels contributions considered

t  guoeoo<s<t?  guoooo—e—1
S H \ H
t  guooo)»—t  goocood»—1
(s-channel) (t-channel)

Interference terms of the tree level with Higgs-loop diagrams

proportional to: (k2 + ;2 ) or (k2 - l?z )

no sensitivity to mixed terms or signs

q CP-odd roughly 40% of CP-even ¢ (k, &)y = a'ét;\{.[[(|fg|2 + 0.39|E|2)

i-Higgs Models, 30 Sep. 2022,



tt Production: Loop corrections sensitive to top Yukawa couplings

1" EW loops in tf production are sensitive to the Higgs CP nature (k,k)
Phys. Rev. D 104, 055045 (2021)

o.

— k=0, KI=0 — IkI=0, KI=0
o008} E — kkl=1, KI=0
o — IxI=0, R1=1 |
0.06/ 1

strong dependence
of Ay, My with k, k

Jany, )/(do, /aay,)
o o
. & 8

(00,0
s 5 b
g 8 8

-2AIn L

FIG. 7: Two dimensional likelihood scans of « and % in the pp — tf (left) and pp — tW H (middle) and pp — tqH (right)
processes at a luminosity of 300 fb~1. The expected 68% and 95% CL regions are presented as contours with dashed and solid
black lines, respectively.
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tion

ttH. tH Prod

I Experimental results on the Higgs CP nature (k,k)

Effective Lagrangian for top quark Higgs boson interaction

m ttH,tH, H—>multilepton
L(Htt) = ——tzﬁt (5 + iRys) v H, k(k) = cP-even (CP-odd) components W : = 138 fo" (13 Tev)
v ot —ss
ecin ¥ Mogeots

-2A InL.

SM (pure CP-even): (k=Dand E: 0 BSM, pure CP-odd: &=0and I?: il

Mixing angle (o) parametrisati k=k:cos(a) and k=h sin(a) 03|

-0
Phys. Rev. Lett. 125 (2020) 061802 ttH, H—bb .
2 [ ATLAS Preliminary 35 S
ttH, Hovyy D Ls-nTev e g
T T T T T T o2 b 1.5
+ Best it Xsm o ] 30 *
o L _ cms Combination  43g ;1 (13 TeV)
i 25 SSE 1S Muttiepton ; ! !
0.5F L [H-yvzz
of 20 1= JH - Multilepton/yy/ZZ
F 0.5]
L 15
3 _ 4L
ATLAS r 9
~1.50 {5=13Tev, 139 10" E| 1
F 0.5
B a7 S B S R N 2 % Bestiiva=11 5 68%CL
Kcos(a) b % SMCP-even: » 95% CL
I CP-odd: ar=90", ] : gﬁf‘el‘pmed
ATLAS  Atas-conr-2022-016 35— - ; o =
EXPERIMENT . - 05 o 05 ! e
feoosa CMS-HIG-21-006 ; CERN-EP-2022-157

2 Sep. 2022, |



ttH, tH Production @ the LHC

Can we probe CP violation and Interference Effects in

associated Higgs production @ the LHC ?
[arXiv:2208.04271, JHEP 4 (2014), JHEP 01 (2022) 158]

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, |.S.T.



ttH, tH Production @ the LHC

5" Probing the top quark - Higgs boson vertex CP nature

Effective Lagrangian for top quark Higgs boson interaction

L(Htt) = 7%1@ (k+ iRys) v H, k(k) = cp-even (CP-odd) components

SM (pure CP-even): (k=Dand I’:= 0

BSM, pure CP-odd: k=0)and k=1

Mixing angle (o) parametrisation: k=k:cos(a) and k=’l?;sin(u)

@ The role of ttH CM system

AB"P(tm,H)

ttH centre-of-mass system

@ The role of top quarks
is also very important

@ x k)5 x k)

b i,5) = .
’ 161157 > |

Spin-parity sensitivity is clear ! i<

is quite important [Phys.

tar

7-A6™(t_h)

cross section (1]

Rev. D100, 075034 (2019)]

A ovents (m, 125 GV}

5

Yor

ttA

7-A6%(t_h)

- '

oo f

o Pi. Pj.
bG,4) = 52
11197 |

cross section [fb]

3 g s &

R R
o}




ttH, tH Production @ the LHC

I=Z" Probing the top quark - Higgs boson vertex CP nature
I Pheno study with tig 27 events i.e., ttp — (bl v)(be™ ) (bb)

5" Event Generation+Simulation @ 13 TeV (RUN2)

@ MadGraph5_aMC@NLO for ttp, ¢ = A, H and ttbb (@ NLO)
Backgrounds @ LO with MLM: {t + jets, {tV + jets, Single t,
W(Z)+jets, W(Z)bb+jets, VV+jets
tt¢ signals for: o = 0°,22.5°,45° 67.5° 909, 135° and 180°

@ MadSpin & Pythia @& DELPHES

@ MadAnalysis5, Njgts >4 @ Nigp >2 9
(pr 220 GeV, || <2.5) -

15" CP-observables [arXiv:2208.04271]

(1) b5 = (B x k)-(Br x k) /(BIBD) o > |

(2) b = (p7-p7)/(IP].1Br])

. ttp . ft 0.14f
(3) sin(6,”) * sin(6;')
(4) sin(04) * sin(()f—ﬁ) (seq. boost) o
5> Observables sensitive to mixing 40,

(5) Aglf = sgn[pr - (Br+ x pr-)] arccos[(pr x ) - (Br x - )]
I=5” Differential cross section and Interference term

2 ~2 .
dUﬁ@ = K° docp.even + K docp.osd + KR doint

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022,



ttH, tH Production @ the LHC

=5 Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)
Reconstructed Interference Differential Distributions (NLO parton level)

60
MadGraph5_aMC@NLO

LHC, (s =13 TeV

[ [rat=to0.m?

Interf. term

Events/bin

20
v

o i‘i%ﬁ!mﬂ

Events/bin

MadGraph5_aMC@NLO
LHC, Vs=13TeV

[ [Lat=100.1"

Interf. term

20f=

-201-

Events/bin

a0F

20F

MadGraph5_aMC@NLO
LHC, Vs=13TeV
Lat=100. 15"

Interf. term

| [ [ I
08 06 04 02 0 02 04 06 08 1

T B P i v
~1 080604 02 0 02 04 06 08 1

Aq>:|' In

i
by’

6 | Lol Lo
-1 08 06 -04 02 0 02 04 06 08

1

-

o

b4

Reconstructed Differential Distributions w/Int. compared to NLO parton level distributions

fMadGraph5_aMC@NLO
LHC, Vs =13 TeV

Events/bin
3
8

160| del:Wﬂ '
140)
1200
are—areg
100 S e
oo™ e

Events/bin

[ MadGraphs_aMC@NLO
3500 LHC, s =13TeV

fL.dl: 0. b

200, “‘L

1
Tleees

Events/bin

2
2
8

500|

_aMC@NLO
LHC, Vs =13TeV
f Lt =100. o'

L
02 04 06 08 1
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-1 08 -06-04-02 0 02 04 06 08 1
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ttH, tH Production @ the LHC

=" Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)
Expected Interference Differential Distributions (after cuts+Kin.Rec.)

< 5 T [Razaans sass L
2 19 MadGraph_aMC@NLO 2 300|-MadGraphs_aMC@NLO E
2 [ L, femtatev 8 i ety i (m, = 125Gov) ]
5 | e e A A o

250 oo channel ]
51 Intert. term !

-5

-1
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ttH. tH Prod

5" Probing the top quark - Higgs boson vertex CP nature using Asymmetries

Asymmetries from angular distributions, defined as: ClLs change with xc (200 fb-1)
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Choose xc when ttH/ttA A.[z] differences are maximum:
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MadGraph @ NLO+Shower (no cuts applied) CLs using Asym. vs Ang.Dist. (200 fb-1)
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Table 1: Asymmetries for the tf6 signal as a function of the mixing angle a, as well as for the dominant background bs 7| e
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DM in tt Production @ LHC

> Normalized Differential Distributions

DM Effects in tf Spin Observables

Less complese
Sketches of models”

Spin Correlations Observables in tf Events @ LHC
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Conclusions

@ RUN 2 =5 top quark + Higgs boson precision physics (spin,
parity, spin correlations in tt, BSM...) quite remarkable for an
Hadronic Collider ...RUN 3 data will improve the situation; 1=
sensitivity to small contributions (NNLO, interferences, etc.) will
(progressively) be more and more important

@ Need to measure the nature of the top quark Higgs boson
couplings and search for additional sources of CP-violation
(direct ttp measurements are crucial)

@ This search can indeed be extend to DM with the significant
amount of luminosity expected at RUN3

@ But spin physics requires: monitoring the parameter space and
finding CP-even and CP-odd angular distributions that can help
distinguishing background from signal and also between different
signals (probably a combination of those would be best.....)

@ CP Asymmetries play an important role at RUN3
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