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The top-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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tt production at the LHC

@ Production at the LHC:
g t  swooe—t 9 t

g t 9 ooy ——— ¢ g t
o()=177.3+9.9748 pb @ 7 Tev, o(11)=252.94+11.77 54 pb @ 8 Tev, o(1)=832"% pb @ 13 Tev

NNLO+NNLL, m; =172.5 GeV PLB 710 612 (2012), PRL 109 132001(2012),
JHEP 1212 054(2012), JHEP 1301 080(2013), PRL110 252004 (2013).
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Top quark pair production (1)

1= Example of Decay Observable: cos 8} [Fo, Fi, FR]
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FM = 0.0017 + 0.0001 .
@ NNLO QCD caloulation, PRD81(2010)111503 5 WWWVWWW

(Fo+FL+FR=1)




tt Production: Top spin correlations

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

1 1
£ -
0=0RR+ 01 +0OR+0OIR 2 L, & op & S
= = = =

i r

quantum interference effects between polarisation states exist

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

1 do 1
€+ o deost, = §(1+I€[C0592)

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
» k By(n) + Ba(n) | biT+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 correlatio

=" 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 a2 1 0 i j j i j 1_do *1(1+B‘005€‘)
2 "0 = (1HBjcos8i + Bjcos ) —(Cijcos b cos ) » odcosfy 2 2T
odcosbidcost), 4 ldo_1, na
i =30-Com(fy).

61(6) = ¢+ (¢-) directions in the t(f) system, with respect to i() axis (fk,n)

x = cos 0} cos &}

“
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
—+— Data +— POWHEGV2 + PYTHIA8
—s— Data +— POWHEGV2 + PYTHIAS
—-— —+— MG5_aMC@NLO + PYTHIAB [FxFx
NLO calculation - M [Fxx) —=— NLO calculation — MG5_aMC@NLO + PYTHIA8 [FxFx]
—* NNLO calculation
Cuc - 0.300:+0.022:£ 0.031 BX ——— 0.005:+0.010+0.021
by 1 >
i
- -
C, e+ 0.081+ 0,023+ 0,023 BX [ S e 0.007 0,010+ 0.021
=) B
Con HeH  03294001240016 Br —— ™ -0.023£0011£0.013
" 1 i
-
-D e 0.237+0.007 + 0.009 BI [ 0.010+0.0110.017
i 2 "
i
-
A:vhw [l 0.167+0.003+0.010 B" ———y 0.006+ 0.009+0.010
. " 1 CH
s .
Ay R 0.108:+0.003+0.007 BY L —— 0.017:+0.009+0.009
! o "
"
result + (stat) £ (syst) result £ (stat) = (syst)
S S [ PRSI U NI U EEI I IS R
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Spin correlation coefficient/asymmetry Polarization
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tt Production: Top spin correlations

5" Using the Normalized Differential |A¢,+, | Distribution (LAB system)

g 048 ATLAS+CMS Prelimi ‘ ' '
_ 1+ reliminary _ |
g - LHciopwa Vs = 13 TeV (Nov. 2020) .
= L ATLAS, L =36.1fb" i
—~ 0.4— Eur. Phys. J. C 80 (2020) 754 —
= - o e o
ol r CMS, L = 35.9 fiy' %
3= r Phys. Rev. D 100 (2019) 072002 | ]
% 0as =]
= 0.357 — - ATLAS Powheg+Pythias | ]
|
—lo C CMS Powheg+Pythia8  r——tj—- 7
- | i
0.3— o | -
L [rr——— ]
_ '! |=...=: T
S NNLO (NNPDF3.1,p_=p_=H/4) 4
0.25— Phys. Rev. Lett. 123 (2019) 082001 —_|
0.27 1 | ]
O] 1.05
= o “F + B
5|2 E * ﬁ ﬁ o e o == =]
|2 1 . L — r++..1
—=|Z S —— r + ' —
8 F ¥ b ]
0 9‘:: B ATLASstat®syst. & CMS stat.® syst. ]
.95
0 /6 /3 /2 2n/3 5m/6 ki3

Parton level| Ao(*, I')| [rad]
=" ATLAS and CMS data compared to calculations at NNLO.

(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!)




RL (R-axis)
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tt Production: Top spin correlations with a Template Method

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

aX (input) = 0.2 PROTOS (LHC, Vs = 13 TeV) a¥ (fit) = 0.203723 = 0.00477335
a% (input) = 0.2 f L.dt=36.1fb" aX (fit) = 0.205561 = 0.00462284
a% (fit) = 0.29748 = 0.00376902

a* (input) = 0.3
aj(input) =0.3
N(input) = 238155

(

.

aX (fit) = 0.297427 = 0.00582786

N(fit) = 238155
3843.4

3837.2
& ~
% =
g kg
Z T 2794.2 8 2797.6
o) Z ©
z %
] z
S B 2 .
o S
2 1751.3 5 ° 1751.84
2 o
a F=4
g &
=
708.3 706
1 1
1
-1 4 -1 4

PROTOS (LHC, Vs = 13 TeV)
fL.dt =36.11b"
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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 {#,k,7} axes
2D Template Fit Results

Spin correlations parameter Ci= arr + dLL - OrL - ALR

Top quark Polarizations

Pt = Orr + OrL - ALR - ALL
Pi = Orr + GIR - ORL - OLL
K SM
Prediction Fit

arr 0.335+0.001 0.337 £ 0.006
arr 0.336 £0.003 0.330 £ 0.005
arr 0.165 £+ 0.003 0.167 £ 0.007
arr 0.165 +0.002 0.160 £ 0.004
Ckr 0.340 +0.002 0.340 £ 0.019
P, 0.001 £ 0.002 —0.014 £ 0.008
P; 0.001 £0.002 0.000 % 0.008
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tt Production: Top spin correlations with a Template Method

1" Results for the SM and CMDM in all {?,R,h} axes

2D Template Fit Results

Spin correlations parameter Cii= drr + dLL - ORL - GLR

Top quark Polarizations Sample with large top quark

ic

chr
Pt = ORr + ORL - QIR - ALL dipole moment (CMDM) dv=0.036

Pt = Orr + GLR - OrL - ALL

N

arLrL
QRR
QLR
GRL
Cnn
Py
Py
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also used as a test

L= {%fw”(dv + z'dA"/s);tG;“’
‘ (da set to zero)
CMDM
Prediction Fit

0.358 & 0.001 | 0.363 £ 0.004

0.358 = 0.001 = 0.352 £ 0.004

0.142 4+ 0.0003 0.138 £ 0.004

0.142 £ 0.001  0.136 + 0.004 e S
0.433 £ 0.002 0.442 + 0.010 Interference terms in
—0.001 & 0.002 —0.014 =+ 0.009 Spin Correlations
0.000 £ 0.001 —0.009 £ 0.009 may be probed @ LHC (RUN3)

without unfolding!



tt Production: Loop corrections sensitive to top Yukawa couplings

EW Loop corrections in tt Production @ the LHC
[Phys. Rev. D 104, 055045 (2021)]
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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 ¢o(k, &)y = a'ét;\{.[[(|fg|2 +0.39|%[%)
nio Onofre LHC Physics Course, 3 April 2023



tt Production: Loop corrections sensitive to top Yukawa couplings

=5 EW loops in tf production are sensitive to the Higgs CP nature (k,k)
Phys. Rev. D 104, 055045 (2021)

0. A T T e T 015 ARRamaRRsEssnanay
r — Ikl=0, K1=0 1 F — lcl=0, KI=0 -
0.081~ — Ikl=1, Kl=0 [ — Ikl=1, Kl=0 ]
~= L — Ikl=0, RI=1 ] ~ — Ikl=0, Rl=1 7]
3 Nt BN e
° n [ — kl=0, KI=2 ] ° S — Ikl=0, KI=2
Q 004 — Ikl=2, Rl=2 ] 9 0.05f — Ikl=2, Kl=2 ]
g 1 L 18 ]
E 0.02— ! E 0: ]
w ] 9 r ]
Z o j \ ] % i 1
% C ] = L -
§ 0027 ] 8005
b E £ 2 .
B 004 7 =2 L ]
~ r 1 -0 -
-0.06]— . [ ]
_ocg_umm.mmuu\m,\m\mmm: G 1| I N R FEEE NPT PN N
"4 3 2 1 0 1 2 3 4 "> 400 500 600 700 800 900 1000 1100 1200
Ayﬁ Mﬁ[GeV]
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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
ttH,tH, H—multilepton

mg - . ,
L(Htt) = — 2, B+ iRys) v H, (K(E) = cP-even (CP-odd) components CM? e 13810 (18TeV) )
v . ity
SM (pure CP-even): k=Dand'k =0 BSM, pure CP-odd: k=Qandk = 1
Mixing angle (o) parametrisati k=ktcos(a) and k=K sin(a)
Phys. Rev. Lett. 125 (2020) 061802 ttH, H-bb .
g [ ATLAS Preliminary £
ttH, Hoyy & [ svern % g
= : R < o[ \ ° 75
€ + Best it X sM L 30
& S E r .
“ . _ cms _ Combination 58 (137ev)
i 25 B 5E T H D Muttiepton ) ! ™
L [H-yyzz
o ol 20 1= [JH - Multilepton/yy/zZ 4
—0.5F t o5 El
. 15
= s L
ATLAS 0f
~1.5F {5=13Tev, 139 6" 3 F 10
P T T P oL o e E
-15 -1 -05 0 0.5 1 15 2 [ % Bestfita=11"x 5 £68% CL
K,c08(0t) H SMCP-ever e A E
r CP-odd: or=90", K= : gm@mmd
ATLAS  Arias-conr2022-016 35— 5 ; ., B oreecea T
EXPERIMENT Kl cos o =1 05 0 05 1 15
! CMS-HIG-21-006 ; CERN-EP-2022-157
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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
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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) = —%zﬁg (K irys) v H, K(K) = CP-even (CP-odd) components

SM (pure CP-even): (k=Dand K=0 BSM, pure CP-odd: kk=0)and k=1

Mixing angle (o) parametrisation: k=k:cos(a) and k=ke sin(c)
@ The role of ttH CM system is quite important [Phys. Rev. D100, 075034 (2019)]

ttH
g iRk iH ovents (m =125 GoV) e ey o A ovonts (n =125 G0
=15+ =15+
oF ttH = ttA
5 g
et HHH g G
DO (trH) B - B gk
ttH centre-of-mass system
9 b/t 0.5 0.5
x/b/t
<\/i.,w 3 2 I
A6™(t  h) A6™(t  h)
near near

9 b/t
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ttH, tH Production @ the LHC

=" Probing the top quark - Higgs boson vertex CP nature
Effective Lagrangian for top quark Higgs boson interaction
L(Htt) = —ﬂﬁt ®+ ifys) v H, (k) = CcP-even (CP-odd) components
v

SM (pure CP-even): (k=Dand E= 0 BSM, pure CP-odd: &=0and I'<“= 1

Mixing angle (o) parametrisation: k=k:cos(o) and k=%sin(a)

@ The role of ttH CM system is quite important [Phys. Rev. D100, 075034 (2019)]

b, ) = vl vf. =\ o S
(% Sy
|P; ||Pj |

-2
i rame

cross section [fb]

rane

ttH centre-of-mass system

cross section [fb]

@ The role of top quarks
is also very important
7 % k)5 x k)
1115/ —7

osb s e e ]

b(i,5) =

2 . X
Spin-parity sensitivity is clear ! E




ttH, tH Production @ the LHC

I5° Probing the top quark - Higgs boson vertex CP nature
1" Pheno study with tig 2¢ events i.e., tt¢ — (b0t ) (b0~ 7)(bb)

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

@ MadGraph5_aMC@NLO for ftp, ¢ = 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° 90°, 135° and 180°

@ MadSpin Pythia @& DELPHES

@ MadAnalysis5, Njgts >4 @ Nigp >2 L
(pT >20 GeV, |n| <2.5) -

5" CP-observables arXiv:2208.04271

(1) 67 = (B x ).(Br < R)/(BILIBD) o > > |

(2) b = (p7.02) /(1B -IPr))

GdAd"

0.18F B

(3) sin(67) « sin(61) o
. ttp . Y
(4) sin(0,,7) * 5|n((9.£—?) (seq. .bf)OS'[) O e ST Aé“
5" Observables sensitive to mixing %

(5) Agff = sgn[pr - (B x py-)] arccos[(Br x pr) - (Br x pr-)]
I Differential cross section and Interference term

2 .2 I
dog, = K° docp-even + K docpodd + K7 dgint
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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 < 60 <
ﬁ MadGraph5_aMC@NLO ﬁ MadGraph5_aMC@NLO ﬁ 40f- MadGraph5_aMC@NLO
£ LHC, (s =13TeV £ LHC, (s=13TeV £ LHC, (s=13TeV
g g o g
& 40 f\.m:muon & 40 f\.m:wum @ 30 f\.ul:wu'h
Interf. term Interf. term 201 Interf. term
20 201
>
.y 5
B "
o=t R = TE0 - e o =3 rrdeesetas
FhriaF - .
=
20 20~
Faz25 20 Faz225
+a=i50° +azis0
a0 +az67s a0l 30 +a=675
a= 135 : 3 +a= 13
-+ Average + Average prs + Average
60! Il Il Il Il 1 Il Il 60!
21 -08-06-04-02 0 02 04 06 08 1 1 0806 -04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
A¢:I‘ In b bf°

5
I Differential cross section and Interference term
dat?@ = /‘52 docp-even + FCZ docp-odd + KR doint
solving for doint we get:
2 ~2 ~
doint = dogg — (K% docp-even + £~ dogp-odd)/ (KR)
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ttH, tH Production @ the LHC

I5° Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)

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

£ £ 400 £
$ 180L MadGraph5_aMC@NLO g MadGraph5_aMC@NLO % 600[ MadGraph5_aMC@NLO
g LHC, Vs= 13 TeV g 350 LHC, Vs=13TeV § LHC, Vs =13 TeV
0180 [Ldt=100. 1" o Ldt=100. " W goof- [ Ldt=100.15"
500
a0k 3000
1201 250 400~

‘me 200 300/~
s St e [

Lt U 200
100
40~
i s 100|
201
1 1 L 1 I | Ll I
-1 -08 06 -04 02 0 02 04 06 08 1 -1 -08 -06 -04 02 0 02 04 06 08 1 -1 -08 -06 04 02 0 02 04 06 08 1
@ g g
Aq’\l fn b2 bl

=¥ Differential cross section and Interference term

2 ~2 ~
dogy = K° docp-even + £~ docpodd + KR doint
solving for doint we get:

doint = dogy — (K° docp-even + R° docp-odd)/ (k)
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ttH, tH Production @ the LHC

I5° Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)

Expected Exclusion CLs using Differential Distributions w/

Interference
.';,’J&ﬁ ‘=M: gn‘[gv A9 /r (with Intert.) k,':g;.,‘f a=m1: gN'IL'gv b
Lumi= 3000 fb" m, = 125GeV - e oot m, = 125GeV .
1 F 1
0.95 0.95
05
11— 09 0.9
0.5—
0.85 0.85
0.8 0.8
s o 075 v of- 075
0.7 0.7
0.65 ¥ 0.65
05—
0.6 0.6
.
0.556 0.55
05 -1 - L 05

-1

=¥ Hard to mexasure Interference terms (even at the HL—LHCS:
...need to study other channels and observables
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ttH, tH Production @ the LHC

=" |dea for RUN 3: use Asymmetries

Asymmetries from angular distributions, defined as:

A7) = o(Z >xz.)—0(Z < )
° o(Z > xc) +0(Z < )
+ t =
R -
- + + B
z
AlZ) = AR* 4+ BR% +...
+1 Te +1 o
Aox docp-even — / docp-even and B o docp-odd — / docp-odd
Te -1 Ze -1
MadGraph5 @ NLO+Shower (no cuts applied)
Asymmetries T, tt¢ signal mixing angle a (deg.)
Choose Xc when ttH/ 0.0° 225° 45.0° 67.5° 90.0° 135.0° 180.0° | t@bb
. A7) 030|035 —031 —0.15 +0.15 +034 —014 —-036 | 017
ttA AC[Z] differences A b —050 | 4041 +0.37 +0.22 —0.04 —022 4022 4041 | 4033
. . Acfsin(8%) #sin(8)] | +0.70 | —0.27 —0.26 —0.20 —0.09 —0.03 —0.20 027 | —0.56
are maximum: Acfsin(67%) xsin(6] )] | +0.60 | +0.05 +0.05 +0.07 +0.09 +011 +0.06 +0.05 | —0.38
(seq. bomc)

Table 1: Asymmetries for the tf¢ signal as a function of the mixing angle a, as well as for the dominant background
tibb at NLO+Shower (without any cuts), are shown for several observables. Significant differences between
the asymmetries for the pure scalar (o = 0.0°) and pseudo-scalar (a = 90.0°) cases are observed for several
asymmetries.
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ttH, tH Production @ the LHC

=" |dea for RUN 3: use Asymmetries

ClLs change with the cut-off definition for the asymmetry xc CLs using Asym. vs Ang.Dist.
(200 fbt) (200 fb-1)

LHC, (s =13 TeV b, (Asym. Scan)
o i Gl

MadGraphs
Lumi= 200 15" Xpgyman =014
2 1L

en
P
P
o 05 1 15 E oo
x x , -,
=2 - 0 1 2
b (Asym. Scan) LHC, {5=13 TeV (Combination) Asym. Scan K
12500V Mg =004 m,= 125GeV
o Loy L e Angular
oss oss Best of All Angular ist.CL
oo 2560V
(&)
oss oss
os os
075 e o7s T 055
0.65 065 ve o 075
os oo or
oss oss 4L o
g os -,
K x 2 s
& g G i Eant
x
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DM Effects in tf Spin Observables

Less complece
Sketches of models

Interaction Lagrangians for Spin 0 and 1 Mediators

conpice Spin-0 mediator model

LY, = Xp(9%, +1i9%,75)Xp Yo

pure scalar: gSxp= gSuzz=1, gPxpo= gPu33=0

pure pseudo-scalar: gSxp= g5u33=0, gPxp= gPuzs=1

Spin-1 mediator model

v
LY = Xpyu(g¥, +9%,7)Xp YI*

q % pure vector: g¥xp=1, g¥u33=0.25, gAxp= GAq33=0

ial- © gVep= GVo33= Axp= Ag33=
Scalar/pseudo-scalar Vector/Axial-vector pure axial-vector: g“xo= g435=0, g4x0=1, ghe33=1

Note: reconstruct only the tt system and study
spin-parity effects in exp. observables
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DM in tt Production @ LHC

I~ Normalized Differential Distributions

DM Effects in tf Spin Observables

Spin Correlations Observables in tt Events @ LHC

Lo complere
s‘;’: LHC, (=13 TeV 45 e =tate
Skecches of models More s MadGraph5_aMC@NLO § .75 MadGraphs_aMC@NLO
complete TI® 0.5-NLO+Pythia s 75 NLO+Pythia
O #yo[J=0] o7fHtYO[JP=0"]
065
Q Complere
L 04504 08 0408 0 02 04 08 08
g cos(o)
q X 3‘;?: LHC, (=13 Tev 3 [ " iue, m=13Tev
g MadGraph5_aMC@NLO g 0.75| MadGraph5_aMC@NLO
15 0.51NLO+Pyth IS 075 \Lospythia
ty1 [P=1] . o7EttY1 [P=1]
¥ 0451~ i
VIA | 0.5 T
| i
4 N o8 Qo
B T
Scalar/pseudo-scalar Vector/Axial-vector 058
o5
Note: reconstruct only the tt system and study 048]
spin-parity effects in exp. observables - Ao
B es T s 2 25 s 04" 08 06 0402 0 02 04 06 08
L4} cos(¢,)

0 Onofre
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DM in tt Production @ LHC

I Differential Distributions

Just one simple example
P P Spin Correlations Observables in tt Events @ LHC (analysis)

Less complete

< preTTTrT T < ASRLARM M SRR RAR A AR AR
H MadGraphs_aMC@NLO £ 35000 HadGraphs._aMC@NLO E
“Sketches of models’ §350001HC‘ Vs=13TeV - § LHC, {5 =13 TeV
& I oo Lat-te0.7 T, oomia ]
30000524y channet B o chamnl
° 250001 - o4
25000 . E 5
Sinle Top Sigle Top
&
20000 i B
20000~ E ‘
i I
s, -+ et E 5, .+ gt et E
1000 3 rs000)
100005 B
5000 &
el o e bl el ke | ol e b kel
01702703 04 05 06 07 08 09 720806 0402 0 02 04 06 08
(exp) 189, | Fx (exp) cos(p,,)
X < ARISAMARASRRARAY £ AR AR R
H MadGraphs_aMC@NLO 2 40000 adGraphs_aMC@NLO E
£90000F1110, Vs - 12 Tev 3 5 LHC, V5 = 13 TeV
- 1 1Yo (J° & - - o Y0 (J=0° =06 |
oo f Let=100.15 ¢ 350005 "Lt = 100. f o,
o chamel oo cramel
70000F- ERE TS 2 E
60000} Single Top E R—" Singlo Top E
X 0000 o 7 200000 I E
0000f- i, -+ et E 5, ghtjets
Scalar/pseudo-scalar vector/Axial-vector 15000 E|
30000 E

10000F- E|
20000F- E|

Note: use me=0, and mpu=0 oo N ; —

w ook, |y (U0 Lovel b |
%7708 -06 04 02 0 02 04 06 08 %1 208 -06 04 02 0 02 04 06 08

(exp) cos(0 *)x cos(0 ) (exp)b,
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DM in tt Production @ LHC

I CLs exclusions

Just one simple example
P P Exclusion Limits for tt Events @ LHC (analysis)

ey SM (Null Hyp.)
‘Sketches of models’ ore LHC C.= 13 TeV (exp) Iag, LHe =13 7Te\ (exp) cos(y,,)

Dark atle \o = 0068V Dark Matte Mediator m,, =006V
o e e
i+ L s
o SR
, | | e , | |
=z g o oz g 3
9 %,
LHG, (B=13ToV (exp) cos(e",Jeos(r =13Tev (oxp) b
v " scor Dark Mmlcchmalnvm =006ev Vadreohs aMCONLO Dark Matter Mediator m,, = 0.0GeV
3 . e e
: o e o
Es .
Scalar/pseudo-scalar vector/Axial-vector y
9y

Note: use mo=0, and mpm=0
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DM in tt Production @ LHC

I CLs exclusions

Just one simple example
P P Exclusion Limits for tt Events @ LHC (analysis)

SM + Jp=0+ (Null Hyp.)
‘Sketches of models’ ore LHC, [s=13TeV (exp) Iag, LHe

s o Dark Matter

B
,
95
PP SO —— o
wo (o (¢ ( (exp) b,

Dk Mtr Mot m =006V oMt ediato m, 0.0V
L@ :

e

Scalar/pseudo-scalar vector/Axial-vector

Note: use mo=0, and mpm=0
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M in ft Producti LHC

I CLs exclusions

Just one simple example

Less complece
Sketches of models

Exclusion Limits for tt Events @ LHC (analysis)
SM + Jp=0+ (Null Hyp.)

LHC, fs=13 TeV (exp) I
i uE L0

(exp) cosis,
ot o Sactaor myp=0.0GeV

i e
(ex

e e Mctnor my,=0.0GeV

i e

. , . T &3 o o5 o T
T 05 g 05 0 5 a5 o

Note T use m(D:d CMS-HIG-21-006 ; CERN-EP-2022-157|

Dark Matior Mediator m,, = 0.0GeV
e

9,

Complece

2 15E 1 Mutlepton (exp) cos(o, Joos(r,

:
ok Mot e M

(=L

95% CL
+ Bestiil
¢ SMexpected

Scalar/pseudo-scalar
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DM in tt Production @ LHC

I CLs exclusions

Just one simple example

@ Sketches of models

Limits from 2D also good for tt Events @ LHC (analysis)
SM (Null Hyp.)

LHe, r 3Tev (exp) 2D[cos((f) cos (]
Dar Mater ediator m = 0008V

Zyn

q X

Scalar/pseudo-scalar vector/Axial-vector

Note: use mo=0, and mpm=0

o o m
‘ﬂ‘c\“, DY aarts \,‘,\S’*
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Conclusions

@ RUN 3 has started! =" sensitivity to small contributions (NNLO,
interferences, etc.) will (progressively) be more and more
important

the LHC is becoming a very precise machine

@ Top quark spin observables are indeed quite powerful to probe
New Physics

@ 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 can play an important role at RUN3
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