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CP - Violation (CPV)

- CPV is of fundamental importance for our
understanding of the laws of nature !

- CPV + CPT-invariance implies non-invariance of
the microscopic EOM under time-reversal

- CPV implies different physical properties
of matter and anti-matter

- CPV is inseparably linked to flavor physics



CP - Violation (CPV)

- We know that CP is not a symmetry of nature !
(measured in K,D,B systems ...)

unfortunately, CPV(SM) is not sufficient for explaining the
observed baryon asymmetry of the universe

B on general grounds, one expects any generic new physics to
entail new BSM CP-odd phase(s):

many BSM models/interactions/particles with new CP-phases
“on the market”
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In fact - its "a mess” |



We need a plan
Understanding the patterns of CPV @ TeV-scale

- Ignorance (regarding underlying heavy physics):

EFT extensions probably best | use SMEFT basis...

Still a mess: SMEFT(dim.6) has O(1000) new CP-odd phases |
We need guiding principles ...



We need a plan

- Understanding the patterns of CPV @ TeV-scale

- Ignorance (regarding underlying heavy physics):

EFT extensions probably best | use SMEFT basis...

Still a mess: SMEFT(dim.6) has O(1000) new CP-odd phases !
We need guiding principles ...

- Apply well motivated (flavor) underlying restrictions

- Use reasonable assumptions + "selection rules” for the UV

- Where to look for the expected leading CPV effects?



CPV @ the high-energy frontier: guiding principles

2 well motivated limiting (flavor) cases to consider:

- SMy: SM has a 6, = U(3)° flavor symmetry when all
fermion masses are set to zero:
SM, is CP-conserving !

- SM;: the SM; with a massive top-quark has a reduced
symmetry 6, = U(3)* x U (2) x U (1) c 64 :

Lsm, = Lsm, + (yt(??,t(g + H-C-)



CPV @ the high-energy frontier: guiding principles

- EFT parameterization of NP

o0 1 _
L=Lsu+ Y 1mmg D@
n==>5 /)
use the SMEFT framework (basis)

- SMEFT can likewise be segregated into the sectors
that posses the Gy & G, global symmetries of the SM,
and SM; ; then

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LSMEFT, + LSMEFT,



CPV @ the high-energy frontier: guiding principles | - co Y iy ol

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LsMEFT, + LSMEFT,

- CPV sectors of SMEFT, & SMEFT,:

CPV CPV
‘CSMEFTO ‘CSMEFTt

o= [ABCGAGBPGSH Qi = (G307 TAt) G4,
Qw = fHEGIW/PWER | Quy = (gzot) TTgW],
Qe = ¢ ¢Ga,GY | Qip = (g30"'t) $By,
Qu = T oW, G Qis = ¢'¢ (Gst)
Q¢B — CbTGbeyB’W
quﬁ/B = QbTTI(bW;{uBMV

O(1/A?) interference effects (CPV) only from:

SMEFT, x SM, & SMEFT, X SM,




CPV @ the high-energy frontier: guiding principles c=cm+§j4;%@§">

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LsMEFT, + LSMEFT,

- CPV sectors of SMEFT, & SMEFT,;:

[CPV [CPV
§ SMEFT, SMEFT,
& g = I GE GG = (1 TH) 3G,
R ~ i N
e B Qi = f”KG,{,,UWquWf& Quw = (gzo*'t) TI¢5W,£V
s"? @y = o1 pG, G arQup = (G30Mt) pBuy
¢ - o
& Qi = ¢TOW,,, G Qip = ¢T¢ (G3t) ¢
R N
\00 WquB — ¢T¢B,“/B,Lw
%’ b I virT puv
WQqWT/B — gb T CbW,uyB

* these opts are Loop Generated (LG) in the underlying theory

I expect corresponding Wilson coef: |oy; ~ 1 / (471' )2

Arzt, Einhorn, Wudka, NPB(1995), hep-ph/9405214 & Einhorn, Wudka, NPB(2013), arxiv:1307.0478

9



CPV @ the high-energy frontier: guiding principles | - co Y iy ol

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LsMEFT, + LSMEFT,

- CPV sectors of SMEFT, & SMEFT,:

L CPV LGPV
§ SMEFT SMEFT,
& TQe= fABCGAYGEPGSE Qe = (30* T4t) ¢G4,
X y ) -
@ wQuy=fRGrWIPWIL Quw = (G0 t) T oW,
N o Qus = 01 90CAGY Qi = (320™) $B
{ ~
& Q= ¢ oW, G
& ~
\q,(" WquB — ququm/BuV
‘OW WQ . — QbTTIQbWI BrY
$W B pv

Berlying theory

¥ expect cor'r'espond' e | ~ 1/(47‘(’)2
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CPV @ the high-energy frontier: guiding principles | c-cou+ fj e Dol

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LsmerT, + LSMEFT,

- CPV parts of SMEFT, & SMEFT,:

[CPV [ CPV
§ SMEFT, SMEFT,
& Qe = GGG Qi = (20 T 96
@ Q= fUEGIWIPWEL Quw = (G0 t) T oW,
s"? @y = o1 pG, G e Qg = (G30Mt) pByy
< - =—
& o Quw = O OWLGH | ler Quo = 910 (@t) 6
R -
\QJO < quf; — ¢T¢BW/B‘MV
2K t gy puv
WQ@’)VT/B =¢'T qu,uI/B

* the only opt. that is Potentially Tree-Level Generated (PTG) !

" expect (naturality) corresponding Wilson coef: . — 0(1)

Arzt, Einhorn, Wudka, NPB(1995), hep-ph/9405214 & Einhorn, Wudka, NPB(2013), arxiv:1307.0478



CPV @ the high-energy frontier: guiding principles c=cm+§5A§4;%Q§">

Lg, = Lsm, + LSMEFT,
Lg, = Lsm, + LsMEFT, + LSMEFT,

If SMEFT possesses G, ..

- Only Qs can potentially generate leading CPV effects
@ high-energy colliders - in top-quark systems ...

Qi = o'p(Gst) ¢ == Lun = —ht(a+ibys)t

- Best bet: CPV from interference of tree-level diagrams

e.g., in

e‘e- — tth
pp — tth
pp — th +X
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CPV @ the high-energy frontier: guiding principles

Qi = 10 (Gt) &

- However: CP asymmetry behaves as:

2
v

A2

/7
docpv

-ACP 0.¢
docpc

/'\Im (MsnM} )

13

T My




CPV @ the high-energy frontier: guiding principles

Qis = ¢'¢ (a3t) ¢

- However: CP asymmetry behaves as: /'\Im (MSMMJLP)

2
v
X Az

7
docpv

ACP 0.¢

docpc

Qip = 979 (G3t) &

| Mgy |?

Acp ~ O (—) ~ O(1%)

- Such CP effects are, unfortunately, too small to be detected

SBS, Soni, Wudka, PLB 2025 (arxiv:2407.19021)
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Acy %)

Examples of tree-level CP asymmetry (Ac) from O,,
SBS, Soni, Wudka, PLB 2025 (arxiv:2407.19021)

Qip = 919 (G3t) &

0O ag, ~ agy ~ My /v
— linear fit

I I I I ]
10 12 14 16 18

Im(« ¢ 4’))




- No CPV signal is expected (e.g., @LHC)
from SM X EFT interreference if
underlying heavy physics obeys the

approximate SM flavor symmetries
(60 & 6,)




(Lvuly) (Esy™er) (&pvuer)(Esr er)
(vl ) (@) (Upvuter) (Usy" ue)
(vl ) (dey*dy) (dpYudy)(dsy¥dy)
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(@) (Usy ) (Eyuer) (dydy)
v HAOWEVER v
T ,YT o (7, T u, ) (dy T dy)

If flavor is violated in the underlying heavy theory

then:

all SMEFT opts containing flavor-violating
combinations of fermion fields can violate CP |

il

(' Dy o) (1)

(préé (P))(i z“l)) (Lvulr ) (L7 1e) (Ber)(dsqd)
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CPV @ the high-energy frontier: guiding principles

CPV from flavor violating NP

- Leading CPV effects in this case from NPxNP' @ tree-level

- No SM contribution @ tree-level |

z
do = dO'\CPc + daév
N

4
|MNP|2 0. ¢ Tj\—}ﬁ

18
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CPV @ the high-energy frontier: guiding principles

CPV from flavor violating NP

- Leading CPV effects in this case from NPxNP' @ tree-level

- No SM contribution @ tree-level |

/1
do = da\CPC + dO'CPV
N
|MNP|2O< 1—42 vg=vorvg =FE ..
~ - P asymme'rrg expected in this case: ﬂ

docpv
~ O(1
Ace & docpc (1)

\” A Y,




Large | CPV
From flavor-violating NP

in the top-quark sector ...

Best "bet”: top-quark FV interactions (least constrained, heavy top ..)



CPV from flavor violating NP

Interesting example: tull/tcll 4-Fermi contact terms

SMEFT = Qﬁ)qu = (gje) €k (@kﬂ) Qﬁéu = (Ejgnve) €ik ( "

21

QS — (ERER) (fRuR) , QT — (ERO'MUER) (-ERO-[J,UUR) " ! = €, p,‘




CPV from flavor violating NP

Interesting example: tull/tcll 4-Fermi contact terms

QS — (ERER) (fRuR) , QT — (ERO-,U,UER) (-ERO-[J,UUR) " ! = €, p,‘

 Scalar_ Tensor

SMEFT = | Qi) = (7e) ein (¢*w) || Qfh = (Powe) ese (3“0™w)

1
L=Lsy+ = [(asQs + arQ7) + H.c]
22 A2




- Matching to possible underlying BSM scenarios:

Tree-level exchanges of the heavy R,, S; LQ's

”-l-

w‘/ 1.
ag = dap = Y1y R,,5; R, & S; can address Ry~ & muon g-2 anomalies
2M7,,
Y2
4- u/c

Specific proportion of
Wilson coefficients
used as benchmark from
underlying UV physics

Im (g - ap) = 0.25

Qs = (ZRKR) (fRuR) , Qr = ('E_RO-MVKR) (-ERO-,LLIIUR) ; L=e, K

23



CP test in high-pr multi-leptons events

constructing
GENERIC (model-independent)

tests of BSM-CPV
in inclusive multi-lepton processes

SM-CPV in multi-lepton signals @ LHC is negligible !

can only arise from EW processes at higher loop orders ...

24




CPV & multi-leptons events

Afik, SBS, Pal, Soni, Wudka, PRL 2023 (arxiv: 2212.09433)

- Focused on tri-lepton events (applies also to n-leptons events ..)

pp — 0T + X3
pp = 000 + X5

)-g-, Ot =eFptp, pFete

25

o {0 =e,u,T (preferably £ # £')

o Xg, Xg

jets and missing energy




CPV & multi-leptons events

Afik, SBS, Pal, Soni, Wudka, PRL 2023 (arxiv: 2212.09433)

- Focused on tri-lepton events (applies also to n-leptons events ..)

pp — 0T + X3

)-g-, Ot =eFptp, pFete

pp = 000 + X5

e o

o \,U' =e,u, T (preferably £ # £')

] e X3, Xg

jets and missing energy

tull 4-Fermi is “injected” as an EFT toy model

Qregu = () e (¢*)

26
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CPV in tri-lepton events from single top production

pp = T0 +t,
pp— L4 +t+5

u t aq t u g
e+ e+
£+
I £
= g i g t
tull/tcll 4-Fermi

\ dim.6 scalar : Og = (Fe)e;r(7u)

dim.6 tensor : O = (Fo,,e)ejr(TF o™ u)

Signal (e.q.):
pp ot y+ y- + X > e+ y+ y- + X (& CC channel)

27



CPV in tri-lepton events from single top production

pp = 010+t
pp = LT +t+ ]

& - — { T o
' ~ - i ~ -
& \ B ‘ 4 B ? 14
Y - e 11 LLLE I & g ~TEeeus0 T ¢
g

tull/tcll 4-Fermi

\ dim.6 scalar : Og = (IVe)ejr(q"u)

dim.6 tensor : O = (Fo,e)ejr(g o u)

Signal (e.q.):
pp ot y+ y- + X > e+ y+ y- + X (& CC channel)

This channel has interesting implications also for generic BSM searches of new

heavy states around the TeV-scale which generate top-leptons 4-Fermi

Ry PRD2021, (2101.05286), Afik, SBS, Soni, Wudka



Dominant SM backg.

pp —» WZ +X

followed by W & Z decays ...

much smaller contribution from:
pp — ttW, ttZ, tVV, tt, Z+jets
followed by t and V decays ...

29

NP signals
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Dominant SM backg. NP signals

N ¢ 9 200000 —»— 1 U—— gpope00- 9

pp — WZ +X ‘ o \?1 g \b;f;‘j’ “
59 I 2 T
followed by W & Z decays ... 5 - g ——— g J—
much smaller contribution from:
pp — ttW, ttZ, tVV, tt, Z+jets
followed by t and V decays ...
CPV part

da—(CPV) X € (puiapE""apE"‘va—) -Im (fo;")

2
min) — O'SM( min) f

No interference with SM: o (mﬂg Myy F Y Np(m%n)
_ . d
o(m?) = olmee 2wty = [ dmae

my™n - useful discriminating parameter

30



Generic CP-asymmetries for tri-lepton events:

sensitive to tree-level CPV |

Py

Acp = (AT — Ar)

() |

pp e pp +X

- Divide into 2 “hemispheres” in O space and define the

P-violating & Ty -odd observables (odd under t+ — -t):

31
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Distribution of 0cP

we are looking for asymmetric
distributions of Op

Ar

_ N (Ocp >0) = N (Ocp < 0)
"~ N(Ogp>0)+N((Ogp<0)’

|

—

Ocp = Pe- - (ﬁ,ﬁ X ﬁu—)
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Results: ug—-tupyy— pyye
(tuyy 4-Fermi)

ug-fusion: A = 1(2) TeV
Acp 11.1(7.9)%
Ar 16.4(13.5)%
Ar -5.8(-2.3)%

12 A
Q VAN

0~

A
O—<

10 -

O(10%) asymmetry at high m; !

(di-lepton inv-mass > 150

=
. Acp should be easily detectible ..
Za
'e' ug - fusion; tull 4-Fermi with A=1 TeV
0 1 | | | 1 1 1 |
33 50 100 150 200 250 300 350 400 450

m__(ll) [GeV]



Results: cg—->tuyy— pyype

(tcuyy 4-Fermi)

cg-fusion: A =1(2) TeV
Acp 3.9(0.7)%
Ar 3.1(0.5)%
Ap -4.7(-1.0)%

é 2-4% asymmetry at high m |
< (di-lepton inv-mass > 150 GeV)
Acp

'e' cg - fusion; tcll 4-Fermi with A=1 TeV

34 100 150 200 250 300 350 400 450
m__ (Il) [GeV]



= SUMMARY

+ Take home message:

.‘ONCLUSION

If the underlying heavy physics is weakly coupled ..

CPV from interference effects
(SMXNP)

is NOT accessible @ TeV-scale scattering processes !

35

Need to look elsewhere ...



‘oncn.usnom

- Look for:

CPV signals in processes that may originate from FV
dynamics in the underlying heavy physics

in this case: CPV from (NPXNP) interference !

Best bet:

processes in which top-quark FV interactions are involved
(CPV effects typically a m; ...)

36



W

.‘ONCLUSION

An attractive example:
CPV in inclusive tri-leptons signals @ the LHC

pp -t y+ py- + X —> e+ y+ y- + X (& CC channel)

37



= SUMMARY

‘oncn.usuou

* An attractive example:
CPV in inclusive tri-leptons signals @ the LHC

pp -t y+ py- + X —> e+ y+ y- + X (& CC channel)

Resulting CP asymmetries:
0O(10%) with new CPV TeV-scale NP

SM backg. for CPV in multi-lepton events is at best sub-% level ..

Expect O(10000) high-pt tri-lepton events @LHC

with L ~ O(1000) fb-! & TeV scale NP (generating a tull 4-Fermi)



Thank you!



Backups



ONCLUSION

+ If flavor is violated @ TeV-scale in the top-quark
sector, then large CPV effects might be manifested in
multi-leptons signals at the LHC

- Besides: multi-leptons signals provide an excellent & rich testing
ground of NP:
flavor physics, lepton flavor universality, CP-Violation ...

“Tri- and four-lepton events as a probe for new physics in ttll contact interactions”
NPB980 (2022), 115849 arxiv: 2111.13711, Afik(CERN), SBS(Technion), Pal(UCR), Soni(BNL),
Wudka(UCR)

“New flavor physics in di- and trilepton events from single-top production at the LHC and beyond”,
PRD103 (2021), 075031, arxiv: 2101.05286, Afik, SBS, Soni, Wudka

“High pT correlated tests of lepton universality in lepton(s) + jet(s) processes; An EFT analysis”,
PLB811 (2020), 135908, arxiv: 2005.06457, Afik, SBS, Cohen(Technion), Soni, Wudka

“Searching for New Physics with bbll contact interactions”,
PLB807 (2020), 135541, arxiv: 1912.00425, Afik, SBS, Cohen, Rozen(Technion)

- We have constructed useful CP asymmetries for measuring CP-violation in
multi-lepton events

* These asymmetries have several new & unique features, that make them
particularly useful for searching for CP-violation at high-energy colliders



W ‘oncn.usuou

- Our CP tests use multi-lepton final states as probes, which makes them
experimentally highly distinctive

- They are based on simple kinematic observables that only require the
reconstruction of the relatively easily-identifiable charged-lepton
momenta

- They can be generated by tree-level CP-violating underlying physics,
making them very sensitive to new physics

- They are generic, meaning they can probe a wide range of underlying
new physics

- They include a new modification to the classic formula for CP-
violation in scattering and decay processes, which takes into
account the effect of an asymmetric initial state on the
measurement of CP-violation



Qs

(ERER) (fR’U,R) , Qr = (ERU’,J,UER) (fRUuuuR) ; L=ce, %

Scalar

1
Tensor L=Lgn+ Az [(as@Qs + arQr) + H.c.

- Current sensitivities (bounds):

43

A(tupp) , A(tuee) > ~ O0(0.5 TeV) , Scalar
> ~0(1 TeV), Tensor
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Current sensitivities (bounds ...)

what do we know about the FC dim.6 (tu)(2l) opts

LEP: (ee — tu,tc): LHC (pp — tt followed by t — ppu + jet):
A(tuee) > 0.5 - 1.5 TeV A(tupp) ~ A(tuee) >~ 0.4 -1 TeV
(depending on Lorentz structure) (depending on Lorentz structure)
SBS,Wudka PRD1999 Chala,Santiago,Spannowsky JHEP2019 (1809.09624)

PLB2002 (0210041) ; EPJC2011 (1102.4455) IS stlod it

Davidson,Mangano,Perries,Sordini EPJC2015 (1507.07163)
Durieux,Maltoni,Zhang PRD2015 (1412.7166)
Aguilar-Saavedra NPB2011 (1008.3562)
Boughezal,Chen,Petriello,Wiegand PRD2019 (1907.00997)



multi-leptons signals - a window to NP

(1) :pp = €5 +n-jp+m-j+Er+ X,

20) :pp =" +n-jp+m-j+Er+ X,
(36):pp—)ﬁ’i€+f_—I—n-jb—l—m-j—l—ET—l—X,
( ):pp—)f’iﬁ"z':ﬁf_—|—'n,-jb—l—m-j+ET—l—X

- Rich & clean signals in the hadronic environment of the LHC

- Excellent test ground for NP (e.g., in pp — ttV,
- Sensitive to many types of underlying NP

(lepton-flavor violation, lepton universality violation,

ttH, tV, t1t L):

lepton-number violation - same sign leptons, CP

violation ..)

- easy to construct observables with charged leptons

- High-E/p; (TeV energies ..) leptons still relatively unexplored

- Correlated multi-lepton channels due to common underlying NP !

“Tri- and four-lepton events as a probe for new physics in ttll contact interactions”

NPB980 (2022), 115849 arxiv: 21

11. 13;1 1, Afik(CERN), SBS(Technion), Pal(UCR), Soni(BNL),
Wudka({UCR)

“New flavor physics in di- and trilepton events from single-top production at the LHC and beyond”,
PRD103 (2021), 075031, arxiv: 2101.05286, Afik, SBS, Soni, Wudka

“High pT correlated tests of lepton universality in lepton(s) + jet(s) processes; An EFT analysis”,
45 PLB811 (2020), 135908, arxiv: 2005.06457, Afik, SBS, Cohen(Technion), Soni, Wudka

“Searching for New Physics with bbll contact interactions”,
PLB807 (2020), 135541, arxiv: 1912.00425, Afik, SBS, Cohen, Rozen(Technion)



Constructing CP-asym. for tree-level CPV

Map—pr—g+0- = Mlei(%% + Mzei(%%

I ¢1,2 are CP-odd phases & 4§, ; are CP-even phases (from FSI, loops )I

CPV @ tree-level (no FSI phases: 3=0) !

- To probe tree-level CPV one needs Ty -odd observables ( T, : t+ — -1 )
=> Ty -odd observables do not vanish when FSI phases are zero (3

= 0)
TN -

asymmetries based on triple-products (TP)

Ocp = pp- - (ﬁﬁ X ﬁe—)
Oce = Do+ * (Do— X Po+)

46



CPV &= multi-leptons events: Constructing CP-asym from
TP's

- Divide into 2 “hemispheres” in O, space and define the
P-violating & T\-odd observables (odd under

t— -1):
Recall:
gia;;"(:ef/+p-—>e+p+p- + X & CC AT: OCP>O)—N(OCP'<O)

(I'=ze , I= )
Oce = pp— - (Pe+ X Py-) =

Oce = Do+ - (Pe- X Pe+)

47




CPV &= multi-leptons events: Constructing CP-asym from
TP's

- Divide into 2 “hemispheres” in O, space and define the
P-violating & T\-odd observables (odd under

t— -1):
Recall:
Zia;;telp-a- - > e+ py+ - + X & CC AT OCP > 0) N (Ocp < 0)

(I ze , I= )

N (
N(Ocp > 0) —+ N(Ocp < U)
Oce = Po- - (Bp+ X Pr-) . _N(-

Ocp > 0) — (—Ocp < 0)

_ A — |
Ocp = ﬁf.f+ ) (ﬁfi— Kj‘ﬁ}+) S ( Ocp > 0) +N( ng < 0)

In general: A7 # 0 & Ar # 0 may also be a signal of some
strong or generic CP-even phase (FSI...)
even if the underlying dynamics are CP-conserving !

/

- Isolating the pure CPV effect: Acp = 5 (AT — AT)

48




Recup:

ppotpy —eppy +X

Acp = (AT — Ar)

l\.'}l
N
N

NP (CPV)

Qs = (Crlr) Crur) , Qr = (lroulr) CroOuwur); L=e¢, Ml

N (Ocp >0) — N (Ocp < 0)
"~ N(Ogp>0)+N(Ogp<0)’

N (=Oc > 0) = N (—Ocp < 0)
N (=Ocp > 0) + N (—Ocp < 0)
Op =p (ﬁ,ﬁ ng)

Oce = Do+ (Pu- X Put)

SM contributes to the denominators while NP(CPV) contributes to numerators !

|

Asymmetries sensitive to di-leptons invariant mass:

SM € low m,

49 m"

NP € high




Non-Hermitian CPV opts:

All non-Hermitian opts can in principle carry a CP-odd phase without FV in the
underlying physics. These are the non-Hermitian PTG opts:

Qoud = i(ngDufb) (uvy*d)

However, these opts do not conserve the G, & G; sym. So that there interference
effects with the SM are suppressed by powers of m/Lambda! ...

50



CSX's

51

TABLE I: The estimated cross-sections in [fb], for the
NP tri-lepton signals and the SM tri-lepton background.
Numbers are given for the NP parameters
Im (fsf7) =0.25, A =1 TeV and for three values of
Mmin(€€) as indicated. See also description in the paper.

Momin (0) [GeV] =

200

300

400

onNp(PPug — £ 4™ + X)

12.43

11.65

10.84

O'Np(’t_bg 00T+ X)

0.98

0.87

0.76

JNp(p’ng — V=0T + X)

0.37

0.32

0.27

O'Np(ppgg — €’+€_€+ + X)

0.37

0.32

0.27

osm(pp = 0474~ + X)

0.33

0.11

0.05

osm(pp = 004 + X)

0.56

0.21

0.10




Sensitivity to scale of NP

52

12 ¢

101 —ug - fusion: tull 4-Fermi

= -cg- fusion: tcll 4-Fermi |
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FIG. 1: The expected CP-asymmetry Acp, as a
function of the NP scale A, for m,;»(¢£) = 400 GeV
and Im (fsf7) = 0.25. Results are shown for the cases
of NP from ug and cg-fusion, which arise from the tuf¥¢
and tclf 4-Fermi operators, respectively. The SM
background is calculated from pp - ZW+ + X.



Sensitivity to scale of NP: uncertainties

12}
10
8
P
= ol
o
<
i - -¢-9--
f+ -
’ 3 L
obr ~ —4—ug-fusion (tull), A =1 .
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ta
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FIG. 2: Acp as a function of m,,;,(£T47), for A =1
TeV, Im (fs f1) = 0.25 and including the SM
background. The dependence of the asymmetry on A is
given in Appendix E The error bars represent the
expected statistical uncertainty with an integrated
luminosity of 1000(3000) fb~! for the
ug-fusion(cg-fusion) case.

53



Axis dependent asymmetries

Oép = pi», . (ﬁb X ﬁc)%

m?y?z R
crP —

(47— A7)

DN | =

A measurement of the axis-dependent
asymmetries can be used to distinguish
between the different types of underlying

NP: in our test case, between the tuf{

and the tctt CP-violating dynamics ...
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TABLE II: The expected Tn-odd and CP asymmetries
Ar, Ap, Acp and the corresponding axis-dependent
asymmetries A%, A%, ALy (i = z,vy, 2), for the
tri-lepton events pp — ¢/*¢¢— + X at the LHC with
Mynin (£€) = 400 GeV. Results are given for both the
ug-fusion and cg-fusion production channels (and the
CC ones). Numbers are presented for A =1 TeV,
Im (fs f7) = 0.25 and the dominant SM background
from pp - ZW* + X is included. The cases where an
asymmetry is < 0.5% is marked by an X.

Acp | A¢p A%’P Aép
ug-fusion: 11.1%| 8.1%, | 8.1% | X
cg-fusion: 3.9% | X X [5.6%

Ap | A% | AY | A%
ug-fusion: 16.4%(11.3%,|10.7%|3.8%
cg-fusion: 3.1% | 5.0 X X

Ar | A& | Ay | &4
ug-fusion: -5.8% |-5.0% [-5.6% (3.1%
cg-fusion: -4.7%|-6.3% | X X




EFT-validity
Two "measures” to consider:

2 4
UNP(g7A7 mﬂf) = % . O'SMXNP(mEE) + g_ . UNPXNP(mEE)

A4
3 I P
A2 I /9= A2/g2
Addresses the validity of the || The EFT expansion param - the
specific calculation within the EFT | expansion of the effective

framework - depends on the details | Lagrangian at leading order in g/A

of the underlying heavy physics and |
the process at hand I
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EFT-validity

Two "measures” to consider:

2
NP(g,A,mg€)= g O_SMXNP(m )+

Addresses the validity of the
specific calculation within the EFT
framework - depends on the details
of the underlying heavy physics and

the process at hand

mm >§<

Ry<1 mdtcates validity of EFT

e S\X (A M ey

EFT may hold also when R, > 1

NPXNP(mEE)

A4

~

s
Rajg = A2/ g2

The EFT expansion param - the
expansion of the effective
Lagrangian at leading order in g/A

SMxNP interference term < O(Rj/g4)
NPxNP term < O(R3%,,)

Rp/g < 1 naively indicate the
regime of validity of the EFT
prescription & the potential ef fects
from higher dim opts can be

assessed fromR, ,



EFT-validity

Consider bounds (A,,in) obtained on the scale A of
an s-channel underlying NP pp - NP > I7l” ;. s =my

tnln tufl operators min tefl operators

£ =140 fb!
L M =1000 GeV

4

35

£ =140 fb!
miE* = 1000 GeV

15 2 25 3 35 4 45 5
mi;* [TeV] max
my
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- Consider the underlying hard processes for tri-leptons
production:

ab — ¢ ~4t¢~ and ab — ¢'T4 4t

- CPV requires at least 2 amplitudes with different CP-odd phases:

Mab—>£’—£+g— = Mle’i(fﬁrl—él) + Mze’i(fﬁz-l—csz)

¢1,2 are CP-odd phases & 4; 2 are CP-even phases

Mg pig-gr = My =#1101) | M, ei(=02102)
CC channel
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- Classification of CP according to Ty transformation properties ( T\ : + — -+

)
Mab%gr—g-l—g— — Mlei(qbl_'_(sl) + Mzei(%—'—éz)
- Type: TN - TN -
- CP asymmetry: Acp o cosAdsin Ag¢ Acp o sin Adsin A¢
triple-products (TP) asymmetry dot-products
Oce = Do~ - (Pe+ X D) % — ﬁf’_ ) (ﬁﬁ"‘ _ ﬁﬂ_)
Ocp = P+ * (Do X Do) Ocp = ]5’@'-!- : (ﬁe-l‘ _ﬁﬂ_)

odd under P & under Ty (t — -1)

and C(Oc) = +@ C(@: +Ocp
C.P(Ocp) = —Ocp , CP(OCP) = —Ocp N(€I—€+€—) _ N(£’+£_£+)

Acp = N(0—0+0-) + N(£+4—4+)

or rate asymmetry

4 Acp function of N (sign(Ocp)) & N (sign(Ocp))




- Classification of CP according to Ty transformation properties ( T, : + — -

t)
Mab—}ﬁ’—ﬁ-l-ﬁ— = Mle'i(¢1+51) + Mze‘i(qbz—l-fsz)
- type: TN - TN _
- CP asymmetry:  Acp o cos Adsin A¢ Acp o« sin Adsin A¢

A¢:¢1 ¢27 A(5—(51

- phases: Both CP-odd & CP-even

- Sensitivity: tree-level CPV strong phase from FSI
typically higher order effect ..

- Expected size: O(10%) 0(0.1%)
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Constructing CP-asym. For tree-level CPV

Mapsor-g+4- = Mlei(qbl—'_}{) + Mye!(#2+52)

I ¢1,2 are CP-odd phases & 4, o are CP-even phases (from FSI, loops )I

- Classification of CP according to Ty transformation properties ( T, : t+ — -

t)
- type:

- CP asymmetry:

- requires: Only CP-odd phase

CPV @ tree-level (no FSI phases: A3=0)

6, g




Constructing CP-asym. For tree-level CPV

- Divide into 2 “hemispheres” in O, space and define the
P-violating & T\-odd observables (odd under
t — -1):

ab — '—¢t¢~ and ab — 004t

Mappr-p+o- = Myet @110 1 £, ei(92192)

NG = 1 — 3 A5 = by — b, /
A

= s

< Ar x sin(Ad + Ag) >
MH(A(S — Ag

in general: A7 # 0 and/or Ap # 0

could be generated without CPV 2
(ie., Ap=0& A§#0) These are sensitive to the CP-odd

phase BUT are NOT proper CP-
asymmetries |

o since: CP(A7) = A




Constructing CP-asym. For tree-level CPV

- Divide into 2 “hemispheres” in O, space and define the

P-violating & T\-odd observables (odd under
t — -1):

ab — '—¢t¢~ and ab — 004t

Mappr-p+o- = Myet @110 1 £, ei(92192) AT

NG = 1 — 3 A5 = by — b, /
A

<ATocsin(A(5—l—A¢)> — CP>0)+N(_O—CP<_O) |
MH(A(S A¢

in general: A7 # 0 and/or Ap # 0
could be generated without CPV
(ie, Ap=0& AJ#0)

/‘

- Isolating the “pure” CPV effect: A p =

S (A7 — )

(V) |
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V x Im(MlME)

l

T _ fR d@fa(a)fb(a)v -5ign(Ocp)

ab(ab) — f dq)f ] f N7
R ™=/ a(a)/b(b)
/ \

POFs U « Re(M M5)

- The resulting CP asymmetry:
A = ¢1 — ¢2, Ad = &1 — 02,

Loy + L3 . Lo — Ly .
Acp = — b cos Adsin Ag + =2 9 sin Ad cos A¢
“conventional” CPV term: initial state not self conjugate:
CP-odd & Ty-odd CP-even & Ty-odd
(CPT\ = CPT) (CPTy 7 CPT)

1 _
Acp = 5 (Ar — Ar)
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- The resulting CP asymmetry:

Lap +15 Lop — 1

ab sin Ad cos A

Acp = b cos A sin Ao

“conventional” CPV term: initial state not self-conjugate:
CP-odd & Ty-odd CP-even & Ty-odd
(CPT\ = CPT) (CPTy # CPT)
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tpoi Ar = T sin(A¢ + AS)

Ar = T sin(—Ag + AS)

CP-odd & Ty-odd CP-even & Ty-odd
Ia I—_ . Ia, — I(_I,_ .
Acp = b+ Lab cos Ad sin A¢ + b2 b sin Ad cos Ag
(Ag) (” fake”)
AL AY
Key points:

e "contamination" to the CPV measurement can arise if initial state is not self-conjugate

e at the tree-level: AJ =0 (no FSI) = regardless of initial state properties:

all 3 asymmetries are o« CP-odd phase & thus are good measures of CPV !
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CPV & multi-leptons events: Constructing CP-asym from
TP's

- Divide into 2 “hemispheres” in O, space and define the
P-violating & T\-odd observables (odd under

t — -1):
ab — '—¢t¢~ and ab — 004t
Mapsp—gio- = My P10 4 Mo ei(92102) AT —
A7 x sin(Ad + Ag)
Ar o sin(Ad — Ag) Ar =

A = ¢1 — ¢, Ad = &, — by

A measurement of Ar # 0 and/or A7 # 0 may indi-
cate the presence of CP-violation (CP-odd phase), but
may also be a signal of some strong or generic CP-even
phase, e.g., from final state interaction (FSI), even if the
underlying dynamics that drives the processes under con-
sideration is CP-conserving.

i 1

- Isolating the pure CPV effect: Acop =

67

(Ar - A7)

D |




CPV & multi-leptons events

- The resulting asymmetries:

I

Y

Ar = Tpsin(A¢ + Ad) "o

g
N

RENS

Ap = T.; sin(—A¢ + AJ)

Ace = o (Ar — Ar)
/ “conventional” CPV term initial state not self-conjugate
Ib+I—_ . Ib—I—— .
Acp = = b cos Adsin Agp + =2 90 sin Ad cos A¢
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v’alm(&ﬁﬂg)
- [ d® fo(a) fo)V - sign(Oce)
ab(ab) fR d® fo(a) fb(E)U

PDF's



q
CPV B~ multi-leptons events N

Z

Ar = Lpsin(A¢ + AS) "o

%

Ar = T ;sin(—Ad + A) \

- The resulting asymmetries:

(Ar — Ar)

N | —

Acp =

/ “conventional” CPV term initial state self-conjugate

Lov + L5 _ ab— L7 .
Acp = b_; ab cos Ad sin Ag b2 b sin Ad cos A¢

——

o

.................................................... T
a modification to the dassic formula Vot (084
~ for CP-violation in scattering and - )

. decayprocesses Jn 42 Jot@) o)V - 5182(Oce)
 takes into account the effect of an | Zap(ab) = [ d®foa fom U

- asymmetric initial state on the -~ R =5 Ja(@)75(0)

- measurement of CP-violation -

PDF's



CPV & multi-leptons events

ReCClP . A7 = T sin(A¢ + A6) Ap =T _;sin(—A¢ + AJ)

Lap — Ly,

Lov + 1 :
b+ 2q b sin Ad cos Ao

Acp = EcosAchinAqb—l—

e A7 # 0 and/or A7 # 0 can be observed even in the absence of CP-violation (i.e., A¢ = 0)
due to the presence of CP-even phases Ad # 0 ...

e |Ay| # |A7| is possible at the LHC even with A§ = 0 (if different PDF’s are different: f,, fo # fa, f5 )
due to CP-asymmetric nature of the initial state at the LHC ...

e Acp x sin A¢ (maximal when A§ — 0) if same PDF’s of incoming particles (f. fo = faf3)

e Acp x sin A¢ when Ad — 0, even when f, f, # fafs

Acp is essentially probing the underlying CP-violating dynamics !

— —

the case, in general, for the scattering processes at the LHC if there are no resonances invvolved,
’ since then CP-even phases can only come from FSI, which occur at higher loop orders,
70 whereas Agp probes tree-level ( CPV effects !




- Considering only tree-level effects (no CP-even phases from FSI)

- general form of the amp. in presence of dim.6 SMEFT
(o, = Wilson coef. & ¢,

= CPV phases) |
Misg = Mgy + 3 56 Myeide + -
- Then, 3 types of tree-level CPV effects (NP=SMEFT) :

- TL-CPVI: CPV from SMxNP interference

- TL-CPVII: CPV from NPxNP' interference;
no SMxNP interference, but with a SM contribution

- TL-CPVIII: CPV from NPxNP' interference;
no SMxNP interference, and without a SM contribution
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- TL-CPVI: SMxNP interference Qis = 019 (Gst) ¢

o
docpe o | May]? + ‘A*‘j’lﬂe (M, ) cosGus + -
|t

9 Im (MauM], ) sin g + -

- TL-CPVII: NPxNP' interference,
no SMxNP interference, with a SM contribution

(83 X
docpc x | Mgy +Z| el | My |? + Zl kol (Mka) cos Ay +

/

e
docpy Z | k EI (MkMzi) sin Agg; + - Aoy = o — @

- TL-CPVIII: NPxNP' interference,
no SMxNP interference, without a SM contribution

.
docpc oc | Dyl +Z‘ | My |* + ZI X il (Mksz)mSAﬁbk!"'
k<l

L
docpv Z I k II (MkM;) sin /—\f}f’kt +
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- Then, for 3 types of tree-level CPV effects:

- TL-CPVI: SMxNP' interference

- TL-CPVII: NPxNP' interference, with a SM contribution

- TL-CPVIII: NPxNP' interference, without a SM contribution

CPV source in o Leading CPC term in ¢|Acp|Ngp(Acp)
TLCPV-L | Im (MsyM}p) o %3 | May|? v | 9
TLCPV-II [Im (MN o MLP) o Y& | Mgy v v
TLCPV-IIL| Im (M}, p MY p ) o & Myp|? o 45 1 vg

vg =vorvg =F
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CP1l = CFlINIT nho FOL

- S-matrix unitarity (SS*=1) in term of scattering amp:

e *
Tfi o Tif = lz Tnftni

n

* If no FSI (t Hermitian), Tif = Tf
then:

If CP is conserved then T-reversal also conserved, and:

Tif = T5; = T; 5, (N0 FSI)

!

|Tif|? = |7y |2

Modulus of 7 is invariant under T !



Results: ug—-tup—pue cg—-tuypy—pue
(tUl/l/ 4-Fermi) (tcul 4-Fermi)
ug-fusion: A = 1(2) TeV|cg-fusion: A = 1(2) TeV
Acp 11.1(7.9)% 3.9(0.7)%
Ar 16.4(13.5)% 3.1(0.5)%
Ar -5.8(-2.3)% -4.7(-1.0)%
i tAﬂ B Acp
| upp
"e'ug- fusion; tull 4-Fermi with A=1 TeV 4 tc” ‘I
4© cg - fusion; tell 4-Fermi with A=1 TeV
50 100 150 ZSzmin(fliO[Geé(])O 350 400 450 100 150 ZSzmin(if)O[Geé(])O 350 400 450
=5 ! (di-lepton inv-mass > 150
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