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multi-leptons signals - a window to NP

pp = lE+n-jp+m-j+Er+ X,

pp LT+ +mej+Er+ X,
pp = L gy +m-j A Er+ X,
cop > OFOFT T o+ m-j+Er+ X

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

- Excellent test ground for NP (e.g., in pp — t1V, ttH, tV, t11t ..):
- Sensitive to many types of underlying NP

(lepton-flavor violation, lepton universality violation,
lepton-number violation - same sign leptons, CP violation ...)

- easy to construct observables with charged leptons
- High-E/p+ (TeV energies ...) leptons still relatively unexplored
- Allows flavor-blind searches of flavor-changing underlying NP

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



multi-leptons signals - a window to NP

- Example: multi-leptons + top-quarks signals

- Source: SU(2) triplet 4-Fermi involving 3™ gen quarks and muons
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- Use correlations to gain sensitivity to NP
- i.e., amonng no-lepton, mono-lepton & di-lepton signals of single-top production

PLB(2020), 135908, arxiv: 2005.06457, Afik, SBS, Cohen, Soni, Wudka



Some hints for NP in multi-lepton - top-quark systems ?

with typical scale of NP around the TeV ...

heavy states around the TeV-scale

generate top-leptons 4-Fermi

B-anomalies

Required scale:
A~O(1) TeV !

b}e//,

\ LR

muon g-2 anomaly

e.g., a tensor ttll 4-Fermi term
with A ~ few TeV




Our EFT parameterization for NP in top/bottom systems:

Vector Scalar Tensor

1 _ _ _
Losqiee = Az > [V,? (Lvu Pil) (@37" Pjq;) + S§; (LPi€) (a3 Pjai) + T5 (0o Pil) (G304 Pji)
1,9=L,R

can be generated through tree-level exchanges of heavy vectors & scalars
(or their Fierz transforms).

S Assume: A(ll) < A(ll)
¢ : LH e, u lepton doublet
q : LH quark doublet
qs : LH t— b doublet
Pr/Pr : LH/RH projection doublet

Typical bounds on such 4-Fermi interactions with 15" & 2" gen quarks are
A > O(10 TeV) — recent di-lepton searches give A > 20-30 TeV



Matching - SMEFT (e.g., top-quark 4-Fermi):
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Current sensitivities (bounds ...)

what do we know about the dim.6 (21)(21) & (tu)(2l) opts

Flavor changing Flavor diagonal

(tu)(2D) 21)(2D)
LEP: (A(tuee) > 0.5 — 1.5 TeV ) LHC: & ~0.5 TeV (scalar,vecw

(depending on Lorentz structure) A >~1TeV (tensor: T=1
SBS,Wudka PRD1999
PLB2002 (0210041) ; EPJC2011 (1102.4455) CMS: from pp — tt+leptons search
JHEP2021 (2012.04120)

LHC (pp — tt followed by t — pu *jet):  aq| as: our reinterpretation of pp — 31 & 4I

(A(tupp) ~ A(tuee) >~ 0.4 - 1TeV) measurements in 2107.00404
(depending on Lorentz structure)

_ B-physics(bb — ee, yd) + gauge invariance:
Cha'a’sa"t'ag°’SPZT::‘;"tiﬁe‘jdHii'fzm9 (000.99624 bbll — ttll for opts with left handed quark

Davidson,Mangano,Perries,Sordini EPJC2015 (1507.07163) isodo
Durieux,Maltoni,Zhang PRD2015 (1412.7166) F A>~2TeV (V,Vr =1)

Aguilar-Saavedra NPB2011 (1008.3562)
Boughezal,Chen,Petriello,Wiegand PRD2019 (1907.00997) Greljo,Marzocca, EPJ2017 (1704.09015
x AGemss o j (




collider signatures of ttll & tull
contact terms

Vector Scalar Tensor

1 _ _ _
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ttll: flavor diagonal II tull: flavor changing

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka " PRD2021, (2101.05286), Afik, SBS, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka
NP signals
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ttll: flavor diagonal

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka
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ttll: flavor diagonal

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka
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ttll: flavor diagonal II tull: flavor changing

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka " PRD2021, (2101.05286), Afik, SBS, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

background

pp — tt, Z+jets, VV, ttV, tVV , followed by t and V decays ...

Selections
Selection 2/ 3¢ 44 I Selection 20 3¢
Number of Leptons: exactly 2 exactly 3 exactly 4 " Number of Leptons: exactly 2 exactly 3
Jet multiplicity: >3 > 2 > 2 Jet multiplicity: inclusive
Number of b-jets: == =1 >1 [ Number of b-jets: =1 inclusive
OSSF(n min . min
I
i u
(20) :pp > 7L +nz1-gp+mx3-j+ X, (000) : pp — 0010~ + X,

(30) :pp = UL +ns1 - o+ M2+ X, |

1b) ipp = 00~ 4+, + X
(40) : pp — OELFLHL™ 4 nsy -Gy +mes-j+ X (£61b) = pp b
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ttll: flavor diagonal II tull: flavor changing

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka " PRD2021, (2101.05286), Afik, SBS, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

Dominant background after selections

| \
2l: pp — tt / I pp — tt, Z+jets

3l: pp > WZ
41: pp — Z2Z I
Selections
Selection 2/ 3¢ 44 I Selection 20 3¢
Number of Leptons: exactly 2 exactly 3 exactly 4 " Number of Leptons: exactly 2 exactly 3
Jet multiplicity: >3 > 2 > 2 Jet multiplicity: inclusive
Number of b-jets: == =1 >1 [ Number of b-jets: =1 inclusive
OSSF(n min . min
I
. + - » » [
(20) :pp = 70" +n>1-Jp +m>3-j+ X, (0'8l) :pp > 00 0 + X,

(35) :pp — £/i£+£_ + n>p - b+ m>g - J+ X, "

1b) ipp = 00~ 4+, + X
(46) :pp — gliﬁllqu—i_g_ + n>1 - jb + m>g - .7 + X " ( ) pp Jb
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ttll: flavor diagonal II tull: flavor changing

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka " PRD2021, (2101.05286), Afik, SBS, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

Dominant backgrou"ld after selections

2l: pp — tt I
3l: pp > WZ
4l: pp — 2Z "

pp — tt, Z+jets

Number of background pp — pu + j, + X events/140 fb~1
" sub-process miiR =500 GeV|m®® _ = 1000 GreV|m”‘iJ§l _ = 1500 GeV |m™2 _ = 2000 GeV
utp utp utp utp
- di-lepton production (£ = 3000 fb~") . tri-lepton production: mj_ cut (£ = 3000 fb~') " ‘:{V 313?:):04 (15; g(l)
ibuting channels ° T T [ contributing channels i : : ’

" i 7+ jets 128.2 109 0.4
——BG:pp— WZ | " Wt 67.1 1.3
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==
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Number of background pp — eup + X events/140 fb—!
" sub-process mmE =500 GeV m“‘i“u = 1000 GeV |m®® _ = 1500 GeV|m™® _ = 2000 GeV
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Expected sensitivities



Simulations of events samples

Simulation: MadGraph5_aMC@NLO

NP models: UFO models generated with FeynRules

PDF set: NNPDF30LO (1tll) & MSTW?2008lo68cl (tull) - 5 flavor scheme
Selections & cuts: MadAnalysis5

Parton shower: Pythia 8

Detector simulation: Delphes 3



Expected sensitivity to

FC tuw 4-Fermi terms

@ LHC



Generic tupy NP (also applicable to tuee ...)

Expected A, [TeV]

"cut & count”
tuyy 4-Fermi

T
—— Expected Limit
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Limits at 95% CL, o, = 25%
pp - KW +1b+ X

e Vag= Tag=Spa=1
m =1.5TeV
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=> selection: di-lepton + exactly 1 b-jet

A(tcll) > 1.5-2.5 TeV [ HL-LHC ]




Expected sensitivity to

diagonal tt# 4-Fermi terms

@ LHC



Generic ttup NP (also applicable to ttee ..) - "cut & count”

“cut & count” : 95% cL bounds on NP from
ttuy 4-Fermi

Jet Selections: Nj >3, Np > 1 Jet Selections: N; > 2, N > 1
Final State pp— ptpu~ +X pp— ptp 0+ 4+ X pp — ptp—E0F + X
Coupling  |m2i? _ [GeV]’Amin(95% CL) [TeV] maE  [GeV]|Ain(95% CL) [TeV] mite [GeV]‘Amin(%% CL) [TeV]
Srr=1 0.8 0.7 0.4
L =140 b1 Trr=1 1400 1.6 500 1.8 300 1.0
Var = 1(~1) 1.0 (1.0) 1.1 (1.1) 0.7 (0.7)
Srr=1 0.9 0.8 0.5
L =300 fb~! Trr =1 1400 1.8 500 2.0 300 1.1
Vg = 1(~1) 1.1(1.1) 1.3(1.2) 0.8(0.7)
Srr=1 14 . 0.8
L£=3000fb~!| Trr=1 1600 2.8 800 2.9 500 1.8
Vg = 1(~1) 1.8(1.7) 0(1.9 1.3(1.2)

Di-lepton signal tri-lepton signal four-lepton signal

A(Virr, Tre) ~ 2-3 TeV [ HL-LHC & my(uy) > 800 GeV ]

o
T

F {s=13TeV, L = 3000 fb"
E Limits at 95% CL, 6, = 25%
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Sensitivity via tri-lepton signal:
(di-lepton comparable ...)

Expected A, [TeV]
w
TTTT

I
@0
TTTT

)
TTTTITT

o
i

20




Lepton Flavor Non-Universality (NP = ttyp only ...)

the case A, << A,

sensitivity via MC sim of synthetic data

21




Construct generic LFU tests & search for asymmetric rates
of

muons vs electrons in multi-leptons signals

Ratio observables
particularly useful/reliable: potentially minimize theor. & sys(exp) uncertainties (NLO QCD, loop-EFT, PDF ...)

. o(pp = pTp~ + X) X € our selections

Y

. 21
di-lepton R, =

31 _ Eﬁze,p o(pp = =ptp~ + X)

uje = Zeze,“ o(pp — ffete= + X) ’

4 Zﬁ,ﬁ’:e,u o(pp — (E0Futp~ + X)
wle Zeze,p, U(pp — gif'q:e‘*'e_ -+ X)

tri-lepton R

four-leptons R

|

I
SM: R™ =1 ( up to negligible Higgs-leptons Yukawa ...)

p/e



Construct generic LFU tests & search for asymmetric rates

of
muons vs electrons in multi-leptons signals

Ratio observables
particularly useful/reliable: potentially minimize theor. & sys(exp) uncertainties (NLO QCD, loop-EFT, PDF ...)

o(pp = pTp~ + X) X € our selections
olpp —>ete + X) ’
Yo o(op = ptuT + X)
a Zfze,,u, 0'(pp — fEete + X) 7
Ze,f’ze,u U(pp — eiglq:l‘l’_*_u— + X)
ule = D t—e, P = £ElFeTe + X)

di-lepton R%,, =

tri-lepton Ru e =

four-leptons R*

INT INT 4 AP GNP it c®

C O-ne scalar 0 S% /Aty s

O'SM tensor 0 T}QZR/A%eV )
nt vector Vij/A%ev Vi?‘/A%ev

'NP(H ) ~1+0(A) d(A) x

u/e



LFNU ttpup NP - MC sim of synthetic data

Generate O(10%) values/realizations of R™ (exp)

= >

n=2,3,4

For each realization determine Ay, that minimizes the y? - like test

Obtain the the distribution P(A,,)

95% CL bounds on LFNU ttll NP:

A >1-2 TeV [ current lumi]

95% bounds on A [TeV]
L[b~t]| NPJ| |6R™ =25%|06R™ = 15%
Srr =1 0.9 1
140 | Tpp =1 2.1 2.3
Var = 1(-1)| 1.3(1.2) 1.6(1.3)
Srr =1 0.9 1.1
300 Trr =1 2.2 2.4
Ver =1(-1)| 1.4(1.2) 1.6(1.4)
Srr =1 1.7 1.9
3000 Trr =1 3.7 4.2
Var = 1(—-1)|  2.5(2.2) 2.9(2.4)

A>2-4 TeV [ HL-LHC ]

[R”l (A) — R™ (exp)] 2

(8R")”



w ,‘oncn.usnou

* Multi-leptons signals provide an excellent & rich testing
ground of NP - in particular LFUV NP
@LHC13 & beyond

- good reasons to suspect TeV-scale NP/LFNU in 3rd gen fermion systems
- (93q9)(#) - useful window into NP ...

- Flavor-blind signals to detect FC underlying NP



,‘oncn.usnou

* Current LHC data can significantly improve existing bounds on
bsll, bbll, tull & ttll contact terms (€ heavy V', LQ's ...)

or discover tails of NP effects via multi-lepton signals searches

- Sensitivity to top - leptons (S,V,T ...) interactions (LEU or LFUV)

@current LHC13 @HL-LHC

flavor-changing: upto A ~5 TeV A~7 TeV
flavor-diagonal: upto A ~2 TeV A~ 3 TeV



Backups



B-anomalies:

B-anomalies: ( Ry , Rk ): may be connected - SU(2) ...

—=Br(B > KiPutuT)
K*' ™ Br(B —» K®ete")

b — suy/see: R < 1 (~40 global significace)

( + dB/dq2 + Ps5' + deviations in: Bs — py, B — Kouy, B* — K*py, Bs — dpp, B — K*Opy, B — K**pu )

in rare B—decays. March 2021

i)

D( : BT (B _)D(*)[[1'/91') D( )

I F T T 2]
e [ [ HFLAV average Ax: =1.0 contours ]
% 04~ =
E BaBarl2 ]
035~ 30 =
F | LHCbI8 d
03F 3
4
025 19
02
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Matching - underlying BSM scenarios (e.g., top-quark 4-Fermi):

Yukawa & vector-like couplings to quark-lepton pair:

X
\/-/ CF
Rz,U;

Cx/—_\CF

Tree-level exchanges of the heavy R;, U; LQ's (after Fierz):

L2 = 2eRYq" — yuRbe; ;47 + h.c.

LYY D xqy, UM+ hee. |

*

29

T
0y ol = o =
q q 2 _7\{51
2z* Yy~ (1) (3) Yz
R : e — — 9 u E— 9 —_— 4
2 %ae ™ Topz 0 T gz 0 Teaw T “Tlequ T Toppa
Vi Vir Srr Trr



Matching to SMEFT: Correletions ..

Correlations among up-down sectors can be exploited to get an enhanced sensitivity

Example: gauge invariance relating top-bottom 4-Fermi:

O}, (pr31) = (LyyuPrty) - (" Pru) + (09" Prd)]
O3 (pr31) > (G Prty) - [(y" Pou) — (0y" Prd)]
Oye(pr3l) = (L,y" Prt,.) - [(t—’YuPLu) + (BVHPLd)}

Vi (tull) = ag) — aéz) < Vi (bdel) = —ag) — ag)
VRL(t’U,Ef) = VRL(deE) = Qge

=> V. & Vg, top and bottom couplings are related (+ -> u/c VS b -> d/s):

30 But caution: notice sign difference (V) - important
when considering the underlying heavy physics ...



Matching - underlying BSM scenarios (e.g., top-quark 4-Fermi):

Resulting 4-Fermi (our parameterization):

- R;-type scalar LQ: generates Vg, Vi r (vector), Spr (scalar), Trr (tensor) 4-Fermi

- U;-type vector LQ: no 4-Fermi interactions in up-sector (+tll,tull tcl) | (V,; = o Eq;b)f(3))

but generates bbll,bsll,bdll vector 4-Fermi for which |V, = ozgq E)%q

0505~
Up : ozél) aég) = ——
q q 2_7\{(2]1
72 yy* (1) (3) e
2 %ae ™ Topz 0 T gz 0 Teaw T “Tlequ T Toppa

VrL Vir Srr Trr
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ttll: flavor diagonal II tull: flavor changing

NPB2022 (2111.13711), Afik, SBS, Pal, Soni, Wudka " PRD2021, (2101.05286), Afik, SBS, Soni, Wudka
PLB2020 (2005.06457), Afik, SBS, Cohen, Soni, Wudka

The (cumulative) cross-section

my™n - important distriminating parameter |

. do
= O'(mgg > m’}‘}n) = / dmggd .
mee >myy Mg

interference term subleading " No interference with SM
(using selections that optimize S/B & “kill" the | (NP = QCD & SM=EW ..)
SM contribugion ...) I

selections:
- my™n (OSSF none-top
- No. of leptons 2

- No. of jets Leading NP term is &X {F

"safe" with respect to next A1—4 terms from SMXNP(dim8) ...



Generic tuuy NP (also applicable to tuee ...)

Expected A, [TeV]

Expected A, [TeV]

45

40

35

30

25

20

15

10

A(tull) > 20-35 Te

"cut & count” : @27 & 100 Tev proton collider

(upld) i pp = p*p” + 5 + X

{s=100 TeV, L = 20000 fb™

—— Expected Limit

E Limits at 95% CL, o, = 25%

= IIT?I!S&!QS 6 CL, 0 = 25% -ik}’

O twe: Vap= Tap=Spa=1

Eomin = 11.5TeV +2G

E Em——————— E
— =
:I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

Expected A, [TeV]

Vs

T

V[100 TeV ]

S RAR

{s=100 TeV, L = 20000 fb™'
-Limits at- 96% Gl o5 = 26%

tett: Van= Tan= Spr=1

mi =10.5 TeV

- e Jh o
- {s=27TeV, L = 15000 fb' —— Expected Limit QE $=27TeV, L = 15000 fb’’ —— Expected Limit
C Limits at 95% CL, o, = 25% = Limits at 95% CL, o}, = 25% i
C ottt Vs Tans fsm= 1 M +10 C toct: Vap= Tan= Bs,w= 1 B 0 H
E mpp =35TeV 420 Emin 23,0 TeV 425 i
— ¢ : i ¢ 5 - r
- = o
E _— 3 £ F -
C 7 4o =
o - 2 F -
- — Q ~ -
- . g sF — -
— ,,,,, , _— s F -
= e — -
r . - E—
2: 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 1 : : 1 1 1 1 1 1 L 1 1 1 1 1 1 1 L 1 1 1 1 1 I 1 1 1 1 l:
VRN TRR SRR VRH THR SHH
A(tull) > 8-13 TeV [ 27 TeV ] A(tcll) > 3-5 TeV [ 27 TeV
;,A,‘ T . T T T Y_|_'_h_f_|_'_ _—r T T | T T [ T T T T T ] T

—— Expected Limit

. +1o

+20

|IIIIIIIII|IIIIIIII|III|

1% T

S

A(tcll) > 9-16 TeV [ 100 TeV ]



Generic tupy NP (also applicable to tuee ...)

34

“CUT & count” : 95% cL bounds on tupp NP

(npdd) :pp — ptp~ +gp + X

Operator tupp 4-Fermi case tcpup 4-Fermi case
Coupling|m3'?,  [GeV]|Apin(95% CL) [TeV] mi1E _ [GeV]|Anin(95% CL) [TeV]
Srr =1 2.8701 1.0101 [EFT7]
L£=140 fb~! |Trp =1 1500 5.0703 1000 1.8791
Vi = 1 3201 L1750,
Srr =1 41753 1.310:1 [EFT7]
L = 3000 fb~! | Trr = 2000 71703 1500 2.4701
Verr =1 4.7705 1.510:1 [EFT?]
(epp) :pp > epp™ + X
Operator tupp 4-Fermi case tcpp 4-Fermi case
Coupling|m%'?, _ [GeV]|Awin(95% CL) [TeV] m2E _ [GeV]|Anin(95% CL) [TeV]
Srr =1 2.3507 0.973-0 [EFT7]
L£=140 fb! | Trg = 1 1500 A1+ 1000 10 o
Vrr =1 2.745% 11502
Srr=1 35 es T tiges
£ =23000fb"!|Trr=1| 1500 6303 1000 2.11+01
Verr =1 41505 13107




“cut & count”

Given a signal yield & background uncertainty,
calculate the expected number of standard
deviations (the Z-value) from the background-
only hypothesis (using BinomialExpZ by RooFit)

Then find an optimized selection miF™(uu) by
maximizing the expected Z-value for each
signal hypothesis.

Calculate the p-value (using BinomialExpZ by
RooFit) of the background-only and
background+signal hypotheses for each point
and then perform a CLs test to de-
termine the 95% Confidence Level (CL)
exclusion values for A.

= T I ;
E {s=13TeV, L = 3000 fb" —— Expected Limit ]
45 5% CL, 6.= 25% H

Expected A, [TeV]
- N w

[
| | | | |

35

Monte Carlo simulation
of synthetic data

Generate (synthetic) realizations of a set of
experimental measurements y,,, around y.,,(Xsu),
assuming some underlying overall uncertainty

— obtain the expected distribution of the data
P(x) assuming no NP ...

"Inject” NP into the data (into y.,,) and choose a
"metric" to test the no NP hypothesis for each
realization.
- find X, .<.qix (that minimizes the test-metric) for
each realization
- obtain the distribution P(x.<.sit)

- Xpest.fit depends on NP parameters (A) ...

P(Xpestsit) allows us to obtain the
predicted sensitivities & bounds ...

W - 140 fb
£ = 300

1AM




High-P; correlated tests of
lepton-universality

in pp — leptons+jets
@ LHC & beyond

NP: (gsg)#) 4-Fermi terms



NP: SU(2) - triplet & singlet 4-Fermi (vector) opts

(’)l(f;) (prst) = (l_p’y,ﬁjlr) (4?57“TIQt)
(’)qe(prst) = (éq’)’per) (@s’)’“(h) )

Recall: V| < a§3> & VgL X Cge

These 2 opts may be responsible for NP effects in:

(mnp)gg:ppﬁfjfi_ +m-j+n-jp+p-t
(mnp)g:pp—)éii-l—m-j—l-n-jb—l—p-t—l—ET



NP: SU(2) - triplet & singlet 4-Fermi (vector) opts

O (prst) = (Lyyur'ly) (@7 7 )
Oge(prst) = (Egyuer) (T qt)

Recall: V|| « ag) & VgL X Cge

e.q. . :
9. Dilepton + jets/t

010) 0 : pp — ' p™ + Jb
Vi 2 PP = (T 4§+ G
20) i pp = T + 21 gy
Yuu :Pp = pwtyu~ +tt

010)z. : pp — 7 s

(110)% L P (001),, : pp = p* +t+ Er
1102, : pp — 9 + 9 + '

é ¥r PP =+ Ji T <:> (101), : pp — uE 4+t + By
(

020)gs. < pp = 2 jo + ¥ (011), : pp — p= +jp +t + Er
002). : pp — tt + B

jets/t + MET Single-lepton + jets/t + MET




The LFNU x?% — like test-metric:

W -] [ [mw -]

X = ; (6TX)? . (5TY)?

X,Y € (m,n,p) denote the £¢ and single ¢ channels

T 's are ratio observables sensitive to LFNU ...

mnp mnp
TmnP _ Typ Tmnp Oy
Y24 — mnp ) Y/ - mnp
Oee Oe
(. . + — A s .
a_;‘rl];;lp - (mnplee :pp =670 +m-j+n-jp+p-t

(mnp)e:pp = bE+m-j+n-jy+p-t+Er

normally distributed around the average T(SM)=1 overall uncertainties

T = N (1, (67%)%), 7,7 = W (1, (677)7) SpXY _ \/ (om0 Y + (o3’

Nem BT




Results - sensitivities :

Demonstrate on QCD-generated processes (therefore dominant):

(010) e : o0 = 1™ + Jb
(110),u;u . Pp — ,UJ+,U_ +J7+ 7
(020)yp P = ™ + 2+ o
(002),,, : pp = ptu~ +tt,

Sensitivity depends on lower cut on
dilepton invariant mass ...

65
6 -
5.5
5 -
T 4s
=
=
E 4
<
3.5
! , / systematic error scenarios \
s —w—(T: case 1
/7 - ST
25f 4" »* +)T: case 2
¥ e 5T case 3
2 * 1 L 1 1 1 %X
200 300 400 500 600 700 800

di-lepton invariant mass cut: m;':m [GeV]



Results - sensitivities :

Demonstrate on QCD-generated processes (therefore dominant):

(010)up : pp — p 1™ +
(110)u,u . Pp — ,UJ+,U_ +J7+
(020)uu - pp — /L+,LL_ +2- 7
(002),,, : pp = ptu~ +tt,

Sensitivity depends on lower cut on
dilepton invariant mass ...

95% CL bounds: Aol(s) (2233) (A(’)qe(2233)) [TeV]

L =140 o]~ | £ =300 [fb]~ | £ = 3000 [fb]
m=2 = 300 GeV | m®® = 400 GeV | m™® = 700 GeV

L L L
ng=+1ny=—liny =+lny = —1ins = +1jny = —1
5T ~ 10% (case 1)] 3.4(2.6) [3.2(4.2) [ 4.1(3.1) [ 3.9(4.9) | 6.3(4.4) | 6.0(6.4)
5T ~ 15% (case 2)|3.0(2.5) [ 2.7(3.8) [ 3.7(3.0) | 3.3(4.5) | 5.8(4.2) | 5.5(5.9)
5T ~ 20% (case 3)| 2.6(2.4) [ 2.3(3.4) [ 3.3(2.9) [ 2.9(4.2) | 5.1(4.1) [ 4.7(5.5)

A ~ 3 TeV [current lumi & myi(uw) > 300 GeV]
A~5-6 TeV [HL-LHC & min(uw) > 700 GeV ]



EFT-validity

Two "measures” to consider:

4

2
O_NP(g’A’ Meg) = % _O.SMXNP(mM) i % _ O_NPxNP(m“)
3 I P
RA = — [ Rt =
g
A2 I / A2/92
Addresses the validity of the specific | The EFT expansion param - the
calculation within the EFT framework | expansion of the effective

Lagrangian at leading order in g/A

- depends on the details of the I
underlying heavy physics and the I
process at hand I



Two "measures” to

consider:
(g,A mﬁﬁ) — A_22 o,SMxNP(

A

S

Ra = A2

EFT-validity

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

Ry <1 mdlcates validity of EFT

v EFT: A > mi or m>

e RN I\,

EFT may hold alsowhen R, > 1

4
g gNPXNP(

M) + A

M)

A

S
A2 / g2
The EFT expansion param - the

expansion of the effective
Lagrangian at leading order in g/A

RA/g —

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

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,,,;,) obtained on the scale A of
an s-channel underlying NP pp - NP —» Il ;3 =my

ann tulf operators Amln tef operators

4

£ =140 fb!
ol mi = 1000 GeV

L =140 fb!

851 pEin = 1000 GeV




b-physics

collider signatures of bbll & bsl|
vector contact terms

2

g ) _

Lef =33 > mii(bayubi) (£v"E5)
ij=L.R



PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen
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bbll: flavor diagonal

Al b b

bsll: flavor changing

JHEPOS (2018), 056 (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen

b

|

¢+ 8

background: tt, Z+jets, VV, ttV

. SMx NP g4 NP x NP
=_ g2 (mge) + == .g""% (mge)

N4

b
€+

-

G|




PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen
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bbll: flavor diagonal

Al b b

II bsll: flavor changing

" JHEPOS (2018), 056 (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen

| b

|

background: tt, Z+jets, VV, ttV

. SMx NP g4
— -0 X (mze)_l_

¢+ 8

_.0'

N4

(]

2

NPXNP(mu)

b
€+

-

G|

selections: exactly one b-jet (pp — eelpu +j,) & m,lower cut, m, > O(TeV)

m,, - important discriminating variable



bbll: flavor diagonal II

PLB807 (2020), 135541 (1912.00425), Afik, SBS, Cohen, Rozen "

‘@
‘@
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bsll: flavor changing

JHEPOS (2018), 056 (1805.11402), Afik, Cohen, Gozani, Kajomovits, Rozen

b t+ 8 b
- €+
2
A2
{,_
5 {8 s

background: tt, Z+jets, VV, ttV

. SMx NP g4
— -0 X (mee)_l_

& N 0_NP>< NP(ma)

N4

selections: exactly one b-jet (pp — eelpp +j,) & m,lower cut, m, > O(1 TeV)

Il
expected sensitivity: I

A ~ 8 TeV (L=140 fb"") ; 10 TeV (L=3000 fb"")

expected sensitivity:

A ~ 4 TeV (L=140 fb"") ; 8 TeV (L=3000 fb")

" pu
c Significantly better than inclusive searches (pp — ee/pp + X)

48 searches: ...

searches: ATLAS (PRL 2021),
A~ 2(ee) & 2.5(up) TeV @ L=140 fb-!



LFNU ttpup NP - MC sim of synthetic data

LFNU x?2 - like test /metric

- [R™(A) — R™ (exp)]”
T n=22,3,4 (5Rnl)2

R™(A) = expected from NP in the data
R™(exp) = expected exp. measurements of R
SR™ = 15% or 25%; overall exp + theor uncertainty (sys + stat)

For the purpose of extracting a bound, assume:
no NP in the data, R™(exp) normally distributed & at least 5 events (“adjust” mpyn(4) ...)



LFNU ttpup NP - MC sim of synthetic data

3 [R(A) — R™(exp)]”

X’ = —
Generate O(10%) values/realizations of R™ (exp) n=234 (0R™)

For each realization determine A, that minimizes the y? - like test

Obtain the the distribution P(A,,)

distribution of best-fitted A (A;,) of the tensor (Ty;) opt which minimizes the y? - like test

TRR operator: distribution of best fitted 1/A

distributions

0.035 M L =140 fb!
' [0 £ = 3000 fb-!

o
=)
o
o

realizations)/10000

(o]
o
=]
=
o

1

0 1

J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
f -1
(‘\min (TeV)




