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Global EFT approach to top FCNCs

The effective field theory for top-quark FCNCs

A first global EFT analysis, at NLO in QCD

Top+Higgs FCNC production



Flavour-changing neutral currents

Vanishingly small in the SM

e.g. top decays:

BySM

t—=cg ~1071U
t—scy ~10712
t—cZ ~10713
t—ch ~1071

[Eilam et al, 91]
[Mele et al, 98]


http://dx.doi.org/10.1103/PhysRevD.44.1473
http://arxiv.org/abs/hep-ph/9805498

Flavour-changing neutral currents

Vanishingly small in the SM

[Eilam et al, 91]

e.g. top decays: BrM Bre® [Mele et al, 98]
t—=cg ~1071U <1075
t—cy ~10712 <1073
t—cZ ~10713 <1073
t—sch ~1074 <1072

from production processes

vs. about 11 -10° tops produced at the Tevatron and LHC run |
+1.6-10°/fb~! at 13 TeV
+6-10%°/ab! at 100 TeV


http://dx.doi.org/10.1103/PhysRevD.44.1473
http://arxiv.org/abs/hep-ph/9805498

The effective field theory
for top-quark FCNCs



The EFT parametrization of NP

Assumption:
New-physics states are not directly producible (= low-energy limit).

— use: — SM fields (fermion gauge eigenstates: q, u, d, 1, e)
— SM symmetries (gauge and Lorentz)

Advantages:
- encodes the knowledge gained at lower energies
- relies on few theoretical assumptions
If one writes down the most general possible Lagrangian, including
all terms consistent with assumed symmetry principles, [...] the result
will simply be the most general possible S-matrix consistent with

analyticity, perturbative unitarity, cluster decomposition and the
assumed symmetry.
[Weinberg 79]

- establishes a hierarchy between NP effects
- is a proper QFT, as qualified as the dim< 4 SM
- is perturbatively improvable (fixed order, and RG)


http://dx.doi.org/10.1016/0378-4371(79)90223-1

The fermionic SM EFT

dim-3
dim-4
dim-5
dim-6

dim-7

- two-fermion: D

- no allowed fermion mass term: —
- gauge: ¥ [P and Yukawa: 1t operators

- left-handed neutrino masses (AL = 4+2): [cp o
- four-fermion (AL = AB = +1, or 0)

[Grzadkowski et al 10’]

basis reduction with Fierz and Schouten identities

0
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basis reduction with EOMs

- AL#0: ..

Tensor
Vector

Scalar

[Lehman 14']


http://arxiv.org/abs/1008.4884
http://arxiv.org/pdf/1410.4193

[Grzadkowski et al 10’]

The up-sector FCNC operators
Two-quark operators:
Scalar: Oup = —y? qug (plo—v?/2),
=
Vector:  [Opq + Opal/2= v2/2 @7"a ¢'iD, ¢,
(024 = Ozal/2= vi/2 @7"7'q @Dy,

Opu = /2 @v'u ¢'iD. g,
Tensor: Ous = yigy qo'u @ B,

Ow = ygw go™rt'ug W,

Oy = Vigs QO'HVTAUQE G;‘V.

Two-quark—two-lepton operators:

Scalar: Oloqu = Ie ¢ qu,
Vector:  [0f, + O 1/2=  Iv.1 go'q,
[0 = Oi)/2= Tyur't gy'rq,
O14 = 1v,1 uv'u,
Ocq = &yfe gmag,
Oey = éye uv'u,
Tensor: Oloqu =Iowe e go'u.
Four-quark operators: ... DY =B, — Du(r)


http://arxiv.org/abs/1008.4884

Independent coefficients for top FCNCs
Two-quark operators: 10 x 2(,_1,7) complex coefficients

Scalar: Cw , Cl(x?:,
Vector:  C.\" = c P =/ (down-2Z)
C(;q(a3) _ C;;3a) C (a+3)’ (Up—Z)
Cé;au?,) _ C;3ua)* = C(au+3)7
Tensor: CIEB3)7 C%a),
CU; 9 Clzlé/a )
CuG ) CuGa .
Two-quark—two-lepton operators: 9 x 2 x 32 complex coefficients
Cl(a3) C1(3a)

Scalar: tean s Clog >
Vector: qu(a” = C;;@a)* = Cf;(aﬁ), (up-v, down—¢)
leq(as) _ C;(3a)* = C;l(a+3)7 (up=C, down-1)

Cl(is) = Clia)* = C1(5+3), (up—¢, up—v)
) =i =i, (up~¢, down—0)

¥ =l =i,
C3(a3) C3(3a)

Tensor: tequ s Cioqu -
Four-quark operators: ...



Gauge vs. physical basis

q = (PLU7 VCKMPLd)T, u = PRU; d = PRd,
1= (VPMNSPLV7 P[_e)T, e = PRe

so that, e.g.:

CIq OIq = [\/; \/T CIq VCKM \/PMNS]abCCI (Da,y,uPLVb ac’YMPde)

MNS = CKM

+ [Cl_(z]abcd (éa"}/“PLeb DC’yMPLUd)

with, e.g.:

[V, CVo P2 ~ 0.88 C3) — 0.47 C%5 +0.04 C*; + ...

CKM



A first global EFT analysis
at NLO in QCD



The broken-phase effective Lagrangian

Schematically:

Scalar: tq h
Vector: tyq 2,
Tensor:  to"q Au
totq  Zu,
to" TAq GA

nz

et J et J
X 2>
T . .
g h & h
<
q t q t

Issues:
1. Missing four-point interactions:
- four-fermion operators
- a tqgh vertex arising from
Oy = qo*” T u %) G;‘,,
2. Operators of seemingly different
dimensions
3. Hidden correlation:
of 'v+ h' type
of '(tr  [Vexmdi]*)™' type



Existing searches

tqg, tqgh  tqy  tqZ tqll tqqq tgh
T T T Vv, T SV,T SV,T S
The broken-phase effective Lagrangian: v X v 4 X X v
eeTe”™ — tj OPAL, DELPHI, ALEPH, L3 v X X
e p—et H1, ZEUS v X X
=
2 epp ot CDF, ATLAS v
S pP =ty Do, CMS v X X X
B epp—oty CMS X v
S pp—titeT CMS v X XV X
pp—tyy — X X X X
> t—jy CDF, DO, ATLAS, CMS v
O et — et CDF, DO, ATLAS, CMS X /X X
T et — jyy CMS, ATLAS X v

One single contribution is often assumed, although:

NP could generate several operators at A.
RG mixings (and fixed order corrections) would contaminate more of them at E.

EOM, Fierz identities, etc. have converted some op. into combinations of others.

—> A consistent EFT treatment should include all operators up to a given dimension!



A first global analysis, at NLO in QCD

Use the fully gauge-invariant EFT.

Take all contributions simultaneously into account,
their correlations and interferences.

[not the NLO or vetoed contributions of four-quark operators|

Achieve full NLO accuracy in QCD.

- All two-quark operators are implemented in MG5-aMC@NLO.
[Degrande et al 14']
— fully differential, automated NLO+PS production

- Two-quark—two-lepton operators have been added.
Work on four-quark operators is under way.

- Resonant top quark with NLO and off-shell decay is not available.
All NLO partial width are however known analytically. [Zhang 14']


http://arxiv.org/abs/1412.5594
http://arxiv.org/abs/1404.1264

Four-fermion operators
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Production vs. decay

Discriminate the tc and tu interactions through proton PDF.

10~ pp — ty + ty
8= 5f t o j OO 5
@)
— 0_ T
: 5
5 of <
@)

10k

l l l l l

-10 -5 0 ) 10

C(%s) or Cf};)

u

. in units of (A/TeV)?
Cua= G + G darker: a =1 (up), lighter: a = 2 (charm)
Cuz = Cuw cotfy — Cyp tanfyy marginalising within C,s constraints

11



Production vs. decay

Probing higher energies...

solid: a=1 (up)
dashed: a = 2 (charm)
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...until the EFT breaks down.

12



Validity of the EFT

New-physics states should not be directly producible
= low-energy limit
Providing bounds as a function of a cut on the characteristic energy

scale of the process E

— makes them interpretable for cutoffs lower than the experiment
energy reach. [Contino et al 16']

Theorigt cartoon
\ N

13


http://arxiv.org/abs/1604.06444

Constraints at NLO in QCD

CS | or |C57] 3.6

|05 o |04 =22

a3 3a
S or |05 ==L

—19 in units of (A/TeV)?
ICLP] or [C5)) —_—_051342 red: a=1 (up)
10| o |39 10,041 blue: a =2 (charm)
(“G; ?G) " 0.093 MR ‘non-global’ limits
1(a3 1(3a 3
|Cleq'u, | or |Clequ | —— 1.6 Obser\/.ables:
G or (O] t= 7y
. - + —
‘C(a+3)‘ or |C(a+3)| L 15 t —J 14 E_
e a | ——1 pp — t7, by
(Ciega | or |Cr | =049 pptE
ete™ — ¢, tj
0

Experimental improvements:
- Off-Z-peak region in t — j£*¢~ and update of pp — t £~
- Constraint on pp — th
- Statistical combinations
- Angular distributions like ‘helicity fractions’
14



Conclusions

High statistics allows for precision tests in the top sector.
Higher energies give sensitivity to heavier new physics.

A fully gauge-invariant EFT permits an accurate interpretation
of the data in terms of generic parameters.

Direct FCNC constraints can be set globally, as they should.

A combination with observables from other sectors,
the B sector notably, is possible.

15



Top+Higgs FCNC production



Top+Higgs FCNC production
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Discriminating tqg and tqgh

Use

the relative proportion of pp — t

Use |na| in pp — th+ th
o r pp—th at the LHC13 o1
E NLO+PYTHIAG B Y
D?Ej '—V—Smiy ue
o3 tug |
§‘ F
-E 015;
o tu
UUE;
7' Il Il Il Il Il | 4
~4 3 -2 1 0 2 3 4
Yo

MadGraph5_aMC@NLO

pp — th+th

[Degrande, Maltoni, Wang, Zhang 14']

h
In the rest-frame, for tuh:/
u
t
t
In the rest-frame, for tug:/
u
g
; /

The PDF favours E, > Eg in the lab-frame
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http://arxiv.org/abs/1412.5594

Discriminating up- and charm-top FCNCs

Use the relative proportion of pp — tt, t — hj
pp — th

Use the pp — th/th asymmetry [Khatibi, Najafabadi 14']
- generated by up-top only 25
- measurable with lept. t decay and h reco.
or, through >~ @ with lept. t and h decays
- increasing with pry or ||
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Use |nn| if h reco., or |ng+-| in multileptons [Greljo, Kamenik, Kopp, 14']
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http://arxiv.org/abs/1402.3073
http://arxiv.org/abs/1404.1278

Conclusions

A dedicated experimental search for pp — th is still lacking.

A significant improvement on the ‘tuh’ bound would derive.

Several features of a signal
could serve to disentangle its components.
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