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Outline

© FCNC in the SM

@ EFT and effective Lagrangian

@ LO and NLO review of FCN anomalous couplings
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FCNC in the SM

SM prediction of FCNC is small: GIM suppressed (unitarity of CKM matrix).

d;

7y

Z Vi x Viq ~ 0, non-zero because quarks are not mass degenerate

3

SM predictions for top FCNC BRs
F. del Aguila, J. A. Aguilar-Saavedra and R. Miquel, Phys. Rev. Lett. 82 (1999) 1628 [hep-ph/9808400]
J. A. Aguilar-Saavedra, Acta Phys. Polon. B 35 (2004) 2695 [hep-ph/0409342]

t—=uZ t— uy t— ug t—uH t—cZ t—cy t—cg t—cH
8x 10717 | 3.7x 10710 | 3.7 x 107 [ 2x 1077 [ 1x 107 | 4.6 x 107 | 46 x 10712 | 3 x 1071®
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BSM predictions for top FCNC BRs

J. A. Aguilar-Saavedra, Acta Phys. Polon. B 35 (2004) 2695 [hep-ph/0409342]

BR SM QS 2HDM FC2HDM MSSM R SUSY
t—ouZ | 8x107Y7  11x1074 - - 2x107% 3x107°
t—uy | 3.7x10716  7.5x%x107° - - 2x107% 1x107°°
t—ug | 3.7x107% 15x1077 — - 8x 1075 2x107*
t—suH | 2x107Y7  41x107° 55x%x10°° - 1075 ~ 1076

t—cZ 1x107"  1.1x107* ~ 1077 ~1071° 2x107% 3x107°
t—ey | 46x107" 75x107° ~107° ~107°  2x107% 1x10°°¢
t—cg | 46x1071% 1.5x1077 ~107* ~107%  8x107° 2x107*
t—cH | 3x107%  41x107° 15x1073 ~107° 107° ~ 1076
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Current BR limits

BR (BSM

Best limits in the single top Best limits in the tt
decay)

+  0.016% (ATLAS-CONF-2013-063 @ 8TeV) 0.016%
+  0.034% (CMS-TOP-14-007 @ 7TeV) it

*  0.0031% (ATLAS-CONF-2013-063 @ 8TeV) 0.0031%
*  0.035% (CMS-TOP-14-007 @ 7TeV) . °

Z-c—-t | 11.4% (CMS-TOP-12-021 @ 7 TeV)
0.05% (CMS-TOP-12-037 @ 7+8TeV)

e 0.73% (ATLAS:JHEP90(2012) @ 7TeV) 0.05%
Z-u-t | 0.51% (CMS-TOP-12-021 @ 7 TeV)
h-c-t
¢ 0.56% (CMS-HIG-13-034 @ 8TeV) 0.56%
e 0.79% (ATLAS:JHEP06(2014) @ 7+8TeV) IR
h-u-t
y—-c—t | 0.182% (CMS-TOP-14-003 @ 8TeV) 0.182%
y—u-t | 0.016% (CMS-TOP-14-003 @ 8TeV) 0.016%

Limits obtained at Tevatron, LEP and HERA are not competitive.
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EFT intro

The top-quark couplings can be parametrised in an effective field theory.

The SM Lagrangian is extended by gauge-invariant (non-renormalisable)
operators, obtained by integrating out heavy modes

C;0;
A2

£=£$M+Z

One could consider any term, O (%)n

Here we consider only dimension 6 operators, the first non-vanishing terms in
1/A expansion

A2
Possible interference between FCNC; not more than 1 coupling per diagram

FCNC has no interference with SM, that starts from

Not all possible dim-6 operators that one can write are independent

Redundant operators can be reduced by using equation of motions and other
relations due to gauge invariance
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Dim-6 operators - EW

Among all the 59 possible operators, 14 contribute to top-quark EW

anomalous couplings

O = (0! D) (arin ' asy)

05 = (¢! Do) (qrin*avs)
Olf, = i(6' Do) (nin"dy)
O” = i(¢' Do) (ariv"ury) »
Ot = (avio™ v un;)6 W,
Olfy = (@io )0 W,

uB¢ - ( O.HV’U’R]')(;;B[LV 5

W. Buchmuller, D. Wyler, Nucl.Phys. B268 (1986) 621

0%, = (Gri Dyur;) D" ¢,
0% = (Duqriurj) D" ¢,
0%, = (qri Dudgrj) D" ¢,
0% = (Duqridrj) D" ¢,
Ofﬂ,[, = qriv" ' DY qL; W1, ,
O,ﬁg = qriv"D"qrj B ,

ij =
0. = uriv"D"ur; B, ,

Only three operators (up to flavour indices) contribute to strong interactions,

OZ]é¢ = (qLi)\aO'”VuRj>(£GZV,
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Dim-6 operators - EW

Among all the 59 possible operators, 14 contribute to top-quark EW

anomalous couplings

0y, = i(¢' Do) (triy"dr;)
0y, = i(¢' Do) (i ur;) ,
Ow = (az

Oéfw = (quic"" 7' dr;)o Wy,

054 = (QLio" ur;)¢ By ,

I I
oM T uRj)¢ Wi

J. A. Aguilar-Saavedra, Nucl. Phys. B812, 181 (2009) [0811.3842]
3,45 . _

O = i( @t D) (Lin " ans)
1,ij . _

O = (¢! Do) (qrin"ars) »

O, =@ Prn; D" 6.

O3, = DPyirrg) D" ¢,
Oy =Gz D" ¢,
Op, = Dyiiredn;] D" ¢,

Only three operators (up to flavour indices) contribute to strong interactions,

O'Z]Gqﬁ - (QLl)\ 0-# uR])¢GuV7

REDUNDANT
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Dim-6 operators - Higgs

The operators that contribute to the H — f — f’ interaction are

O;](;s = (¢'0)(qLiur;®),

Oé?;’ij) = i(¢"7' Do) (@i ar;)
05" = i(' Dud) (@rivar;)
O;ju = i(¢' Do) (Wriv"ury) ,

The last 3 can be decomposed ini + j and ¢ — j (¢ < j) components
J. A. Aguilar-Saavedra, Nucl. Phys. B 821, 215 (2009) [0904.2387]

(3,i+4) L7139 (3.4 Bi—3) — L [~Gid) (Bt
O¢>q = 9 [Otﬁq + <O¢q ) } ’ O¢q D) [Odm (O¢q ) } ’
Lity) — L) (Lji)\i (Li—5) _ 1 [i5) (L4i)\
O¢>q = 9 [Otzﬁq + (O¢q ) } ’ Osq Y [O¢>q h (Ozbq ) } ’
o 11 .. g 1 g
i+j L[y Ji \t i—j — * | i _ (ndi ot
o = 5|08+ 5. 0 = 5 [0, - ©%)1]
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Dim-6 operators - Higgs

The operators that contribute to the H — f — f’ interaction are
Oyly = (610)(@riun;9)
Oéi7ij) =i(¢"m' Do) (qriv' ' qr;) ,
O<(i>1fz7ij) =i(¢' Do) (@riv"avy)
O, = (6" Dyd) (uriv"ur;)

The last 3 can be decomposed ini + j and ¢ — j (i < j) components
J. A. Aguilar-Saavedra, Nucl. Phys. B 821, 215 (2009) [0904.2387]

L 1 - g
o) = . [O;?;’”)+(O§;’”))q :
Litd) L[ ERDN
Osq - 9 [quq + (O¢q ) } ’

oy 1 - .
1+ _ ) (3
0y = 3|0k + 0k,

This shift affects the relation of some of the dim-6 EW operators on the
previous slide
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Effective Lagrangian

Dim-6 operators can be simplified by means of e.o.m and equalities, both for
on- and off-shell particles. Equivalent interaction Lagrangian, with scalar, ~*
and o"” terms only, can be written J. A. Aguilar-Saavedra, 0811.3842 and 0904.2387

L = — Z [ gqtt mv p a(féqPL+fngR)qGﬁy

q=u,c
g ’izqt

Vi &
+ M Czqtt’)/u (féqPL JrfngR) qut

K _
+ e%ta’“’ (f,fqPL—Ff,ZPR)qA“V

+

toh” (fé/qPL +fngR)qZ,uy

+ iiant (ffrqPL + fH,Pr) qH] +h.c
V2

qg=t = top anomalous couplings: ttZ, ttv, ttg, ttH

g=u/c = top FCNC: ztq, vtq, gtq, Htq

Validity: OK for production of SM bosons both on- and off-shell

Limitation: Heavy particles only in loops = No 4f operators
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Partial widths and NLO

J.J. Zhang et al., Phys. Rev. D 82, 073005 (2010) [1004.0898]
Top-quark partial widths Vg = u, ¢ (T = T'1 4 Tiniz)

L(t—qV/S)(MeV)/0.1TeV™" | Ty Ty Lot | T1/To  Tiot/To
It — qg9) (via rgqt) 3.61 3.94 - 1.09 -
Tt —qy)  (Vid kyqe) 020 0.18 016 | 091 0.82
I(t — qZ) (via K zqt) 0.163 0.148 0.153 | 0.91 0.94

QCD NLO: enhance I'(t — qg) by O(10%), reduce I'(t — ¢Z/~) by same
amount. On top, operator mixing can change partial top-quark partial widths
by another O(10%).

The QCD NLO correction to I'(t — ¢H) has been recently evaluated
C. Zhang et al. Phys. Rev. D 88, 054005 (2013) [1305.7386]
asrl CuG

=0.018 — 0.049
1_‘0 O’utp

Enhance I'(t — ¢H) by O(2%), but could be O(10%) due to operator mixing.
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REVIEW OF ANOMALOUS COUPLINGS




Wb anomalous coupling

J. A. Aguilar-Saavedra et al. Eur. Phys. J. C 50, 519 (2007) [hep-ph/0605190]

Lwe —%W (ViPp + VaPp)t Wy
z ot qy, _
,%b va (9L PL + grPr)t W, + H.c.
with L 02 L V2
Vi =Ci™ dgr = V2CH 45
1 g3 0° 33 U
0V = §C¢¢ﬁ dgr = \/ﬁcuwp

Inthe SM, V;, =V}, ~ 1 and Vg = gr = gr = 0. Non-zero Vg, g1, gr Would
alter the W helicity from the top decay:
1 dr 3

x 3 . 3 5,
Tdcost; §(1+COSHZ)2FL+§(1_00595)2FR+181n29£ Fy

SM ‘ Fr, Fr Fo

LO 0.297 3.610™* 0.703
NLO | 0.304  0.001  0.695
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gqt anomalous coupling: pp — t

U, C

L=-3Y [\@ 9 % tor T, (f5,Pu + f5,Pr) qGZu} +h.c

qg=u,c

with (u:i=1,¢c:i=2)

Kgqt o1, 3ix VTt
A fG'q = g Cugqﬁ A2
Kgqt \r  _ UM
A fG'q - s CuG(;S A2

g
o(pb)/0.1TeV™" | Kget  Kgut
pp —t 86.7 398
pp — ty (%) 1.3 6.8
pp — th 0.064 0.49
pp — el (%) 0.030 0.33
pp — tvv 0.052 0.59

These couplings enter into any single-top process at the LHC. This topology

though is the most sensitive: if coupling non zero, it will be seen here

NLO: MEtop generator can generate events with “matched effective

NLO-QCD” precision (soft/collinear approx.): k-factors? 1303.5485
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gqt anomalous coupling: pp — tj

The gqt anomalous coupling can also affect the single-top + jet production
J. Gao et al. Phys. Rev. D 80, 114017 (2009) [0910.4349]

Inclusive cross sections

FCNC coupling tug (LO) tug (NLO) tcg (LO) tecg (NLO)

K/ 2
LHC (ggr4e=r)>Pb 677 8.41 1.10 1.49
T T T T 18 T T T T
1004 |— LHC (tcg) E t—— LHC (tcg)
—— Tevatron (tcg)| 174 —— Tevatron (tcg)||
104 —— LHC (tug) 4 —— LHC (tug)
\ Tevatron (tug 1.6 Tevatron (tug);
. |
13\ 154

o0 (PD)
S0
S
|

1E-4 T T T T 1.0 T
60 80 100 120 20 40
Pr, i (GEV)

, :
60 80 100 120
P (GEV)

LO cross sections and NLO k-factor as a function of the jet pr cut
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~qt anomalous coupling: pp — t~

u, vy

Kygt + uv L R
L=— Z [e%to“ (WPL—i— A/qPR)qAW} + h.c

q=u,c
with (u: i =1,¢:i=2)
Ryqt L 1 3ix 3ix 1 VTt
Xz = 3 I:SWC’U,?{}V + cWCuZB¢] Az
Kygt +R 1 i3 i3 1 UM
T B B ; I:SWCZW + CWC’ZB(#] F

o(fb)/0.1TeV™" | Kget  Kgut  Fyet  Kout

1300 6800 19 150
30 330 027 23

pp — ty ()
pp — tel (k%)

*) pr(y) > 1GeV, (+%) M (00) > 10 GeV
Selecting a real photon in the final state can single out this coupling
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~qt anomalous coupling: pp — t~+ @ NLO

Cross sections for pp — t~ have been evaluated at NLO (for vqt only)
Y. Zhang et al. Phys. Rev. D 83, 094003 (2011) [1101.5346]

Inclusive cross sections with pJ. > 40GeV and |7| < 2.5

FCNC coupling tuy (LO)  tuy (NLO) tcy (LO)  tey (NLO)
LHC (70 TTeV l) pb 3.78 5.16 0.386 0.537
10° T T T 1.60 — T T T
s —— LHC(tw) _
01 -- fTevalrL:;{n(tuy) 3 1.56 4 o 7'1:::;(::;{:(“’«” 4
X LHC(tey) LHC(tcy)
o4 ~-=- Tevatrontcy) |1 1501~ o o Tevatramiter | 1
— et
1074 3 1.45
g ]
% 104 3 < 1404
o | 2
104 Tl 3 1354
0 ______‘*—4 130
w] T . 125 i
o e

P (GeV)

50

T T T
100 150 200 250
P .(GeV)

LO cross sections and NLO k-factor as a function of the photon pr cut
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Mixing in pp — t~vy @ NLO

The gqt and gt anomalous couplings can mix and affect o(pp — t7)
Y. Zhang et al. Phys. Rev. D 83, 094003 (2011) [1101.5346]
Inclusive cross section with mixing (for Re(gy1.9% ;) = Re(99rgyr) = 1)

FCNC coupling  tuV (LO) tuV (NLO) tcV (LO) tcV (NLO)

LHC (youih—)*fo  27.8 42.7 313 5.61

K\ JA=0.02TeV ", /A=0.01TeV"

K /A=0.02TeV", % JA=0.01TeV"
4 0.8

Re(h"h%)
Re(h"h%)

0.8

'Re(F)°
f(h) are the vector(axial) couplings
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zqt anomalous couplings: pp — t+ MET

qut

V2ew A

-y [

q=u,c

+

Via pp — t Z with Z — vv. LO cross sections

a(fb)/Ol Tev! Rget Kgut Rzct

Kzut

toh” (féqPL +f§qPR) qZ;Ll/

g — ’ ’
Iow Ceqt 1V (f24Pr + [ 73 Pr) qZ#] +h.c

Czct Czut

pp — tvv 52 593 41

Cross section at NLO (for undecayed Z) from B. H.

34 21 149

Li et al. Phys. Rev. D 83, 114049 (2011)

[1103.5122]
FCNC COupIing tuZ (LO) tuZ (NLO) ¢cZ (LO) tcZ (NLO)
LHC (W) (fb) 6.4 9.0 0.5 0.7
tug (LO)  tug (NLO)  tcg (LO)  tcg (NLO)
LHC (oA )2 (fb) | 141 180 7.6 10.8
tuV (LO) tuV (NLO) tcV (LO) tcV (NLO)
LHC (soA )2 (i) | 147 188 8.1 115
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zqt Vs ~vyqt

Relation of zqt couplings to Dim-6 ones, with (u: i=1,c¢: i =2)

L (3,i+3) (1,i+3)] U
Czqt qu - |:C¢q - Cd)q :| p
C f’R _ Ci+3 ﬁ
zqt J Zq du A2
2
Kzqt L _ 3i* v
A e T [ewCay SWCquj Az
2
Kzqt ;\R i3 i3 1V
A T T [CWCuW - SWCquJ A2
Recall £yq::
K 1 i vm
th '{Jq = g[ wCaiy +CWCuB¢] A2t
e VMY
A e T [swCliw + ewCiipy) Az

At LO, they are independent. pp — t+v and pp — t Z can be combined to
reconstruct the Dim-6 operators
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~gt—zqt anomalous couplings: pp — t £ £~

(E — €, W, T)

i 3

/qut v
L = - E tot Py, + P v
g=u,c \fCW fzq t fzq R Zn

g G T (S P+ 1PR) a2

K. —
+ e%qttgl“’( VLqPL—i— ffqPR)qAW}—i—h.c

U(pb)(fb)/()l TeV71 ‘ Kgct Kgut Kﬂ/ct K’yut cht Kzut Czct Czut

pp — Ll (%) ‘ 30 330 0.27 2.3 2.0 17 10 75

(xx) M (€¢) > 10 GeV
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pp — t €T £~ mixing

So far, photon and Z in the final state (either on- or -off shell).
However, new bosons could also give similar final state (i.e. FCN Z’).
If heavy, their interactions can be contracted and give rise to 4-fermion
operators, which are not included here.

C. Zhang, TOP 2014

Lepton pair inv. mass distribution in t — ull: pp — tll 13 tev, nlo+ps (preliminary)
dr o [ e T T T T T
——a0Gevh 4! do(pp — t£0)/dmy [fb/GeV]
am? L(13)_ 100 & A
inv ---- Cyw =05 Vs =13 TeV
(3,1+3)
55 I ) Bty Clcqn =1
: o]
2.0 1
) N ]
' | " 102
L0 i ‘
! N
. ,‘ ,,,,, 1 ‘ 103 1 ! | 1
N i, 0 90 200 300 400 500 60O
= == Miny(GeV JeV]
20 40 60 80 100 120 140 G5 ); mee [GeV]

Here, C., is 4f coupling: small but non-negligible around Z peak, dominant
outside
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H gt anomalous couplings: pp — t H

t
u,c b
LR s

Z 7 [t rrgt (FligPr + i, Pr) qH} +h.e
q=u,c

)

RHqt .1, 3 v?
q _ v ix U

A qu - Cuso A2

2

KHqt i 3 iz V7

A Ha 2 UP A2

a(fb)/1 (TeV™) ‘ Kget  Kgut KHct KHut
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H gt anomalous couplings: pp — tbb @ NLO

Y. Wang et al. Phys. Rev. D 86, 094014 (2012) [1208.2902]

Cross sections after cuts:

5 Mg =125GeV | oo [fb] Kpo  Kin
e Kot = 0.2 6.64 122 1.11
Kt = 0.2 0.428 1.40 1.00
Kpro: NLO QCD k-factor only for
§ production
x Ko k-factor also including NLO QCD
415 120 125 130 135 correction to decay

However, O}, = (qLiNiotur;)p G2, gives Htqg vertex: to be included in
QCD real corrections!
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Conclusions

@ LO couplings: reduced number of independent operator: minimal set of
independent couplings in effective Lagrangian

EFT: NLO mix couplins = “one-coupling-at-a-time” not justified
However, not all signatures are equally sensitive. If non-zero, some
couplings will appear sooner than others

gqt at LHC appears in all signature, and mix with all couplings

Global fit desirable, but what could be done meanwhile?

gqt will be seen first in top-alone final state.

If a signal in any other final state is observed, but not in top-alone, then
gqt negligible

@ 4f operators. To be included in t — ¢¢¢, small contamination at Z peak.
Account as sistematic error in zqt exclusion?

@ Regarding Higgs, Htqg to be included in signal when at NLO or +15
(Notice: it is not the case for all other couplings, all Vitqg are reabsorbed
in Effective Lagrangian)

¢ ©

¢ ¢ ¢ ¢
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