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THE EFT APPROACH

THE MATTER CONTENT OF SM HAS BEEN EXPERIMENTALLY VERIFIED
AND EVIDENCE FOR LIGHT STATES IS NOT PRESENT.

SM MEASUREMENTS CAN ALWAYS BE SEEN AS SEARCHES FOR
DEVIATIONS FROM THE DIM=4 SM LAGRANGIAN PREDICTIONS. MORE
IN GENERAL ONE CAN INTERPRET MEASUREMENTS IN TERMS OF AN

EFT:
£© @ Z

THE BSM AMBITIONS OF THE LHC HIGGS/TOP/SM PHYSICS
PROGRAMMES CAN BE RECAST IN A SIMPLE AND POWERFUL WAY IN
TERMS OF ONE STATEMENT:

“BSM GOAL” OF THE SM LHC PROGRAMME:

DETERMINATION OF THE COUPLINGS OF THE SM L UP TO DIM=6
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THE EFT APPROACH : SM@DIM6 LAGRANGIAN

[Grzadkowski et al, [0]
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THE EFT APPROACH

+ VERY POWERFUL APPROACH.

+ NOTE, HOWEVER, THAT IT ONLY MAKES SENSE IF A GLOBAL
CONSTRAINING STRATEGY IS USED TO EXTRACT INFORMATION FROM

THE DATA:
+ ASSUME ALL COUPLINGS MIGHT NOT BE ZERO AT THE EW SCALE.
+ IDENTIFY THE OPERATORS ENTERING EACH OBSERVABLE.

+ FIND ENOUGH OBSERVABLES (CROSS SECTIONS, BR’s,
DISTRIBUTIONS,...) TO CONSTRAIN ALL OPERATORS.

+ SOLVE THE (LINEAR) SYSTEM.

+ HIERARCHICAL APPROACH ON THE COUPLINGS.
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ANOMALOUS COUPLINGS VS EFT : WTB

/ \ For recent work on Wtb determination:

Lo = —%W(VLPL + VPR)tW,; TH:
_ Hioki, Ohkuma: 1511.03437
9 l—)ZO‘F‘VQV (9P + 9rPR)IW, +h.c. Auguilar-Saavedra, Bernabeu 1508.04592

V2 mwy Bernardo, Castro, et al. 1408.7063
Fabbrichesi, Pinamonti, Tonaro 1406.5393
Aguilar-Saavedra et al. [ 105.0117

_ EXP:
N 4-parameters y

ATLAS, 1510.03764
CMS, 1410.1154
3

1 dI 3 9 3. . o o r
- _ = * = e o * +F _|_F_ o |
T P— 8F+(1—I—COSO )< + 4Fosm 6 —I—8F_(1 cos ™) + L0

* NOTE THAT SEVERAL GROUPS NOW TAKE VL/R, Jio,r COMPLEX.

+ WHEN MB=0O THE INTERFERENCE TERMS WITH THE SM AMPLITUDE (I.E. THE
LINEAR TERMS) IN G AND VR VANISH.

+ THE 4F-CONTACT TERM NOT INCLUDED IN THE ANALYSIS OF DECAYS
BECAUSE ITS INTERFERENCE WITH THE SM IS VANISHINGLY SMALL. THE
SQUARE, HOWEVER IS NOT NECESSARY SMALL.
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AC vs EFT : WTB EXAMPLE

V2 my

N 4-parameters

L (91.Pr + 9rPR)IW,; +hec.

~

/

/

-

im Cr A
L&i° = 12Ok
I
08 = (p'iDLp)(qLo’v*qv)
Oty = i(@' D) (tr"br)

Ow = QLO“"OItRL,BW;{V

ObVV = qLU“VO'IbRQOW;V

4 coefficients

\

/
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AC vs EFT : WTB EXAMPLE

\/§ mw

N 4-parameters

Y (gLPL + grPR)IW +h.c.

~

Vi, = V}b+cSI)X—Zzl+cS§q)X—Z
Ve = ;c¢tbz—z

gr = \/§thx—z

gL = \/§waz—z-

\ ONE-TO-ONE MAPPING

/
=

/

-

08 = (¢'iDLe) (Lo’ qr)
Opts = (@' Dugp)(tRY"bR)
Ow = QLO“"OItRL,BW;{V

0w = qLU“VO'IbRQOW;V

4 coefficients

/
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AC vs EFT : WTB EXAMPLE

l—)"y”‘(VLPL + VRPR)th—
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\/§ mw

4-parameters

Y (gLPL + grPR)IW +h.c.

~

Vi, = V}b+cSI)X—Zzl+cS§q)X—Z
Ve = %cwa—Z

gr = \/§thx—z

gL = \/§waz—z-

ONE-TO-ONE MAPPING

/
=

/

_/
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im Cr A
L&i° = 12Ok
I
08 = (p'iDLp)(qLo’v*qv)
Oty = i(@' D) (tr"br)

Ow = QLO“"OItRL,BW;{V

ObVV = qLU“VO'IbRQOW;V

4 coefficients

\

/

-
-
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So here, AC and EFT
are equivalent?

NO!

\
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AC vs EFT : WTB EXAMPLE

COMMENTS:

+ THE EFT APPROACH IS AN EXPANSION IN 1/A?, SO THE
CONTRIBUTION FROM THE BSM COUPLINGS SQUARED IS
(TYPICALLY) HIGHER ORDER. THEIR IMPACT NEEDS TO BE
EVALUATED SEPARATELY.

+ IN THE MB=O LIMIT ONLY TWO OPERATORS CONTRIBUTE AT 1/A?

+ PARAMETERS CAN BE COMPLEX IN BOTH CASES. HOWEVER, THE
COMPLEXITY OF THE EFT IS CONSTRAINED BY THE HERMITICITY OF
THE OPERATORS => NOT ALL COEFFICIENTS CAN BE COMPLEX.

+ THE SQUARE OF THE BSM SHOULD BE USED FOR ESTIMATING
UNCERTAINTIES.

+ THE SQUARE OF THE BSM SHOULD BE USED TO ASSESS UNITARITY
ISSUES.
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AC vs EFT : WTB EXAMPLE

MORE COMMENTS:

+ TYPICALLY, OTHER OPERATORS ENTER A PHYSICAL OBSERVABLES,
SUCH AS THE ONE 4F OPERATORS (TBLV OR TBQQ) IN TOP DECAY
AND SINGLE-TOP PRODUCTION AT LO. FOR COMBINING WITH
SINGLE-TOP PRODUCTION THE 4F IS NECESSARY.

+ ADDITIONAL OPERATORS CAN CONTRIBUTE TO A PHYSICAL
OBSERVABLE AT HIGHER-ORDER IN QCD. AT NLO ALSO OTG
CONTRIBUTES TO TOP DECAYS.

+ OPERATORS DO MIX AND CAN BE ASSUMED TO BE VANISHING ONLY
AT A GIVEN SCALE.

+ EFT ALLOWS OPERATORS TO BE CONSISTENTLY CONSTRAINED WITH
OTHER OBSERVABLES.
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EFT VALIDITY

PP—>TOP TOP
+ CRITERIA TO STUDY THE BEHAVIOUR AT HE

INCLUDE: 1000:' T 1 T | I B | — T T T T T T T T T T
500 f 7 TeV N
. 2 4 ' P AL
+ SERIES BEHAVIOUR: 1/A?%2 vs 1/A o
(INTERFERENCE VS AMPLITUDE SQUARED) 3 100} o® :
+ UNITARITY s sof P
S [ Int. O Oy}
+ SIZE OF CROSS SECTIONS VS SM ¢
+ VALIDATION/COMPARISON WITH EXPLICIT ¥ 1o}
UV COMPLETIONS St

+ SIMPLE SOLUTIONS (PRACTICAL AND LEGACY- 1 bl
FRIENDLY) ARE AVAILABLE:

A(TeV)
[Degrande et al. arXiv:1 104.1798]

+ SIMULATIONS AVAILABLE FOR DIFFERENT
VALUES OF /\>\/é

+ POSSIBLE IMPROVEMENTS:

+ EVENT-BY-EVENT DETERMINATION OF THE SCALE INCLUDING RUNNING OF THE

OPERATORS, I.E. QCD (AND MAYBE EW) RGE EFFECTS [Englert Spannowsky, arXiv:
1104.1798].
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TOP-HIGGS INTERACTIONS

CONSIDER, FOR EXAMPLE, THE FOLLOWING TOP-HIGGS INTERACTIONS:

Ohg — (QLH) O—,UVTCLtRGZV7 CHROMOMAGNETIC OPERATOR

OHy — HTH (HQL) tR YUKAWA OPERATOR

1
OHG p— §HTHGZVGZLV HIGGS-GLUON OPERATOR

204 % 0
AT NLO IN QCD THE FIRST TWO OPERATORS MIX: 7=\ 22 1
IN ADDITION, THE THIRD OPERATOR RECEIVES
CONTRIBUTIONS FROM THE FIRST TWO AT ONE LOOP:

A MEANINGFUL ANALYSIS CAN ONLY BE MADE BY CONSIDERING THEM ALL.!
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TOP-HIGGS INTERACTIONS: HIGH-PT

FROM A GLOBAL FIT THE COUPLING OF THE HIGGS TO THE TOP IS POORLY
DETERMINED: THE LOOP COULD STILL BE DOMINATED BY NP.

[Grojean et al., 2013] [Banfi et al. 2014] [Buschmann, et al. 201 4]

pp—l>Hj

— sm

— 1 a v
Ouy=H'H (HQL) tg Ong = ;H'HG,, G,

00000

\

A MadGraph5_aMC@NLO

0.8 [— NoB/SM  — RWGT/SM|]
L L I

0 100 200 300 400 509{ 600
pr |GeV]
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TOP-HIGGS INTERACTIONS: HIGH-PT

FROM A GLOBAL FIT THE COUPLING OF THE HIGGS TO THE TOP IS POORLY
DETERMINED: THE LOOP COULD STILL BE DOMINATED BY NP.

[Grojean et al., 2013] [Banfi et al. 2014] [Buschmann, et al. 2014] T —
P l‘ren—osmT
===" Uren = 1.0my
0.1r _Ilren—zomT
1O =1 O:tZO%
— 1 a 174
Ouy=H'H (HQL) tg Ong = ;H'HG,, G,
0.0 .
¥°c
' ~0.1} '
-0.2F .
-Grojean et al., 2013 | |

0.8 0.9 1.0 1.1 1.2 1.3
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TOP-HIGGS INTERACTIONS: TTH

[Degrande et al. 201 2]

(lTeV/A)
0'2; % 0 mp=125 GeV;
> 0.2} ‘ :
g 04 . pp—h -
o (pp — tth) +92 vy 1o +13 S o 3 ]
TeV ol b
+ [543+i§§(%0hg)2+1132*3%302; the (1TeV/A)?
+ 85510 chq + 2702
+ 23313 Rengerg — 5011 Ren ey
TeV
— 3.2t§§RCHyCHG — 1.2i_chcHg] (T)

ANALYSIS DONE AT LO! NLO IS NOW WITHIN REACH
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TOWARDS A GLOBAL FIT AT THE LHC:
A PROOF OF PRINCIPLE

[Buckley et al.,2015]

indi rl'd ] —e—
4-fermion operators Non 4-fermion operators Ca B mal:gl;illl‘alli;eil —e—i
Ogy (@ma)(@"a) O34 i(6'7' Dug)(ar"7'q) Coc Ao
Ogq (@t q) (@7 q) Ow (qgo™T t)d)}/‘/#u B o
Ouu (@yuw)(ay ) Oz (40" N\*t)G;, . S
8 [~ A N\ (b A Av ~BA ~Chp ~
Ogu (T q)(@y*"T"u)  Oc fapcGL"G,) Gy 2 — e
0% (@T*q)(dy"T*d)  Of fapc GL G GS* - :
Oza (@ T u)(dy*T4d)  Osc (¢'0)Gp, G d e
O,c (6'0)GL, G Jar i .
TABLE I: All dimension-six operators relevant to top quark Cew L =
production, in the notation of Ref. [12|. Details of each are o3 i
included in the text. We do not include explicit flavor in- 99 Hed
dices here. 13 operators are shown, but O;wr and O;s have C‘gq L
both real and imaginary parts which should be considered as ' A
independent operators; the latter produce CP-violating effects.
-1 -0.5 0 0.5 1
C; = C;v? / A2

+ EFT BASED, FIT ON LHC DATA ONLY: TOTAL AS WELL AS DIFFERENTIAL
INFORMATION FROM TTBAR AND T-CHANNEL SINGLE-TOP.

+ SM AT NLO OR NNLO AND EFT AT LO IN QCD (FEYNRULES+MADGRAPH).
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TOWARDS A GLOBAL FIT AT THE LHC

However, one has to pay attention to which operators contribute for

a given process, LO and NLO.

[Cen Zhang]

Process Ow O Oy Ofpac)) OSC)J O,t Oty O4f Oz O,

t — bW — blTv N L L L

pp — tg N L L L

pp — tW L L L N N N

pp — tt L N L L L

pp — tty L L L N L L L

pp — ttZ L L L L N L L L

pp — tth L L L L L
99— H, H—=~y N N L

Og = gsf"BCGl/¥ G Gs* and O, = 2 (o1 ) Gfi, G* are included because they mix with

other top-quark operators and play a role in NLO calculations.

Top WG - Nov 2015 - CERN
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THE NEED FOR NLO IN QCD

+ A GLOBAL APPROACH WITH CONSTRAINTS ON TOP COUPLINGS
COMING FROM A WIDE SET OF OBSERVABLES IS THE (ONLY) WAY TO
GO.

+ A PRECISION PHYSICS EFFORT NEEDS ACCURATE PREDICTIONS NOT
ONLY FOR THE SM BUT ALSO FOR THE EFT.

+ THIS IS BECAUSE THE TOP IS COLOURED AND THE LHC Is A HADRON
COLLIDER.

+ [N FACT, THE STRUCTURE OF THE EFT FOR THE TOP BECOMES NON
TRIVIAL AT NLO IN QCD, WITH OPERATOR MIXINGS.
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AVAILABLE MC TOOLS

+ AVAILABLE MODELS (FEYNRULES/UFO)

+ FULL EFT bpiM=6 AT LO

+ https://feynrules.irmp.ucl.ac.be/wiki/HEL
+ https://feynrules.irmp.ucl.ac.be/wikilBSMCharacterisation

+ EFT INVOLVING TOP QUARKS DIM=6 AT LO

https://feynrules.irmp.ucl.ac.be/wiki/TopEffTh
+ EFT FOR FCNC AT LO

* https://feynrules.irmp.ucl.ac.be/wiki/ TFCNC
* https://feynrules.irmp.ucl.ac.be/wiki/GeneralFCNTop

+ EFT FOR FCNC AT NLO

(available on request)

+ EFT INVOLVING TOP QUARKS DIM=6 AT NLO

(available on request)

+ DEDICATED TOOLS AND IMPLEMENTATIONS AT LO (EG PROTOS).

+ GENERIC PROCESS* (VIA MODELS ABOVE) : MADGRAPH5_AMC@NLO.

*SOME LIMITATIONS STILL APPLY.
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EFT AT NLO

[Cen Zhang]
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AF OPERATOR CAN ALSO BE INCLUDED (ON-GOING).

Fabio Maltoni
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BOUNDING OTG AT NLO FROM TTBAR

RECENT ANALYSIS AT NLO IN QCD

Cic

2
Cia
0 = 0OSM + A2 + (F B2
Bi| LO [pb TeV?] NLO [pb TeV?] |K factor
Tevatron| 1.6170:95 (75,00 [1.81070:973 1550 | 1.12
LHCS | 50.7H1%% Fos) | 72.62597%8, Fii i) | 143
LHC13 [161.67559 (F00 10| 239.57300 (0 a0) | 148
LHC14 [191.3%535 ("0 00| 283.07388 (lalo | 1.48
B2|LO [pb TeV*]|NLO [pb TeV*]
Tevatron 0.156 0.158
LHCS 8.94 11.8
LHC13 30.0 43.2
LHC14 35.7 51.6
LO [TeV_Q] NLO [TeV_Q]
LHC8 |[-0.56, 0.41] | [-0.42, 0.30]
LHC14 |[-0.56, 0.61]| [-0.39, 0.43]

Top WG - Nov 2015 - CERN

|18

[Franzosi and Zhang, 2015]

MadGraph5_aMC@NLO

107"
pp—tt, LHC14, C /A*=1 TeV?
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TTZ AND TTY : AC AT NLO

[Rontsch and Shulze, 2014, 2015]

05 = iv? (¢ D) (@v*r'Q)

Lizz = iet(pe) [ (Crv +75C1,4) + ii{f}’;” (Cov +iv5C2.4) | v(pp) Zy Oc(p) 1Yt ( tﬁ#‘P) (@' Q)
Opi = it (9! D) (Bt
L. = —eQit 't A, quv (di, +id}y5)t A O = yrgw Qo r11) W
O:B = yigy (Qo"t)pByy

+ TOP COUPLINGS NOT CONSTRAINED BY LEPI Z DECAYS.
+ THE PHOTON DIPOLE COEFFICIENTS DEPEND ON OTW AND TB
+ PHOTON AND Z ARE RELATED ABOVE THE EWSB.

* PHOTON COUPLINGS ENTER IN THE OFF-SHELL TT4Y

3 3 3
- 7 TeV, NLO QCD '
BN 25

:_551 + CONSTRAINTS FROM THE 7 TEV RUN

. —8<AC; v <7and -3 <ACiA <1

LA

AC, 4

2 -
AC,y ACy
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TTZ AND TTY : AC AT NLO
[Rontsch and Shulze, 2014, 2015]
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z F 1
-04 C
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—0.2 L Bl | L1 | | bl | L L | 0
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& E 3
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Civ Ciy Cayy Coy

HOWEVER MORE WORK NEEDED:

+ I[N ESSENCE STILL AN ANOMALOUS COUPLING APPROACH.

+ GLOBAL ANALYSIS CONSIDERING TTZ AND TTY NEEDED.

+ CONSTRAINS FROM LEP EW OBSERVABLES [Mebane et al, 2013]

+ ALSO THE CHROMOMAGNETIC OPERATOR CONTRIBUTES TO TTZ AND TTY. GIVEN THE
PRESENT CONSTRAINTS IT IS QUITE IMPORTANT.

+ FOUR-FERMION OPERATORS ENTER IN THE OFF-SHELL TT¢Y
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TOWARDS A GLOBAL FIT AT NLO: TTV

[Bylund, FM, Tsinikos,Vryonidou, Zhang, in progress|

Oy is constrained from top pair production giving C;,=[-0.77,0.4] [Aguilar-Saavedra:2014igal,
LO [-0.56,0.41] and NLO [-0.42,0.30] [Franzosi:20150sa. But as the contribution to the ttZ

Ogg = z%yg (cpf D1 (,0) (Qy*71 Q) cross-section is big, we will not ignore this operator.
1 B Og is constrained from dijets. At the moment the only indication about limits is from

OS(OIC%) = ziyf cpf (ﬁ” cp) (QY"Q) [Ghosh:2014wxa), which claims a |Cg| < 0.12 based on some tt projection for the LHC with

1/ ) 30 fb~! made in [Cho:1994yu]. We assume that dijet and tf cross-sections will constrain
Otpt = z§yt (<P (B”SO) (t’}’u t) this, and we will not consider it any further.

1 ~ Ouw is constrained from W helicity measurements and single top production, with
Oy = i57 (¢1D ) (57) limits Caw=[- 20145

@ 5 o mits Cyw=[-0.15,1.9] [Tonero:2014je]. (3) (1)

Oy = U3, ( QO_/.LVTI t)(ﬁwi,, The Z — bb decays contrains the sum of Cj =[-0.026, 0.059]. As this is already

extremely constraining, in the rest of the study we W111 assume that C' (3) C'( )

O,n = o'’ t) 5B
tB = Y:Jy (? , )ASO f v 4 The other three: O( ) Oq(bg, O4t and Oyp only receive indirect constramts from LEP
Oy = Y195(Qa™'T t)SOG;w giving the following hmJtS

CL) — O3 = [-3.4,7.5]
Cy = [-2.5,7]
Cip = [_ 17, 43]
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TOWARDS A GLOBAL FIT AT NLO : TTY

[Bylund, FM, Tsinikos,Vryonidou, Zhang, in progress|

tt'y, LHC8 pT(Y) >20 GeV |ASM|2 — Z-o,;wq
e 7! v . _
C 2 . 2 ]
IEI i |ASM| +|nt+|ABSM| - ]
o I ] 2mym
= t''vz
Yo) - Cl, = (Coy + Cig) —5—=
2 i ov = (Cwm ¢B) 2
B 0.01 8
© [ ©
- 2' STeV SM O O Ouw
- g oo 604.03) 5ts  1TLS()IES  538(5)ITE 538(6)11H
L O
| | | | | | 5 o\ N0 S 2895)' 8L 5801)1%3 5.7(3)*03
S 14 - . K-factor 1.29 1.28 1.08 1.06
» 14r - |
= 12F = oy Lo/Tsm Lo 0.2839(2) 00002 0.0089(1)*550%  0.0089(1) 50003
2 e e e i s e ohuolosuio 0281788 000r2) S ooore) S
= 4 E 1 %20/ Lo 0.1740(2)'Gogez  0.368(6)1goi;  0.368(6) 55:3
« 1.2F - o olo o 0.1789(8)*3%010  0.41(1)2} 0423133
~ 1 I T -
b - ]
0.8 = b b b b L L s Table 3: Cross sections (in fb) for t&y production at the LHC at /z = 8 TeV. No cuts are applied
300 400 500 600 700 800 900 1 000 to final state particles except the pr(7) = 20 GeV cut, and no decays are included. The coefficient

ctB at NLO in improved by using ¢ = +50.

m(tt) [GeV]

CTwW AND CTB ARE INDISTINGUISHIBLE. 1/A EXPANSION WELL BEHAVED.
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TOWARDS A GLOBAL FIT AT NLO : T1TZ

[Bylund, FM, Tsinikos,Vryonidou, Zhang, in progress]
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TOWARDS A GLOBAL FIT AT NLO: TTV

[Bylund, FM, Tsinikos,Vryonidou, Zhang, in progress|

Defficients Fix Fix (no ttV)  Marginalize Marg. (no ttV)

Cip +C5)  [-0.025,0.056] [-0.025,0.056] [-0.025,0.058]  [-0.020,0.068]

ng - Cg -3.1,4.0] -3.4,7.5] -14,8] -40,12]
Cyy -2.4,4.5] -2.2,5.7] -11,17] -9.2,32]
Cow -0.73,1.8] -0.74,1.8] -0.80,1.8] -0.67,2.0]
Cp -13,44] -17,43] -43,67] -63,73]
Cy -0.38,0.30]  [-0.40,0.31]  [-0.37,0.34] -0.40,0.31]

Table 8: Two-sigma bounds on individual operator, including ¢tV +tt+W -helicity+PEWM. A = 1
TeV. Second column: all other coefficients are fixed to 0. Third column: same but without ttV.
Fourth column: all other coefficients are allowed to vary. Fifth column: same but without ¢£V..

NO INFORMATION FROM SINGLE TOP PRODUCTION INCLUDED

IN THE PEWM FIT SOME ASSUMPTIONS ARE MADE.
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TOWARDS A GLOBAL FIT AT NLO: TTV

[Bylund, FM, Tsinikos, Vryonidou, Zhang, in progress]
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AN EFT GUY’S DESIDERATA

+ EVEN IF YOU ARE AN ADEPT OF THE AC APPROACH AND AFRAID TO
LEAVE IT, PROVIDE ANYWAY THE EFT INTERPRETATION OF YOUR
BOUNDS.

+ |[F YOU USE THE EFT TO INTERPRET THE RESULTS DON’T LEAVE OUT
OPERATORS WITHOUT JUSTIFICATION. CLEARLY STATE WHICH
OPERATORS ARE INCLUDED AND WHY.

+ TOTAL CROSS SECTIONS ARE OF LIMITED USE. MORE INTERESTING
ARE FIDUCIAL CROSS SECTIONS OR PSEUDO-OBSERVABLES (EG
HELICITY FRACTIONS). THE BEST WOULD BE THE DIRECT FIT (TOP-
DOWN) ON THE EFT COEFFICIENTS USING ALL POSSIBLE
KINEMATICAL INFORMATION OF THE EVENTS (OF COURSE EXPLORE
NEW OBSERVABLES).

+ BEHAVIOUR OF THE ALPHAS AND 1/A EXPANSIONS ON OBSERVABLE
BASIS SHOULD BE ALWAYS ASSESSED FOR TH UNCERTAINTIES.

+ USE AT LEAST NLO IN QCD ACCURACY FOR THE SMEDIMG6
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THE ROAD AHEAD

+ THE INTERPRETATION OF MOST OF THE SM/HIGGS/TOP
MEASUREMENTS ANALYSES CAN BE RECAST IN TERMS OF THE
SM@DIM6 EFT.

+ THE PRECISION OF THE THEORETICAL PREDICTIONS FOR THE DIM=4
SM WILL CONTINUE TO BE IMPROVED, BY INCLUDING NNLO IN QCD
AND NLO IN EW CORRECTIONS IN A FULLY EXCLUSIVE WAY.
PREDICTIONS FOR EFT AT NLO IN QCD ARE NOW AVAILABLE FOR A
CONSIDERABLE SET OF OPERATORS.

+ PROOF OF PRINCIPLE AVAILABLE OF A GLOBAL APPROACH AT NLO IN
QCD FOR FCNC TOP QUARK. ALMOST THERE FOR ALL TOP RELATED
OPERATORS (EXCEPT 4F OPS).

+ CONSIDERABLE WORK STILL TO BE DONE ON HOW TO DEFINE THE
BEST FITTING STRATEGY (AND DEALING WITH UNCERTAINTIES).

+ NEW/EXCITING JOINT TH/EXP EFFORT!
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ADDITIONAL MATERIAL
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TOWARDS A GLOBAL FIT AT NLO : T1TZ

[Bylund, FM, Tsinikos,Vryonidou, Zhang, in progress]

Notation Measurement Reference
Z-pole I'y Total Z width (25, 27]
Ohad Hadronic cross section
Re(f =e,p.7,b,c) Ratios of decay rates
A%{?( f=epn1,bcs) Forward-backward asymmetries
s7 Hadronic charge asymmetry
Af(f =e,p,1,b,c,8) Polarized asymmetries
Fermion pair oi(f=q,p,T,¢€) Total cross sections for eTe™ — ff 28]
production at LEP2 A{r g(f=pn1) Forward-backward asymmetries for ete™ — ff
W mass my W mass from LEP and Tevatron 25
and decay rate 'w W width from Tevatron
DIS Qw(Cs) Weak charge in Cs 25
and Qw(T1) Weak charge in T1
atomic parity violation Qw (e) Weak charge of the electron
97, 9% v,-nucleon scattering from NuTeV
ave, 9% v-e scattering from CHARM 11
W pair production ow Total cross section for ete™ — WTW ™ 28]

Table 1: Major precision electroweak measurements used in this analysis. The total cross
section for ete™ — eTe™ is divergent. We use the cross section in the angular range cos €
[—0.9, 0.9] instead.
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TOP FCNC AT NLO

THE STUDY OF FCNC COUPLINGS CAN BRING NEW INFORMATION:
[Drobnak, 2012 based on CMS and ATLAS results] [Kao et al. 2011 , Kai-Feng et al 2013] [Zhang FM, 201 3]

ﬁz _h
t — L —<

U,C u,C

WHILE THE EXP SEARCHES ARE COMPLETELY DIFFERENT, ONE HAS TO REMEMBER
THAT THE DECAY RATES WILL DEPEND ON SEVERAL OPERATORS THAT ARE LINKED BY
GAUGE SYMMETRY. FOR EXAMPLE:

045 = gy (o™ )@ B 1
0(13) . (— 737 It) ~WI ( ? 00 0O \
uW = Ytgw\go T L)PW ,Y—zas g % 0 0

O‘l(l,]g) = 495 (qo* Tt) G, - 5 01 0
\ -2 00 -1

O3 = —y (o) (at) P
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TOP FCNC AT NLO

[DurieuxgFM, Zhang 2014]

N / _:
&7 - &)
'”‘5; /
_1":':. '._‘__I..- | : \I— . e e
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OB = yrgy (Qo*"'t)pBuy —400 -1 G'E.-,l;} = ﬂzﬂ'?f@ﬂrwt}fﬁﬂw § 2900 -1
Orp = —1; (0'0)(Q1) & . 0L = -2 (o' o)(at) -

c3(1 Tev) =1, . %) (my) = 0.98,
CU3 (1 TeV) =0, CU3) (my) = 0.23.
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TOP FCNC AT NLO : DECAYS

[Durieux, FM, Zhang 2014]
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TOP FCNC AT NLO : PRODUCTION

[Degrande, FM,Wang, Zhang, 2014]

pp —th

CONTRIBUTIONS APPEAR AT LO FROM Oro
AND ONE FROM O+g..

AT NLO IN QCD OTg MIXES WITH ALL THE
OTHER OPERATORS SO IT HAS ALWAYS TO BE
INCLUDED.

IT ALSO MEANS THAT IF A SPECIFIC
(ARBITRARY) CHOICE OF NON-ZERO
\ \ COEFFICIENT OPERATORS IS MADE AT HIGH
SCALES (WHERE ONE CAN IMAGINE A FULL
, THEORY TO LIVE) MANY OPERATORS BECOME

PP _’thj (SM) ACTIVE WHEN EVOLVED TO LOWER SCALES.

J ONLY A GLOBAL/FIT APPROACH ON
CONSTRAINING SUCH OPERATORS AT THE
- = , h SAME TIME CAN BE USEFUL STRATEGY AND
7 IT HAS TO BE AT LEAST NLO IN QCD.
t
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TOP FCNC AT NLO : PRODUCTION

[Degrande, FM,Wang, Zhang, 2014]

THE OPERATORS HAVE BEEN IMPLEMENTED IN FEYNRULES, THE MODEL WAS
UPGRADED TO NLO AUTOMATICALLY AND THEN PASSED TO MG5_AMC.

RESULTS SHOWN HERE AT NLO. THE PP —THJ INTERESTING PROCESS BY ITSELF...

pp-sth, 95— (pb/GeV)
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,Lop

COMPLETE IMPLEMENTATION OF ALL OPERATORS OF DIM=6 AT NLO (INCLUDING FOUR
FERMION OPERATORS) IN QCD IS ON GOING.
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TOP FCNC AT NLO : GLOBAL FIT

[Durieux, FM, Zhang 2014]

olete™ — tj +tj) [fb]
Br(t - jete ) +Br(t — jpTp~) £0.0017% ©MS e

400 - \J 1 o

Br(t — jy) < 3.2% CDF : ! -

Br(t — jvvy) < 0.0016% cwms 200 |- + v
U(pp—>t)+0(pp—>t_)<2.5pb at Vs =8 TeV  ATLAS | i

100
I LEP2 limits

o(ug — ty) + o(ug — tv) sol. CUHD _ 159 o) _g
+0.778 [o(cg — ty) + o(cg — t7)] (10%?3) — 0, c%f: —1.27 1
L + _+_ -
< 0.0670 pb at ,/5,, =8 TeV CMs - Ce =D 0w =127
190 195 200 205
V5 [GeV]

olete” —tj+1j) < 176 fb at v/s =207GeV LEPII

FOR THE SAKE OF ILLUSTRATION AND SIMPLICITY, WE ONLY CONSIDER THE MOST
CONSTRAINING OBSERVABLES. THIS SUFFICES TO SET SIGNIFICANT BOUNDS ON ALL TWO-
QUARK OPERATORS AS WELL AS ON A SUBSET OF THE TWO-QUARK—-TWO-LEPTON ONES.
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TOP FCNC AT NLO : GLOBAL FIT

[Durieux, FM, Zhang 2014]

— 3 3
2 Cig ™ or €15 e
?‘ (a+3) (a+3) .
5 (Ceq | or |Ceu™ | pr——
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|C<pq(a+3) o Cé?"’) 29
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a3 3a /
C(W) or C(W) — 0.%12
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ci o 521 L3
Craad| or [Crio?)| 1.6
Co)] or |CR3D)| o 049
1C| or |CS =3-6
0

Cola3) or ol

FIRST PROOF OF PRINCIPLE THAT A COMPLETE GLOBAL FITTING STRATEGY IN A SELF-
CONTAINED SECTOR OF THE TOP EFT IS POSSIBLE WITH THE AVAILABLE MEASUREMENTS.
THE RED (BLUE) ARE FOR 1ST (2ND) GENERATION. TICKS = ONE ON AT THE TIME.
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