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TOP-QUARK PHYSICS IN THE ERA

+ ARE THE THEORETICAL MOTIVATIONS FOR THINKING THE TOP-QUARK
MIGHT PLAY A SPECIAL ROLE IN EWSB AND AS A PORTAL TO NEW
PHYSICS STILL THERE ?

+ WHAT DO THE CURRENT HIGGS MEASUREMENTS TELL US ?

+ HOW DOES THE HIGGS DISCOVERY IMPACT ON THE CURRENT “SM” TOP-
QUARK CAMPAIGN OF MEASUREMENTS ?

+ AND ON THE TOP-QUARK RELATED BSM SEARCHES ?

+ DO WE HAVE TO RETUNE OUR NP SEARCH STRATEGIES FOR THE LHC
RUN Il ?

+ ARE WE WELL-EQUIPPED TO FACE THE COMING CHALLENGES?
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THE TOP-HIGGS NATURAL CONNECTION

QUANTUM CORRECTIONS AFFECT THE STABILITY OF THE HIGGS

MASS. CONSIDER THE SM AS AN EFFECTIVE FIELD THEORY VALID
UP TO SCALE A:

3 1 1
M = Mo oot L T KA O YW

PUTTING NUMBERS, ONE GETS:

A 2
(125GeV)? = miy + [—(2TeV)? + (700 GeV)?* + (500 GeV)?] (1 OTeV)
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THE TOP-HIGGS NATURAL CONNECTION
tree loops

MH? ~ (125 GEV)? T

top WZ Higgs

A 2
(125GeV)? = mi + [—(2TeV)? + (700 GeV)? + (500 GeV)?] ( . OTeV)

DEFINITION OF NATURALNESS: LESS THAN 90% CANCELLATION:

At < 3TeV = NEW TOP/HIGGS RELATED PHYSICS MUST BE “LIGHT”
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TOP CORRECTIONS TO THE HIGGS POTENTIAL

NO SIGN OF NEW PHYSICS....EVERYTHING LOOKS CONSISTENT UP
TO VERY HIGH SCALE...EVEN THE FATE OF THE UNIVERSE.
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http://arxiv.org/abs/arXiv:1205.6497

THE TOP QUARK IS SPECIAL

IN THE SM, IT IS THE ONLY QUARK:

1. WITH A “NATURAL MASS”

Miop = YiV/V2 =174 GeV= y; = |

IT “STRONGLY” INTERACTS WITH THE HIGGS SECTOR.

2. THAT DECAYS SEMI-WEAKLY, BEFORE HADRONIZING AND WAY
BEFORE SPIN-FLIPPING

Thad = h/Aocpo = 22102 s
Tip = h mi/ Aocp? >> Thad ) b

Tiop = h/ Tiop =1/(Gr ma3 [Vip|Y/8TT/2) = 510255

Compare with To = (G2 mp> |Voc[? k) = 10?5
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THE TOP QUARK IS SPECIAL

3. WITH AN UNMISTAKABLE EXPERIMENTAL SIGNATURE, ABUNDANTLY
PRODUCED IN PAIRS, SINGLY, AND IN ASSOCIATION WITH OTHER

STATES:
Strong Weak Associated
( q t ) 4 )
q t
I TEOOOO—— °
I BT ——— ¢ ‘
——h A W
\_ J \_ J
number of events @13TeV | fb"!

10° 250 - 103
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THE TOP-QUARK GATEWAY TO NP

Strategies:

+PRECISION SM TOP-QUARK PROPERTIES MEASUREMENTS

+SEARCHES OF TOP-QUARK PARTNERS AND NEW STATES

+SEARCH FOR NEW TOP-QUARK INTERACTIONS

Needs:

+HIGH PRECISION PREDICTIONS (NNLO IN QCD AND NLO) FOR KEY SM 0OBS

+NLO FOR ANY SM (BSM) PROCESS IN THE FORM OF (AUTOMATIC) MC TOOLS

+A CONSISTENT AND COMPLETE MODEL-INDEPENDENT FRAMEWORK, THE EFT
AT NLO
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LHC PREDICTION/MC’S IN 2015

accuracy o
‘ fully inclusive

A

[loops] pp— n particles

parton-level

‘ fully exclusive
2 ‘ Q fully exclusive and automatic

Q & @ @  IMGSaMCANLOSHERPALOLPS
L 0 Q Q Q@ QQOGL

| 2 3 456789 IO
complexity [n]
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TOP PREDICTIONS IN 2015

Loops

NNLO

resummation
N NLOappmx

v -

NLO merging for ¢t + X

v v v’ Legs

New results for W W bb
NLO calculations

NLO

parton shower

effects
top decays in
narrow-width approx.

v v / M. Schulze
finite width
effects

beyond # stable tops
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TTBAR CROSS SECTION AT

MONUMENTAL MILESTONE IN
PERTURBATIVE QCD:

[Bdrnreuther, Czakon, Mitov 2012]

[Czakon, Mitov _2012]
[Czakon, Mitov _2012]

[Czakon, Fiedler, Mitov 201 3]
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TwWO LOOP HARD MATCHING COEFFICIENT
EXTRACTED AND INCLUDED

VERY WEAK DEPENDENCE ON UNKNOWN
PARAMETERS (SUB 1%): GG NNLO, A, ETC.

~ 50% SCALES REDUCTION COMPARED TO THE NLO
+NNLL ANALYSIS
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http://arxiv.org/abs/arXiv:1303.6254
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http://arxiv.org/abs/arXiv:1207.0236
http://arxiv.org/abs/arXiv:1303.6254

TTBAR CROSS SECTION AT NNLO

HAVING A NNLO PREDICTION OPENS THE DOOR TO NEW POSSIBILITIES.

CONSIDER THE LIGHT STOP WINDOW IN A COMPRESSED SPECTRUM, THAT
MIMICKS THE NORMAL TTBAR PRODUCTION:

24p | Mop ~173.3 SM + stops
ss @ NLO+NLL CMS, 7TeV
tt @ NLO+LL
220
~
% 200
S
©
180
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180 190 200 210
Mstop [GeV]
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[Czakon, Mitov, Papucci, Ruderman, Weiler,2014]

Myop = 173.3
ss @ NLO+NLL

it @ NNLO+NNLL

SM + 'stops —
Atlas+CMS, 7TeV |
SM ———
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http://arxiv.org/abs/arXiv:1407.1043

TTBAR CROSS SECTION AT NNLO

HAVING A NNLO PREDICTION OPENS THE DOOR TO NEW POSSIBILITIES.

CONSIDER THE LIGHT STOP WINDOW IN A COMPRESSED SPECTRUM, THAT
MIMICKS THE NORMAL TTBAR PRODUCTION:

[Czakon, Mitov, Papucci, Ruderman, Weiler,2014]

vary neutralino mass vary top mass
" e —

| CMS 7TeV, 23 o) j | | CMS7TeV, 2385
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http://arxiv.org/abs/arXiv:1407.1043

TOP FORWARD-BACKWARD ASYMMETRY

[Czakon, Fiedler, Mitov,20 [ 4]
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THE ASYMMETRY AT NLO ACCURACY (FROM THE NNLO TOTAL CROSS
SECTION CALCULATION) IS SIZEABLY LARGER AND MUCH MORE
PRECISE THAN THE LO RESULUT.
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http://arxiv.org/abs/1411.3007v1

TT AT NNLO : DIFF. DISTRIBUTIONS

[Czakon, Fiedler, Heymes, Mitov.; in preperation]
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Good perturbative convergence. Improved precision.
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TT AT NNLO : DIFF. DISTRIBUTIONS
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FOR THE FIRST TIME THE ISSUE OF “A SOFTER THAN NLO” Pt (TOP)

HAS BEEN SEEN IN DATA CAN BE STUDIED. NNLO PREDICTIONS

SEEM TO GO IN THE DIRECTION OF DATA.

[Czakon, Fiedler, Heymes, Mitov.; in preperation]
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IMPROVING SINGLE TOP
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[Papanastasiou et al., 201 3]
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http://arxiv.org/abs/1305.7088
http://arxiv.org/abs/1404.7116v1

do/dH{™ [pb/GeV]

REALISTIC AND ACCURATE PREDICTIONS

Total transverse energy

Hoeche et al., 2014
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THREE METHODS AVAILABLE TO

MULTIPLICITIES (MEPS®&NLO, FXFX,

1.5

0.5

[Frixione et al, 2014]

tt production at the 8 TeV LHC

Unmerged (resc.) ——
Fx-Fx, ug =100 GeV —e— i

MadGraph5_aMCENLO
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MERGE AT NLO DIFFERENT JET

UNLOPS)

IN SHERPA AND

MG5_AMCE@NLO+PYTHIA8. STATE-OF-THE-ART MC’S FOR TTBAR.
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http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1402.6293

o per bin [pb]

REALISTIC AND ACCURATE PREDICTIONS

107 kb ttH production at the 13 TeV LHC
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[Frixione et al, 2015]

107 ¢

107 | tiZ production at the 13 TeV LHC = W™ production at the 13 TeV LHC
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NLO FOR QCD & EW CORRECTIONS INCLUDED. QCD CORRECTIONS AVAILABLE ALSO

FOR TTVV FINAL STATES. QCD EFFECTS NEED TO BE TAKEN INTO ACCOUNT FOR
PRECISION AND ACCURACY. EW ONES FOR ACCURACY.
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http://arxiv.org/abs/1504.03446v1

REALISTIC AND ACCURATE PREDICTIONS

pp — ttbb

Mass of first two b-jets (ttbb cuts) *-LC ascioli et al, 2013
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See also [Kardos and Trocsanyi, 201 3]
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See also [Bevilacqua and Worek, 2012]
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http://arxiv.org/abs/arXiv:1206.3064
http://arxiv.org/abs/arXiv:1303.6291
http://arxiv.org/abs/arXiv:1309.5912
http://arxiv.org/abs/arXiv:1309.5912

SUMMARY

+ NNLO CALCULATION FOR KEY TOP (EVEN DIFFERENTIAL)
OBSERVABLES AVAILABLE

+ NLO+PS AVAILABLE FOR ANY PROCESS WITH ON-SHELL TOPS
(KEEPING SPIN CORRELATIONS IN THE DECAYS)

+ NLO MERGING AVAILABLE FOR KEY PROCESSES WITH STATE OF THE
ART SHOWERS (SHERPA, HW++, PYTHIAS8)

+ NLO FOR RESONANT/NON-RESONANT BW FINAL STATES AVAILABLE
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THE TOP-QUARK GATEWAY TO NP

Strategies:

+PRECISION SM TOP-QUARK PROPERTIES MEASUREMENTS

+SEARCHES OF TOP-QUARK PARTNERS AND OTHER STATES

+SEARCH FOR NEW TOP-QUARK INTERACTIONS

Needs:

+HIGH PRECISION PREDICTIONS (NNLO IN QCD AND NLO) FOR KEY SM 0OBS

+NLO FOR ANY SM (BSM) PROCESS IN THE FORM OF (AUTOMATIC) MC TOOLS

+A CONSISTENT AND COMPLETE MODEL-INDEPENDENT FRAMEWORK, THE EFT
AT NLO
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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:
£(6) _ £(4) 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

[Grzadkowski et al, 10]

: DIM=6 SM LAGRANGIAN
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BASED O N ALL THE

SYMMETRIES OF THE SM

NEW PHYSICS IS HEAVIER THAN
THE RESONANCE ITSELF : A>Mx

QCD AND EW RENORMALIZABLE
(ORDER BY ORDER IN 1/A)

NUMBER OF EXTRA COUPLINGS
REDUCED BY SYMMETRIES AND
DIMENSIONAL ANALYSIS
EXTENDS THE REACH OF
SEARCHES FOR NP BEYOND THE
COLLIDER ENERGY.

VALID ONLY UP TO THE SCALE A

Fabio Maltoni



http://arxiv.org/abs/1008.4884

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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TOP EFT INTERACTIONS

IN PRINCIPLE A LARGE NUMBER OF OPERATORS ARE PRESENT. YET
VERY FEW OPERATORS OF DIM-6 ENTER IN TOP AND TOP-HIGGS
PHYSICS:

[Willenbrock and Zhang 201 |, Aguilar-Saavedra 201 |,Degrande et al. 201 1]

operator process

Og? = i(¢T I D,o)(qy"T1q) top decay, single top

Ow = (go*'7! t)qg [ " (with real coefficient) | top decay, single top

O(l 3) _ = (@'y,T qg)(qf},uT q) single top CP-even
O = (Go" A\4t)dGA 2., (with real coeflicient) | single top, qq,gg9 — tt

Og = fABcGﬁyGprg“ qgqg — tt

Ogc = 5(¢7 9)Ga, G gg — it

7 four-quark operators qq — tt

operator process

Ow = (go'r! t)gBWiy (with imaginary coefficient) | top decay, single top

Oiq = (cja“”)\At)q;Gﬁ‘V (with imaginary coefficient) | single top, qq, gg — tt CP-odd
Og = fapcGhY GBrGSr g9 — tt

O, = 3(¢T )G, G g9 — tt
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http://arxiv.org/abs/arXiv:1008.3869
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TOP EFT INTERACTIONS

FIRST CONSTRAIN OPERATORS THROUGH TOP-ANTI-TOP PRODUCTION. THERE ARE ONLY FIVE
OPERATORS ENTERING:

SM 8
Lii =L + 53 9Oy + crRORg + arOg, + (R < L)]
AND IN CASE ONE IS INTERESTED ONLY IN TOTAL RATES (AND SPIN INDEPENDENT / FB SYMMETRIES)
ONLY THREE PARAMETERS ARE LEFT : GH , CcV=CR+CL AND AA = AR - AR

> = >

Chromomagnetic operator Oy, = (HQ)o** Tt GA Four-fermion operators
}m< T LT qq annihilation:
T both cng and 4-fermion operators
SM SM g

gluon fusion i o q t
corrections from cpg only SR R

| - -

+ +
o Y SM [
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TOP EFT INTERACTIONS

NON-RESONANT TOP PHILIC NEW PHYSICS CAN BE PROBED USING
MEASUREMENTS IN TOP PAIR PRODUCTION AT HADRON COLLIDERS

THIS MODEL-INDEPENDENT ANALYSIS CAN BE PERFORMED IN TERMS OF 8
OPERATORS.

OBSERVABLES DEPEND ON DIFFERENT COMBINATIONS OF ONLY 4 PARAMETERS:

o(gg — tt),do(gg — tt)/dt — cp,

o(qq — tt) < Chg, CVy
da(ch — ti)/dmtt <  Chg,Cvy
Arp <  Caq

spin correlations < Chg, CVu, CAyp
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TOP-HIGGS INTERACTIONS

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

Ohg — (QLH) O-,UJVTGJ.L.RGZV’ CHROMOMAGNETIC OPERATOR

OHy — HTH (HQL) tR YUKAWA OPERATOR

1
OHG J— §HTHGZ]/GZLV HIGGS-GLUON OPERATOR

_ 2a; % 0
AT NLO IN QCD THE FIRST TWO OPERATORS MIX: 7= s -2 -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: CONSTRAINTS

FROM A GLOBAL FIT THE COUPLING OF THE HIGGS TO THE TOP IS POORLY
DETERMINED.

cy =1.044+0.03, ¢ =117 ¢, =1.067039, ¢ =1.0440.22
= —0.0024+0.036, c,, =0.001173992 ¢z, =0.00079%% .

Cu VS. cgg correlation

Cgg

00201 B -. Oy = H' H (HQL)tr  Onc = —HTHG“ GHv
[ SM point

0.015F + Bestfit 60000 /

00100 - > :Z;@

0.005! Z OO0

0.000 ; | THE LOOP COULD STILL BE DOMINATED BY NP.

_0.()()5: R = S

: ] THE EFFECT OF THE { \ X:b ...........
--------------- } CM OPERATOR NOT

_05 OO 05 10 1.5 INCLUDED ’:;:D ..........

[Belusca-Maite, Falkowski, 2013] ¢,
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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] i R A
A U Uren = 0.5 my
=== Uren = L.Omy
0.1r — Hpen =2.0my .
12 q=1.0 £ 20% -
_ 1 a 1% -
(’)Hy:HTH (HQL) th OHG=§HTHGWGZ‘ -
0.0r -
{0 00[00) . '
x
[ —0.1F :
00000
-0.2F -
-Gro,l:ean et gl.. 2013 | |

0.8 0.9 1.0 1.1 1.2 1.3

K;
EFT AT NLO PREDICTIONS AVAILABLE, YET SM NLO PREDICTIONS ARE NEEDED

CONTROL ACCURACY AND PRECISION.
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TOP-HIGGS INTERACTIONS: TTH

[Degrande et al. 2012]
¢,(1TeV/A)* =0

- - 0.2 L Ol my=125GeV ]
Lo00f | oY ]
z ool :
E ~0.2 |
= —04 -
o (pp — tth) & ;
- = 611192, + [457157 Reng — 491 15cq —0.6]
TeV oglbe— bbby
55 23 0.8
- 1471_32011(;—671_1663;] (T) —1 0 1 2 3
+ [543%153(Reng)? + 11327335¢% chg (1TeV/A)?
+ 85.5103ch o+ 2101
+ 23373 Rengema — 501 1SRen ¢y
TeV*
— 3.2fg§RcHycHG — 1-21_§CHCHG] (T)

ANALYSIS DONE AT LO! NLO IS NOW WITHIN REACH
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TOP-HIGGS INTERACTIONS: TTH

[Degrande et al. 2012]

. LHC 14 TeV
pp — tth 0.08 o
: — Int. SM Oy,
0.06 -
. . . f : ==== Opg $q. amp. |
La Rl - o 0.04 T Int-SMOHG i
- =1 s Oyg $q. amp. |
R L : )
0.02
0.(X) . A A A A A A i " r -
0 500 1000 1500

HrinGeV
DIFFERENT OPERATORS INTERFERE IN A GIVEN PROCESS. THIS TOGETHER WITH THE
FACT THAT THE WILSON COEFFICIENTS RUN AND OPERATORS MIX, IMPLIES THAT THE IT
MAKES NO SENSE TO CONSTRAIN OPERATORS ONE AT THE TIME. GLOBAL STRATEGY IS
NEEDED:
oBsl(s, T,u)=c1 F11(s,T,U) + Cc3 F31(s,T,U) + ...
oBs2(s,T,U) =cl1 F12(s,T,U) + c2 F22(s,T,U) + ...

oBs3(s,T,U) =cl1 F13(s,T,U) + c4 F43(s,T,U) + ...

NOT YET DONE AT THE LHC! ROOM FOR IMPROVEMENTS AND NEW IDEAS...
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THE NEED TO GO NLO

+ 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 HADRON
COLLIDER.

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

+ LET’S SEE A FIRST SELF-CONTAINED EXAMPLE
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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. 201 1 , Kai-Feng et al 2013] [Zhang FM, 201 3]

L _h

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:

0L = y:igv (§o""t)@ B

1
> 00 0
oL = vt NEAR R
0L& = y:9s(q0* T*)3Gy, m | g 030
\ -2 0 0 -1

0L = —yi(¢'e) (@)@
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http://arxiv.org/abs/arXiv:1304.8037
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TOP FCNC AT NLO

[DurieuxgFM, Zhang 2014]

1-D_I""I""I""I""

0.5

€ o e
g - 4
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Cowimy) Cug(my)
— Ay =vA
Oz = ﬂtgs{QﬂﬂuTﬂﬂﬁaGﬁu G{ uly D= — YtGs {QHMT ﬂ[ﬁ"?ﬂv
A g Ty =] £ 000 G'[}_ —nuff-wf 00 0
Ow = ygw (Qo™ T t)pW Taa(g Lo 0) ww = Yeaw (@0 T t)eW,, 2 % 10 0
> ~ om |5 050 _ - - S0t
O:B = Y:9v (Q0""t)$ By %08 - 0L = vgy (q0" t)B G N

Orp = —4; (97 )(Q1) P . O = —v; (¢'o)(at)¢ -

{ cU3(1 Tev) =1, . { ') (my) = 0.98,
13 13
C{3 (1 TeV) =0, C{L3) (my) = 0.23.

HiggsTools Young Researchers Forum - Bruxelles 21 Oct 2015 Fabio Maltonl


http://arXiv.org/pdf/1305.7386.pdf

TOP FCNC AT NLO : DECAYS

5 | |

dr'/dmyg, x 106
L —(1+3

4 C<P<1( =1

cld) =1/2
B Cs(1+3) —1

lequ

1_

OM A e —

15 40 60 78 90 102 120 140
Myy [GeV]
S20F - CeM=20 — C,gm=2NLO
g 18— - CgM)=0,LO __C,(m)=ONLO
%16 - - CgM)=2L0 __C,(m)=2NLO
T1af
= = -
12
10 5.. .....................................
o e
6 /
4
2
oF
1 1

[Durieux, FM, Zhang 2014]

Lo Pk /1075 GeV x (A/1TeV)?

t—suete

= LT|Co{ P 4 6.6|Coy [* +0.81 Oy,

lequ

rof-peak /1075 GeV x (A/1TeV)?

t—uete—

=0.2[Co 2 +1.0[CUY 12 +2.7 |G

I'(t — u;h) =T@ 4+ o,V

P® =7.11|Cup(p))* x 1074 GeV,

r@ ={ [1.19 —9.051og (%)] |Cup ()|

myg

— [3.26 +18.1log (7)] ReCuc(p)Cy, "

+9.33 x 107°|Cuc(p)|? } x 1074 GeV. (a¥)
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TOP FCNC AT NLO

pp —th

: PRODUCTION

[Degrande, FM,Wang, Zhang, 2014]

CONTRIBUTIONS APPEAR AT LO FROM Os
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 COEFFICIENT
OPERATORS IS MADE AT HIGH SCALES
(WHERE ONE CAN IMAGINE A FULL THEORY
TO LIVE) MANY OPERATORS BECOME ACTIVE
WHEN EVOLVED TO LOWER SCALES.

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

[Degrande, FM,Wang, Zhang, 201 4]

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...

po->th, -9 (pb/GeV)

1 0_3 T,top odyh
- — LO, C!’=0.04 - o ol
i LO/NLO LHC 13TeV | — nio, &-008 ooF. LO/NLO LHC 13TeV QB
i — NLO, SM pp—thi T —_— S; -
I | 0.25(—
_4 — 4 AVA — -
10 5 O - O
- z‘ 0.2~ z'
(I ST~ = = = ® : ®
= LZ) 0.15 — %
rtSl - <T5|
10° = -
- 2 0.1~ 2
C O - (ol
- 4] e8]
: O : G
L 5 0.05— O
- 4] - (48]
= > - >
10—6 PR R T NN T T S KA SRNTT S N TS A RN SR Lol 0 —t L
0 100 200 300 400 500 600 -4
p Tiop (GeV)

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]

o(ete™ — tj+1tj) [fb]
Br(t - jete ) +Br(t — jpu ™) <0.0017% C©MS S

400 - | T T

Br(t — jv) < 3.2% CDF : ! :

Br(t — jvy) <0.0016% cwms 200 |- + v __

o(pp—t)+o(pp —1t) <2.5pb at/s=8TeV ATLAS [ | :

100
' LEP?2 limits

U(UQ — tﬁ)’) + U(Ug — Z’Y) 50:_ Cc(ph+3) — 15.2, C§i+3) —0 _:
+0.778 [o(cg — ty) + o(cg — t)] (5%?3) 0, c%:z; 127 7
< 0.0670 pb at ,/s,, =8 TeV CMS 2 ,C‘ful . |15|'2’.C‘f“l .=|10.27. -
190 195 200 205
Vs [GeV]

olete™ —tj+1tj) <176 b at /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]

N —(a+3) (a+3) 1.5
I | or |C;, .
i " +3 l +3 L0
: IC&GT P or |CETY | pmmmmd P
‘6: —la a
|C<pq( +3) or Cé,u"‘s) —22

Ct(:g) or Ct(“?g') — 1.1 19
a3 3a
C,(‘W) or C,(‘W) =—_0'£1)f12

or (a3) (3a)) | 0.041
1 Cug'l ot ICuc’| B 003
7, Cragd | ot [Cront) | 1.6
Q
- 0 3(a3 3(3a
5 Crequ| 0% [Crequ | [ 0-49
> _
€ CE%| or |CE5” =3-6

|
-6 -4 -2 0 2 4 6

C’;q(a"'s) or Cq(p‘:["?’)

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.

HiggsTools Young Researchers Forum - Bruxelles 21 Oct 2015 4l Fabio Maltonl


http://arXiv.org/pdf/1305.7386.pdf

GOING NLO:

RECENT ANALYSIS AT NLO IN QCD

Ci

Cig
0 =0sM+ 5 B1+ ( [32
Bi| LO [pbTeV?] | NLO [pb TeV? |K factor
Tevatron| 1.61705% (75;0) [1.81000:0708 (1100, | 112
34% 12.7%
LHC8 | 50.75153 (Fose) | 726270003 (Tiase | 1.43
29.7% 12.1%
LHC13 |161.6759 ("5, 453 239.57398 (15 35; 1.48
29.0% 11.9%
LHC14 19137535 (o000 | 283.0735:8 (Tialo) | 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—2]|NLO [TeV—2|
LHC8 |[-0.56, 0.41]| [-0.42, 0.30]
LHC14 |[-0.56, 0.61]| [-0.39, 0.43]

107 ==

—
it
N

do/dm, [pb/GeV]

do/IAG(IDI[pb]

—_
o
&

THE CHROMO MAGNETIC OP

[Franzosi and Zhang, 2015]

pp—tt, LHC14, C /A*=1 TeV?
(N)LO+HERWIG6

— SM(NLO)+OtG(NLO) — SM(NLO)

— SM(NLO)+O_(LO)

2 |

1.5-_|_|_‘—'_|—';|I—. B

MadGraph5_aMC@NLO

Il Il Il I Il Il Il I Il Il
11)00 1200 1400

1600

1800 2000 2200 2400

my [GeV]

MadGraph5_aMC@NLO

10F pp—tt at LHC13 ] 0,4,(NLO)
- (N)LO+HERWIG6 o, (LO)
[ Co/A%=1TeV? [ SM(NLO)
- ~ | SM(LO)
N L
I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
—_NLO/LO,SM — NLO/LO, O
151
) 05 ] 15 ? 25 3
IApD
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GOING NLO : TTZ AND TTY AT NLO

[Rontsch and Shulze, 2014, 2015]

L7 = ieu(pt) [’Y“ (Crv +75C1,4) +

L. = —eQityHt A,

0% = iv? (¢ D) (@v*r'Q)

(1) i
(CQV + iy5C2,4) | v(p) Zy OSOQ i ( (B#(P) (@Q"Q)

Oyt = iy} (sof(ﬁ,m) (Ev"'t)

" qy
(dy, +idyys)t Ay, Ow = yguw(Qo* v't)pW!

OiB = ytgy (Qa""t)p B,

+ 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 TTYY

7 TeV, LO

3
2
1
0

AC A
| | | | |
w - w [ - o - [ w

7 TeV, NLO QCD

3
25

2

£ + CONSTRAINTS FROM THE 7 TEV RUN
:

. —8<ACiy <Tand -3 <AC;A <1

HiggsTools Young Researchers Forum - Bruxelles 21 Oct 2015

Fabio Maltoni



http://arxiv.org/abs/1404.1005

GOING NLO : TTZ AND TTY AT NLO

[Rontsch and Shulze, 2014, 2015]

——
NLO, 300 fb~*

T T
LO, 3000 fb~"

T T
NLO, 3000 fb~!

Cl‘r

0.8]. R

Cl\

HOWEVER MORE WORK NEEDED:

+ [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

(=]

T - T N R
we e e o 53 o o =3 =3

aouwoyruBs

aomeoyruss

SOUBOYIURS

l'_-_IIIIIII

IIIIIII—
NLO, 30 !

Ill'ﬂlllllllillllllllll

PRESENT CONSTRAINTS IT IS QUITE IMPORTANT.
+ FOUR-FERMION OPERATORS ENTER IN THE OFF-SHELL TT{Y
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AND TTY. GIVEN THE


http://arxiv.org/abs/1404.1005
http://arxiv.org/abs/1306.3380

GOING NLO : CP-VIOLATION IN TTH COUPLING

L=y (HQ)tr + cy,H H(HQ)tg

— mtlztlbt + lzt (Re CHy T+ 1Jm CHy75)¢th

CP VIOLATION IMPLIES RE AND IM NON-
ZERO. INCLUSIVE GG PRODUCTION ONLY
CONSTRAINS [ RE(Cuv)? + 9/4 IM(Cuy)? 1.

INDIRECT CONSTRAINTS FROM E-EDM
VERY STRONG, YET RELY ON ASSUMING

+SM COUPLINGS FOR THE LIGHT
FERMIONS.

+ NO OTHER STATES PRESENT IN THE
SPECTRUM
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GOING NLO : CP-VIOLATION IN TTH COUPLING

L=y (HQ)tr + cy,H H(HQ)tg
— mtlztlbt + &t(Re CHy T+ 1Jm CHy%)lDth

THERE ARE WAYS OF DIRECTLY ACCESSING PRESENCE OF CP-MIXING IN
TOP-HIGGS INTERACTIONS AT THE LHC:

%

. <
PN N

pp—ttH pp— Hj)
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GOING NLO : CP-VIOLATION IN TTH COUPLING

L=y (HQ)tr + cy,H H(HQ)tg
— mt&twt + &t(Re CHy T+ 1Jm CHy%)wth

10! | Pp—tiX, atthe LHC13 0% (SM) -
F NLO+HERWIGS6 — 0, :
[ acceptance cuts only — 0
§ 10° ]
N —_ — —
£
=10 -
b 3
S &
B 12
B 3
10-2 3 E 2
Q
18
1%
\ [F. Demartin, FM, K. Mawatari, M. Zaro, 201 4} 1=
10— PRI SR (S S ST R RSN | ISR ST NS ST TN N SR SN | " |

0 100 200 300 400 500 600 700 800

Pr(Xp) [GeV]

AT LO THE TWO CONTRIBUTIONS ADD UP
INCOHERENTLY. AT NLO IN QCD CP-EVEN
AND CP-ODD AMPLITUDES INTERFERE.

AT THRESHOLD LARGE DIFFERENCES
APPEAR.

AT HIGH HIGGs PT SHAPES AND
NORMALIZATION EXACTLY EQUAL (MT
EFFECTS BECOME SUBDOMINANT)

— BOOSTED ANALYSES INSENSITIVE TO CP?

ANGULAR VARIABLES BETWEEN THE
DAUGHTERS OF THE TOP ARE SENSITIVE TO
THE CP-MIXING.
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http://arxiv.org/abs/1407.5089

GOING NLO : CP-VIOLATION

IT IS INTERESTING TO COMPARE HOW A PHASE IN
THE TOP-HIGGS COUPLING WOULD CHANGE MANY
OF THE PROCESSES RELEVANT IN HIGGS
PHENOMENOLOGY AT THE LHC:

0
g
y

+ PP — TTH

+ PP — THJ

+ GG — HH

+ H —YY
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IN TTH COUPLING

LHC 13 TeV

L=

/ >
N N 1

Inclusive cross sections
gluon fusion @ SM rate
(=1, 54, =2/3)

|

y 0 ) Tesennerttt
— 5ok, + 180K 4, V5 )V X

pp — ttX, NLO
pp — tX, NLO
gg —> 72X, LO
gg — XpXy LO

MadGraph5_aMC@NLO

Ratio to SM

Xy — 7YYy decay width

-
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TOWARDS A GLOBAL FIT AT NLO

[Cen Zhang]

Process Ow O Ow Ogc)a OSC)J Opt Oty Oy Og Oy

t — bW — bl+v 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 L N L L L

pp — tth L L L L L
99—+ H H—=~ N N L

Og = gsfEC G G’ GS* and O,c = 92 (') G4, G are included because they mix with

other top-quark operators and play a role in NLO calculations.
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http://arXiv.org/pdf/1305.7386.pdf

THE ROAD AHEAD

+ THE INTERPRETATION OF MOST OF THE SM/HIGGS/TOP
MEASUREMENTS ANALYSES CAN BE RECAST IN TERMS OF AN EFT.
YET THE IMPLEMENTATION OF A GLOBAL APPROACH/FRAMEWORK IS
NEEDED. (DEDICATED) DIFFERENTIAL MEASUREMENTS WILL ALSO
PROVIDE VALUABLE INFORMATION.

+ THE PRECISION OF THE THEORETICAL PREDICTIONS FOR THE DIM=4
SM WILL KEEP TO BE IMPROVED, BY INCLUDING NNLO IN QCD AND
NLO IN EW CORRECTIONS IN A FULLY EXCLUSIVE WAY. PREDICTIONS
FOR EFT AT NLO HAVE STARTED TO BECOME AVAILABLE.

+ PROOF OF PRINCIPLE AVAILABLE OF A GLOBAL APPROACH AT NLO IN
QCD FOR FCNC TOP QUARK.

+ CONSIDERABLE WORK STILL TO BE DONE AND CONSTRAINING
STRATEGIES NEED TO BE FULLY WORKED OUT/OPTIMISED.

NEW JOINT TH/EXP EFFORT!
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CONCLUSIONS

+ THE DISCOVERY OF A SCALAR BOSON HAS OPENED A NEW REALM OF
POSSIBILITIES FOR SEARCHING NEW PHYSICS AND IN PARTICULAR IN
CONNECTION WITH THE TOP QUARK

+ THE MOST BEATEN PATH FOR SEARCHING NEW PHYSICS AT THE LHC
INVOLVE TOP-DOWN (OR SIMPLIFIED MODELS) APPROACH TO
DETECTING NEW RESONANCES.

+ A COMPLEMENTARY AND FAR REACHING APPROACH IS THAT OF
SEARCHING FOR NEW INTERACTIONS EMPLOYING AN EFT FRAMEWORK.

+ PRECISION DIM=6 SM MEASUREMENTS, IN PARTICULAR FOR TOP
QUARK, CAN EXTEND THE REACH OF NEW PHYSICS SEARCHES AT THE
LHC.
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