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| HC: the story so far

Rediscovering the SM

Standard Model Total Production Cross Section Measurements satus: June 2016
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Good agreement with
the SM predictions
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Higgs discovery
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Top quark physics
Why is the top quark special-given the 125 GeV Higgs?

1. The heaviest SM quark* Strong interaction with the

Higgs: yi=1
A special role in EWSB?
Important for stabilising the Higgs mass: top partners?

| | 2 A2
S Y\ | -9 A | 167T2)\A A

(125 GeV)? = m%,, + [—(2 TeV)* + (700 GeV)? + (500 GeV)Z} (

2. Decay betore hadronisation
Ttop = h/ [ top =1/(GF m¢3 ‘th‘z/Sﬂ\/Z) ~ Hhe1(025g
spin correlations
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Top quark physics at the LHC

3. Rich phenomenology at the LHC:

9 OO0 ———

pair production |

single g | |

~STETO Y
associated production

top loops =, oy . 9 ;y,
p s N Rl

Millions of top quarks at the LHC: precise measurements
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Precision top calculations

‘pair production NNLO QCD: inclusive and differential

Czakon, Mitov et al arXiv:

? TTITTO Y 1204.5201,1303.6254,1601.05375,1606.03350
| NNLL resummation (also for boosted): Ferroglia et al
§ omeTrrT— arXiv:1601.07020
Precision allows constraints set on PDFs using tt
measurements: Czakon et al. arXiv:1611.08609
single NNLO fully differential: Berger et al arXiv:1606.08463
" (decays in NWA)

NLO+PS including off-shell, interference eftects
Frederix et al arXiv:1603.01178 (MG5@MC) Jezo et al

arXiv:1607.04538 (Powheg)

decayed tops

W

Physical final states: {7 is e veit ,,bb

QCD and EW corrections for physical final states
Denner et al arXiv:1012.3975,1607.05571
Bevilacqua et al arXiv:1012.4230,1609.01659
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Assoclated production

t(t)+X with X=H,Z,photon,W
actively studied and searched for

Why"?

 1(1)V: Direct probe of top couplings to the EW gauge bosons
* {(t)H: Direct probe of top Yukawa coupling

 ttV(V): main background for ttH searches

* tops+V(s): Important as a signal as well as a background for
BSM scenarios with high multiplicity signatures

* High threshold processes: accessible for the first time at the
_HC, important for LHC13

Precision: NLO+PS (+NNLL)
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Status of precision studies

for t(t)V(V)

tH

QCD: NLO+PS

MG5 aMC@NLO:
Demartin et al. arXiv:1504.00611

t/
QCD: NLO+PS

MG5 aMC@NLO:arXiv:1405.0301
MCFM: arXiv:1302.3856

tWH

QCD: NLO+PS

MG5 aMC@NLO:
Demartin et al arXiv:1607.05862

ttH
QCD: NLO+PS

aMC@NLO: arXiv:1104.5613
PowHel: arXiv:1108.0387
Powheg Box: arXiv:1501.04498

Soft gluon resummation-

beyond NLO:
Kulesza et al. arXiv:1509.02780
Broggio et al. arXiv:1510.01914

Off-shell:

Denner et al. arXiv:1506.07448

NLO EW:

Frixione et al. arXiv:1407.0823 &
arXiv:1504.03446
Zhang et al. arXiv:1407.1110

ttZ/W
QCD: NLO+PS

aMC@NLO: arXiv:1103.0621
PowHel: arXiv:1111.1444,
1208.2665

Soft gluon resummation

for ttW:
Broggio et al. arXiv:1607.05303

NLO EW:
Frixione et al. arXiv:1504.03446

ttZZ, ttWW, ttWZ

ttZy, ttWy
QCD: NLO+PS

MG5 aMC@NLO:
Maltoni et al. arXiv:1507.05640

tty
QCD: NLO+PS

aMC@NLO: arXiv:1103.0621
PowHel: arXiv:1406.2324

ttyy

NLO+PS
PowHel: Kardos et al. arXiv:
1408.0278
aMC@NLO: Maltoni et al. arXiv:
1507.05640
van Deurzen et al. arXiv:
1509.02077
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What's next?

SM: precision for top processes
 QCD, EW corrections
e Resummation
e Off-shell and interference effects
* Monte Carlo tools
Needed to realistically describe top
quark processes at the LHC
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What's next?

SM: precision for top processes SM precision
 QCD, EW corrections allows us to use
e Resummation top production
e Off-shell and interference effects and decay as a
* Monte Carlo tools probe of new
Needed to realistically describe top physics

quark processes at the LHC

E.Vryonidou



What's next?

SM: precision for top processes
 QCD, EW corrections
e Resummation
e Off-shell and interference effects
* Monte Carlo tools
Needed to realistically describe top
quark processes at the LHC
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SM precision
allows us to use
top production
and decay as a

probe of new

physics

Look for deviations from
SM predictions in LHC
measurements



SM: precision for top processes

What's next?

e QCD, EW corrections
e Resummation

o Off-shell and interference effects

e Monte Carlo tools

Needed to realistically describe top
quark processes at the LHC

E.Vryonidou

How do we |look for

new physics?
A BSM strategy
needed

SM precision
allows us to use
top production
and decay as a

probe of new

physics

Look for deviations from
SM predictions in LHC
measurements



How to ook for new physics”

Model-dependent
SUSY, 2HDM...

New particles
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Model-Independent
simplified models,EFT

New Interactions
of SM particles

anomalous couplings, EFT
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Model dependent

An example:

t
35
2HDM scenarios mpyg = 500 GeV,m4 = 550 GeV
\/5 = 13 TeV mpg = 500 GeV,my = 710 GeV ——
30 - Background

MadGraph5_aMC@NLO

N
~
=
2]
8
\
;
0
Q
)
—15 I I I I
400 500 600 700 800
myr [GeV]

Hespel, Maltoni, EV arXiv:1606.0414
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QCD continuum

Resonances In ttbar

L Scalar or pseudoscalar resonance
Interference important for the line
S shape for widths~0.01M
TS

Peak-dip structures

ATLAS Searches
?EZ;ATS;V, 20.3 fb™

10° Obs. 95% CL upper limit

-------- Exp. 95% CL upper limit
102 Exp. 1 ¢ uncertainty
Exp. 2 ¢ uncertainty

10

10"

Ooaar res. < BR(scalar res.— tt) [pb]

farxiviisos.07018
| I |

0.5 1

1.5 2 2.5

scalar resonance mass [TeV]

9 See also Ellis, Djouadi, Quevillon arXiv:1605.00542

Carena, Liu arXiv: 1608.07282, Bernreuther et al.
arXiv:1511.0558 10



New physics without new light
particles
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* Operators at dim-6: Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653

Grzadkowski et al arxiv:1008.4884
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Top-quark operators and how to look for them

o= L (B10) @t e

of;ggzz ut( D) (@1"Q) t

2"
1 _
Oyt = Z;ytg (@Tﬁugo) (tyHt) f::émmé Z/y

Ow = Y19uw(Qo™ T t) W, t
OB = y1gy (Qo*t)p B,

O = y19s(Qa" TH)pG1, K

O =4; (60) (@) 6~
see for example: Aguilar-Saavedra (arXiv:0811.3842) -~
Zhang and Willenbrock (arXiv:1008.3869)
+four-fermion operators

+FCNC

E.Vryonidou
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Top-quark operators and how to look for them

1

Oy = i54; (' Dle) (@7 Q) :7:(
1 —

0L =izt (¢ D) (@1Q) t

Ow = thw(QUWTIt)@I’VJV ;

OtB = Y9y (Qa’wt) S‘BBMV

Otc = Ytgs (QUWTAt)@Gﬁy ; K

O = 43 ((ﬁ*@) (Q)o -

see for example: Aguilar-Saavedra (arXiv:0811.3842) -~

Zhang and Willenbrock (arXiv:1008.3869) -
+four-fermion operators
+FCNC

Operators entering various processes: Global approach needed
E.Vryonidou




Towards global fits

EFT only makes sense if we follow a global approach
First work towards global fits:
TopFitter: Buckley et al arxiv:1506.08845 and 1512.03360

Dataset Vs (TeV)

Measurements

arXiv ref. || Dataset

V5 (TeV)

Measurements

arXiv ref.

Top pair production
Total eross-sections:
ATLAS

ATLAS

ATLAS

ATLAS

ATLAS

ATLAS

ATLAS

ATLAS

CMS

CMS

CMS

CMS

CMS

CMS

CDF + D¢ 1.

Single top production
ATLAS

CDF 1.
CMS

CMS

D@ 1.
D@ 1.
Associated production
ATLAS

ATLAS

CMS
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lepton+-jets
dilepton
lepton4-tau
lepton w /o b jets
lepton w/ b jets
tautjets

tt, Z~, WW
dilepton

all hadronie
dilepton
lepton+-jets
lepton+-tau
tautjets
dilepton
Combined world average

t-channel (differential)
s-channel (total)
¢-channel (total)
t-channel (total)
s-channel (total)
¢-channel (total)

i~
tZ
tZ

1406.5375
1202.4892
1205.3067
1201.1889
1406.5375
1211.7205
1407.0573
1202.4892
1302.0508
1208.2761
1212.6682
1203.6810
1301.5755
1312.7582
1309.7570

1406.7844
1402.0484
1406.7844
1406.7844
0907.4259
1105.2788

1502.00586
1509.0527
1406.7830

Differential cross-sections:

ATLAS 7
CDF 1.96
CMS 7
CMS 8
D¢ 1.96

Charge asymmetries:
ATLAS

pr(t), Mg, |vel
Mg

pr(t). Mg, v wi
pr(t), M, ve, i
“[t(‘ PI‘(’)- |ytl

Ag (inclusive+ My, yg)
Ag (inclusive+ My, yg)
Arg (inclusive4 M, yer)
App (inclusive+ My, )

Iﬂtop
rlup

CMS 7
CDF 1.96
D¢ 1.96
Top widths:

D¢ 1.96
CDF 1.96
W-boson helicity fractions:
ATLAS 7
CDF 1.96
CMS 7
D¢ 1.96
Run II data

CMS 13

tt (dilepton)

1407.0371
0903.2850
1211.2220

P

1505.04480
1401.5785

1311.6742
1402.3803
1211.1003
1405.0421

1308.4050
1201.4156

1205.2484
1211.4523
1308.3879
1011.6549

1510.05302

Tevatron and LHC data
Cross-sections and distributions

E.Vryonidou
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How can we improve the fits”

* Need at least NLO in QCD to match the SM precision
and experimental accuracy: SMEFT@NLO

Recent progress:

* top pair production: Franzosi and Zhang (arxiv:1503.08841)

e single top production: C. Zhang (arxiv:1601.06163)

e ttZ/y: O. Bylund, F. Maltoni, I. Tsinikos, EV, C. Zhang (arXiv:1601.08193)
e ttH: F. Maltoni, EV, C. Zhang (arXiv:1607.05330)

All automated within MadGraph5_aMC@NLO
NLO+PS: realistic simulations
R2+UV counterterms: NLOCT Degrande (arxiv:1406.3030)

E.Vryonidou 14




Top pair + ZJy

operators
0 = i5i? (¢ Dle) (@#7'Q)

0l = izt (¢ Duv) (@@)
SM o(ttZ)=0.88 pb at 13TeV ) )
LHC (ATLAS): o(ttZ) =0.92::0.29(stat)+0.10(syst) pb Cet = i34t (D ue) (41
Ow = yguw(Qa T1t) W},
O: = Y9y (Qo*"t)p By,

2 probe of top neutral
: couplings: ttZ,tty,ttg

o= oans 4 Ci N CiCj N
= OSM E E o ~ -
(A/1TeV)2 (A/1TeV)i i Orc = y19s(Qa™Tt) oGy,
1<J
F tfy, LHC13 pr(y) > 20 GeV Ogpy — °
. 3 1 ;_ NLO, u=m,, C;g=4, A=1 TeV cSM+Cc(1) L _=
13TeV Oz O , Od)t Ow = GSM+CG(1)+CZG(2) - é
0 -
(1) +38.2% +40.4% +40.1% +88.0% o) i i
i LO 286.77055% 78319676 51.67 96 407 —0.20(3) 930, 0% = 01 L i
ey —+J4% % 5.8% 31.3% = S
O; NLO 310.5757% 90. 6+11 0% 57.57 70, 3% _1-7(2)f49.1%. 13 2
K -factor 1.08 1.16 1.11 8.5 © 001k
) 49.7% 30.7% 30.7% 44.3% ; 3
03 LO 2585+301t/‘ 2‘8(1)t26.9%. 2'9(1)t26.7% 209+)337. . N T T T T s -
) - +4.2% n+13.2% 13.8% 6.2% ¢ 1.6 -
%ii,NLO 244577, 380) Iy 390) ke 24.27 5 E; 12 F .
* ?.g i
Bylund et al arXiv:1601.08193 7ol
0.8k
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A sensitivity study

& [ LHC13Tev o 1 Sinio
= ~ O, sensitivit y LI 1O : :
% STV e For a given (c,/\) impact of
: SRR Y a = v operators varies
i T 1 Chromomagnetic operator
O
2] I — ' '
102 h 3 = e affecting all processes in
- | 1 s 1z the same way
] | v tutu
10° & =
= ! ! | 1 $ ! - tty
9.9 1‘2‘: . E Fo) 400 1/A2,C), 1A
S| -1:_ A v A v A Y A Y E o B -1.70
= 1 1 L L L & —_ : 8?&
o® 'O:c);' Oy  10XI0 | 10xO4 O l\:gN:_/ 1 064 ‘é
& a00 4

LHC measurements of ttV processes can
set constraints on the Wilson coefficients as

2 4
1/A%,C ., 1/A

they become more precise 29 e ¢
See also: v 027
Schulze et al. arXiv:1404.1005,1501.05939, 1603.08911 To v
(using ratios of cross-sections) 100 R e e
Dror et al. arXiv:1511.03674 for ttWj =00 1000 15_00 _

o(tty) [fb]
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ttH In the EFT

o~ ttH signal strengths (leptons):
®--- ATLAS-CONF-2016-058: py=2.5+1.34 1
< CMS PAS HIG-16-022: n=2.0+9843

In agreement with SM but leave room
for deviations

O —>
b -
- Al S, O =4; (#'9) (Q1) 6

Ogc =42 (o10) G, G

- }< | Qe tm QTG

ke —-—--
<

\ //\ 4-fermion
"=\,  operators

E Vryonidou Not in this talk, work in progress

— ABC A B C
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ttH@NLO

(Ot¢, Ogcz, O1z)

O = v} (#'6) (Q1) & dClp) _ o oo (2 16 8 )
0w =t (610) Ghgiw  dlogu w1V =0 121

j oo N0 0 1/3)
O = y19s(Qo"™" T t)pG Running and mixing

Alonso et al. arxiv:1312.2014
dm-6 dim-5 dim-4

Ot Opc Oty Higher-dimension
operators mix into lower-
dimension ones
. 2 ‘ 4
etup allows 1TeV 1TeV
S p : O = OSM = 5 Ciai -+ 1 CQCJO'Z,]
computation of: —~ A —~ A
1 l_]
interference interference between
with SM operators, squared

E.Vryonidou contributions
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ttH cross-section results

* Different K-factors for different operators,

13 Tev o NLO K different from the SM

osm 05071 G et 000 0,008 Loo | e | grge 1/A* contribution for the

Oig —~0.0627 G000+ 0700170001 113 chromomagnetic operator

e 0.872F 0 13t 0 0aa 0 o1e 1.39 How should we treat O(1/A%) terms?

e 0.5037 (046" 0,003~ 0.008 1.07 EFT condition: E<A

Teaws | 0-0019%0 5005700000  6.0000 | 117 EFT condition satisfied but O(1/A%) large for
04G,6G | 1:02120 17570 08570029 1.58 large operator coefficients

oraea | 0-67410 037700071 0.019 1.04 4 2 ’

Gw,'qbc —0.053 7 - 00T o 004 0 001 1.42 CZQ% =~ CZ% Netli

GeorG | —0.031+0:008+0.00040.000 1.10 To be checked on a case-by-case basis

046G, |0-85970 15000207 0 020 137 | o Constraints from top pair production:
cic=[-0.42,0.30] Franzosi and Zhang

2 | .
o = o5y + 1TA62V Ciors + %cicjgij. arxiv:1503.08841

i i<j
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Differential distributions for ttH

L L do_ ]

- ttH production C — - [GeV] ttH production
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0.004¢ ~-04(LO) —O(NLO) 0.004f --04(LO) —Og(NLO)
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0.002f 0.002F

0.001E

0.001
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1.5¢ —

1 o ! "0
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15 w DLO Dnm g ol I:]LD Dm.o g
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1t T e T ® 1.5 S @
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Oy [lo [lmeo © ol (O [ho [Iuo ©
1.5¢ O] O]
B = 1.5¢ ©
3 1 3

0‘5'1||1|||||||||||||||||11||1||1||1|||||1| OS5t vl b bova b b b s b
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

p,(H) [GeV] p,(H) [GeV]

= NLO: smaller uncertainties, Different shapes for different
non-flat K-factors operators for the squared terms

| Maltoni, EV, Zhang arXiv:1607.05330
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Top and Higgs
O = v () (Q1) ¢ o] < Em{ :D’ :ﬁm Z}}
e iaer TS e Sl D
T N A

\

/

See also T
Degrande et al. arxXiv:1205.1065 .
Grojean et al. arXiv:1312.3317 ttH H, H+j, HH

Azatov et al arXiv:1608.00977

Use with 1) ttH and 2) H, H+] to break degeneracy between
operators and extract maximal information on these operators

E.Vryonidou Maltoni, EV, Zhang: arXiv:1607.05330 21



SMEFT in H+j and HH
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Potential impact of the chromomagnetic
operator in EFT analyses extracting the triple
Higgs coupling A from HH

E.Vryonidou Maltoni, EV, Zhang: arXiv:1607.05330 22

Harder tails from dim-6
operators: Boosted analysis



Constraints on the Wilson coefficients

Toy xe fit for illustrative purposes using:

0, :‘? Xy 3¢ ~ .
o= (#'9) (@) 6 single H, ttH Run | and Run Il results

— a2 [ AT A A ~Apv : :
Ouc = v} (¢'¢) GG Impact of the 3 operators also included in
O = Y195 (Qo* T 1)¢ Gy, iggs decays
Individual Marginalised Cio fixed
Cig/A? [TeV 7] -3.9,4.0] -14,31] -12,20] 95% o |
C¢G/A2 [TCV_Q] -0.0072,-0.0063] [-0.021,0.054] }[-0.022,0.031] >

Cic/A? [TeV~2] -0.68,0.62] -1.8,1.6]

typically Cig=0 in
 Individual limit on Cic comparable to the one Higgs analyses

from top pair production-room to improve with
ttH measurement in run I » Need for

global analysis
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* Including the chromomagnetic operator leaves
much more space to the other two operators




Constraints from ttH and Higgs production

e _ 2 [HL-LHC 3000 1” 1 Current limits using
| w | b ! LHC measurements
_1f 1 = pp-H ]
5o I : HL-LHC 14TeV
= i o - T . .
T < | projection 3000 fb
S I © b
~1k [ ]
o o I 0=y (s'8) (@) 4
T TS —13'11()”'—5'”;0””75””10””15 Ouc: = 12 (¢f¢) GﬁUG‘A“"
Cu/ ATV 2] | Co/ ATV = A TAA
Maltoni, EV, Zhang arXiv:1607.05330 Oz = y19s(Qo™" T )G,
HL-LHC

1.0/————

Combination of: « ttH
e nclusive H e HH
 boosted Higgs e« oft-shell Higgs

gives maximal information

Azatov et al arXiv:1608.00977
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summary

e Significant progress for precise predictions for top production
in the SM: higher orders, resummation, Monte Carlo tools

* Higher-order corrections needed to match improving
experimental accuracy

* Jop processes a playground for new physics searches: new
particles or new top interactions

« SMEFT a framework to look for new interactions

* Precision needed also for EFT predictions to obtain more
reliable constraints

 QCD corrections important both for total cross-sections and
distributions: SM k-factors are not enough

* (lobal fits results already available: important to include NLO
predictions where available

* Input from Higgs and loop-processes is important in global fits
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Thank you for your attention



