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Searching for new physics: two main strategies

direct searches indirect searches

produce new particles at a collider look for the effect of new particles
— leads to actual discoveries without necessarily producing them
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Searching for new physics: two main strategies

direct searches indirect searches

produce new particles at a collider look for the effect of new particles
— leads to actual discoveries without necessarily producing them
we need to know beforehand we don’t need to specify in detail
what the new particle looks like what we are looking for
only works if new particles are within gives valuable information
the energy reach of the collider even if the new particles

are out of the energy reach

requires high energy requires precise measurements
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Direct searches of new physics at the

Overview of CMS EXO results
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Indirect searches of new physics at the LHC

Historically: constraints on anomalous couplings
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LHC: plans for the future

LHC / HL-LHC Plar

Run 1 Run 2 Run 3
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13 TeV. 13- 14 TeV — cnETGY
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7Tev 8TeV button collimators interaction . {uminosity
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= = T 3
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HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & comm. |[[| pHysics |

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION/ BUILDINGS
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LHC: plans for the future

LHC / HL-LHC Plan

E won't be raised much
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LHC: plans for the future

E won't be raised much
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LHC: plans for the future

E won't be raised much

LHC HL-LHC
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statistics will increase
HL-LHC CIVIL ENGINEERING:

* *
- a lot
WE ARE HERE

indirect searches
will become more and
more important!

worth having a
systematic program

precision will improve
significantly
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Theory tools



Standard Model recap

symmetries color SU(3) isospin SU(2)  hypercharge U(1)
Ta = )2/2 th = oi/2
a=1.8 i=1,2,3
fields G, 8 - -
W, - 3 -
B, - - 0
a=1,23 N - 2 = (VL> 1/2
€L
en - - -1
up
o 2= 1
9 3 (dL> /e
Uq 3 - 2/3
do 3 - -1/3
H+
a () w
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Standard Model recap

SM Lagrangian all terms
— made of SM fields
— invariant under symmetries (+ Lorentz!)
— up to canonical dimension 4

il v il i m 1 v ~auy
Low = =5 G G = TWj, W™ — 2B, B + —— Gz, 6™
+ Y iy - [/‘Hv,e Y GHYqd + GHY,u + hc.]

p={l,e,u,d,q}

2
+ DHIDMH + %(HTH) — A(HH)?

Dy ~ 0y + igsGIT? + ig W,it' + ig'B,

» redundant terms were removed ( (D,%)iv*y, H'D,D"H...)
» 19 free parameters, fixed by measurements
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The SM Effective Field Theory

symmetries & fields as in SM

Lagrangian includes invariant terms up to d > 4
— weighted by A*~9

1 1 1 1
LsmerT = Lsm + Kﬁs + ﬁﬁe + F& + ﬁﬁs +...

Lo=) GO
k
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The SM Effective Field Theory

symmetries & fields as in SM

Lagrangian includes invariant terms up to d > 4
— weighted by A*~9

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁﬁ + F& + ﬁﬁg +...

Lo=) GO
k

The SMEFT describes
the effects of new physics with scale A > v
onto processes that happen at the LHC or at lower energies
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Effective Field Theories

M > m
b M

S Gl G S
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Effective Field Theories

M > m

=

m<SE<«M
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Effective Field Theories

M > m
0] M © m
1
VE
m<SE<«M 1
T M

llaria Brivio (ITP Heidelberg) The SMEFT in a nutshell 8/30



Effective Field Theories

M > m
b M ¥ m
1
VE
m<SE<«M 1
T M

The effects of ® at E « M are described by

. 1
local, analytic operators OCW

/

uncertainty internal lines

principle never on-shell Decoupling Theorem

Appelquist,Carrazzone
PRD11 (1975) 2856
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The SMEFT: a closer look

. . . E,v
in practice: a Taylor expansion in n

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁe + F& + ﬁﬁs +...

Lo=> GO
k

at each order d: {Ok} form a complete, non redundant set = a = basis

Ok: operators
Ci.: Wilson coefficients. encode all the UV information
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The SMEFT: a closer look

. . . E,v
in practice: a Taylor expansion in n

1 1 1 1
LsmerT = Lsm + KES + ﬁﬁﬁ + F& + ﬁﬁs +...

Lo=> GO
k

at each order d: {Ok} form a complete, non redundant set = a = basis

Ok: operators
Ci.: Wilson coefficients. encode all the UV information

L5 contains only 1 operator (Weinberg) — Majorana neutrino masses.

Les leading deviations from SM — interesting for LHC, flavor . ..
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Le: the Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884

X3 (PG and <)04 D? 1/)2 <P3
Qc | FABCGAGEGSH | Q, (¢fe)® Qep | (#10)(lperp)
Qs f ABCG,‘?VGE" Gf“ Qen () m (L") Quy (¢'0) (GpurP)

Qw | VKWEWIPWEr | Qup | ("D )" (¢'Dup) | Qup (©"0) (@drp)

_ LIKT7 vy Jptis K
Qw |¢€ Wﬂ wy Wp

X2 <P2 ,¢,2 X (P ,wZ 902 D

Qo | eleGAae* | Qu | Goe)roW. | QD | (¢'iD,e)(lHt)

Quz ol GA,GAm Qe | (0" er)pBu, @ (wfiB,f @) (L1,
Quw | oWLWH | Quo | (@o"T4u)5GL | Que | (¢'iDu0) (e er)

Qw | HeWLW™ | Quw | @o*u)r3WL, | @R | (p'iD.e)@r*e)

to B BH 7.0"u. )3 B (3) f‘BI P

Q<pB Y'Y Dy QuB (ng Ur)‘P uv »q (<,0 2 ‘P)(QPT Y QT)
~ P

Q5 ' By, B Quac | (Go*Td,)p Gf}u Qeu | ("D, ) (@ ur)

Exd —
Qews | ¢'IToWLB™ | Quaw | (Go*d )T oW, | Qea | (¢'iD,¢)(dpr*d;)
Qs | PTeWLB* | Qip | (30"d:)pBu | Qeua | (P Dup)(Upy*dy)
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Le: the Warsaw basis

Grzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884

(LL)(LL) (RR)(RR) (LL)(RR)

Qu (Tpvule) (y™1s) Qee (pTuer) (Es™er) Qe (Tyyuls) (57" er)

@ | @) @r'e) | Qu | Emu)@rru) | Qu | Gyl (@)

9 | @ne) @ 'e) | Qu (dpyudy) (dsy*dr) Qu (b yule) (dsydy)
QP | Gu)@7e) | Qu | (@me)@rtu) | Qe | (@ue)(Ente)
QY | G )@ ') | Qe | @Ewe)dard) | QR | (@) @y ue)

QW | @) drtde) | QR | @ uTa:) @y *TAue)
QY | @ Thu ) dr*T4dy) | Q% | (@ uer)(dav*dy)
QY | @WTAe)(dnTAdy)

(LR)(RL) and (LR)(LR) B-violating

Qtedg (Ber)(dodd) Qug *Be;, [(d2)TCuf] [(q19)TClE]
Q| @uen@d) | Qun eP1e [(429)7Cqf] [(ud)"Cer]
Qt(li)qd (BT ur)ein(TETAdy) || Qaag e*Pejkemn [(a27)TCP*] [(g7m™)T O]
Qo | @edean(@w) | Qunn £ [(d2)TCuf] [(u7)TCel]

QD | Bower)em(@ o u)
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L¢: how many parameters?

counting - real and imaginary parts — 2499 independent of the basis!
o aII ﬂaVOI’ Combinations Henning,Lu,Melia,Murayama 1512.03433
- B-conserving only
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L¢: how many parameters?

counting - real and imaginary parts — 2499 independent of the basis!
o aII ﬂaVOI’ COmbinationS Henning,Lu,Melia,Murayama 1512.03433
- B-conserving only

2200+ come from 4-fermion operators. 279 from 2-fermion operators.

Ote,pr = (HTi D(_; H) (&;v*e,) has 3+ (3 x 2) =9 independent par.

eg. = -0
Oledq,prst = (Iher)(dsqy) has 3x3x3x3x2=162
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L¢: how many parameters?

counting - real and imaginary parts — 2499 independent of the basis!
o aII ﬂaVOI’ COmbinationS Henning,Lu,Melia,Murayama 1512.03433
- B-conserving only

2200+ come from 4-fermion operators. 279 from 2-fermion operators.

Ote,pr = (HTi 5; H) (&;v*e,) has 3+ (3 x 2) =9 independent par.

eg. - _ 0
Oledq,prst = (/,’,e,)(dsq;) has 3x3x3x3x2=162

Flavor symmetries reduce the freedom — much fewer parameters
simplest: U(3)> = U(3); x U(3)e x U(3)q x U(3)y x U(3)4

— only invariant contractions of the flavor indices are allowed.

e.g O~epr X 6pr — 1 parameter
Oledg,prst X (Y1)pr(Ya)st — 2 parameters
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L¢: how many parameters?

counting - real and imaginary parts — 2499 independent of the basis!
o aII ﬂaVOI’ COmbinationS Henning,Lu,Melia,Murayama 1512.03433
- B-conserving only

2200+ come from 4-fermion operators. 279 from 2-fermion operators.

Ote,pr = (HTi 5; H) (&;v*e,) has 3+ (3 x 2) =9 independent par.

eg. - _ 0
Oledq,prst = (/,’,e,)(dsq;) has 3x3x3x3x2=162

Flavor symmetries reduce the freedom — much fewer parameters
simplest: U(3)> = U(3); x U(3)e x U(3)q x U(3)y x U(3)4

— only invariant contractions of the flavor indices are allowed.

tot Lg
e.g Ouepr X 0pr — 1 parameter with U(3)5:
Oledq,prst X (Yl)pr(yd)st -2 parameters 81 param.
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Why is an EFT the right tool?

I'= full QFTs with their own regularization /renormalization schemes
not just anomalous couplings!
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Why is an EFT the right tool?

I'= full QFTs with their own regularization /renormalization schemes
not just anomalous couplings!

h,:

I'= calculations are done order by order in §
— rationale for expected size of contributions: power counting

— systematically improvable
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Why is an EFT the right tool?

I'= full QFTs with their own regularization /renormalization schemes
not just anomalous couplings!

I'= calculations are done order by order in §
— rationale for expected size of contributions: power counting

— systematically improvable

I'= allow compute matrix elements without knowing the UV
and work even if the UV is non-perturbative
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Why is an EFT the right tool?

I'= full QFTs with their own regularization /renormalization schemes
not just anomalous couplings!

=4
g

calculations are done order by order in §
— rationale for expected size of contributions: power counting

— systematically improvable

h >

I’= allow compute matrix elements without knowing the UV
and work even if the UV is non-perturbative

I’ a universal language for interpretation of measurements
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Why is an EFT the right tool?

full QFTs with their own regularization/renormalization schemes
not just anomalous couplings!

>

I'= calculations are done order by order in ¢
— rationale for expected size of contributions: power counting

— systematically improvable

I'= allow compute matrix elements without knowing the UV
and work even if the UV is non-perturbative

>

a |universal language for interpretation of measurements

I'= systematic classification of all effects compatible with low-E assumptions
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Why is an EFT the right tool?

I'= full QFTs with their own regularization /renormalization schemes
not just anomalous couplings!

I'= calculations are done order by order in ¢
— rationale for expected size of contributions: power counting

— systematically improvable

= allow compute matrix elements without knowing the UV
and work even if the UV is non-perturbative

=4
Ll

I'> a universal language for interpretation of measurements
I'= systematic classification of all effects compatible with low-E assumptions
I'= model independent, within low-energy assumption
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Physics with EFTs: Top-down & Bottom-up

new physics

+ A

measurement

+ E
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Physics with EFTs: Top-down & Bottom-up

new physics the UV theory is known
e /\

E <A top-down

the EFT reproduces the
measurement full theory at E « A

TE makes the calculation

easier

llaria Brivio (ITP Heidelberg) The SMEFT in a nutshell 13/30



Physics with EFTs: Top-down & Bottom-up

new physics the UV theory is known  the UV theory is unknown

T A but its properties can be
inferred from measurements

E <A top-down
1 bottom-up
the EFT reproduces the the EFT is built
measurement full theory at E « A knowing only fields and
=+ E symmetries at E

makes the calculation
easier
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Physics with EFTs: Top-down & Bottom-up

the same EFT can
match many models!
new physics the UV theory is known  the UV theory is unknown

T A but its properties can be
inferred from measurements

E <A top-down
1 bottom-up
the EFT reproduces the the EFT is built
measurement full theory at E « A knowing only fields and
=+ E symmetries at E

makes the calculation
easier
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Example: Z' model

SM + a neutral, massive vector boson.

1 M2/
Lz ==32,2" + L2, 7% + Z

J* = kg quy*qL + Ky GrY  UR + Ky JR'y“dR + K Yl + ke BrYFeR

and we assume a U(3) symmetry for each fermion field and kg =0 =&/ .
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Example: Z' model

SM + a neutral, massive vector boson.
1 / Iy M%’ Iy A
L7 = _ZZ””Z + TZHZ +2Z,J

J* = kg quy*qL + Ky GrY  UR + Ky JR'y“dR + K Yl + ke BrYFeR

and we assume a U(3) symmetry for each fermion field and kg =0 =&/ .

at the LHC, for instance dilepton signal

q I+
7!

q =
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Dilepton with a heavy 7’

Let's assume mz = 2 TeV

>
i
T
N
32
3
g
“L

dojdm, [pb/40 GeV]
T

104 T,
F i .
C 'I-n_,__‘_

10° =

800 1000 1200 1400 1600 1800 2000 2200
m, [GeV]

at my € mz the SMEFT
description applies
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From Z' to SMEFT

We can integrate out the Z’

matching to the Warsaw basis:

C,-j=—(2_5’7)

2m2 Rikj , Iv./ = {/7 €, q,u, d}
Z/
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Dilepton with a heavy Z’ - matrix elements

>_<

I+
Az =

q |~

/+
Az smerT = >< >< (remember rg = 0 = K))

in the SMEFT |./4|2 = |A5M|2 A 2ReASMATZ',SMEFT A |AZ’,SMEFT|2

€ Cie = —Kikie/Mm%, o C2 = K2K2/mb%,
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Dilepton with a heavy Z’ - model vs SMEFT

Let's assume mz = 2 TeV

107

102

do/dm, [pb/40 GeV]

107

v

1074

S
&

N

s

= model / SM

model / EFT

A

=

H\||\ T[T I T \AHHHW T HHHW T HHHW TTTTIF T HHHW

[N RN SICES

o

800 1000 1200 1400 1600 1800 2000 2200
m, [GeV]
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Dilepton with a heavy Z’ - model vs SMEFT

Let's assume mz = 2 TeV

— SM

3 o
15] 10 E e EFTint.
o =
$ | -
3 =
_§= 102 gll ----- Z' model : :
2 F 1"1.‘_'_ BT
i 3o ol i
107 E 1“'\’.};.-_. _____ et _
= T L
F i 1.._|_‘1
104 e L
g o My T
= et T
"“—._LJ_L'_L‘--|_
10° = o
[l =2
[T E
w E
2 i i
g E = = model/SM
E il s model / (SM + EFT int.)
e e Ry
800 1000 1200 1400 1600 1800 2000 2200
m, [GeV]
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Dilepton with a heavy Z’ - model vs SMEFT

Let's assume mz = 2 TeV
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Dilepton with a heavy Z’ - model vs SMEFT

Let's assume mz = 2 TeV

> ” —sM
8 10 E EFT int.
o = EFT sq.
%_ C —— SM+EFTint. +sq.
----- Z' model
= 10°%
8 F Hq‘h 5 o :
10° Ehﬁhtt‘:‘.:h Lt
o 11.._“?{_‘1“ g
107 = R T
E ——
E "'I___H - -
r I
10°
L 24E -
oo 22F |
= 2E
g 18E S =
g 1.4 E _,_l__ = model / SM
15E pll ol model / (SM + EFT int.)
l F model / (SM + EFT)
0.8

800 1000 1200 1400 1600 1800 2000 2200
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Bottom-up



An historic example: Fermi interactions

Fermi formulated a theory of B-decays in 1933, well before electroweak
interactions were understood. Neutrinos were only an hypothesis at that time.

In modern QFT notation: n p

Gr () (&7,v)
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» Gr could be measured eg. fitting the energy spectra of the e~
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An historic example: Fermi interactions

Fermi formulated a theory of B-decays in 1933, well before electroweak
interactions were understood. Neutrinos were only an hypothesis at that time.

In modern QFT notation: n p

Gr () (&7,v)

» Gr could be measured eg. fitting the energy spectra of the e~

— G ~ (290 GeV) 2 ~ (typical scale of the underlying physics) =2 ~ v—2!

» all B-decays have the same universal Gg!

» fitting angular distributions — the currents have left-handed chirality

— very strong hints at the nature of EW interactions
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+ +, 5
uT = e,

15X 10°

Number of events per 0.625 MeV/c

5 x 102

llaria Brivio (ITP Heidelberg)

Bardon et al.

PRL 14 (1965) 449
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An historic example: Fermi interactions

n P

GF(ﬁ'Yu”)(é'Y,uV) d u

today we know

- 42m3, V202

from integrating out the W

2
1
Gr=—&

2 2
» the EFT worked very well as (i) ~ 1074, <ﬂ> ~ 1076
mw
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The SM is the new Fermi theory

...so what is the new SM?

An ambitious plan: o005 o
000074 3
» compute processes in the SMEFT ‘; 00006 4
including all the relevant Wilson S
coefficients in Lg A
%3 0.0004 4=
. . . I i
> make a fit to determine their values g "o
— who's not zero? T 00021 ,
- —— NCLFU observables Ay? = 1
0.00014 Rpe) Ay?=1
> infer hints about the possible v | o o o 17
0000 1 —— global 10, 20
UV seCtor ~0.14 *l;.IQ *ﬂ'.lﬂ *(;.1)8 *\l‘.ﬂ(i *l;.(M *(7‘.\]2 [‘.;)U
[C,(,;)]:s:szx = [C,(,‘,i)].x:xzs [TeV~2]
Aebischer, Altmannshofer,Guadagnoli,
Reboud,Stangl,Straub 1903.10434
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Global SMEFT analyses

» individual processes necessarily have blind directions

» combination of different processes / sectors required

VH/VBF

VBS
t+H/Zly

Ken Mimasu ®
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Real example: fit to top quark processes

Brivio, Bruggisser, Maltoni,Moutafis, Plehn,

> U(2) % U(2) X U(2)d Vryonidou,Westhoff,Zhang 1910.03606
q u
» top interactions only for now @relevant operators
> up to NLO QCD, quadratic SMEFT also: Hartland,Maltoni,Nocera,Rojo,

Slade,Vryonidou,Zhang 1901.05965

tZ
ttZ, tt W
Qi = (QA™ t)B,,,
single t Que = (iHID wH)(Fy#t)
- Qpw = (QHo" a*b) Wk,
tt Qi = (QHa™ TA1)GL, Quw = (i D, H) (Eyb)
b = (QuQ)ay'u) Q= (@ TAQ)(@y" T u) Qlo = (fH*WLH)(@UiV*‘Q)
= (QuQNdrd) Qg = (@, TAQ)(dWAd) Qhg = (H1'D ,H)(G1Q)
ol = i@ e O — (T TAY Quw = (QAo ok )W,
Qy = (t_fy“t)(gfyud) Q= (E_7 TAt)(dy" TAd) 3,8 A~ ok TAOY( Gk ok TA
QL = (07,Q)@r"a) Q% = (@ TAQ@ T || s = (Quo*TAQ)(@r 0T q)
Q, = ((nt)(gr'e) Q% = (B m )(@" Tq) st = (Quuo* TAQ)(y"0* TAq)
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A typical issue: flat directions

e.g. qq — tt at tree-level:

q t q t
q t q t
Cc 8 terms: 2 xq X 2x: X 2 color contractions
+ singlet/triplet isospin for LL currents
0
10 operators for each initial state (u/d)
restricting to those with LL: C((‘)lq’g), Céf;s)
non-zero interference: LR: CtSq
7 4-fe.rrT1|.on operators RL: Cgu' ng
(5 / initial state) RR: Ci,, Ciy
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A typical issue: flat directions

e.g. qq — tt at tree-level:

q t -
notation:

color
CX qXt

B2 =1—4mi/s
¢t = cosO(p;, Pg) in c.m. frame

<
Sl

s

. 2
Aoittoc| B+ Cl + Rt G| (1+ B2+ 22) + [l + G - [Cha= R | 28t
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A typical issue: flat directions

e.g. qq — tt at tree-level:

q t n
notation:
color
CXth
B2 =1—4m?/s
. ; ¢t = cos (P, Pg) in c.m. frame

. 2
Dot [[Ch+ Che + [CRHCR| (1+ Bc2+ 2 ) + [+ o — [ =GB | 261

s

LO, interference only can never distinguish LL <> RR or LR < RL

— breaking: NLO QCD
(GiG) terms
other processes in the fit (e.g. single-top)
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A typical issue: flat directions

e.g. qq — tt at tree-level:

q t n
notation:
color
CXth
B2 =1—4m?/s
. ; ¢t = cos (P, Pg) in c.m. frame

s

. 2
Aoittoc| B+ Cl + Rt G| (1+ B2+ 22) + [l + G - [Cha= R | 28t

LO, interference only can never distinguish LL <> RR or LR < RL

— breaking: NLO QCD
(GiG) terms
other processes in the fit (e.g. single-top)

LO, interference only can distinguish (LL + RR) <~ (LR + RL)
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Same vs. different chiralities in tt

2m?

Aot or [CEL LGl + e +Ch ] (1+ﬁt e ) " [ca LGl — Ch —Ch ]wfcf

10.0

likelihood contours:

Inlpax —InL=1/2 ——
o N —10.0

(~ Ax? = 1,4 in Gaussian limit)
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Same vs. different chiralities in tt

2mt

Aol o [CEL +Chr + Clr +Ch ] 1+ Bici +

i [ca LGl — Ch —Ch ]wfcf

o+ + myg dist 75

likelihood contours:

Inlpax —InL=1/2 ——
o N —10.0

(~ Ax? = 1,4 in Gaussian limit)
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Same vs. different chiralities in tt

2mt

Aol o [CEL +Chr + Clr +Ch ] 1+ Bici +

i [CEL LGl — Ch —Ch ]wfa

o+ + myg dist

charge asymmetry
Ac

likelihood contours:
Inlpax —InL=1/2 ——

(~ Ax? = 1,4 in Gaussian limit)
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Global fit to top processes: results

. o o = . .. . Brivio, Bruggisser, Maltoni,Moutafis, Plehn,
fit to tt, ttZ, ttW, single-t, W helicity in t decays Vryonidou, Westhoff, Zhang 1910.03606

Run II, ATLAS+CMS, 68% and 95% C.L.

3 | Global fit
[ Clobal fit 6,,/2

2 0.7
1
= 15 %
= 4 jnn il I g JVI 5
g7 HETET INIRL T .
S =
-2 0.7
-3

—4 @im” 0.5

O, O O OO O O O O Op O O, O, Cx eNeNeloNeN el
R S A A AR A
) (/R
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Top fit vs EW+Higgs fit results

EWPD + LHC Run I + II, 95% C.L.

3 BRoy < 3% | Global Fit Higes + EWPD + diboson [1812.07587]
| Global Fit Top sector [1910.03606]

9 to.7
e 10—
: z
= =,
e 15
"‘(: 0 { l T 1 l l l i [2.5 {%
1 RARRARRARNARNGE

1.5
il 1.0
—24 r0.7
2% LPeeBeBt B ER 2825 %5
= =
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Next step: top + EW + Higgs

EW

Q%; Qg; Qéd Qbu Q%q Qit Qtld
Q6y 6q Loa ou 2y A
Q4: Q4o 0w iy
Qor Qoo v A

< 50 parameters

@ LO interference
Top
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Recap & take-home

» Indirect searches of BSM physics @LHC will become more and more
significant in the next runs

» The SMEFT is a well-defined and general theory framework to do this
systematically

> It describes possible effects from nearly-decoupled new physics
— complement direct searches
— minimal model dependence

> Added value:

> a full-fledged QFT
> a universal language : allows combination with other experiments

> allows an agnostic bottom-up approach
— requires global fits
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Backup slides



Top fit — observables

pp — tt

> 5 0, measurements at 8 and 13 TeV

> 5 Ac measurements at 8 and 13 TeV

> 2 do/dm; dist. at 8 and 13 TeV (15 bins tot)

» 4 do/dpt(p}, pht) dist. at 8 and 13 TeV (30 bins tot)

> 1 d?0/dmyzdt,; dist at 8 TeV (16 bins)

> 2 dist in high-pr region (p%, mz) at 8 and 13 TeV (13 bins tot)
pp — ttZ,pp — ttW

> 2 o,y measurements for each V at 8 and 13 TeV
Single-top

> 6 04 g Measurements in t-channel at 7, 8, 13 TeV

> 3 045 7, Measurements in s-channel at 7, 8 TeV

> 6 oy ;i measurements in tW channel at 7, 8, 13 TeV

> 1 0174 measurement in tZq at 13 TeV
Top decays

> 4 measurements of W helicity at 7, 8, 13 TeV
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