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News from the LHC

* No sign of...
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News from the LHC
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News from the LHC

* No sign of...

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: August 2016 [£dt=(32-203)fo! Vs=8,13TeV
Model ty Jetsi ET® [rdi] Limit Reference
T T T T T T T T T T T T T T T —T
ADD Gk +g/q - >1j Yes 32 6.58 TeV n=2 1604.07773
ADD non-resonant ({ 2e 1 - - 20.3 n=3HLZ 1407.2410
ADD QBH — (q 1epu 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 15.7 M, 8.7 TeV n==6 ATLAS-CONF-2016-069
ADD BH high ¥ p1 >leypu >2j - 32 | M 8.2 TeV n=6, Mp =3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 3.6 My, 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
RS1 Gk — (€ 2en - - 203 |CKOTESSE ] KTy =01 1405.4123
RS1 Gkk — yy 2y - - 3.2 Gk mass 3.2 TeV k/Mpr = 0.1 1606.03833
Bulk RS Gkk — WW — qqlv 1enu 1J Yes 132 | Gk mass 1.24 TeV k/Mp = 1.0 ATLAS-CONF-2016-062
Bulk RS Gkx — HH — bbbb - 4b - 13.3 | Gkk mass 360-860 GeV k/Mp = 1.0 ATLAS-CONF-2016-049
Bulk RS gxi — tt leu 21b,>1J2) Yes 203 |Ekcmassiaerrew BR =0.925 1505.07018
2UED/ RPP lepu =22b>4j Yes 3.2 KK mass 1.46 TeV Tier (1,1), BR(A®Y — tt) =1 ATLAS-CONF-2016-013
SSM Z’ — & 2e,pu - - 13.3 | Z' mass 4.05 TeV ATLAS-CONF-2016-045
SSM Z’ — 17 27 - - 195 |ZiE 02 Te v 1502.07177
Leptophobic Z’ — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
SSM W’ — (v 1eu - Yes 13.3 W’ mass 4.74 TeV ATLAS-CONF-2016-061
HVT W — WZ — qqvvmodel A O e, u 1J Yes 13.2 W’ mass 2.4 TeV 8v = ATLAS-CONF-2016-082
HVT W — WZ — qqqq model B - 2J . 15.5 W’ mass 3.0 TeV 8v = ATLAS-CONF-2016-055
HVT V/ - WH/ZH model B multi-channel 3.2 V’ mass 2.31 TeV gv=3 1607.05621
LRSM W;? — tb Oe,pu >1b,1J - 20.3 1408.0886
Cl gqqq - 2j - 157 |A 19.9TeV . =-1 ATLAS-CONF-2016-069
Clllqq 2e,u - - 3.2 A 25.2TeV nu=-1 1607.03669
Cl uutt 2(SS)/z8 e 21b 21 Yes 203 [N Tev |Crel = 1 1504.04605
Axial-vector mediator (Dirac DM) 0 e, u >1j Yes 32 |ma 1.0 Tev 8¢=0.25, g,=1.0, m(x) < 250 GeV 1604.07773
. Axial-vector mediator (Dirac DM) O e, i, 1y 1j Yes 3.2 ma 710 GeV 84=0.25, g, =1.0, m(y) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oep 14,<1j Yes 32 M. 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
Scalar LQ 1°t gen 2e >2j - 3.2 LQ mass 1.1 TeV B=1 1605.06035
Scalar LQ 2" gen 2p >2j - 3.2 LQ mass 1.05 TeV B=1 1605.06035
Scalar LQ 3" gen lepu 21b, 23] Yes 203 _ p=0 1508.04735
VLQ TT — Ht+ X 1eu 22b,>3) Yes 203 Tin (T,B) doublet 1505.04306
VLQ YY - Wb+ X leg >1b,>3j Yes 20.3 Yin (B,Y) doublet 1505.04306
VLQ BB — Hb+ X Tepu >2b, >3] Yes 20.3 isospin singlet 1505.04306
VLQ BB — Zb+ X 2/>8e,u  >2/>1b - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ - WqWq 1en >4 Yes 203 1509.04261
VLQ Ts/3 T3 — WtWt 2(SS)/=8 e 21b, 21  Yes 3.2 Ts/3 mass 990 GeV ATLAS-CONF-2016-032
Excited quark ¢g* — qy 1y 1j - 3.2 q* mass 4.4 TeV only u* and d*, A = m(q") 1512.05910
Excited quark ¢* — qg - 2j - 15.7 q* mass 5.6 TeV only u* and d*, A = m(q*) ATLAS-CONF-2016-069
Excited quark b* — bg - 1b,1j - 8.8 b* mass ATLAS-CONF-2016-060
Excited quark b* — Wt tor2e,u 1b,2-0] Yes 20.3 fp=fi=fh=1 1510.02664
Excited lepton (* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=16TeV 1411.2921
LSTC at —» Wy lep 1y - Yes 20.3 1407.8150
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ee 2e(SS) - - 13.9 570 GeV DY production, BR(H;™* — ee)=1 ATLAS-CONF-2016-051
Higgs triplet H** — (1 Beput - - 20.3 DY production, BR(H;* — (1)=1 1411.2921
Monotop (non-res prod) 1eu 1b Yes 20.3 anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles — - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
- Ve 13TeV TR | N MR SR | L MRS Ar e | N L
= e —1
lATLAS CO”., 20 I 61 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
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What (1f any) 1s the best strategy?

-
STATEMENT #2
The Higgs provides a privileged searching ground
-
s STATEMENT #3
Vis-a-vis the Higgs, the top 1s a special quark
. (or equivalently 1t 1s the only normal one)
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What (1f any) 1s the best strategy?

4 )

STATEMENT #1
The only viable approach to look for NP at the LHC 1s to cover

L the widest range of TH- and/or EXP-motivated searches. )

4 )
STATEMENT #2

The Higgs provides a privileged searching ground
- /
g STATEMENT #3 )
Vis-a-vis the Higgs, the top 1s a special quark
. (or equivalently 1t 1s the only normal one) )
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The top quark 1s special

In the SM, 1t 1s the ONLY quark

1. With a “natural mass”
Miop = ytv/\@ ~ 174 GeV = y; ~ 1

It “strongly” interacts with the Higgs sector.
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The top quark 1s special

In the SM, 1t 1s the ONLY quark

1. With a “natural mass”
Miop = ytv/\@ ~ 174 GeV =y ~ 1

It “strongly” interacts with the Higgs sector.

2. That decays semi-weakly, and before hadronizing and way
before spin-flipping

Thad = h/Nocp = 2010-24 s

Triip = h me / AQC D 2 >> Thad

Teop = h/ [iop =1/(Gr me3 |Vip|2/8m/2) = 5010-25 s

Compare with Tp = (Gr2 mp® |Vic|2 k)-1 = 10-12 g)
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The top quark 1s special

In the SM, 1t 1s the ONLY quark

1. With a “natural mass”
Miop = ytv/\@ ~ 174 GeV =y ~ 1

It “strongly” interacts with the Higgs sector.

2. That decays semi-weakly, and before hadronizing and way
before spin-flipping :

Thad = h/Nocp = 2010-24 s \ |
Tflip = h mt / AQC D 2 >> Thad -
Teop = h/ [top =1/(Gr me3 |Vep|2/8mV2) = 5010-25 s ézew.

Compare with Tp = (Gr2 mp® |Vic|2 k)-1 = 10-12 g)
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The top quark 1s special

3. That dramatically affects the stability of the Higgs mass. Consider the
SM as an effective field theory valid up to scale A:

3 1 1
m%{ — m%m 87‘(‘2 ytA2 | 5 g2A2 | >\2A2

Putting numbers, one gets:

A 2
(125GeV)? = miy + [—(2TeV)? + (700 GeV)?* + (500 GeV)?] (1 OTeV)
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The top quark 1s special

tree loops

mh? ~ (125 GeV)? —

top WZ Higgs

A 2
(125GeV)* = m3;y + [—(2TeV)? 4 (700 GeV)? + (500 GeV )] (1 OTeV>

Definition of naturalness: less than 90% cancellation:

A; < 3TeV = top partners must be “light”
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Model building inspired by naturalness

D @ - e
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Model building inspired by naturalness

D @ - e

- stops as the lightest squarks
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Model building inspired by naturalness

D @ - e

- stops as the lightest squarks
t t p

PN ’ % b
hO K0 ’ \ I !
Ama) = ——O—— e S I
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Direct stop searches

tt, production, t,— b f %, /t— ¢ % /t> Wb X, />t X,

;‘ 450 I_ T 1 | I T T 1 | I T T 1 | T T 1 I I T T 1 | I T T 1 I T 1 I_
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C emiobiry tc, L 0576780 190 200 21
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[ATLAS 2015] m; [GeV]

Ratio of Stop over Top cross sections

L B L B B L B L B LI B
0.14— —
0.12f- 14 TeV -
- Top: NNLO+NNLL (top++ v2.0) -
0.1 :— . Stop: NLO (prospino v2.1) —
- 8 TeV N ]
0.08[— -
0.06— ~
0.04f
002t [Czakon et al. 201 3] :
PP BT IR B PP I PR SRR BT B
970 180 190 200 210 220 230 240 250
Stop Mass ( GeV )
- Stop direct searches based on

four different final states:

l.stop — t+nl (w/ stopl mostly right),

2.stop — W+b+nl (3-body decay for
m(stop) < m(top) + m(nel) ),

3.stop — ¢ +nl

4.stop — f+Hf'+b+nl (4-body decay).

Precision Theory, ICISE,Vietnam, Sept-Oct 2016
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https://arxiv.org/abs/1506.08616
http://arxiv.org/abs/1305.3892

Direct stop searches

tf, production, t > b X, /> ¥, /t—> Wb X, />t X,

Status: ICHEP 2016

;‘600III|IIIIIIIIIIIIII|IIII|IIII|IIIIIIIII|I
8 - ATLAS Preliminary \s=13 TeV
= - i tE /o Wb toL 13.2 fb' [CONF-2016-077]
sz’ 500l— — i—=t% t1L 13.2 fo'' [CONF-2016-050]
BEtowby t2L 13.3 fb' [CONF-2016-076]
ioex MJ 3.2 b7 [1604.07773]
—— \s=8TeV, 20 b Run 1 [1506.08616]
400
—— Observed limits ==== Expected limits All limits at 95% CL
300

200

|LIII|I|II|IIII|IIII|I

100

AN

T N

a
200 300 400

500 600 700 800 900

[ATLAS 2016]

m; [GeV]

- Funnels being closed...but

still present at small masses

- compressed spectrum issues
including the width treatment
and evaluation

- different decay channels are
needed

- If widths are small, displaced
vertices might arise.

Precision Theory, ICISE,Vietnam, Sept-Oct 2016
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https://arxiv.org/abs/1506.08616
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[ATLAS 2016]

From an idea proposed in [Czakon et al., 2014]

Precision Theory, ICISE,Vietnam, Sept-Oct 2016

N
W
o

m- [GeV]

Expected and observed 95% CL limits on the signal
strength p (defined as the ratio of the obtained stop cross
section to the theoretical prediction) for the production of t
pairs as a function of mt .

The stop is assumed to decay as t—tj or through its three-
body decay depending on its mass. The neutralino is
assumed to have a mass of 1 GeV.

The black dotted line shows the expected limit with +lc
uncertainty band shaded in yellow, taking into account all
uncertainties except the theoretical cross-section
uncertainties on the signal.

The red solid line shows the observed limit, with dotted
lines indicating the changes as the nominal signal cross
section 1s scaled up and down by its theoretical
uncertainty.

The short blue and purple dashed lines indicate how the
observed limits with the signal cross section reduced by
one standard deviation of its theoretical uncertainty for mt

1<mtop when the top quark mass is assumed instead to be
173.5+1.0 and 175.0+1.0 GeV.
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https://arxiv.org/abs/1506.08616
https://arxiv.org/abs/1506.08616

Model building inspired by naturalness

8
—->~®~—>—— - —-><@~—>—— — ﬁm%log/\

- stops as the lightest squarks

- composite Higgs = vectorial top quark partners
T,T¢

LR
T
| y— @_-__h_|_ @ L =1y [iqhtc+f ((1 — ;L—fg) TTC—I—...] + h.c.
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Direct vector-like quarks searches

Vector-like quarks can be produced in

pairs or singly.

Vector-like quark pair production

Q- qgW

T - tH
. TotH o0
TotH L e
T = bW T e
B — bH T ot L
B~ bz T—1Z om=15
B—twW T—21Z ca=15
X5/3 — tW B—bZ owm=15
X5/3 = tW T—bW cw=15
T - bW Y—=tH owm=10

0 03 0.6 0.9 1.2 1
Observed limit 95%CL (TeV)

et al, 2009]

[Campbell

500 | Il|ll|||||||||||l||l|||||||||

I..HC| (1|4 TeV), CTEQB.G_E
a8 (2-2) [fb] |
o0 (2-3) [fb]

0 025 05 075 1 125 15 175 2
Observed limit 95%CL (TeV)

[CMS - B2G 2016]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
http://arxiv.org/abs/arXiv:0907.3933

Direct vector-like quarks searches

[Campbell et aI 2009]

Vector-like quarks can be produced in

pairs or singly.

TT production, (X**,T) Doublet

g ATLAS Preliminary —— Observed fimit
S 1  {s=13TeV, 14.7 fb ---. Expected limit ~ —|
g - Limit at 95% CL El:io .
é N D +t20 i
=== Theory cross-section ]
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- M | M y ) | M
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1200
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[ATLAS 2016]
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[ATLAS 2016]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-101/
http://arxiv.org/abs/arXiv:0907.3933
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-102/

Model building inspired by naturalness

_*@_,_ " _*@_,_

Note that:

- Many variations exist of this mechanisms, such
as for example partners that are not colored, or
Hyperfolded SUSY. [Katz et al, in progress]

- Such models typically entail other particles in
the spectrum that couple to the top (such as extra
scalars or DM candidates) and might lead to new
top interactions at low energy (such as RPV).

Precision Theory, ICISE,Vietnam, Sept-Oct 2016
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What (1f any) 1s the best strategy?
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What (1f any) 1s the best strategy?

Model-dependent 0 Model-independent

SUSY, 2HDM, ED.... simplified models, EFT, ...
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What (1f any) 1s the best strategy?

Model-dependent Model-independent

SUSY, 2HDM, ED.... simplified models, EFT, ...

Search for new

Search for new states | |
INteractions

specific models, simplified models anomalous couplings, EFT ...
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What (1f any) 1s the best strategy?

Model-dependent Model-independent

SUSY, 2HDM, ED.... simplified models, EFT, ...

Search for new

Search for new states | |
INteractions

specific models, simplified models anomalous couplings, EFT ...

Exotic signatures Standard signatures

precision measurements rare processes
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Resonances 1n ttbar

Very interesting and rich history of searches for resonances in ttbar and many
proposals and results since the first days of the LHC, see e.g., [Frederix FM, 2007].
Higher masses can be reached by boosted top tagging techniques. I will make

only two points here:

1. Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width
are continuously improved by the increase in energy and luminosity:

Precision Theory, ICISE,Vietnam, Sept-Oct 2016 Fabio Maltoni



Resonances 1n ttbar

Very interesting and rich history of searches for resonances in ttbar and many
proposals and results since the first days of the LHC, see e.g., [Frederix FM, 2007].
Higher masses can be reached by boosted top tagging techniques. I will make

only two points here:

1. Limits on models that feature a clear BW peak (Z’, coloron) with a fixed width

are continuously improved by the increase in energy and luminosity:

CMS Preliminary

[CMS 2013]

- 19.7 " (8 TeV)
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=0 - = Topcolor Z' 10% width 3
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[CMS 2015]
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....... Expected (95% CL)

- Observed (95% CL)

. - === Z'10% width (NLO)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-002/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-13-008/index.html

Resonances 1n ttbar

2. Analysis technology to look for BW peaks 1n place. Now it 1s time to
consider more complicated situations, like peak-dip or even dips. In this
case accurate predictions at NLO are challenging to obtain.

known known not-available easy
’ ‘ 00 3 oo0Co (00000 y—— 00000
:; < :i VOO0 - -l ftfoooo'[
L O+reals two-loop virtuals

A possibility [Bernreuther et al, 2016] : compute the NLO corrections in the EFT and

the soft limit for the interference.

Another possibility [Hespel et al. 2016] : use the ansatz onco = o¥5%) + oxro + o VKsKp

+ and tested/complemented by a calculation including all known elements
(including all the real interference terms).
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http://arxiv.org/abs/arXiv:1606.04149
http://arxiv.org/abs/arXiv:1511.05584

Resonances 1n ttbar

2. Analysis technology to look for BW peaks 1n place. It 1s time to consider
more complicated situations, like peak-dip or even dips. While NLO accurate
results are challenging to obtain, structures are stable under radiative correcs.

Mo = 400 GeV, M40 = 500 GeV Gipo =Gho =1 —— 35

- FHO = FAO = I‘min
/2 scattering

.{1

gHO = gAO =§ 30 i

25

20 +

15 +

do [dmy; [Pb/bin]

MadGraph5_aMCGNLO

10 H

5 H

0

2HDM scenarios
Vs =13 TeV

Bl ——
B2 ——
B3 4
B4
Background ——--

25

20
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5k

I

0t

os1/op (%]

5L
210 L

-15

V3 [GeV]

[Hespel et al., 2016]
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http://arxiv.org/abs/arXiv:1606.04149

Exotic top-quark signatures

Searches for NP can be done in exotic or rare top signatures

/( X’ XX’ H’ HH
MONOTOPS —
TT + KT, H,...
[Andrea et al. 201 1] [Too long list here]
~__ C I — t
€ J,
t S J
// - q t
C __
4 TOPS TT (TT) (+ JETS)
[Tait et al, 2008, Gregoire et al,, 201 |, Servant et al., [Aguilar-Saavedra, 201 |, Degrande et al. 201 1,
2010, Cacciapaglia et al. 201 I, Degrande 2010, ..] Kraml et al. 2006, Durieux et al. 2012,2013]
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Exotic top-quark signatures

Several theﬂoretical studies

9

Several experimental analyses

CMS Preliminary 1291 (13 TeV)
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[Andrea et al. 201 1], [Wang et al. 201 1], [Alvarez, 2013] [Agram, 2013]...
d; X

[CMS, 201 5], [ATLAS, 2014]
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http://arxiv.org/abs/arXiv:1106.6199
http://arxiv.org/abs/arXiv:1109.5963
http://arxiv.org/abs/arXiv:1310.7600
http://arxiv.org/abs/arXiv:1311.6478
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-001/
https://arxiv.org/abs/1410.5404

Exotic top-quark signatures

[ATLAS, 2016]
g g production, § — 1,11, > sd
L L B B B I N B L L S B B R B BB B

> i
S 1400|_ATLAS Preliminary = Observed imit
g - [s=13 TeV, 132 b

--—-- Expected limit (+10,,;)

All limits at 95% CL

-
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See also: [ATLAS. 2012]. [CMS. 2013
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u t
Signature that has attracted interest in
the search of very exotic resonances,
and more recently in interesting
RPV scenarios. [Durieux and Smith, 2013]

Q| “l = | /™
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2011-19/
http://arxiv.org/abs/1311.6736
http://arxiv.org/abs/arXiv:1307.1355
https://cds.cern.ch/record/2205745

Exotic top-quark signatures

Four top signal has a long history, starting from [Tait et g, 2008]. SM signal known

at NLO accuracy [Bevilacqua and Worek, 2012] and available NLO+PS [Maitoni et al. 2015].
BSM scenarios range from gluino gluino production and deca to 4t+Etmiss, to
4F 1nteractions. Dedicated searches as well model independent ones have been

undertaken.
[CMS 2016]
26fb" (13 TeV)
CMS limits on o,
Preliminary _-°_ ::::g:: 1o

expected +2 ¢
SM

Dilepton

Single Lepton

Combined

IlIlIllIlIllIlI I I

95 % CLlimitonu=c_ _/ogy
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http://arxiv.org/abs/arXiv:0712.3057
http://arxiv.org/abs/arXiv:1206.3064
http://www.apple.com
http://cds.cern.ch/record/2205265
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-020/
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Exotic top-quark signatures L X H HH
t
This signature i1s very popular, for SUSY and top-partner searches.
I t
X1 t L
\\\\'/ ’z,’ 52(1)
4 P
/\ ;:\‘Y'Xl
. Annihilation ‘ LHC  \f
. 22" (13 TeV)
Lately also for DM searches in the s-channel. ¢ [acociiiimaer | cus
8 10% -~ Median expectsd 85% CL Preliminary -
tOE PRI '
§- |- —— Observed
Y, Yt . <X 5 10g E
% =—(g: =1t - -
£ = (9 Tt +ox XX)Yo T 5 _
¥ 1 [CMS 2016]

10 | l.l” '1102
Myep [GEV]
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Exotic top-quark signatures

Simplified model searches for a top-philic mediator can be perfort{led n

different channels [Haisch et al. 2013] [Haisch et al. 2013] [Haisch et al, 2014] [Crivellin et al, 2015] [Haisch
and Re, 2015] [Buckley and Gonsalves, 2015]

Combined collider constraints on top
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— et Ri o
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—— ' e® < ’ ® °
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Colliders | | ) my > 2mx +j, +Z, +h ’@‘4', RPN N “ 3
[0 S " " ) io o . .o: e —0.50
< my >2my, 4t i AR\ VN Su
no Fr ¢ /‘\’ ¢ . . . On =
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[Arina et al., 201 6]
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http://arxiv.org/abs/arXiv:1208.4605
http://arxiv.org/abs/arXiv:1310.4491
http://arxiv.org/abs/arXiv:1311.7131
http://arxiv.org/abs/arXiv:1501.00907
http://arxiv.org/abs/arXiv:1503.00691
http://arxiv.org/abs/arXiv:1511.06451
http://arxiv.org/abs/arXiv:1605.09242

Search for New Physics at the LHC

Two main strategies for searching new physics

-«

Search for new states

CMS Preliminary fs=7TeV,L=5.1fb";ys=8TeV,L=19.6fb"
T T T T T T T T T T T T T T T

! ! | T | i
E - ¢ Data .
« 30F [ z+x .
=~ . . -
2 F zv'zz

g ¢ 126 GeV]
> m_= eV
] [] H :
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my, [GeV]

“Peak” or more complicated structures
searches. Need for descriptive MC for
discovery = Discovery 1s data driven.
Later need precision for characterisation.

Search for new

interactions
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Deviations are expected to be small.
Intrinsically a precision measurement.
Needs for predictive MC and accurate
predictions for SM and EFT.
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Search for New Physics at the LHC

Two main strategies for searching new physics

Search for ne
Search for new states 0

The matter content of SM has been experimentally verified and evidence
for light states 1s not present. SM measurements can always be seen as
searches for deviations from the dim=4 SM Lagrangian predictions.

£O — @ Z

BSM goal of the SM LHC program:

determination of the couplings of the SM lagrangian at DIM=6

Precision Theory, ICISE,Vietnam, Sept-Oct 2016 Fabio Maltoni



Dim=6 SM Lagrangian

[Grzadkowski et al, 10]

X3 (PG and (p4 D2 ,‘/)2 (p3
Qo | fAPCGGEGSH | Q, (elp)? Qep (') Iperp)

& | FABOGIGEGSH | Quo | (¢lo)D(le) Quep (o) (ZurP)
Qw | eEWIWPWSE | Qup | (¢'D*0)" (p'Dup) || Qup (¢'9) (Zdr)
Qs clIK W‘{V'Wl.’fpwg(p,

X2 (p2 ,‘/)2X<p ,¢,2(p2D
Qo | vleCaew | Qu | (Gowe)rloW!, | QY | (1D, o) (T4,)
Q.6 PloGAGH || Qs | (Lo"e)pBu | QF | (o D} o) @riy4,)
Quw | eleWLW™ | Quo | @o*T*u)FGh, | Que | (#'iDup)Ene)
Qi | ¢eWLW™ | Qur | @o*u)rdWL, | @9 | (¢'iD,¢)@r"e)
Qs | ¢'0BuB” | Qus| @o"u)FBu | O | (¢'iD!0)@m"ve)
Qi | ¢'eBuB” | Qu | @"T)eGh | Qu | (iD.o) (@)
Qews | ¢'TeWLB™ | Qaw | (Go*d)T'oW), | Qua | (#'i D, ¢)(dn+d,)
Qs | PTeWLB | Qus | (30™d)¢B || Qua| (@ D) (@n*d,)

(LL)(LL) (RR)(RR) (LL)(RR)
Qu @vule) Ty 1e) Qee (Bpvuer)(EsYer) Qe (Lovule) (Esy er)

51}1) (@p7u9r)(@57"qe) Quu (T vur) (Ts Y ur) Qu @yulr) (@ey )

% | @r'e) @ m'e) | Qua (dpvudy) (dsydy) Qua (L yule) (dsy*dy)
QL (o) (37" 4e) Qeu (Epvuer) (Tsy ur) Qqe (@7ua:) (Ey er)
QR | Gt @ 'a) | Qe | Eve)(doy dy) 8 @) @)

G @mw)dard) | QR | (G Te) @A T4u)
@ | @nT )@ TAd) | QW | (@ve)dntdy)
QY | (@7.T4q,)(d T*d,)

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

Qiedq () (dsqd) Qaug ey, [(d2)TCuf] [(g) T Clf]

Qi | @uen@d) | Quu e*esi ()T Caf] [(u)"Cel)

Qf,?qd (BT u,)ein(Tdy) i Mg jxemn [(457)TCeP*] [(7™)TClY]
Qun | @een(@u) S| e ) () [(a9)TCeH] (@Ol
Qi | Gower)esn(@o™ u) | Quua £ [(d2)TCu] [(u2)7Cel)

« Based on 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)
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* 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
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http://arxiv.org/abs/1008.4884

The EFT approach: managing unknown unknowns

- Very powerful approach.

- Note, however, that 1t only makes sense 1f a global constraining strategy is
used to extract information from the data:

° assume a

11 couplings might not be zero at the EW scale.

- 1dentify ti

e operators entering each observable.

- find enough observables (cross sections, BR’s, distributions,...) to constrain
all operators.

* solve the

(linear+quadratic) system.

- hierarchical approach on the couplings.
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Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
(3) _ 1' I Ty |
O(pQ i yt ﬁ Q7 7 Q)
————
t

0822—z2yt( D) (@1Q)

1 _
Oyt = Zzyt2 ( fﬁ”cp) (tyHt) W%

O = Yt9uw(Qo™ T t) W,
OB = yth(QO#Vt)SBBpJ/ :

Oiq = ytgs(QU“”TAt)soGW : K
O -

to = Up () Qpt

P——
+four-fermion operators

+ operators that do not feature a top, -
but contribute to the procs...
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http://arxiv.org/abs/arXiv:1008.3869
http://arxiv.org/abs/arXiv:1008.3562
http://arxiv.org/abs/arXiv:1205.1065

Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
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+four-fermion operators
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Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
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Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
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Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
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Top-quark operators and processes

[Willenbrock and Zhang_ZOI |,Aguilar-Saavedra 201 |,Degrande et al. 201 1]
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Top-quark operators and processes

[Willenbrock and Zhang 201 I, Aguilar-Saavedra 201 [,Degrande et al. 201 1]
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Top-quark operators and processes

O<(plc)2 = ZQyt ( ﬁﬁu‘ﬁ Q’Y”Q
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[Willenbrock and Zhang 201 I, Aguilar-Saavedra 201 [,Degrande et al. 201 1]
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Towards a global fit at the LHC

[Buckley et al,2015] [Buckley et al.,.2015]

- , in@iv'ic.lual boe
4-fermion operators Non 4-fermion operators C_;'(;s *—T—' marginalized
. _ CuG l—QIFPLI
Oy (evea)(@r*a) Osq i(0'7' Dud)(ay"7"q) & .
Ogq (@yuT"q)(@y"T q) Ow (qo*“T t)diwyv o : *
Ouu (Wyuu)(wy"u) Owc (qo" N't)9Gy, i ; et
Ogu (@WT*q)(@y*T*u)  Oc fancGp G GY" % el
0% (0vT"q)(d@y"T*d)  Og fasc GG G* & i
O (@, T*u)(dy*T4d)  Osc (6'¢)Gi, G o :
O,z (6'0)GL, G Cuiv T
Ci LB
TABLE I: All dimension-six operators relevant to top quark 3 N
production, in the notation of Ref. [12]|. Details of each are _3; T
included in the text. We do not include explicit flavor in- Cub ¢
dices here. 13 operators are shown, but O;w and O;c have Cpu .
both real and imaginary parts which should be considered as o1
independent operators; the latter produce CP-violating effects. 9
-1 -0.5 0 0.5 1

C',' - C/‘,;‘Uz/A2

- EFT based, fit on Tevatron and LHC data: 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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The need for NLO 1n QCD

- A global approach with constraints on top couplings coming from a wide set
of observables 1s the (only) way to go.

- A precision physics effort needs accurate predictions not only for the SM but
also for the EFT.

» This 1s because the top 1s coloured and the LHC 1s a hadron collider.

- In fact, the structure of the EFT for the top becomes non trivial at NLO 1n
QCD, with operator mixings.
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Towards a global fit at the LHC

However, the only consistent/useful way of making progress 1s to consider
constraints coming from different processes at the same time and do this at
NLO 1n QCD. One has to pay attention to which operators contribute for a
given process, LO and NLO.

Process O Ow Ow OSC)) OS()) Opt Oty Oy Og Oy
t — bW — bl+v N L L L

pp — tq 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 L N L L L
pp — tth L L L L L
9gg—H,H—~y N N L

Og = gsfBCGl¥ GoPGS* and O, = g2 (¢1¢) Gj, G are included because they mix with
other top-quark operators and play a role in NLO calculations. [Cen Zhang]
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http://arXiv.org/pdf/1305.7386.pdf

Bounding OtG at NLO from ttbar

a3

Recent analysis at NLO 1n QCD

C C
o =o0sMm + tGﬂl-l-( tG) B

Limits on ctG from LHCS

LO [TeV—2]|NLO [TeV—2]
Tevatron | [-0.33, 0.75] | [-0.32, 0.73'
LHC8 |[[-0.56, 0.41]| [-0.42, 0.30
LHC14 |[-0.56, 0.61]| [-0.39, 0.43
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[Franzosi and Zhang, 2015]

MadGraph5_aMC@NLO
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Single-top 1n the EFT at NLO

MK

[Cen Zhang, 201 6]

4F operator can also be included (on-going).

0_255— % r t-channel single top 3 ' . INLO """"""""" 3
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I ;.';g :
01F T 9
- O LO —Ogg NLO 1t
0.05F i :
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== ——J._'TJ e marwars . . . . . . .
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y, accuracy and precision.
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ttV 1n the EFT at NLO

oD
Z (A/lTeV)4

13TeV O
oo TR
oiNLO 310.5% 575

K -factor 1.08
010 258.5 3050%
unto 284575

78. 3+40 4% 51. 6+40 l%

—0.20(3)*

90.6“:';’1{3'% 57.5155% —1.7(2) 3L

20. g+44 3%

24. 2+6 2%

Small contribution from OtW and OtB at
O(1/A?) but large at O(1/A%)

[Bylund, FM, Tsinikos,Vryonidou, Zhang, 2016]

054 = zly? (¢ DLe) (@)
0% = ixi? (¢ Do) (@@

1 _
Oyt = zzy? (w*‘ﬁw) (ty*1)
O = Y19uw(Qo* T1t) WL,
Oip = yth(Qaﬂut)SbBuu

O = Y19s(Qat T) G4, .

1go)
How should we treat O(I/A4) terms? - (100
(A EEL.
02 > Cz > 1> &= E (301
, Anom. dim. matrix:
EFT condition satisfied (see Sasha’s intro to EFT) Ow. O, O
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Large contribution at O(1//A\%)

rising with energy
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do/dpy [pb/bin]

0.1

[Bylund, FM, Tsinikos, Vryonidou, Zh

ang, 201 6]
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ttV 1n the EFT at NLO [Bylund, FM, Tsinikos, Vryonidou, Zhang, 201 6]

o)
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- 1 ¥ ° Y % ! 2 Sswnto 100~ e 1G -
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Chromomagnetic operator affecting all processes in the same way.

LHC measurements of ttV processes can set constraints on the Wilson
coefticients See also: [Rontsch and Schulze et al. 2014, 20157 and [Schulze 2016] 1n the anomalous
coupling framework.
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Top-Higgs interactions [EM Veyonidou, Zhang, 2016]

O =i (46) (Q1) ¢
Ogc =47 (o10) G, G
Oz = Y1 9s (QUWTAt)J’Gﬁu

T — e ——
1
= 0 0
9 6
y="224 -1 4
™ 1 7
1 0 ) See also

[Degrande et al. 2012]
[Grojean et al. 201 3]

Use with 1) ttH and 2) H+j to break degeneracy between operators and
extract maximal information
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T()p -Hl gaS at NLO [FM.Vryonidou, Zhang, 2016]
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Difterential distributions for ttH
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NLO: smaller uncertainties,
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Ditferent shapes for different
operators for the squared terms
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HH in the EFT

Contribution of the chromomagnetic operator to HH

computed for the first time
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[FM,Vryonidou, Zhang, 201 6]
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To be investigated: the impact of the chromomagnetic operator in EFT
analyses that focus on the extraction of the triple Higgs coupling A (e.g.

arX1v:1502.00539 and arXiv:1410.3471)
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Constraints from ttH and nggs production

[FM.Vryonidou, Zhang, 201 6]

Current limits using
LHC measurements
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Constraints from ttH and Higgs production

[Azatov et al, 201 6]
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Conclusions
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Conclusions

The discovery of a scalar boson has opened a new realm of
possibilities for searching new physics, especially connected to the
top quark.

The most beaten paths 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.

The EFT approach provides a consistent QFT to work with.
Predictions can be obtained and systematically improved. To be
fully meaningful and useful, predictions have to be available at
NLO accuracy in QCD (and EW) and constraints need to be
obtained in a global way.

TH results and MC tools to put 1n action this strategy and first
results becoming available.
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Credits and further reading

This talk 1s based on material extracted from papers and notes (which are hyper ref to the
corresponding documents on the web) and from a selection of recent (and less recent) talks given by
colleagues.

For the EFT top, major contributions come from Cen Zhang’s and Eleni Vryonidou’s talks (see for
example the HP2 agenda).

Please have a look at the recent talks given at TOP2016, in particular those of Thursday. If
interested on the general picture, start with

* The Keynote by Andi Weiler, which gives a very stimulating overview on top physics through
the eyes of a BSM specialist.

* Top and Naturalness, by Matthew Maccullough, a compact and illuminating review on the
BSM scenarios that naturalness lead to, including a discussion on the new proposal on
Hyperfolded SUSY with an electrically charged -4/3 scalar partner of the top.

and then go to the more dedicated talks, such as:

* Top physics and BSM, by Roberto Franceschini, which contains a thorough discussion on the
stop searches 1n the funnels and points to possible new directions.

* Global approach to top flavour violation, by Gauthier Durieux. A very rich and promising
activity from TH and EXP point of views, which unfortunately, I had no time to cover.
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Top-quark FCNC

The study of FCNC couplings can bring new information:
[Kao et al. 201 | , Kai-Feng et al 2013] [Zhang FM, 2013]

L _h

-

t t - e

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
> L'00 0
Ouw = vegw (@0 T )GW,,, . = 20 : § 100 \
Ot(l.lg) =ytgs(q—a”VTAt)(,5Gﬁu T 5 0 % 0
\ -2 0 0 -1

0L = —yi(¢'e) (@)@
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Top FCNC at NLO

lDurieungM, Zhang 2014]
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13 13
C{3 (1 TeV) =0, C{L3) (my) = 0.23.
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Top FCNC at NLO : decays
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[Durieux, FM, Zhang 2014]

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

t—suete

= 17(Co2 4+ 6.6 [CLY 12+ 081 |Crud) |2
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t—suete—

= 02|C12 4 1.0 |CUY 2 4 2.7 |C2UD 2

I'(t — u;h) =T 4 o,V

P® =7.11|Cup(p))* x 1074 GeV,

r® ={ [1.19 —9.05log (%)] |Cup(p)|?

myg

— [3.26 + 18.1log (7)] ReCuc(n)Cy, "

+9.33 x 107°|Cuc(u)|? } x 1074 GeV. (a3)
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Top FCNC at NLO : production

[Degrande, FM,Wang, Zhang, 2014]

pp —th

Contributions appear at LO from Ote and one
from OtG..

At NLO 1 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 1s made at high scales
\ \ (where one can 1magine a full theory to live)
many operators become active when evolved to

PP _’thj (SM) lower scales.

] Only a global/fit approach on constraining such

operators at the same time can be useful strategy
- = , h and 1t has to be at least NLO 1n QCD.
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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...
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Complete implementation of all operators of dim=6 at NLO (including four fermion operators)
in QCD 1s on going.
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Top-quark FCNC at NLO : global fit

[Durieux, FM, Zhang 2014]

o(ete™ — tj+1tj) [fb]
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For the sake of 1llustration 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-quark FCNC at NLO : global fit

[Durieux, FM, Zhang 2014]
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First proof of principle that a complete global fitting strategy in a self-contained
sector of the top EFT 1s possible with the available measurements. The red (blue)
are for 1st (2nd) generation. ticks = one on at the time.
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