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The name of the “"game” is
to identify the underlying
theory from data

Signatures

invariant mass peaks
and non-resonant
production,
correlations

Models

underlying
theories with
symmetries,
N , N .
L Particles

Spin 0: ¢7 n, ¢877787
spin % 0, X, ... (VLQ's)

spin 1: p0%a%*. (V), G’
Dark Matter (DM)
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Models

Composite
Higgs

Pl

* UV free
(aymptoic freedom)

* Based on 1(2) simple
groups
with specific coset

* Contain top-partners

* Contain Higgs

* Contain Dark (symmetry

protecting DM stability)

e\
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New Strong Dynamics: TC vs CH

. . . mTC
" The Technicolor Composite Higgs o
* ’Higgs’ is the lightest scalar isospin-0 resonance of strong dynamics
* Compare with the f,(500) in QCD
mzbs

" The Composite Higgs Composite Higgs
* The Higgs doublet arises as goldstone bosons of global symmetry breaking

* Electroweak symmetry breaks through vacuum misalignment

CH
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New Strong Dynamics: TC vs CH

(Galloway, Evans, Tacchi & Luty 10
G. Cacciapaglia & F. Sannino '14)

=0
+ EW does not break

+ Higgs is exact GB

B =nm/2

+ EW breaks

CH
+ Higgs is massive excitation
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Sighatures and Strategies

¢ There are two main classes of signatures
* resonant - single or several bumps
* non-resonant - typically effects in the tails
of distributions

# of events
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V' resonances and “no-loose” strategy

¢ Next to Minimal Walking Technicolor (NMWT) as an example
- - . . W:l:
¢ N. = 3, Nsg= 2 (fwo-index symmetric reps)
SU(2), X SU(2), -> SU(2), : two triplets
of heavy mesons RY(RY) and RE(RY)
¢ Use of di-lepton + tri-lepton (di-boson
signatures sets no-loose strategy
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¢ additional WH signature from R resonance
can further complement no-loose strategy
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Experimental limits on V'(di-lepton signature)

~ 3 TeV limit for SSM Z' @ 8 TeV
arxXiv:1412.6302
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Experimental limits on V'(di-lepton signature)

~ 3.5 TeV limit for SSMZ' @ 13 TeV

CMS-PAS-EXO-15-005

26f" (13 TeVee)+28f' (13 TeV, uu)
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Experimental limits on V'(di-boson )

~ 2 TeV limit for HVT W' @ 13 TeV in di-boson channel
an example of the effective application of boosted technique!
CMS-PAS-EX0O-15-002

W:l:

22267 (13 TeV)
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Events / 100 GeV

Significance
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Experimental limits on V'(di-boson )
... do not forget hints from 8 TeV data from ATLAS
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Experimental limits on V'(di-boson )
... do not forget hints from 8 TeV data from ATLAS ... and CMS

CMS L=19.7 " at {5 =8 TeV
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Experimental limits on V'(di-boson )
... do not forget hints from 8 TeV data from ATLAS ... and CMS
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VBF fusion with V's

¢ W'/Z' production in VBF fusion will be important signature to
probe the model if W'/Z' couplings to the light SM particles
are suppressed

I 500IGéVI | I I | I I

s00cey L=100 fb’

900 GeV

Number of events/25 GeV

200 400 600 800 1000 1200
M3l (GeV)
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Associate production of V's with W/Z

¢ Second important channel when W'/Z' couplings to the light SM
particles are suppressed

pp— W'z 1,.1(_.--22; .y I A

I I
17 - = = Higgsless(Unitary gauge)+BG - l
_ : i ---- Higgsless(Feynman gauge)+BG ]
o . ——SMpp->jjZ Z (jj4l) Total q
_ | y .
s 10¢ I\ == SMpp->qgZ Z (j4) : q
o e SM pp->ggZ Z (jj4]) ] l
I
e X l
] "'-""q,‘ r'l !'_
= ! [
Z L
m TE . ]
L
X L..__‘
B e ]
: bt L..__r‘l . 1 AB, Chivukula, Christensen, He, Kuang,
. , et , . L=y Pukhov, Qi, Simmons, Zhang '07
200 400 600 800 1000 1200
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Vector-like quarks: minimal setup

¢ Simplest realization:

» The minimal composite Higgs model (MCHM)
Agashe, Contino, Pomarol [2004]

» Effective field theory
with SO(5) -> SO(4)

» global symmetry breaking

* particle content

T | Xz/a B Xs5/3 T
SO(4) 4 Z Z 4 1
SU(3)c 3 3 3 3 3
U(1)x charge | 2/3 | 2/3 | 2/3 | 2/3 | 2/3
EM charge 2/3 | 2/3 | —1/3 | 5/3 | 2/3

Loomp = QD +ie )" Q+iThT —MQQ— M TT + (;'CC_DE-}-“ d, T+ h.o.)

Loamx = iG,DqL+itaDtg — yifq Ugstr — yrf ?E;; Ugstr + h.c.
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Vector-like quarks: production and decay

Production mechanisms (shown here: Xs 3 prod. for partners of up-type quarks)

u/c Dule

(a) EW single production  (b) EW pair production  (c) QCD pair production
Decays:

* X553 — W't (100%),

e B— W t(~ 100%),

o [11, T2, Ts — W™ b, Zt, ht (with parameter-dependent BRs)
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Vector-like quarks: exp limits

e ATLAS and CMS determined bounds on (QCD) pair-produced top partners
with charge 5/3 (the Xs,3) in the same-sign di-lepton channel.

MX5/3 > 770 GeV ATLAS [UHEP 1411 (2014) 104] MX5/3 > 800 GeV cms[PRL 112 (2014) 171801]
Run Il: Mx5/3 > 940(960) GeV cms [B2G-15-006

e ATLAS and CMS determined a bound on (QCD) pair-produced top partners

with charge 2/3 (applicable for the Ts, T, Tio). [Similar bounds for B]
= 1 950 — 4
T 4o ATLAS Preliminary % _— 19.7 107 (8 TeV)
II ' 's=8TeV,20.3fb" Summary results: 900 = CMS , 050
g O Same S9n. N850 E
0.7 JHEP1%{E§E 4-:-1 D)z(i 800 % 900
0.6 Ht+X,Wb+X comb. e
ATLAS-CONF-2015-012 750 _,
0.5 200 &) 850
0.4 [ %
03 = 650 —1800
: 8 )
0.2 =800 5
' w @ —750
0. 1 Sl 550 §
0 01020304 0506070809 1 °00 1 5 7700

BR(T — Wb) T(t2) T(tH)

CMS [hep-ex:1509.04177]

Observed 95% CL T quark mass limit (GeV)
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Vector-like quarks:
additional production processes via Z'
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Vector-like quarks:
additional production processes via Z'

W:l:
Z/
5 Z
Z/
7 A A
0

¢ Additional signatures to be added to support
the “no loose” strategy
for Z' searches discussed above

¢ Can be combined with di-lepton, VV, VH

¢ resonance searches if some excess is observed
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New scalars: ¢,m, ¢s,7s, ...

¢ Strongly motivated by 750 di-photon LHC excess

~

¢ The production above predicts correlated signatures
with the rates calculable for each given coset

VT Z W.Z, g

v v W,Z, g
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Production mechanisms for other new scalars

¢ VBF - pair and single production

Alexander Belyaev

NE>X

Collider Phenomenology of Composite Higgs Models
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Dark Matter signatures at the LHC

¢ Model-independent approach - DIM6 Contact Interactions
(see last Tuesday's talk by Oleg Antipin's on DM model building

AN

Alexander Belyaev ~ NiE& Collider Phenomenology of Composite Higgs Models
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Dark Matter signatures at the LHC

¢ Model-independent approach - DIM6 Contact Interactions

An update of Goodman, Ibe, Rajaraman,
Shepherd, Tait,Yu, arXiv:1008.1783

Dirac Fermion DM

%%X;}Q_ ;Dlz Real or Complex Scalar DM
Az XV XY 1D2 —
1 oxa@rq (D3] | 20,(000)v g ntergration [S1]
XX D4 /—f}/foﬁﬁtr““ g bypart=0-1514]
W '-TX- - NEW [D1T 112[ (C) o) — (d}ur_;) JolayHq [S2]
L (XY aqx + xaq7v°x)  [D2T] AT 7(0u¢) — (BudN)d]r"7"g [524]
A XY 41y -X99v°x)  [D3T] Aw TW Can be reduced| 53]
AT XY 9TV X [DAT] S0 e(g P {%mﬁ%ﬂﬁm’
fﬂ'i’}#‘{g /nd D'SJ Alg ot )Qqqq} T(J(T)()qq [S4]
%’E”’ETM DXQﬂmq :D6: é(jﬁrﬁ)c}(jﬁrf’qg} — 3 Q(J(T)r)gﬁ q S4A
Az XV XTTuY q 1D7] rzoDoGrar [55]
XXV e (D8] L oMoarrar [S5A]
iﬂiﬁwﬁiqﬁuuq DQ
Az XX GO g [D10]
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MET distributions for Contact interactions
Normalisedto B\] Mass = 100 GeV

the same number
EI of events
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o i . .
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> 10° = s $2,52A
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++ — o ---D5-D8
- . I S5,S5A
N =q..1 D1T-DAT
1075 5====_ s S2-S2A
- [l TR P o O D1-D4 D5-D8
i — Ty S4, S4A
10 =
- S S S o e M

| | | | | | |
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Mapping CI with Simplified models

1

D9 _XO-'UJUXQO-L q
Scalar g
S5 IS ¢ 9y mediator , * DM
ssA  pz® GG S dtGH GRY — se <
PpO .
| 8 S Som
1 L  =—Pp—p—P—— XDM
D1T-DAT FXQQX—» é: Scalar
1 mediator ) Vector ;
. § ——l—a— XM mediatotz' =
l * * — .
S2-S2A p[d) (aﬂd)— (Quﬁf) )d)]qf}/lq - 7 &b s St
D1-D4 D5-D8 1 r Scal
F%W“X@%Lq PXXC]Q : \;edc;g:(r) 2 me%l?aa::) o
_><_
S4 1 U > ’ " P q " X DM
_ ’ _ Scal
(san) 0 0N = 50000 g “\gedatop.”
=<
q LA Spm
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Effects for Signal vs BG analysis

DM Mass = 100 GeV

\—I’_‘ = . MET > 200:
e L. Couplings =1 — Bkg (£,W) D10 eff = 0.30
©10° 777 _
Q SR S : ----D10 D1 eff = 0.20
:;; 5_ ________ S4: eff = 0.13
£ (A2 =S R S e SO == D1 D10/S4 = 2.3
0y ge I erf - 4
# U E M- MET > 500:
3: D10 eff = 0.074
107 D1 eff = 0.031
2: S4 eff = 0.014
10 = D10/S4 = 5.5
10 ey MET > 1000:
:I | | | | | | | | | | | | | | | | | | | '|--I---:--I---E L D10 eff = 0.012
10 200 400 600 800 1000 1200 1400 D1 eff = 0.0033
MET S4 eff = 0.0010
 Different signal vs background MET distributions. D10/S4 = 12

* Increase S/B ratio for Iartge_MET cuts.
» Large differences in efficiencies of different operators.
Important for exclusion/discovery studies.
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Model-specific DM signatures

¢ Just pair DM production via different mediators - monojet
signature
¢ DM production from Top-partners decays

q
> DM
» DM

q

Cacciapaglia,Deandrea, Ellis, Marrouche, Panizzi arXiv:1302.4750 [hep-ph]
Edelhduser, Krdmer, SonneveldarXiv:1501.03942 [hep-ph]

¢ Limits are model-specific - depend also on the mass gap
between Q and DM
¢ Do not forget to evaluate DM DD rates and the relic density!
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Non-resonant signatures

¢ Triple and quartic gauge boson coupling

Vi

V
TGC
Ve
L gwwv [gf’ V(W W — WEW™) 4 ey WEW, VI 4 [
A __
S VIO i € (VW)W — WP ) VO
My
Ry o v
W, WOV + Vi) — — W, W ey, W, W, ere By,
—H'j—l ( + ) 2 7] v P 2?”11 P
31
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Non-resonant signatures

W e Al Anomalous WWY coupling limit
FitValue | Fp —e— Channel Limits Ldt Vs
Ax, : i Wy [-4.1e-01,4.6e-01] 46fo" 7TeV
| | Wy [-3.8e-01,2.9e-01] 50f' 7TeV
| Www [-1.2e-01,1.7e-01] 20.3fb" 8TeV
: | ww [-2.1e-01,2.2e-01] 49fb"' 7 TeV
——ro WW [-1.3e-01,9.5e-02] 19.4fb" 8TeV
| | WV [-2.1e-01,2.2e-01] 46fp' 7TeV
— WV [-1.1e-01, 1.4e-01] 50fb"' 7TeV
| + ! DO Comb. [-1.6e-01,2.5e-01] 86fb"' 1.96TeV
—e— LEP Comb. [-9.9e-02, 6.6e-02] 0.7fb"' 0.20 TeV
A, — Wy [-6.5e-02, 6.1e-02] 46" 7TeV
— Wy [-5.0e-02,3.7e-02] 50fp' 7TeV
H WW [-1.9e-02,1.9e-02] 20.3fb"' 8TeV
— WW [-4.8e-02,4.86-02] 49f' 7TeV
Fe WW [-2.4e-02, 2.4e-02] 19.4fb"' 8TeV
— WV [-3.9e-02, 4.0e-02] 46fp' 7TeV
— WV [-3.8e-02, 3.0e-02] 5.0fp' 7TeV
- DO Comb. [-3.6e-02,4.4e-02] 86fb' 1.96TeV
| I—0|—I | LEP Comb. [-5.9e-02, 1.7e-02] o,:T fo'  0.20 TeV
| | | | | | | | | | | | | | | | | | | | |
-0.5 0 0.5 1 1.5

aTGC Limits @95% C.L.

Alexander Belyaev
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Non-resonant signatures

¢ Probing ttHH CT with photons and two bottom quarks
(Alexandra Carvalho @ CMS)

SM.,, 73 _ Mt €2 7 .
AL =k Mo H? — —t (0 4+ H + 2HH) (fLtg + h.c.)
(4 [
19.7 tb ™ (8 TeV)
T T | I'TTT I ' T TT1 I'T TT1 I'T TT1 T TTT1 I'TTT T 171 | T 171 | T TT | T T
5 10F cms E
) - 9 - .
=~ | ] P
?\‘ 1 = = -
= 3 ’
It : .
I i ..
,>-<-\ -1 ] »
=107 .‘ e .
T § ---e-- Observed 95% upper limit * § ~.
T [ e Expected 95% upper limit " |
Q VS - -~ |
&1 0 2 | k=10¢,=0, .Expected limit £ 1 std. deviation _|
© E Assuming SM H decays Expected limit + 2 std. deviations §
_I | 11 1 1 I 1 1 1 1 | | I | | | I | | 11 1 1 | 1 1 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | I_

20 15 -10 5 0 5 10 15 20
K5

N
(8]
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Back to the strategy of identification
of the underlying theory

¢ We need to formulate “"theory space”
¢ Explore all possible signatures and their correlations
¢ And ..
wait for the signal from DATA (hopefully not so long ...)
¢ To keep track of signatures and correlations ideally we need
database
* the prototype of such database already exists -
HEPMDB (High Energy Physics Model Data Base)
https://hepmdb.soton.ac.uk

» Allows users to upload their own models and run
CalcHEP/MG/Whizard at HPC cluster (12K cores, 250 TFlops)
» The database of signatures is under construction
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https://hepmdb.soton.ac.uk/

HEPMDB

https://hepmdb.soton.ac.uk

High Energy PhySfCS MOdel Data I M News My Models Calculate Upload Model Tools ReferenceUs! Documentation About Us

Search for a model... Q  Show All Models 4 Alexander Belyaev | Admin | Logout

? Ask your questions or file a bug at Launchpad.

About HEPMDB 2016

HEPMDB was created to facilitate connection between High Energy theory and experiment, and it is a tool to

Site-breaking bugs fixed

store and validate and explore models of particle physics. The ultimate goal of HEPMDB is to instrument

identification of the fundamental theory responsible for signals expected at the LHC. Hi all, There were a few site-breaking bugs fixed, if

HEPMDB provides option to run computations on the IRIDIS4 HPC supercluster at the University of your account is broken due to blank model names,

Southampton. This vastly improves efficiency for researchers studying theories beyond the Standard Mode!. please reset your account by going Calculate ->

Menu -> Reset Account

This database is in the development stage, please use Launchpad for any issues! The database accumulates M
ore »
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https://hepmdb.soton.ac.uk/

HEPMDB

https://hepmdb.soton.ac.uk

HEPMDB

Hfgh Energy PhySiCS Model Data Base Home News My Models Calculate Upload Model Tools Reference Us! Documentation  About Us

‘ Composite Q  Show All Models A Alexander Belyaev | Admin | Logout

Search Models :: Results for [Composite]

1. NLSU4CHM [2016-04-12 16:00:35] hepmdb:0416.0200

Haiying Cai, Diogo Buarque Franzosi

This model is for Madgraph, where spin-0 and spin-1 resonances are implemented into an SU(4)/Sp(4) composite Higgs model

using the Hidden symmetry technology. There are 15 vectors and axial-vectors, ...
2. 4DCHM [2012-12-14 16:37:59] hepmdb:1212.0120

D. Barducci, A. Belyaev, S. De Curtis, S. Moretti and G.M. Pruna

In order to respect EW precision constraints and reconstruct the Higgs mass and VEV one SHOULD NOT vary the parameters of

the model independently. One should generate input parameters that respects...

3. 4DCHM (with HAA/HGG) [2013-02-09 16:53:55] hepmdb:0213.0123
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https://hepmdb.soton.ac.uk/

Your input/suggestions/comments on

¢ New Models

¢ New Signatures

¢ The strategy to explore CHM space
¢ Relevance of Database

¢ Anything else

Is very important!
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