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‘ Why is the Higgs Boson so Light? I

EPJC 80 (2020) 942

All elementary scalars are expected to be ultra-heavy:. N
_ _ _ 3 160[-H — 22" > 41 — it

« Mass not protected by symmetries like for fermions o fe=iaTey, 1598 ]
. %) — P B Z-jets, t ]

chiral symmetry) or vector bosons (gauge symmetry). E 7 W, Uncenainy ]

( y y) (gauge sy Y) Bixl § Zboson ;

L = a1

t W/Z h 100 ¢, Higgs boson -

e 80 % -

_*Q_»_ e T T 60 :

e A2 40F .

9L 1‘;2:‘2 (9 \“7‘2 ~00 (e )2 r"“‘rQ + C ]
(125 GeV)? = mz;q + [\(HT(\ )i + (700 GeV)” + (500 GeV) ] <1()T0V) 20F
Bare mass === - Y ' . NI R T

%0 90 100 110 120 130 140 150 160 170
m,, [GeV]

Quantum corrections

A= New physics cutoff

Either New Physics appears at a scale A or there has to
be a very delicate cancellation (“fine tuning”).

If cut-off is at A=Mp=10"% GeV, need: (125 GeV)* = (10" GeV)* - (10" GeV)’

listening to your favorite radio needs the tuned frequency to

match that of the radio channel:
radio freq. = 59.05871852091501091981287962349857612 kHz
tuned freq. = 59.05871852091501091981287962349857987 kHz




Solutions to the Hierarchy Problem

New Physics stabilizes the hierarchy

Supersymmetry: new symmetry that relates
scalars to fermions (cancellation of quadratic
divergences).
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‘ Solutions to the Hierarchy Problem I

New Physics stabilizes the hierarchy

Supersymmetry: new symmetry that relates
scalars to fermions (cancellation of quadratic Standard particies SIS pasticice

divergences).
t ’ 7? \

Fermion loop Boson loop
mr2=+A mH?2=-A
mu2=0
AdS/CFT
correspondence

Compositeness: the Higgs boson is not an <:> Warped Extra Dimensions:
elementary particle but a composite object. generate the gauge hierarchy.
Higgs boson naturally light.

:

Gauge Boson

HLV IR 5

=>» No true hierarchy problem beyond the
scale of compositeness.

L




M[MeV]

‘ Composite Higgs Paradigm I

New strong interaction that confines at a scale A.~10 TeV.

. Inspired by QCD where we observed light scalars
without problems of naturalness.

QCD Composite Higgs
2000 AT
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ol 1. 0
\/Goldstone decay const. f
Light because they are pseudo-Goldstone bosons Resonances MM, ~ Gx fr
emerging from the breaking of a global symmetry Ap ~ 41 fr
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f ~100 MeV f >v=246 GeV



‘ Higgs Boson Couplings I

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
7 W
P - P
7y Yy h h
Fr(p) Fn(p) 4
Fr(p)

Elementary state

Composite state

P

Expect reduced couplings for a composite particle
Go as high in energy as possible!



‘ Higgs Boson Couplings I

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
v W
P -y p
s s h h
Fr(p) Fn(p) 4
Fr(p)

Elementary state

Composite state

P
Unfortunately, with the LHC we are limited to ~TeV



‘ Higgs Boson Couplings I

Unravel composite nature of the Higgs boson by measuring its couplings to SM particles!

QCD Composite Higgs
v W
P ﬁ\; P AT
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‘ Longitudinal Vector Boson Scattering I

In the SM the Higgs boson ensures perturbative unitarity

in longitudinal vector boson scattering:

Wy, Wy,
WL WL WL WL
A
K }\lﬂ{:: v, Z
Wy, Wy, W, Wr, - W,

M l-}.En

Without SM Higgs
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‘ Longitudinal Vector Boson Scattering I

In the SM the Higgs boson ensures perturbative unitarity

in longitudinal vector boson scattering:

W, Wi,
147 Wy, Wy, 447
A
E }\;YVV\{:: Y A
147 147 147 443 - W,
%% %%
W, W, L L
:} H { |
_____ T H
s . o
L L WL WL

M 0.5

Without SM Higgs

With SM Higgs
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‘ Longitudinal Vector Boson Scattering I

In the SM the Higgs boson ensures perturbative unitarity M Without SM Higgs
in longitudinal vector boson scattering:

Wi, Wi, Wi, Wi e
%43 %43 Wi, Wi, M "i'v
W W | With SM Higgs

W W W, W,
_____ T H 1

%3 Wi, MF/J’\LLW 0 100 ) 2500 3000

L L
\s
Reduced couplings to vector bosons means the Higgs M [ With composite Higgs

boson only does in part its job.

Partly unitarize



‘ Composite Bosonic Resonances I

In the SM the Higgs boson ensures perturbative unitarity
in longitudinal vector boson scattering:

Wi, Wi, Wi, Wi e
v, 4
P AT
WL WL WL WL WL WL %’p T
W, W,
WL WL : ’ TeV ~ fﬂ' —
_____ VH
o o
Wy, 4%
Reduced couplings to vector bosons means the Higgs M [ With composite Higgs

boson only does in part its job.
Partly unitarize

Composite bosonic resonances needed to fully unitarize!



‘ Composite Bosonic Resonances I

In the SM the Higgs boson ensures perturbative unitarity
in longitudinal vector boson scattering:

%4 %%
WL WL WL WL - ’
A
! Y, Z o, 100
o, 'g 80
Wi W %4 %% -
L L L L W, Wy, b 60
40
%4 W,
W, W, L L
; o 0
} _____ { : H
W W A!H
L L W, W,
Reduced couplings to vector bosons means the Higgs Mo

boson only does in part its job.

Composite bosonic resonances needed to fully unitarize!
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Partial Compositeness:

‘ Composite Fermionic Resonances I

Vector-like: left and right components
_ _ transform the same under SU(2),
Elementary fermions couple linearly to heavy vector- = can write mass term in Lagrangian

like composite states with same quantum numbers.

Fermions acquire mass through mixing with new

vector-like quarks. " —
. Large top-quark Yukawa coupling A. A_ e \

< top-quark largely composite. My, ||| l/) )
Linear couplings violate global symmetry explicitly TeV ~ fr - K /

=» Higgs potential induced.

A light Higgs boson requires light top partners h, SM
(expected to be lighter than bosonic resonances).

They regulate the Higgs mass-squared divergence 15



A Broad Program

Direct searches
(fermionic resonances)

Indirect searches
(precision EW+Higgs+Top)

Direct searches
(bosonic resonances)

16



A Broad Program

Direct searches
(fermionic resonances)

Indirect searches
(precision EW+Higgs+Top)

Focus of this talk

Direct searches
(bosonic resonances)

17



Fermionic Resonances



‘ Vector-Like Quarks: Production and Decay I

Production:

» Pair production: via QCD, “universal”
production mode (just depends on m).

=» Focus of Run 1 searches

« Single production: via EW interaction,
depends on coupling strength, but potentially
important at high mq.

Decay: Q->Wq, Zq, Hq, all with sizable BR
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‘ Pair Production Strategy I

9.9
Z H, W~

Very rich phenomenology, depending
on VLQ mass and quantum numbers.

Goal is to probe full BR plane in as
model independent possible way.

=» Searches specialized on particular
heavy quark decay modes, but also
able to probe part of the plane.

=>» Multiple searches required, ideally
overlapping on the plane.

ol

_BR(T>tH)

_____

Unphysical

tHtH S

ouplet. .. 7%
tHItZ 7 trw, otk
ez | tHIZ, WhtZ ™

.. (22, \WHWb * Singist

I zz, WbhtZwowo  § Wh

BR(T=>Wb)

Chiral
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BR(T — Ht)

‘ Run 1 Summary I

1 JHEP 1508 (2015) 105 050 PRD 93 (2016) 112009 19.7 b (8 TeV) -
> < =5 S
ATLAS © S 1Es® Observed >
03 Vs=8TeV, 20.3fb" Summary results: 900 % § 09E810 820 CMS S,
o Same RNt MM850 E o osEe w0 e W E
0.7 JHEPHZ(%EJ@E 800 % '(C_, 0.7%310 810 810 810 Vector-like B 8
o =8 ke
0.6 Ht+X7WE<>_+2(5 (%%Egg’é 750 E g 06E810 80 810 810, 810 —1850 S
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BR(T — Whb) B — bH branching fraction

(*) Not a combination. Only most restrictive
individual bounds shown.

Run 1 excludes T-quark (B-quark) masses below
~720 (740) GeV for any combination of BRs
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Events / 100 GeV

Data / Bkg

Strategy for Run 2 Analyses
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. . . . arXiv:1505.04306
» Reducing the impact of systematic
t . t CMS simulation (8 TeV)
— 7\\\\1\\\\1\\\\|\\|\|\\\\\\\\\\1\\|\1|\\|\f\\u~t
uncertainties S A 300 < pr < 500 GeVic 1
° 2 _ jet mass > 60 GeV/c? ]
L " AR(AK5,CA15) < 1.1 ]
z 1070809
JHEP 1508 (2015) 105 Z | BR(B - Wt)
C ATLAS —¢-Data > i e}
30— ; - L r ATLAS -4 Data ®© 410 |
B 2031b ‘E=8_ Tev EH“Z':E;::S(GOO) g 30: 20.3 fb”, Vs=8 TeV [ ti+light-jets 'g 10 - ) .
250 2612 4D, MMF> 100 GeV ., T el 260245, MI™R > 100 Gev (e _g' §F s s ]
L Prefit I ti+55 2 E Post-fit I (405 5 ¥
- v 2 - v s -R=0.8 subjet CSV |
20F EEH ) Y 20 W - R=15 jet CSV 7
E on-it C Non-t - ;
15 7/ Total Bkg unc. C l/://l Totalang unc. “HRELI st CSY
E r ; £, - Matched AK5 CSV(>2)
C r -2 Ll ke b e b
10F- - %% 02 04 06 08 1
- C Tagging efficiency (H—bb)
5 L
Ol s . R
o.75§— : : 7/ g ! i'_4 A4
0.5 500 1000 506 2000 1000 1500 2000

H; [GeV]

H, [GeV]

1

950
900
850
800

Observed 95% CL mass limit [GeV]

22



‘ Strategy for Run 2 Analyses I

Capitalize on Run 1 experience
Fully exploit increased CM energy

Large increase in production cross section
at high masses

» Continue to exploit pair production
above 1 TeV

« Add single production above 1 TeV

Q
Pair production
model independent,
. relevant at low mass
Q
Q
5 Single production
— model dep. coupling,
PDF-favored at high mass
Q
t .

o(13 TeV) /o(8 TeV!

10°

10

T
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T

T T T T L T T T =]
—— pp— QQ (top++, 13 TeV)

pp — QQ (top++, 8 TeV)

—— pp— Tbq (PROTOS, V_t=0.1, 13 TeV)

pp — Tbq (PROTOS, V_=0.1,8TeV)

pp — Bbg (PROTOS, X =0.1,13TeV) 4

pp — Bbg (PROTOS, X_=0.1,8 TeV)

|
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Strategy for Run 2 Analyses

JINST 15 (2020) POB005 43 Ty
H H H N 0-2-"'I"'I"'I"'I"'\"'I"'I"'I"‘\"'-
« Capitalize on Run 1 experience 2 016f CMS — acomutier ]
g = - Simulation — W boson
* Fully exploit increased CM energy 0.16F wo -
0_14;_ 500 <p." <1000 GeV, [n'*'| < 2.4 Higgs boson _
0.12- E
0.1 g
.. . 0.08f =
« Optimize strategy at high mass oool
0.04 h ]
SM resonances are often boosted! o.ozéhk Ly ]
- *ﬂ*i‘ésn:m
00 20 40 60 80 100 120 140 160 180 200
S Mep [GEV]
Small-radius jets Large radius jet with
b substructure
i b
t i t t |
7 ! q
q

Low-p; > resolved High-pr > boosted

Many well understood tools for tagging of hadronically decaying
W, Z, Higgs and top!
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‘ Strategy for Run 2 Analyses I

Outstanding performance!

C T 1 T 1 T T T ] T T Tt 1 T T 1
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Events

Data / Bkg

‘ Pair Production: TT=>Ht+X I

Search targeting high BR(T—->Ht), with H>bb,
but designed as broad-band search.

Strategy:

10°

10° B=

10*

Consider lepton+jets and high-E;™ss+jets channels.
Top and Higgs tagging via mass cut on large-R jets.

Categorize events according to b-tag, top-tag and
Higgs-tag multiplicities (a total of 34 regions).

Signal-depleted regions used to constrain E 25
in-situ bkg uncert. through likelihood fit to data. 8
s 20
3
E  ATLAS —$- Data [t + light-jets .
F Ys=13TeV,36.11b" Em i+ >ic B+ >1b 15
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< Events/ GeV >

(obs-bkg)

‘ Pair Production: BB, X;;3X5; > WtWt I

min[M(l,b)] [GeV]

Searches targeting B>Wt or Xg32>Wt. w-
Consider SS dilepton+jets and lepton+jets signatures, f
both with comparable sensitivity.
Strategy (lepton+jets): —
« Preselection: 1 lepton, high E™ss, 24 jets/21 b-tags.
« Multiple event categories depending on the presence £.0.b
of boosted top or hadronic W bosons.
» Analyze B-quark mass or BDT output (ATLAS), or
min[M(l,b)] (CMS) spectra.
JHEPO3(2019)082 359fb (13TeV) £ Frrr T 1 17 JHEP08_(2OZN{8)0148 URJLELE JURALE ILEULL BULELLE ILB LIS IR
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>$/‘tl+ie1tflv. EWK  ---X;5Xys RH (1.2 TeV) G g 1T Wsngewos [otes | & o'z %10 @ single wop. Eoiboson E
L _22 l’)_>4 j TOP [ ]Bkg uncertainty g 7 Total uncertainty ] S B Bz iets 1
i 9 251 ] L M Mutti-jet /Total uncertainty
] i :
28 l . RECOSR - BDTSR
10—1 :;_‘_i : Z i 727 Post-Fit ] Post-Fit
15:‘ 7 -]
10 10f -
107° 5;— ‘+—,l """"""" ~
- — )
o O | Wy il L )= —— .
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gogi m, =800 GeV © " m,=900GeV ] ATLAS
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JHEP 08 (2018) 177

Pair Production Summary: Vector-Like Top

PRL 121 (2018) 211801

35.9fb" (13 TeV)
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‘ Pair Production Summary: Vector-Like Top I

PRL 127 (2078) 277897 JHEP 08 (2018) 177 35910 (13 TeV)
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Significant gain from combination! ATLAS CMS
Vector-like T 95% CL Limit on m; (TeV 95% CL Limit on m; (TeV
T T
BR Hypothesis obs (exp) obs (exp)
100% Wb (chiral, Y) 1.35 (1.30) 1.28 (1.30)
T singlet 1.31 (1.23) 1.20 (1.16)

T in (T, B) doublet 1.37 (1.32) 1.28 (1.24)

95% CL observed T quark mass limit (GeV)



m = 800 GeV *

ATLAS

1 /s=13TeV,36.1 10

1 - Exp. exclusion @Obs. exclusion

. E — W(lv)t+X farxic1808.01762)
S : + Trilep./same-sign (cern-ER-2018-171]
C mg = 1000 GeV |
0.8} . Z()baX 10sss]
g . & E
0’67 % 1 All-had (cerv-ep-2018-176]
04f [ E + SU(2) (T,B) doublet
0.2H . T 3 ¥ SU(2) (B,Y) doublet
g I e ®  SU(2) singlet
- mg = 1050 GeV + m=1100GeV §  mg=1150GeV -
0.8 1- 1 ]
Ca & a5 4 I & ]
0.6::--.. .._?q, ar ._?qa% T % E
0.4FF R N S
g 14 . e o ¢« :
0.2 T .%lih> W H e -1
? mg=1200GeV I  mg=1300 GeV T my=1400 GeV |
0.8} T 3
12 E (2 12 ]
0.6F %, T ?%% - %0y ;
04f O X x Y ]
L [ 4
0.2} o - [ °
C ] 1 ..'::l.. [P B B .|.i‘1 PP B B ‘.|...:
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6/ 02 04 0

BR(B — W)

B(tW)

1

0.8

Pair Production Summary: Vector-Like Bottom

PRL 121 (2018) 211801

JHEP 08 (2018) 177

3591 (13 Tev)

1240

1220 1200

0

0.4

B(
(*) Inclusive search (11, 21, 3I)

CMS

1300

1200

0.6 0.8 1

bH)

95% CL observed B quark mass limit (GeV)
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‘ Pair Production Summary: Vector-Like Bottom I

JHEP 08 (2018) 177

PRL 121 (2018) 211801

1 . T - T T . .
0ol . m, = 800 GeV $1 %, m, =900 GeV] ATLAS
0.65_5 \\ %, __ \\ %, ] Vs=13TeV, 36.1 b
“VLS %, 1 * %, —
- 3 %”Ji%w’/ _:k x\?%/ i VLQ Combination
S o I .
0.2 :—E L \\.. —::—E L \’q\ - mmmas 95% CL expected exclusion
i —nE s Y
[ = i g T g : Y xclusi
::\\\ m. = 950 GeV il m. = 1000 GeV D 95% CL observed exclusion
0.8 "~ ° i ® 2
o >3 I b +
0.6E '\3;% £ \’f/?oé SU(2) (T,B) doublet
0.4PX ~Zoe,, ke NS, *  SU(2) (B.Y) doublet
A S, T ~ 2 .
F: - “s. [ . Sa. ® SU(2) singlet
0.2k >, T S
o : : T . LS
085 m, = 1050 GeV ] m, = 1100 GeV m, = 1150 GeV ]
e < 3 1
Frteame®s ¢, ] & &
0.6 AN ) Tren ~ % ar 2%, =
bk \"fj’&/b - \“?’6‘/5', ke :‘?’&Cx
0.4 0..:9/ -+ ~ {9/ Tz > \~$/ -
e - ke - . ‘g._ - - ]
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Vector-like B

Need better B->Hb searches!

BR(B — W)

ATLAS

z
g

1

0.8

0.6

0.4

0.2

95% CL Limit on mg (TeV)

1240

1220

1190

1150

1080

0

359 ' (13 TeV)

1200
1180 1180
1150 1140 1160

0.2 0.4 0.6

0.8

CMS

1

B(
(*) Inclusive search (11, 21, 3I)

bH)

—1300

—1200

—1100

1000

VLB masses below ~1.0 TeV

excluded for any possible

combination of BRs

CMS

95% CL Limit on mg (TeV)

BR Hypothesis

100% Wt (ch

iral, X)

B singlet
B in (B, Y) doublet

obs (exp)
1.35(1.34)
1.22 (1.21)
1.14 (1.13)

obs (exp)
1.24 (1.24)
1.17 (1.13)
0.94 (0.92)

95% CL observed B quark mass limit (GeV)



Pair Production: BB>Hb/Zb+X

137 b (13 TeV)

Search targeting B=>Hb/Zb with H>bb and Z->qq. %25;_ S | ;
Strategy: ,u\wj j :
« Consider multijet final states with 4, 5, or 26 AK4 jets. L‘,‘ij 2 T.fefclﬁsev
» Use AK8 jets w/ soft-drop algorithm+N-subjettiness to 15 ;2 Jnar<2

tag 2-prong candidates from boosted H/Z decay.

» Further categorize events according to target ;
topology (bHbH, bHbZ, bZbZ) and require high b-tag 05F
multiplicity (2-4, depending on topology). | = s _

 Define chi2 variable to assign jets to each VLQ and i o 15&10 GoV]
reconstruct VLQ mass.

137 b (13 TeV)

. . . . —~ — 1600
 Multijet background estimated using data-driven CMS
technique. - | 1377 (13 TeV) T 09 95% CL observed | 1500
3 CMS —— my = 1000 GeV ] 2 0.8 lower VLQ mass limits |
8 4-jet channel, bHbH mode ~ —— mg = 1200 GeV 1 m o
~ 6 —
@ 52 mg = 1400 GeV i 0.7 1400
o i mg = 1600 GeV i
i —— mg = 1800 GeV ] 06 |
[ Background 1 0.5 1300
¢ Data ] |
Systematic Uncertainty —| 04 1480
] 0.3 a0 1610 | 1200
02 1470 1510 1540 I
30F O | |
E-, 35’ ] 0.1 1470 1510 1530 1560 1100
2B - 0
g Q 1o - 0 1530 1550 1570 e
L : ek R 0.10.20.3 0.4 0.50.6 0.7 0.8 0.9 1
500 1000 1500 2000 B(B =) bH)

m,, o [GeV]

Exclusion [GeV]
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ATLAS-CONF-2021-024
Search targeting T/B->Zt/Zb with Z->1l. o= ATLAS Simulation Prelminary

s =.13 TeV — V-jets from V-class

= = bkg jets from V-class

2 F : é&
Strategy: L, T §

 Consider 2| OS and 3l channels with boosted Z-> Il
candidate and =1 b-tags

» Top/W/Higgs tagging via multiclass NN applied to
reclustered large-R jets.

» Categorize events according to boosted object tag
multiplicities (a total of 18 signal regions).

» Dedicated control regions for Z+jets and diboson
backgrounds.

» Analyze m(Zb) or Hrelated variables.

== H-jets from H-class
==+ bkg jets from H-class

Fraction of Events

o L » == top jets from top class
H 2 =+ bkg jets from top class

% 0.2 0.4 06 0.8
DNN output of V-/ H-/ top-/ tagger

]

£ 1700 ?
e 1 ]
Model Observed (Expected) Mass lelljS [T.eV] E 1600 =
2( 3/ Combination o 1500 =
TT Singlet 1.14(1.16) 122(121)  1.27(1.29) 14°°§
TT Doublet 134 (1.32) 138(1.37)  1.46(1.44) égg 3
100% 7T — Zt 143 (1.43) 1.54(1.50)  1.60 (1.57) .
BB Singlet 114 (1.21) 1.11(1.10)  1.20(1.25) \ 1000 2
BB Doublet 131 (1.37) 1.07(1.04)  1.32(1.38) ' AN 900 8
100% B —» Zb 140 (1.47) 1.16 (1.18)  1.42(1.49) ' RN =, ©
0 0102030405060.70809 1
BR(T — Wb)
33
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n00

« Many channels (w/ and w/o leptons) to be exploited.
« Powerful handles against backgrounds:

Events

5oooof
40000
30000F
20000F

10000}

0

70000

60000F

Single Production Strategy

qr

T/B

b,t

b/t, t/b, t/b

Forward jet tagging
Boosted techniques
VLQ mass reconstruction

CMS simulation Preliminary

35.9 b7 (2016, 13 TeV)

3

Z/y+jets

tt and single-top

VV (V=ZorW)

#tV and tZq (V = Z or W)
Tb— tZb (M=0.8TeV, LH)

-—=

| I

CMS-PAS-B2G-17-007

4 5
Number of forward jets

W, Z H

Beware of:
Helicity propagation in decay
Off-shell/non-resonant production
Signal/background interference

arXiv:2105.08745
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Second-leading large-R jet tagging state

Search targeting T->Ht, with H>bb and t->qqb.

Require two high-pt large-R jets with b-subjets.
2D grid based on the tagging of the two large-R jets:
Higgs (mass+t,4) or top (mass+DNN) candidate

Number of b-tagged VR trackjets inside large-R jet

Single Production: T->Ht all-hadronic

= Used to define multiple CRs, VRs, and the SR.
Multijet background estimated using ABCD method.

[}
« Strategy:
rategy:
[ ]
[ ]
[ ]
[ ]
[ ]
1tOH =2b VR8
Ot 1H =22b VRé
Ot OH =2b
1tOH 1b
Ot 1H 1b VR1
OtOH 1b VR2 VR7
1t OH Ob VR3 VRS
0t 1H Ob VR4
0t OH Ob
0t OH Ob 0t 1H Ob. 1t OH Ob Ot OH 1b Ot 1H 1b 1tOH 1b [ OtOH =2b | Ot1H =2b | 1tOH =2b

Leading large-R jet tagging state

Data

Events/100 GeV

Pred.

180
160
140
120
100

arXiv:2201.07045

- ATLAS 4 Data
- {s=13TeV, 139 fb”! = 1.6 TeV, KT—05
[=_ All-hadronic single T — Ht [t (all-had)
[ Signal Region post-fit Wt + Z/WH ~ 1.6
- m Single top % C ATLAS
= R‘Amtoi,gta"'had) 14 Vs=13TeV, 139 f!
= \Stat ® Syst. Une T Al-hadronic T — Ht
N\ 1o T singlet .,
C F Observed Limit (95% CL)
j— N [~ = = = Expected Limit (95% CL)
} 1 B expected s
E = [.7= = Becedizs LN
E 08"
; 06k
0.4
476 ‘22 24 26 28 02
1

My, [TeV]



Single Production: T->Zt mono-top

« Search targeting T->Zt, with Z->vv and t->qqb.
« Strategy:
» Use AK4 jets for b-tagging and AK8 jets w/ soft-drop
algorithm+N-subjettiness to tag boosted W or top.

» Define 6 event categories depending on top
reconstruction method (merged, partly merged and
resolved) and forward jet multiplicity (0, =1).

« Main backgrounds from tt and V+jets, estimated from
MC w/ dedicated corrections derived in CRs.

« Signal extraction from simultaneous fit to transverse
mass of top quark and E;™ss across the 6 SRs.

%0 CMS 137 b (13 TeV)
59.8 fb™ (13 TeV) ] ¥ VF
> | IR B arXiv:2201.02227 S
iy CMS . £ o5F
S 10" £ Merged WZ4jots __ 11676V 187 o' (13 TeV) =
E 2 1forwardjet [l otner ;-,’-‘f_g Tov 1 ‘é 10L T s oL upper mits N 20:_
§103 2018 data [ [ - X50 3 o CMS Observed g C
w Statssyst Tx(:—,'g Tev "F ENe 0000 s Median expected ] - Excluded
i = I 68% expected _ 15_—
T 1= 95% expected _ C a
i g 6(NLO), Singlet T, I/m = 0.3 ; 10:_ =
c- — b | —
2 pp — Thq, l“/mT_ 0.3 -
T1o' 4 s M
Q E E 06 0.8 1 12 14 16 1.8
Tt ] m; [TeV]
1072 =5
| | | | |
0607 08 09 1 1112131415161718 36

my [TeV]



‘ Strategy for Run 2 Analyses I

Improved interpretation of searches

Increased use of simplified models:
phenomenological Lagrangian parameterized

with coupling terms.
Combinations, particularly for single production!

TBA

T->Wb

TBA

T>Z(=>)t

Simpli

fied model

L= g?u [enY XpVir+crY XiVir] + % [2V X Vb + cn’ XrVbg]

+ [N Xt + X" h X ntr] + [ h X rby + " h X 1br| + .,

couplings
partner (MG name)| @ w* Z h WEW*
Ty5 (T23) 2/3| W, W | T2 B2 | eI, chh
Bus (BI3)  |1y3| W, AW | BZ, BZ| BhooBn|
X535 (X53) 5/3( W, W
Yy (Y43) VK] o ALS AL — — —
Vi (V83)  [8/3]  — — v g

TBA

T2>Z(>vv)t

- 1.6
® [ ATLAS

14 V5= 13TeV, 139 fb"

[ All-hadronic T — Ht

1.2[ T singlet
[ = Observed Limit (95% CL)
= = Expected Limit (95% CL)
T~ == Expected £ 1o _
0.8
0.6
\
0.4

02

JHEP 04 (2013) 004

I R
1.2

L i
14

T>H(>bb)t all-had

L L
16

7
/)
.
.
I

RN e e T
+ ATLAS Preliminary
1.4~ Vs =13 TeV, 139 fb’’

[ —— 95% CL observed limit
[ o= 95% CL expected limit

1.2~ 95% CL expected limit +1c
95% CL expected limit +2c
[ j\j\ - T singlet
LN /,44;%0\% T [¢}

Tm—a ] ’/MW'ZS%G“
PR I
1200

T->H(=>bb)t 1-lepton

1000

L e e

o _T¥M104,

1 i SR B
1400 1600

P I i s o
1800 2000
my [GeV]
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‘ Strategy for Run 2 Analyses I

9

« Make sure we don’t miss a signal!

* Non-standard decays
BR(Q->Wq)+BR(Q—>Zq)+BR(Q->Hq)<1
Example: Q->q+n, n CP-odd scalar
 If exotic BRs dominant, signal may be picked by existing searches.

« For comparable BRs, it becomes difficult as signal split into many signatures.
But also opportunity for new exciting searches: e.g. TT->6-top!

6 +6 = = = C= 1’ n =2
07 LR 1.000 NEWEVTY i
(q\l
06! ht 7t Wb nt . (\l 0.500¢
T singlet -
05¢f — 19
m, =300 GeV = 0.100.
~J
= — 0050
I E
4 E m
o 0010
i (0]
[; 0.005/
1S
I
00— ‘ ‘ ‘ : ‘ ‘ =
Y706 08 10 12 14 16 18 20 0.00850 200 300 400 500

my1(TeV) JHEP 1509 (2015) 176 m;,(GeV)



Strategy for Run 2 Analyses

« Make sure we don’t miss a signal!
» Non-standard production
E.g. via heavy W: W >TB (my2mt+mp),
W’>Tb or Bt (myg+my,<my,<my+mg)

138 fb' (13 TeV arXiv:2202.12988

~—

= L N L B SN BN 138 fb' (13 TeV
% 104 CMS ¢ Data E g T T I L L | T 1T I T TT I L | T §8|| Ibl T I(I |3|l T ? T l)
€ Signal region [ Datadriven QCD 3 e oo " CM S 7
Medium VL q — = o =
& e edium VE S mass I aMc = ~ 3 ——— Observed limit (95% CL) 3
my,q = 2/3m,, 252 1o background uncertainty 3 m C 3
...... i ol - s B ======= Expected limit (95% CL B
107 st gen e R g F proe R 4
(nal Mo (m, = 3900 GeV) E £ E MediumVLGmass M 68% expected e
------ Signal MC (mw,= 4000 GeV) — - 7
0= IE U 1 My g =2/3my, 95% expected _
= =3 s —— W'signal 3
- C N
E m 101 M PDF+scale uncertainty -
""""" IR I K IAKH KKK HXKK M\\Y\f"\; ; = =
107" SRSERRRRe i E =
.’QQQO’O’.QQO’. B ]
R R = i
o ' ‘ . 107 E
28 = E =
o - = =
é — = -
- 3 -3
S i 10 EI 1 I | I | I | T - | I 1111 I | I ] L | 111 I 1111 I 1 Ia
5 , ‘ ‘ , . = 15 2 25 3 35 4 45 5
— 2000 3000 4000 5000 6000 7000 8000

|_|

m,,, [GeV m,,. [TeV] 39



Bosonic Resonances
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‘ Bosonic resonances I

Also expect composite spin-1 resonances (p=G’, Z', W’), which
decay into SM particles. AL AT

- Expect the strongest couplings to heavy SM states (t, W, Z, h). T = P

Main production mechanisms: Drell-Yan and/or vector-boson fusion

q SM q q h, SM
SM
v
P P
v SM
q SM
d q arXiv:1507.07557
. :II||||II||I|II||I|||I|II:
Preferred signatures: 0.7E —— clementary fermions .
0.63— w====composite top (s_; =0.5) _f
 Diboson resonances © 05k 0 WW-,Zh 3
« 3/ generation quark resonances (tt, bb, tb) 204E

» Dilepton/dijet resonances

bra

In non-minimal CH models can have additional
PNGBs besides the SM Higgs = extra heavy scalars!

See e.g. arXiv:1507.02283



‘ p2>VV, VH (V=W,Z) Searches I

Many final state signatures explored!

ZZ (Z->) Z2Z (Z>1,vv) WW (W-1v)
( ( % v v,

_____________________________________________________________________________________

. Considering both resolved and boosted topologies. j
. Most sensitive signatures at high mass: use highest BR decay W/Z decay modes.
. Also probe VH with H->bb, tt.
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M(JJ)=4.4 TeV

e et ATLAS prstienmasns o

2017-10-01 21:17:47 UTC EXPERIMENT

mJ1J2~4.4 TeV

prs2=2.3 TeV, m;,=62.5 GeV
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p=2VV’, VH (V=W,Z) Searches

q 4 ¢ a
4 1%
!
/
V % 4 1%
q V/H q q
- - -1

S PAS B2G-20.009 . lErdaney @ EPJC 80 (2020) 1165

— ; g S EIIIIIIIIIIIIIIIII ||||||||||||||||||§
8 S,Mf,,na Opserved I S C ATLAS — Observed 95% CL -
f ne ry - Expected + 1 std. deviation 4 N\ 1 02 _E @=1 3 TeV, 139 fb-1 ______ Expected 95% CL E_
S R ememeeeeaa. Expected + 2 std. deviation 3 ; . | I Expected + 1o 3
; L . O BR(V'VV4VH) HVT B _T 10 B - NEFWE=SZ Expected + 2c -
S107: = = AW —— HVT Model C,g, =1 3
d E CTL 1E4 5 -w= 2lep Expected 95% CL —J
< B . a E A ---- 1lep Expected 95% CL 3
>_1 0? g E é 107 — Olep Expected 95% CL
@) E 2 o) = 3
=] 5| | 102 =
><10 E_ _E § -'.'“':“":"-'2'_-.'_-: ---------------------------- E
= B 10_3_5 S I L T T <

- 10
_l | | | | | | | | % EIIIIIIIIIIIIII Illlllllllllllllllllla
10—5 1 | 5 O ] I | E ) I 8 I 111 <] | § 1111 T | |, 5 0.5 1 1.5 2 2.5 3 3.5 4

1.6 2 25 3 35 4 45 5 55 ©
My. [TeV] m(W') [TeV]

Reaching cross sections down to ~0.2-5 fb for M\~4 TeV!
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p?=>tt Searches

JHEP 04 (2019) 031

Sl
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e : 10" e 107 B,
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Future Prospects
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‘ LHC Beyond Run 2 I

LHC HL-LHC

EYETS 13.67ev_ AR 13.6 - 14 TeV

13 TeV energy

Diodes Consolidation

splice consolidation cryolimit LIU Installation . . HL-LHC
7 TeV 8 TeV  “pbutton collimators interaction - _ inner triplet . x
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 | 2012 | 2013 2014 | 2015 | 2016 | 2017 | 2018 [ 2019 m 2022 | 2023 | 2024 | 2025 | 2026 Ay || He "I"“w
5to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes ¥ . 3 ’ HL upgrade
pip nominal Lumi | b ALICE - LHCb b2 nominal Lum A

75% nominal Lumi /_ upgrade
EXd 190 1o

integrated [JRASSRIK
luminosity JEGIIE{oR

« Many full Run 2 analyses still to be
finalized.

 Significant improvements expected
for full Run 2+3 dataset analyses:

* Almost x3 increase in statistics.

* More sophisticated analysis
techniques.

 Combinations!
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LHC Beyond Run 2

Indirect searches
(precision EW+Higgs+Top)

arXiv:1905.03764

kappa-3 scenario | HL-LHC |

|

1 > kw > (68%) 0.985
1 > k7 > (68%) 0.987
Ky (%) +2. |
Ky (%) +1.6
Kzy (%) +10. |
K (%) =
K (%) 99 |
Kp (%) S5
Ky (%) +4.4 |
Kz (%) +1.6
BRipy (<%, 95% CL) 9 |
BRunt (<%, 95% CL)
4.

Reach few % precision
on Higgs couplings
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‘ LHC Beyond Run 2 I

(TeV)

Miightest

& arXiv:1512.04356

, 02 ol 0.05 0.02

i V2N, mpmg  [log(mr/mgz)

L My X Mypop—— 5 5
of f mp — mz -
7 [
1L 13TeV £ ~100fb! ]

r 8TeV Lx20fb |
os 10 1s a0

f (TeV)
Probe top partner masses up to

~2 TeV (3 TeV) via pair (single) production

Direct searches
(fermionic resonances)



‘ LHC Beyond Run 2 I

arXiv:1502.01701

10~" LHCS
N a(pp->P)BR(p->WZ)
el LHC 300 fb"!
T eemmeeem HL-LHC 3000 fb!
LHC8
LHC
HL-LHC

2 4 6 8

m, [TeV]

Probe spin-1 resonance masses up to
~5-7 TeV (depending on decay mode)

Direct searches
(bosonic resonances)
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‘ LHC Beyond Run 2 I

Significantly exceeding
expectations already with
36 fb' @ 13 TeV! ~_|

PRD 98 (201 8) 052008

T F RN RN LAARN RARRN LR RN LR AR RARRE |
g ne ATLAS —Observed95/CLI|mn 1
ﬁ10 [s=13TeV,361fp"  ====' Expected 95% CL limit 3
2 EL o e Exp. Ivgq ]
T10°g Exp. log 3 arXiv:1502.01701
. Ay Exp. waq i .
\;y\m\: N LLLE Exp. lliv ]
1 A Exp. 0009 E
g N | a(pp->p)BR(p->W2)
a1 ° 10 o
al’ " o
o i ] -—— oy
1g — - ~
31 : d HL-LHC 3000fb1)”
81 101— DYHVTW—>WZ(qqqq+vqu+|qu+||qq+||\v) T
‘Tl LR T IR T I N TR R TR
& 1 ( ) [TeV] LHC
o)
HL-LHC
2 4 6 8
my [TeV]

Probe spin-1 resonance masses up to
~5-7 TeV (depending on decay mode)

Direct searches
(bosonic resonances)
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‘ LHC Beyond Run 2 I

Indirect searches
(precision EW+Higgs)

A. Wulzer’s talk at European Strategy Symposium, Granada, May 2019
Composite Higgs, 20, HL_LHC Preliminary, Granada 2019
10FT ) ; ' ik Sg) Probably pessimistic!
[Current (LEP). Approximate l
\ |
1 | From mw, sw _
6} I [] Direct | From direct searches
<) — |

Co

From Higgs couplings ]
I

[l
['I
[I
[.

4 From precision EW |
From TGCs ]
2F
v : . . Direct searches
2 4 6 8 10 (bosonic resonances)
] m, [TeV]
1 m, ~1/1,>4.8 TeV
52




Beyond LHC

Linear Collider Circular Collider

GGG

e+e-Linac ™% BTC
:/ n.zooml\

ligh energy booster (7.2 km)
Medium energy booster (4.5 km) ¥
Proton linac

Low energy booster (0.4 km)' (100 m) [
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‘ Beyond LHC I
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‘ Beyond LHC I

arXiv:1910.11775

Composite Higgs, 20

10

S QO
= o
O =2
= =
8' nl) —T
& o
&) ~
A= | =
@

o

I \)
European Strategy,

1“ ‘ w 2c exclusion
20 ) 4300

: ( \)
15 European Strategyj -1225
10

m ﬂ d " d ﬂ 3=

HL-LHC HE-LHC ILCss ILCs00 ILCi000 CLIC330 CLICj500 CLIC3000 CEPC  FCC-eeFCC—ee/hh/eh

J1s50 ¢

Iy [TeV]

475




‘ Summary and Outlook I

Broad program of studies at the LHC to test the Composite Higgs paradigm:
* Precision measurements of Higgs boson couplings.
« Direct searches for new heavy resonances from the composite sector.

Full Run 2 dataset analysis in full swing. About to start Run 3.

Significant improvements expected for full Run 2+3 dataset analyses:
« Almost x3 increase in statistics.

* More sophisticated analysis techniques.

« Combinations!
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‘ Summary and Outlook I

» Broad program of studies at the LHC to test the Composite Higgs paradigm:
* Precision measurements of Higgs boson couplings.
» Direct searches for new heavy resonances from the composite sector.

* Full Run 2 dataset analysis in full swing. About to start Run 3.
Significant improvements expected for full Run 2+3 dataset analyses:
« Almost x3 increase in statistics.
* More sophisticated analysis techniques.
« Combinations! Will we see first hints of a composite Higgs?

We will know soon!

» Great prospects for gaining further insights
at upcoming LHC runs and (especially) at
future colliders!
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Exciting times ahead!
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‘ Vector-Like Quarks: Production and Decay I

Production: Q

» Pair production: via QCD, “universal”
production mode (just depends on m).

=» Focus of Run 1 searches Q

« Single production: via EW interaction,
depends on coupling strength, but potentially Q
important at high mq. _
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Associated ttp? Production

If only tg has a high degree of compositeness:

Suppressed
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Only tg (partially) composite:
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Events

Significance

Associated bbp® and tbp* Productio

Other possibilities:
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