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ATLAS ~Total

Run 1: Vs = 7-8 TeV, 25 fb”, Run 2: {s = 13 TeV, 36.1 fb”

ISt:at.l only

Ratio to SM

NI R

vl

Total  (Stat. only) ’ 10 102
Run 1 H—4/ 124.51+ 0.52 (  0.52) GeV Particle mass (GeV)

Run 1 H-yy 126.02 + 0.51 ( +0.43) GeV
Run 2 H—-4/ 124.79 + 0.37 ( £ 0.36) GeV
Run 2 H—yy 124.93 +0.40 ( +0.21) GeV

_________________________________ .l________._...____________...__________...__________
Run 142 H—4 124.714 0.30 ( +0.30) GeV

)
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oWEAK SYMMETRY

v
“éuncfﬂg‘l»‘vg;

Run 142 H—yy 125.32 + 0.35 ( + 0.19) GeV
Run 1Combined ; 125.38 + 0.41 ( £ 0.37) GeV

Run 2 Combined ] 124.86 +0.27 ( £ 0.18) GeV

Run 1+2 Combined i 124.97 £ 0.24 ( £ 0.16) GeV
ATLAS + CMS Run 1 125.09 + 0.24 ( £ 0.21) GeV
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Update from CDF w%
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It’s not just M, ARy
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BaBar
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LHCDb, arXiv:2103.11769
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Measurements at the
Energy Frontier
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Particle Level Measurements-&--

* If you
— Have already calibrated the
detector/reconstruction
— Define the final state carefully

— Use this to define a fiducial phase space

N

]

— Use a simulated prior that describes all relevant

distributions
* ... then “unfolding” is not a big final step

* Several standard techniques and
implementations available
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Simulation and Experiment =
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!« Collider! '« Event :
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Unfolding & Data Correction:
Test and evaluate
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Simulation and Experiment
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Unfolding & Data Correction:
Make the measurement!

~

-
w
B RHDN

BT R U R - T G

1.0 T T - I T

L AL e S T O D R T T IR TR




< TR e T R P e T e e e o O O T e e G B B R R R R R

Where to compare nature to oﬂ%
ideas?

Wi B OO O O SR o L O

Raw

detector
readout
I Each specific theory must follow all
implications through to final state particles

Zero model
dependence.

I S W T B N U N T

Do W e BT |

and full detector simulation, including
specific run conditions and time-dependent
calibrations.
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Where to compare nature to oﬂ%
ideas?

Reconstructed
Raw objects

Wi B OO O O SR o L O

detector
readout

Calibrations applied which
may have some dependence
on models, but minimal and
dependence can be
controlled.
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Theory must follow all
implications through to final
state and at least some
parameterised
approximation of detector
resolution and efficiency.
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Where to compare nature to oﬂ%
ideas?

Reconstructed

Raw objects Fiducial
final state

particles

Wi B OO O O SR o L O

detector
readout

In addition to calibrations,
need unfolding for resolution
and efficiency, though
uncertainties can generally
be controlled.

T G . )

Do W e BT |

Need to predict the
exclusive final state.
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Where to compare nature to ou%
ideas?

Reconstructed

Raw objects Fiducial
final state

particles

detector
readout

In addition to previous, need theory
extrapolations into unobserved regions,
theory background subtractions, and
corrections for soft/long distance physics.

Process/
Intermediates

Can integrate over
inclusive phase spaces and
ignore soft/long distance
physics.




Where to compare nature to oﬁ% 'ﬁ
ideas? ‘

Reconstructed

Raw objects Fiducial
final state

particles

Process/Inter
mediates

detector
readout

I iti [ i in a particular o

n.add.lt.lon to previous, interpretinap Need to think

(simplified?) model. ,
about running |
from high
energies, but
not much else...
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ideas?

Reconstructed

Raw objects Final

state

detector Process/Inter

Where to compare nature to ou%

particles

readout mediates

&

In addition to all previous, interpret in a particular UV complete model.

|
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Have a g00d
idea, then u
play golf. :

I

l




Where to compare nature to ot

ideas? o
detector

readout FidUCiaI
final state

Wi B O B v o O O i i S
-
-

Reconstructed
Raw objects

particles

O O O W B B O e, -, S

LJ

b .
0 Y VS S LM O\ I T U T VR A . MV N R MM T,

I




T T A e e e R e O R T A e T e R R I B N B R T RO W)

e !

FATLAS ~ p-val (Sherpa)=0.22 ~4~ Data’
Ws=13 TeV, 139 fb™' p-val (Powheg)=0.09xx% Powheg qg—4l + X
: st Sherpa qg—4! + X
X=gg—4l+H—4+VVV+V(V
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B = 9002000 — i ° ATLAS Simulation g
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https://arxiv.org/abs/1711.08341
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Introducing Rivet %[
: . . i
: “Robust Independent Validation of -
H i
N .
: Experiment and Theory”
: arXiv:1003.0694, arXiv:1912.05451
3
- * DireCt lle_?ac from HERA Transverse N density vs. pcllu“ '
) (1990s, HZTOOL) § ol LT =l
1 * Developed by MCnet for N T e S - 0
' tuning and validation of new * .. = FF= E :
' MC event generators A =,
p . 08 - === - 5
: — e.g. What does the underlying ., ™ — HERWIC AUETs (MSTWaLO) — |
i event look like in 7 TeV pp o4 I AT e, b
i collisions? 0.2 ?‘ | | o HERV‘VIG AUE|T1 (MRST‘LO*) EN.
¥ * Vast library of measurements s L A
B 1 . _,2 1.2 ?=____ = _’
‘ of final state particles produced & | T N
l in collisions, and variables S os- .
: derived from them g AR RSN S WS SR S
! : ! pL (le;ging partlisle) [GE:VII4 l
: Buckley et al, Bierlich et al: Talk from Chris Giitschow next From ATL-PHYS-PUB-2011-008
l'll g iRV ae AN RRiidRN -l L T T T O o T o W T O T A T N VT T T ) LT ML O A G 5 I BT S S TN ) l-'='l R T BT ~l'—l\
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1
Introducing Contur 2l
i “Constraints On New Theories Using Rivet” |
‘ arXiv:1605.05296, arXiv:2102.04377
l Dijet cross section (y* < 0.5), R=0.4 .
« * Extend the power of ¢/~ P Aty

Rivet beyond the 1 SRR S U S

Stand ard MO del = Ei :; ? [éi::rulmud all] 0.996 ixm"’]_;— - ﬂ_i‘j:;:rulatud all] 0.964 T 7‘:; f ;Iditi:‘:'xc]usiun -‘-—“_;5
Signal-injection of . |
final-state particles - e

from Beyond_the_SM 37 103 ,,,Iﬂ(;{.v-g 103 I 12 [GeV 109 mya|GeV]
physics events on to ® ) “')

From Altakach, JMB, Jezo, Klasen, Schienbein arXiv:2111.15406
the measured cross
sections in Rivet

Increasingly precise measurements and calculations
together extend the reach

JMB, Grellscheid, Kramer, Sarrazin, Yallup; Buckley et al
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* Composite Dark
Matter

* Vector-like Quarks

BT RO N T

5001

Unleashing the power of high ~&®- |
luminosity LHC data
(example case studies)

~*» Z’models _ | - :
. S | Simplified DM model NTUR |
motivated by 8. | austyecor it :
Lepton Flavour = - | g |
Violation anomalies /- contun AT |

MET+Aets Measurement
3.2fb™ (1707.03263)

— ATLAS
tt Resonance Search
36.1 fb™ (1804.10823)

CONTUR + ATLAS
Hadronic it Measurement
36.1 fb~ (1801.02052)

(=]
o

BN ERAS IR

| | | |
4000 m,, [GeV]

Louie Corpe
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* Muon deficit in Rg- may be
explained by introducing a
new gauge boson (Z’) with
non-trivial flavour coupling
structure

 Fit to LHCDb data gives
favoured parameter values
away from SM

« Take these parameter points
and see whether other
measurements still allow them

Allanach, JMB, Corbett . arXiv:2110.13518

s AERARM R R AN RN RN [A] O T T N TR T T T VT (K0
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I
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il
b s A
|
z' =
n
>vu< :
3 b ’
Fig. 2: Tree-level Feynman diagram of a Z’-mediated pro- l
cess which contributes to B; — B, mixing. .
1
0.4 :
B
0.2 ]
0.0 :
L
i
—0.21 3
~0.41 !
' !
0.0 0.1 0.2 0.3 [
gx(1 TeV/Mx)
L T N S s T DY TR T e W T '!‘;:

Z’ models motivated by Lepton ”‘”%
Flavour Violation anomalies
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* Main signature is

dimuons. °
In the high Z, mass Deformed 3 Family
Hypercharge Model

regions, what sensitivity AN
there is comes from the Favoured region s below

. ue line. Above white
ATLAS dlmuon SearCh° 1000 2000 s00dine, 95% exclusion.
For Third Famlly Mz (GeV)

Hypercharge Models

- S e S O o i i

=
2
= .
B R T AT T S S e T R R e A Fdirs 3

l ), . B.-L, Model.

" models that’s all thereis. Favoured region is

i & between blue .hnes.

e In the B;-L, model, the = Above black line, 2/

g . g 1 (0] m .

¢ “window” at low mass * Below white line, 95%

: largeIE is closed by low ~ . exclusion. :
 mass Drell Yan and N :
l Z eleptons 100 " (:}(.\,-'2]“0 300 :
.  measurements i
! @B CMS p+EF*+jet @B LHCb /+jet A
'l 3 ATLAS #é~ 3 ATLAS low-mass £¢ B
; @@ CMS #-+jet 3 ATLAS pp+jet I
B ATLAS and @ CMS high-mass £¢ !
{  Allanach, JMB, Corbett . arXiv:2110.13518 fm ATLAS 46

L . | _
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Composite Dark Matter Models “#" |
* What if Dark Matter is a composite particle arising :
from e.g. an SU(4) symmetry which confines at
some scale Ay, ? :

* Lead to bound states “dark” mesons and baryons. ;
— Kribs et al. arXiv:1809.10183 :

* Dark fermions transform under electroweak part of :
the Standard Model: communication with S '

* There are no direct searches for this model by .
ATLAS or CMS: !
instead to constrain this model using the bank of ;
existing LHC measurements using Contur :

* Dynamics of the theory depend a lot on =
i

n=m(m,)/m(pp)
JMB, Corpe, Kong, Klkarni, Tomas. ariv:2105.0849 - -
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1
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1 Left-handed model Right-handed model .
= 0 q
R ]
I + I
: P : .
L 3
0 =+ 1
il PDs Pp 0
' li :
4 p I
’
| o '.-
2 1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 |y
i Di-electron mass spectrum My, (GeV) Moy, (GeV) '
. > E T T T T ‘ T 3 ;;:
= é 10% & —+— Data : !
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| C ite Dark dels “#-}
, Composite Dark Matter Models “@*
i il
' I
1 * Large areas excluded: ;
: * M (0] + -

: — When pion mass is close oo 0o ;
: to Higgs mass, H>gg 0 i
! analysis contributes y :
! — Boosted hadron “top” | :
: measurements contribute 03 4 '
; when pion mass ~200 = :
: GeV: Pions decay to tb 0 - i
; and are boost from :
E i
heavy r. o1
! — Other sensitivity from Z- . . | i
: FOle dileptons, and 100 200 300 G430 500 600 i
i epton+missing energy e (GV) 4
§ ( tO W rOdUCtiOIl ln @8 CMS high-mass Drell-Yan ¢/ @ ATLAS high-mass Drell-Yan £¢ @ ATLAS {65+ E™S4jet ’
l d 7 p/h . p @ ATLAS ee+tjet B ATLAS ERs et [J ATLAS jets '
l ecay C alnS) [ ATLAS Hadronic 7 B ATLAS 4¢ B ATLAS £+E2s et :
' B3 ATLAS ppujet ;
: JMB, Corpe, Kong, Kulkarni, Thomas. arXiv:2105.08494
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Vector-like Quarks — -4p- }
: * Very common extension to SM, ) i
! general model by Buchkremer et al ;
: f%arXiV:13(%(5.417}(2). Int]goc%u;éesY upto . . Q
! four quark partners, B, T, X, Y. . . ; 5
| — Usual strong couplings to SM >w< M >M< :
¥ — Evade bounds from Higgs because ° . v o °
i they are vectors . o :
! — B, T interact with with W, Z, H | % .
: with modfied weak couplings RO ;
. — X, Y interact with W (only) >< PN '
' similarly z . Qi % § Q) :

* Three sets of parameters (in
additon to masses)

g Q % qj
: v o,
—k: absolute coupling of VLQs to SM quarks ? ﬁ/ v >v ) <
Q q vV Q G Q
®) (&) (1) )

—{i: relative coupling of VLQs to it g
generation

—&yv: relative coupling of B, T to V in {W, H, Z}

o S .
O S - I T

Buckley, JMB, Corpe, Huang, Sun arXiv:2006.07172
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Vector-like Quarks — =&@-;
i : 1
i EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN) i
o C ' ) ;
! ompare to (quite /
i . . . ATLAS 7
! limited) direct B pe ;
L =
r  searches: ATLAS - | !
Combination of the searches for pair-produced i
I 1 1 1 f vector-like partners of the third-generation quarks =
i 1 ]'tS ro at Vs = 13 TeV with the ATLAS detector '
I arX]‘V * 1 80 8 * 02343 The ATLAS Collaboration '
] rd 3
 * Assumes 3 ;
I t : 1 : 0.8 1 0.8 i
p genera 101N COllp mg < < §
] = 0.6 1 =06
= T T !
' only,and X, Yare :,. o
i s -
decoupled. . I -
: .. ]
¥ . . *%00 02 04 05 08 10 00 o2 o4 06 o8 10 |
' » Only include pair oria- s+
E . (a) (b) :
l prO du Ctlon Figure 5: Sensitivity of LHC measurements to (a) B-production for Mg = 1200 GeV and l
(b) T-production for My = 1350 GeV. The CONTUR exclusion is shown in the bins in which it I
l_ is evaluated, graduated from yellow through green to black on a linear scale, with the 95% CL '
i (solid white) and 68% CL (dashed white) exclusion contours superimposed. The mauve region g
i is excluded at 95% CL by the ATLAS combination [16]. l
l Buckley, JMB, Corpe, Huang, Sun arXiv:2006.07172
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Vector-li uarks

Coupling to 1
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production very a6 s
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B CMS e+E®RS5+jet @ ATLAS 4¢
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Vector-1 uarks -}

 Coupling to 2nd
generation.
* Region above line

excluded by non-
collider constraints

 No LHC search W e TR e T
1 a) bs
analyses exist | ®

e Measurements

exclude significant
part of the plane.

0.3

%
02

+ Single VLQ
prOdUCtlon agaln B0 1000 HJ-?:JWJ 2000 00 500 1000 .u;::::iw w00 2500
very important at @ @
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Vector-like Quarks =&}
I il 1.0 :
i i - i | :
!« Coupling to 3 7y . oo
1 generation. o o
: * No exclusion from “ '
" non-collider, but “1 :

there are several i o

i  LHC searches ; o

: e Measurements also ..}

" exclude significant ..}

1 partof the plane. .| "

i 1 0.2 4| 0.2

Single VLQ . ; B

" production still w0 e e e w0 oo lw e s
s significant at @ @ ’
highest masses D et EATEAS e T AT T

l 3 ATLAS jets Bl CMS jets [ ATLAS it hadronic
: Buckley, JMB, Corpe, Huang, Sun arXiv:2006.07172
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: Vector-like Qu arks "‘"%
'« Addendum: During journal review for this paper, i
1 1t was pointed put that we’d missed some of the ;
! most compelling scenarios, and should instead :
r  consider: -
— B, T singlets :
" — BT, XT, TY doublets
! — BYX, BTY triplets

* ... for each generational coupling scenario and for
four different decay branching benchmarks to W,
Z, H.

* i.e.7 x 3 x4 two dimensional parameter scans
* Hmm. A challenge for Contur?

o I N S
=

Buckley, JMB, Corpe, Huang, Sun arXiv:2006.07172
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Vector-like Quarks  -6®-

1st Generation 2nd Generation 3'9 Generation

Mo 16%) He (%) - Mo Gy

(a) BTX 0:0:1 (b) BTX 0:1:0 (¢) BTX 1:0:0

(F) BTY 0:1:0 (g) BTY 1:0:0

]
Mg e

(i) BTXY 0:0: (j) BTXY 0:1:0 (k) BTXY 1:0:0
(i) BIXY 0:0:1 (i) BTXY (:1:0 (k) BTXY L:0:0

B ATLAS (+MET+jet [] ATLAS £+MET+jet [ ATLAS ¢f hadr

0 ATLAS WW W ATLAS p+ EF*jet @8 ATLAS e+ER=tjet
B ATLAS eetjet [ ATLAS pptjet 0 ATLAS #f+jet

B ATLAS 4¢ 1 ATLAS jets Em CMS jets

[0 ATLAS WW S ATLAS p+Ef™+jet @ ATLAS e+ EF* tjet EDATLAS WIW S ATLAS p+ ER%jet 00 ATLAS e BRI et
B ATLAS ee+tjet ATLAS pptjet 30 ATLAS £i+jet B ATLAS eetjet [ ATLAS pptijet [ ATLAS #i+jet
[ ATLAS jets @ CMS jets [ ATLAS jets @B CMS jets [ ATLAS vy & v+X

IV )

Buckley, ]MB Corpe Huang, un arXiv: 2006 07172




MICH EXERGY

j' Vector-like Quarks

1st Generation 2nd Generation 3'9 Generation
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So where are we now? -4
No agreed “fave” extensions to the Standard Model

Change of approach required

*  This is about exploration of new physics territory
*  No guarantee that Dark Matter, Supersymmetry, or indeed anything
else beyond the Standard Model will be within reach

Not enough to say “we looked for everything we could

think of”

*  Quantify whether or not the Standard Model continues to apply,
well beyond the region in which it was developed, and to extreme

precision

*  Need precise, theory-independent measurements, and comparable

calculations in Standard Model & beyond.

Into the future (new models, more precise calculations)
this requires particle-level measurements
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