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Before | start ...

| would like to take this opportunity to thank STFC PPD and the NEXT Institute for making my
visit memorable.

This visit has been an incredible experience for me. | got the unique opportunity of discussing
a lot of physics with many experimentalists from the CMS, ATLAS, LHCb, DarkSide, LZ, and
MIGDAL collaborations.

Many thanks to the department for making me feel at home, and for involving me with the
Harwell Open Week. Thanks for the free t-shirt!



What is this talk about?
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2. Why precision?

3. Why include electroweak corrections?

4. What do we learn from unconventional signatures?
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The Standard Model of Particle Physics
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Simplified way of expressing interactions
between the Standard Model particles

Elementary particles in the Standard Model of particle physics CERN coffee mug
Image: Daniel Dominguez/CERN



Why beyond the Standard Model?

Observations
from starlight
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Image: Mario De Leo

Estimated matter-energy content of the Universe
Orbital speeds of visible
stars/gas versus radial distance
from galaxy’s centre
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Dark Matter

68.3%
Dark Energy

Existence of dark matter?

Whose nature we know more or less
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WHERE IS THE ANTIMATTER?

WHAT WE SHOULD SEE WHAT WE DO SEE Ba ryon
An equal amount of matter and Matter fills the universe while there is
antimatter fill the universe. only trace amounts of antimatter. asym metry!

antimatter




Precision physics



Particle physics discoveries at colliders: the main types

We are in the phase of no BSM resonance

Discovery through discoveries since 2012. What to do then?
resonance (the

tested paradigm)
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Possible to see hints of new physics through difference in heights, angular
structure and tails of distributions without seeing the actual resonance.



Importance of precision: the premise N
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Types of uncertainties in particle physics

e Systematic (experimental): instrumental uncertainties, uncertainties due to calibration of
energy scales and resolution of detectors, uncertainties on detector efficiencies, etc.

pp—hh+X
Vs=13 TeV
Mpn/4<R Mg <My,

e Statistical (experimental): stems from finite number of events recorded

—=

e Modelling of signal and backgrounds (theoretical): PDF, scale, more ...
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e Luminosity: uncertainty on precise determination of the rate of
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Model theistic versus Model agnostic (Effective Field Theory approaches)

No direct hints towards new physics explaining the various observations
which require physics beyond the Standard Model.

No consensus. Every model comes with additional baggage which needs to
be discovered.

Is new physics hiding somewhere that we are obviously missing?
Is the reach just above the present experimental reach?

Are the interactions with Standard Model particles extremely feeble?

Are the theoretical and experimental precisions not good enough?

Image: Tim Tait The EFT picture
Imprints of new physics could show up as tiny deviations in ... s reinforced by the current uv
experimental situation [ultraviolet]

standard measurements —» Hint towards new physics?
Renormalisation

Theory precision is thus crucial to minimise uncertainties.
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Standard Model Effective Field Theory: the types

Bottom-Up approach

1. Exact nature of new physics need not be

known

2.  Wilson Coefficients are free parameters

o
Loy + 3 Xrm0? =g
j=5. i

Effective operators

‘CSM

-

1.

2.

Top-Down approach

Wilson Coefficients determined in terms
of new physics parameters

UV-complete Lagrangian must be known

UV theory
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Vh production at pp colliders

@ InVhCoM
[Orlaneofv-l @ InllCoMm

SB, Gupta, Reiness, Seth,
Spannowsky, 2020 [JHEP 09

(2020) 170]
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Vh production at pp colliders (et )

fir =(1+C3)(1+C3)

for =0,568, \
27 = C,8654CoCs,

inr = 5,556, Many angular
fir = 8,50655CoC, distributions
frr = C2pS382, testable at the

@ ¢, © and {x,y, z} in Vh CoM frame (z identified as direction of V-boson; y \ fu= 5,522, y LHC

identified as normal to the plane of V and beam axis; x defined to complete the Beam Axls
right-handed set), ¢ in V CoM frame

@ Q: How much differential information can one extract from this process?

@ For three body phase space, 3 X 3 — 4 = 5 kinematic variables completely define

final state

i . h
@ Barring boost factor, the variables are /s, 0,0, ¢ Dlplancofvil @ il cot.

SB, Gupta, Reiness, Seth,
Spannowsky, 2020 [JHEP 09

(2020) 170]
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Zh and Wh production at the LHC - > o > >
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F f

h h h
Kww ;WJ”“/W + Rww VWJ”WW;L_V + | Kzz EZWZW

<\ CP-even new Lorentz structure

h . h K ~ (angular deformation)
Rzz EZMVZAW + Kz, _A,U« Ziirt Fozs ;AM Z;w _|_5Ah fmbhbb
tosig fAWAW Deformations written in broken phase after symmetry breaking
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High-energy primaries

1. The four channels, viz., Zh, W*h, W*W"and W*Z can be expressed (at high energies)
respectively as G°h, G*h, G'G and G*G° and the Higgs field can be written as

G+
( h+iG° )
2

2. These four final states are intrinsically connected by gauge symmetry even though
they are very different from a collider physics point of view

3.  With the Goldstone boson equivalence theorem, it is possible to compute
amplitudes for various components of the Higgs in the unbroken phase

4. Full SU(2) theory is manifest [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017]



https://arxiv.org/abs/1712.01310

High-energy primaries: the EFT operators at play

Warsaw basis

OV = (Gra® vf‘QL)(zH‘;_jD H)
OL — (QLW’IC?L)(’I{Jr DuH)
i = (upy"ug)(iH! g H)
0% = (dpy*dr)(iH' D ,H)

Dimension-6 operators contributing to the
high energy diboson production channels
[Franceschini, Panico,Pomarol, Riva, Wulzer,

2017]

Relating the high-energy primaries with
the Warsaw basis operators

We are dealing with four channels and

there are only four independent couplings
at play at high energies - coincidence!
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Differential in energy: constraining the contact terms

Exclusion from WZ [Franceschini et al, 2017]

Accidental /

cancellation of 005 -
interference terms
< CQ
| 0.00
LEP exclusion
region 2?\
L 008

A common parameter -0}

/ Zh + WZ combined

Exclusion from Zh [SB, Englert, Gupta, Spannowsky,

L~ 2018][Phys.Rev.D 98 (2018) 9,095012]]

~_WBF analysis in diphoton channel [Araz,SB
Gupta, Spannowsky, 2020 [JHEP 04 (2021) 125]]

o, Mo, without cuts ~4.6/165

Zbb

space in triple-gauge
couplings for multiple
channels - correlated at
high energies

With regular cut-based analysis ~ 0.26

With BDT optimisation ~ 0.50 17
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Differential in energy: constraining the contact terms

Single parameter fits

| Our 100 TeV Projection Our 14 TeV projection LEP Bound from Zh
SgZ, +0.0003 (4-0.0001) +0.002 (40.0007) —0.0026 + 0.0032
5gd2- +0.0003 (4-0.0001) +0.003 (4-0.001) 0.0023 + 0.002
aguz‘l; +0.0005 (£0.0002) +0.005 (40.001) —0.0036 + 0.0070 [SB, Englert, Gupta, Spannowsky,
5g5 +0.0015 (4-0.0006) +0.016 (+0.005) 0.016 + 0.0104 2018, 2019]
\5_&5_} +0.0005 (40.0002) +0.005 (+0.001) —0.00910- %3
S rry +0.0035 (3-0.0015) +0.032 (4-0.009) —0.01610 085
S +0.0035 (+0.0015) +0.032 (4-0.009) 0.0004 =+ 0.0007
w +0.0004 (4-0.0002) +0.003 (40.001) —0.0003 + 0.0006
Y +0.0035 (4-0.0015) +0.032 (4-0.009) 0.0000 + 0.0006

Directions from VBF, Zh, Wh, and WZ (-0.04 ¢ + 14 ¢ +0.1 cur = 0.03 car)é] < 0.003 [V BF]

|(=0.18 ¢y + 1.3 ¢ + 0.3 cur — 0.1 car)€] < 0.0005  [ZH]
3
What about the W*W- direction? |Cé2)§ | < 0.0004 [Wh]

[Araz, SB, Gupta, Spannowsky, 2020]
~0.0004 < ¢5)¢ < 0.0003  [WZ] 18
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Zh and Wh production at the LHC - > o > >
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Differential in angles: constraining the angular terms

Method of moments used to

constrain the other couplings
We obtain percent level bounds
on Kk 77 and in the

(=zz, 6392) plane
Competitive and complementary

bounds to previous analyses

CP-odd
couplings!

Independent bound on the
CP-odd coupling,

|5 < 0.03 »

10)
Total rate bound

h->ZZ Rate

MELA h->22(8g #=0)

Only inci: informatiom

@ We obtain percent level bounds

0.10

005

-0.05|

~0.10]

on Ky and in the
(=ww > §gl'/1VW) plane

Competitive and complementary

bounds to previous analyses

CP-odd coupling,

Independent bound on the

["af/vwl < 0.04 ]

\Tela;I rate bound

Oniwincl. informatio

0.0 01 0.2

~ _ 2
Kww = Az Chyir

~ 2 ] .
Kgg = %(cos2 Owe i + sin’ Oyyc g T sinbwcosbyc

AssumingA=1Te V¢ . < 0.33
HL-LHC! HW

at 68% C.L. at

We consider all operators simultaneously!

ATLAS considers one at a time

SB, Gupta, Reiness,
Seth, Spannowsky,
2020 [JHEP 09 (2020)

Expected: Stat+Sys

170' Criv

ATLAS —a— Observed: StateSys - this resul
H—>ZZ* > 4| ~—4— Observed: STXS
Vs=13TeV, 139 fb™" —¥— Observed: Hry
SMEFT CP-odd couplings —k— Observed: Hyy + Hrt
@ Observed: CMS
BestFit  68%CL
P 008 [-042,031)
CHé 7;— 000  [-037,037)
o 006  [-022,009)
—— 002 [-056,053]
; 000  [-069,069)
o 025 [-0.82031]
—
—_— 060  [-007,109]
. ——t— £060 [-150,150]
e 026 [-0.15,067)
. T e T
d X e X x10 001, [-001,003]
=] B I 2 3 4@
Parameter value

HWB)
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The W'W" channel

[ 1 cosé )
ALpsm = 595,3 [Z“ﬂLfyﬂuL -+ \/EW (W+“17,L'y#dL +h.c.)+.. ] + 5951{ [Z" Uy, ug]

- cos 6 _
+ogZ, ‘Z#dmdL . ﬁW (W agy,dy +he) + .. ] +ogZ, [Z“deyud R]

S J

+igcosOwdgy |ZH(W W, —hc.) + ZWW,IW, +...]
+ iedk (A — tanbw Z,, )W W ™ + .. ],

with Z,,, = Zy, — iW/ W, ,

and Oy is the Weinberg angle

A, = flu,,, W/f,:, = W/jf, + iW[i(A + Z),), where VW =0,V, —0,V,,
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Electroweak corrections in W'W- Leading order

Real
bremsstrahlung
diagrams

[Bierweiler et al, 2012]

22




Electroweak corrections in W'W-

o(th) 0(%)
100000F— . . - - . : 40 . - . : . - .
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20 4
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Event generation

1 2 _ .2 __ 2 2
pp — WH(ITv)W—(I"v) pr=pp=M7y. + M7y
[SB, Reichelt, Spannowsky, arXiv:2406.15640, submitted to PRD]

W*W production at L = 35.9 fo W*W production at L = 35.9 fb™
. — Recola QCD = o
E Recola QGD + EW [add] - 1 QCD + EW [add]
C OpenLoops QCD 10 = I —— QCD + EW [mult]
10 = — OpenLoops QCD + EW [add] = = QCD + EW [exp.]
> = — > —
o E ® -
o I 91 —
ERR 8 E —
e — A: —
S = | > =
g E =" w S
- e 107 = e
107 = =
= _ C =
[ 102 =
102 =7 - . = | | Lo
[ — e _———
0 1 - o 1 I VIR
= . = QCD/(QCD + EW [add.])
o : 5
3 RECOLA: QCD/(QCD + EW [add]) 8 G R
05— - OL: QCD/(QCD + EW [add]) 05— QCD/(QCD + EW [exp.)
Lo b b e b e b b b e ey by coc b v v b e e b e b e e e b e e e e e b
50 100 150 200 250 300 350 400 450 500 100 200 300 400 500 600 700 800 900 1000
p,, [GeV] m, [GeV]
|

Signal: SMEFT+SM interference; Backgrounds: Drell-Yan (pp — £7£7),VZ,tt + tW, WL
24
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xz anal.ySiS EFT coupling

Otheo( ) _OFP SM] O%leo (p) _ OSM +p X OSMEFT

=212 o

2.7

p = 5g§ 5gu , 5gu , Or 5gZ Our signal is the interference between SM and SMEFT
R’ R L

— exp. 2 theo. \2 exp. 2 theo. 2
T \/(O-ij,stat ) + (0-’1,] stat. ) + (aij,syst ) + (Gz],syst )
6 sub-categories: et — 0, e — 1,ee — 0,ee — 1, up — 0, and pp — 1

'0'and "1' refer to the jet multiplicity

Theo. calculated at either SM@NLO-QCD+approximate-NLO-EW + SMEFT@LO or
SM@NLO-QCD + SMEFT@LO

Exp. calculated at SM@NLO-QCD+approximate-NLO-EW 25



Results (95% C.L. bounds) - 1 and 2 parameter fits

[SB, Reichelt, Spannowsky, arXiv:2406.15640, submitted to PRD] L=3000 fbo~'
5o L=3000 fb 00041 .
x 4-5? \\ / / Big difference

4~ between red and
T i_ blue regions! 0002~

32— Ng)
25;— 0.000

=
15

1; -0.002 -
05

O — N —— 5 o4 oy 00 02

ngL nguL
Coupling | QCD: £ =300 fb~' | QCD+EW: L =300fb~! | QCD: L =3 ab™" | QCD+EW: £ =3 ab™"

(ngn [-0.2744 0.0531] [-0.1569, 0.1569] -0.1611, -0.0421] -0.0567, 0.0567]
dgZ [-0.0180, 0.0818] -0.0474, 0.0474] [0.0111, 0.0463] -0.0167, 0.0167]
5gfL [-0.0008, 0.0039] [-0.0023, 0.0023] [0.0006, 0.0026] -0.0010, 0.0010]
092, [-0.3910, 0.0927] [-0.2383, 0.2383] -0.2969, -0.0702] [F0.1104, 0.1104]
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Unconventional signatures

27



Long-Lived Particles: Search topologies

=suus peutral displaced EBSM
= charged HSCP ‘ dilepton M lepton
=~ any charge M quark
photon
@ anything
disappearing displaced
track lepton
oaderldy
o® % ,,': '.‘ ~.‘“‘~..
¥ oW N\ ~3
: ‘l p ..0
displaced X displaced
dijet % photon

v not pictured:

displaced out-of-time decays
conversion

displaced
vertex

Roeck, 2019

Many models give rise to such
signatures; example: RPV SUSY,
AMSB SUSY, gauge-mediated SUSY,
split SUSY, Hidden Valley models,
dark QED, ALPs, and more.

All of these searches require
dedicated algorithms, detector
modifications/additions, etc.
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Long-Lived Particles: What's special?

1. Muchreduced phase-space resulting from small mass splitting between LLP and one of its decay
products.

Disclaimer: | am not an

2. Suppressed coupling controlling the dominant decay. expert on triggers by any
means!

3. Traditional ways of reconstructing particles are inefficient.
4. Not trivial to perform fast detector simulation.

5. Necessity for dedicated triggers: Novel triggers can include Displaced vertex triggers, MET
triggers, Delayed Decay triggers (example: utilising timing information), Unusual topology
triggers (examples: multiple displaced vertices, asymmetric energy distributions, non-pointing
photons), Customised trigger algorithms (information from multiple detector subsystems, such
as tracking, calorimetry, timing), Offline trigger rejection

29



Long-Lived Particles: Search topologies

----- neutral displaced EBSM
= charged HSCP ‘ dilepton M lepton
=~ any charge M quark
photon
@ anything
disappearing / displaced
track X ‘ X lepton
( -------- N o / ’
AN £ 3 ]:,.'~~
': o B ".
displaced . / "*.. displaced
diiet XY, photon
ije A
) . V} not pictured:
displaced i displaced  out-of-time decays
vertex

conversion

What'’s missing?

All of the LLP daughters move in
the forward direction.

Are we exploring the full
topology?

30



Long-Lived Particles: backward moving objects

1. We consider pair production of LLP, X

2. Daughters considered: light quark, g, or invisible particle, DM (may or may not satisfy dark
matter properties)

3. We consider the following four possibilities
a)X — qq (Example: RPV decays of sleptons [ — gq) (2-body massless final state)

Quark initiated Drell-Yan process. Scalar mother particle: no spin correlation!
b)X — gqq (Example: RPV decays of sleptons X! — gg)(3-body massless final state)

Quark initiated. Effects of spin correlation may not be negligible!

¢)X — ¢gDM (Example: RPC decays of lightest sbottom b; — bx?) (2-body final state)
Gluon initiated.

d)X — qgDM (Example: RPC decay § — qqx?) (3-body final state)
Gluon initiated. 31



Long-Lived Particles: backward moving objects

1. Signatures seen: multi-jets or multi-jets + MET
2. To exploit the full power of spin correlations, we consider X as a fermion for the 3-body decays
3. Any bias introduced by choice of prototype simulation on dynamics of the model?
Compare results of full simulation with those assuming no dynamics in production ( M = 1)
Helps in realising if results are mostly kinematics driven or not.
For this reason, we choose three distinct values of M,, and for each M,,two M,
All simulations performed at parton level for 14 TeV LHC

4. B(=p/E) = 0refers to the scenario when particle comes to a standstill after traversing a distance;
example stopped R-hadron
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Long-Lived Particles: angular separation (mother, daughter)

Normalised

ised
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Angle 8 between the direction of
X and the massless daughter (one
of the quarks, q) or the massive
daughter
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Long-Lived Particles: angular separation (mother, daughter)

Normalised

Normalised
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Long-Lived Particles: angular separation (effect of spin correlation)

0.09

0.08 Massive daughter, with spin. ——— |

0.07 } + i Massive daughter, no spin ssssssss
T 0.06 Massless daughter, with spin e |
2 |
= 0.05 Massless daughter, no spin
S
S 0.04
< ?
= 0.03

0.02

M
0.01 f S
A e Sttt
ok

3BM, My =2 TeV, Mpy = 1500 GeV

A0 40 60 80
O(daughter, X direction) [in degrees|

(@)

1000 120 140 160 180

Normalised
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001 |

0.005 LF

0

3BM, My =2 TeV, Mpa = 500 GeV

Massive daughter, with spin ———
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)

200 40 60 S0 100 120 140 160 180
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(b)

Angle 8 between the direction of
X and the massless daughter (one
of the quarks, q) or the massive
daughter

Spin-correlations preserved using
MG5_aMC@NLO simulations

Spin averaging is a fairly good
approximation!
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Long-Lived Particles: backward moving objects

Usual displaced jets
signatures!

Picture courtesy: Swagata Mukherjee
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Long-Lived Particles: backward moving objects

If g is heavy — slow moving particle 8 < 1

Decay products no longer collimated; @ (mother, daughter )can be big

q q2q3 q g2

slow-moving

| >

qs

(@]
(@]

Picture courtesy: Swagata Mukherjee

Fraction of events with backward moving objects increases with decreasing 8



Long-Lived Particles: non-pointing and backward moving objects

Picture courtesy: Swagata Mukherjee
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How often at least one daughter non-pointing/backward moving?
9(— 9192q93)3(— q192q3)

1 TeV

2 TeV

B(mean, RMS)
0.76, 0.15

0.62, 0.15

- =) ( =)
0 > 22.5° 0>45° |10 >90° 0> 135°
99% 84% 33% 7%

100% 98% 52% 12%
g VAN Y,

Major fraction non-pointing

Parton-level simulation with Pythia at 14 TeV!

Non-negligible fraction
backward moving



How often at least one daughter non-pointing/backward moving?
U= q192)l(— q192)

A Y. )
M; | p(mean, RMS) [0 > 22.5° | 9> 45° [0 >90° 6> 135°
1 TeV 0.72, 0.15 99% 83% 28% 6%
2 TeV 0.60, 0.14 100% 97% 40% 8%
. N J
Major fraction non-pointing Non-negligible fraction

backward moving

Parton-level simulation with Pythia at 14 TeV!
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Non-pointing photons

o-1.26 _CMIS Sirlnulation Ns=7 TeY
4128 Prompt photon 1
13 F —— -
-1.32 F < & .
1340 - - — - =
-1.36 |- e =
-1.38 |- -
14 f Prompt Photon é
E p, =660 GeV .

-1.42 r Syner = 0.208 B
-1.44 C . . e

0.8 0.85 0.9

eNon-pointing photons in ECAL already used in searches.
eDistinctive shower-shape for photon.

arXiv:1212.1838

CMS Simulation \s=7TeV
o -1
102 Non-pointing photon
-1.04 :_ : _:
-1.06 | o -
-1.08 :_ —. _:
= - =
1.1 =
o - ]
-1.12 - E
-1.14 ;_ an-Pron:;;t“Photon _;
-1.16 p, =105 GeV |
118 | s .
E %. flight length = 45 cm =
-1.2 . gl gy i
0.02 0.04 0.06 0.08 0.1
n
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https://arxiv.org/abs/1212.1838

Non-pointing jets

Segmentation of the HCAL

\ \
35k ° \ li \‘H Iﬁ |
LLe ‘ | | | uﬂ//‘\ | |
: [ L 7177
1 A 7 0 0
il | \ NI REREEE A A
T 2 \//

o
3

Standard particle contained in single n tower
Non-prompt particle shared between multiple n towers

eZ decaying to jets: no displacement (first)
eZ decaying to jets: transverse displacement of 200-220 cm (second)
Bhattacherjee, Mukherjee, Sengupta, 2019 42



https://arxiv.org/abs/1904.04811

Depending on
lifetime of LLP,
signature can be
very different.

4 very different
possible decay
signatures!
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Decay outside

v _ e Shower-shape expected to be different for ECAL
backward-moving jet in ECAL e Prompt EM objects from the
o [f ECAL has longitudinal-segmentation, collision enter the face of the

backward-moving jets can be identified in ECAL crystal (since crystals face the
interaction points)

* Possible only in sampling ECAL, e.g. ATLAS ECAL e However these BMOs enter
the ECAL crystals at an angle
and hence difference in

lﬁm
i
\‘\m \“1' , shower shapes
\\\\\\\\\\\\ ' wﬂl///////// o1 SN _ Ns=7Tev e Longitudinal segmentation of
\ - N : ~ HGCAL in HL-LHC will help
///\-\-\ 12 ; - - ; & oo CIIVISKSir'nuIatioln _ Ns=7TeV
1.32 el = c 1 F T
- 1 -1.02 ]
/\ 1.34 F T .- . g ]
//—\ | —— : rou|
-1‘38 E I Su— E ::.g: E " -
-:1.4 B ‘ ,- i Prompt Photon _E _.1_1 g - - _§
E p, =660 GeV ] ) F -
e 142 oy ::i -
-1.44 E_ . . . L . L L . 7 : E Non-Prompt Photon E
0.8 0.85 0.9 -1.16 | p,=105GeV ]
n -1.18 E f:mf,,=o417s _E
Prompt photons : .

126
0.02 0.04 0.06 0.08 0.1

arXiv: 1212.1838 Delayed photons " 44


https://arxiv.org/pdf/1212.1838.pdf

Summary

1. EFTs areimportant tools to understand the possible nature and type of new physics when
resonance searches are not yielding results.

2. Zh, Wh, WW and WZ are important channels to disentangle various directions in the EFT space.

They are intrinsically correlated.

3. Multiple dimensions come about from the various correlated EFT coefficients. Blind directions
need to be broken.

4. Inclusion of electroweak corrections to the backgrounds can change the bounds on the SMEFT
couplings considerably as what we may perceive to be a change owing to SMEFT deformations
might be owing to higher-order corrections.

5. Backward moving objects give rise to a plethora of possible search strategies.
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DarkSide cryogeic detctor test
setup at R115 cleanroom.

Thank you!!!

Please consider joining the LHC EFT Working Group to
stay connected with the latest discussions between
experimentalists and theorists on EFTs.

Van de Graaff generator at ISIS
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Backup slides
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Backup slides

LLPs from qq initiated initial states have larger O

lllllll lll]llll

NNPDF3.0 (NNLO)

xf(x,u2=10 GeV?) 1

a)

1 IIllIIlI 1 L1 119111

107°

1072 10™" 1

X

Particle Data Group 2016
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High-energy primaries

SILH basis

Warsaw basis
(—)

Ow = 4 (H! “D“H)D”W“ 0¥ = (Qro” wQL)(sz [

2 wH)

Op=1¥ (HTD“H)G”B“
Opw =
Oup = ig(D*H)!(D"H)B,,

zg(D“H)Ta (D*H)Wg,

O = (QL’Y“QL)(ZHJf(B) H)
Ok = (UR'YHUR)(ZHT D,H)
O% = (dry*dr) (i H'D uH)

Ow = ——(D“W“ ye
O = ——(6“3#,,)

Dimension-6 operators contributing to the high energy longitudinal diboson production channels in the SILH
and Warsaw bases [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017]

Relating the high-energy
primaries with the
Warsaw basis operators

(1) _ 4CL

d
__ A SR
=45 A7

(3) _ 40
Az @ TOFAY

_ ACR
=431, a and a,



High-energy primaries

Amplitude High-energy primaries Amplitude High-energy primaries
h _ ah
'l_l.LdL — WLZL, WLh \/ia,(zs) ﬂLdL — WLZL, WLh gZde"\/égZ“’-“"
arur —> W W, a(l) + a(3) upur — WLWL h
dpdy — Zph v drd;, — Zh 9zdpd,
JLdL — W W, (1) (3) (iLdL — WLWL h
= aq - aq _ gZ‘uLu.L
urur — ZLh urur — ZLh
frfr = WLWyL, ZLh af frfr = WLWy, ZLh g
frir

Vh and VV channels are entwined by symmetry and they constrain the same set of observables at High
energies but may have different directions [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017, SB, Gupta,
Seth, Reiness, Spannowsky, 2020]



High-energy primaries

Amplitude High-energy primaries Low-energy primaries
urdy, - WrZ,, Wrh \/ial(JS) \/573;/ [cow, (892, — 6951)/9 — b, 697 |
e af?) + af? - 2 Vit ey + TS5 + co S /9]
JI_‘dL —+ Wl af,l) = ag3) —3%2— [YLth 8Ky + T 897 + coy,, 09%, / 9]
arur — Zrh myy
frfr > WiWyi,ZLh as —% [Ythgw Sk + THROgE + anléng/g]

Vh and VV channels are entwined by symmetry and they constrain the same set of observables at High
energies but may have different directions [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017, SB, Gupta,
Reiness, Seth, Spannowsky, 2020]



Zh production (Helicity amplitude)

@ For a 2 — 2 process f(o)f(—c) — Zh, the helicity amplitudes are given by

1 A © S
M?;::t =0 PRGOS Gy Liis + + Aw — I)\K,VV 52
V2 VE 2y

_ sm@ g 1 s
M= Gv l.+ 5gv\/ + 28y + 6gf g‘\//f (_E + 5 ) ]

&f 2my,
Rww = Kww
X Qre ., .
Raz = Kzt kzy, SB, Englert, Gupta,
&f Spannowsky, 2018
~ 5 e
kzz = Kzz+ —fZHz~,
&r

@ )\ =41 and o = %1 are, respectively, the helicities of the Z-boson and
initial-state fermions, g# = g(T4 — Qfsgw)/cew

@ Leading SM is longitudinal (A = 0), Leading effect of Ky, K7z, Kzz is in the

transverse-longitudinal (LT) interference, LT term vanishes if we aren't careful
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Vh production (Helicity amplitude)

The differential cross-section for the process pp — Z(¢7¢~)/ W (¢v)h(bb) is a

do

differential in four variables, viz., JEIOd0d

The amplitude at the decay level can be written as

iV 14
x —ig, +0g, " - A
A(Sa @a 0: SO) = ZTE Z Mé(s) @)d;\/’ll(o)el)\cp
A
T = T&T%Se, dy 7' = sin 0 are the Wigner functions, 7 is lepton helicity,

Mv is the V-width and g7 = g(T§ — Qs3, )/co,, and g}/ = g/V/2

@ — azimuthal angle of positive helicity lepton, 6 — its polar angle in Z-rest

frame

Polarisation of lepton is experimentally not accessible

Ao ~ sin®sinf

Ay ~ (14 cos©)(1 + cos 6)e'?

A_ ~ (1 —cos9)(1 — cosf)e™ ™

SB, Englert, Gupta,

Spannowsky, 2018
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Four directions in the EFT space (Warsaw Basis)

h
gZuLuL

h
9zd,d,

h
gZuRuR

h
9Zdpdy

2
g v
~ p(ci—ci)
W

2
g v, 4 3
————(cp +¢c
CGW ~.2(L L)

2

g v,

R
ng A2
2

g v 4

Coyw A2
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Four directions in the EFT space (SILH Basis)

g mi i

gguLuL = EA—‘;V(CW + Caw — Cow — TW(CB + Cyp — CQB))
2 2

g m tg
Oraa, = —CTA—;V(CW + Caw — Cow + %(CB + ¢y — &B))

w

4953 m
gguaun = ——?;53;&-1—\%(63 +cyB — C2B)
w

2953 m2
diﬁdﬂ = 33 . A_‘;V(CB +cuB — C2B)
W




Four directions in the EFT space (Higgs primaries)

Soy

ggul,ul, = 26951}.1,!11, 2691 (gf C20u + er29\4 ) + 26n7gIth2

Sg
ggdeL - 2595@4,, 2591 (9;020v. + eQsa,, ) + 20K,9'Ys cgu

gguuuu 26g§u}{uu 2691 (gf 020w + 6Q329w) + ZJNWQ’Yh ng

269§dﬂd[{ - 26912(9?020;4/ + 6Q320W) + 26”’79,th'
w

h
gZden
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Four directions in the EFT space (Universal model)

g 2 t2
Ghue =~ (G + 29067 + W + 225 - 65, - V)
Coy
Ao = S [(d —@)aﬂw—i(s Sk, —Y)
92d;dy = Con Coy 3 91 3 Ky —
4gs% .
gguRuR = = 30;30“, (S - 65'}’ 25 ngéglz - Y)
w
h QQSgW a 2
gZdeR = 363 (S - 6’67 £ ngdgl - Y)

Ow



EFT space directions

e 6g# and dgh, — deviations in SM amplitude
@ These do not grow with energy and are suppressed by O(m?%/3) w.r.t. gl

e Five directions: g with f = u;, ug, d;, dr and g}, ;, — only four operators

h _ah
oy = Ca,, 22ur_ 92ds
in Warsaw basis V2

@ Knowing proton polarisation is not possible and hence in reality there are two

directions Also, upon only considering interference terms, we have

z h e
Ju = yZuI_ =+ Z yZuR
HJuy,

zZ
P s ol ydR h P P cd s 5
9ga = gZ(IL 2 l/f .(/Zd“ yé =g‘f -+ z E';))(lg
“ar ul\-

9%p = 209%,, — 1.52 g%y, —0.90 g%, +0.28 g%,

Z __ h ~ _h = h h
9p =9zu, —0.76 974, —0.45 g7, +0.14 g7, —0.14 6., — 0.89 37

9%p = —0.14 6k, — S5 +Y) —0.89 6g7 — 1.3 W



EFT Validity

Till now, we have dropped the gg — Zh contribution which is ~ 15% of the
qq rate

It doesn’'t grow with energy in presence of the anomalous couplings

We estimate the scale of new physics for a given dgh,

Example: Heavy SU(2), triplet (singlet) vector W’? (Z") couples to SM

fermion current f—faa*}ﬁf (?ql,lf) with gr and to the Higgs current
iH'0*D,H (iH' D, H

Jwith gy
A gug*v®
9Zu g, 2A2 ’
no_9H995v: _ 9199'Yup a0’
yzf ~ T Jlu,‘.d“ A2

A — mass scale of vector and thus cut-off for low energy EFT

Assumed gr to be a combination of gg = g’ Yr and gw = g/2 for universal

case
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Angular observables: Zh and Wh production at the LHC (example)

q W/Z
q W/Z q Wiz
W/Z .
W/Z “——— Diagram not there
N .
N P—
N " N N q S N |n SM
q \ H 9 ~ H o
Can be made more
. . i
differential! Beam Axis fip = Sésg, Ouo = (HTH)O(H'H) of) = I.H}LO'B(BHHLO"?’Y#L
frr = CeCe, Oup = (H'D,H)*(H D, H) Oug = |H]?B,, B*
2. ... 2 2
ffT ={ler Gall +Cl; Owa = iH' D, Higy* ur Onws = H'o? HW2, B CP-odd
fLT = Ct,aSGSOv PRs _
fir = CuS655CeC, One iHTS»#HdRFY“dR = o operators
f[l,T = 85,5059, One = iH' D, Her" e Oug = |H*Bu, B*
fir = S,5059CeC, B = iH'D,HQ+"Q O = Hlo?HW?, B*
_ 2 o2 B
Brzi S g W = Owidsh = o B, G240 | Oy = HFW I
frr = 52,5855 , PR ) =
o) = iH D, HIy*L Oy, = ys|H?(QHbg + h.c).
Possible to probe multiple
angular observables Table: D6 operators in Warsaw basis contributing to anomalous hVV*/hVFf

couplings.
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Mapping on to the Warsaw basis

Sgf

h
EWF
rww

thf

2 2 \/2gc2 2 2
L PR Sl S QL YOG, . - )
73 2 2 ? 2 2 w
V2 A m% 459W m3 A 2
2 2
Ve (3) 2 v €HD
\/Eg—c( , 08 = — (c —
2 HF ww = 5 (vO .
2v2 2v2
A2 CHW ww = A2 HW
’ 2 2
& Yr v g v £, (1) f (3) f
_C CWBA_2 — C—/E(|T3|CHF_ 3CHF+(1/2— |T3])CHf)C0W
0 0w
my &

2 2
2 2o 2 3%y t Yisey)
Z GW GW

v CHD h 28

242 2 P
72 (Byy HW + 5By, cHB + %6y, <0\, HWB)

2v2

2 2
2 Ow W T oy HE T 0w Oy “HWB)
ol B e e o

N2 Vam, b a2 HO 4

;—2(|T§|c§},_2 — 703

3 “HF

+@/2 — | TS Deysr)

VH: Relations to the Warsaw Basis

Banerjee, Gupta, Reiness, Seth,
Spannowsky, 2020
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Angular observables: Zh and Wh production at the LHC (example)

@ We sum over lepton polarisations and express the analogous angles (6, ¢) for the
positively-charged lepton
D IA(5,0,0,0)7 = aLlAn(3,0,0,0)? + arlAn(3,0,m — 0,7 + ©)|?
LR
— Z 2 ZN\2 £N\2 = e T H
® arr= (g ,)°/(gf)* + (&,)?] — fraction of Z — £7£~ decays to leptons with
left-handed (right-handed) chiralities ¢,z = o, — ar ~ 0.16
@ For left-handed chiralities, positive-helicity lepton — positive-charged lepton
@ For right-handed chiralities, positive-helicity lepton — negative-charged lepton
— (0,p) — (m — 0, ™ + p) — Following 9 coefficients are 9 angular moments for
pp — Z(£4)h
Z L A(3,0,60,9)? = a; sin? ©sin? 0 + al-r cos© cos
L,R

+ a%7(1 4 cos? ©)(1 + cos? 0) + cos psin O sin O

x (aj + aj+ cos 6 cos ©) + sin p sin O sin O

CP-odd X @ + 050 cos ©) + arys cos2¢p sin? ©sin2 0

moments 3)sin 2p sin® Osin 6



Angular observables: Zh and Wh production at the LHC (example)

(91— (a])?

LR = Gl 9= 99% V(92)2 + (g7)2/(cos 6wT 7)

Z |A(8,0,0, gc>)|2 = ay; sin? Osin? 0 + a%—T cos © cos
L,R

+ a2 (1 + cos® ©)(1 + cos? ) + cos @ sin O sin @
x (a7 + a2 cos @ cos ©) + sin p sin O sin 6
x (&1 + §%T cos 0 cos ©) + a7/ cos 2 sin® O sin? 0

+ 377+ sin2p sin? O sin? 0

Suppressed moments

~
v =+V3§/(2my)
G2 sh " 7. & 2
ay A [1+25gvv + 4Ry + 2087 + g—v(—l + 4y )]
2 h "\
g P
| SR (Hrew)
2\ feid ’5\'%{ 2
aTT 82 L1+4(?+va “/]
2 21
| ~ 2R [142( B + riy )
~—LT | v ng
2 g2 20 | . 2
ajr —35 [14—2( g)/ + h‘vv)"/ ]
(_ 2 2
~3 7 | —GToeRLRy
5%7. —szcvv‘v
2 g 2
a / 1+ 4 2VE + Ky ~
TT 8+2 { <g'y VV) ]
= g2 )
kel L4 il 4%
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Angular observables: Zh and Wh production at the LHC (example)

Q: Are the LO theoretical shapes preserved upon the inclusion of NLO

effects, radiations, showering, experimental cuts, etc.?

A: For the azimuthal angles, they are.

¢ Filtered Distribution for Zh

—— CP Even
—— CPOdd -~

Scaled Number

-3 =2 -1

Angular moments a3, and a3 ,after
weighting each event by the sign of

sin 20O sin 260

@ Distribution for CP Even W *h

—
T 05
Qa
£
2 o0
°
9]
< 05
O
) !
-1.0 a‘TT
-3 -2 -1 0
[

SB, Gupta, Reiness, Seth, Spannowsky, 202

Monte Carlo samples: showering,
hadronisation, passing all selection cuts

Mean ©

Solution @

Z lA(8,0,0,0)[> = a;; sin? ©sin? 6 + al cos © cos §

L,R

+ a%1(1 + cos® ©)(1 + cos? §) + cos psin O sin 6

x (a1 + aj7 cos cos ©) + sin ¢ sin © sin

x (&1 + 37 cos 0 cos ©) + arys cos 2 sin® O'sin® §

+ G777 sin2psin® O sin? 0

@ Ambiguity in neutrino p,

Comparison of true and mean inferred ©

rd

20 25 30

00 05 10 15
True ©
Comparison of true and inferred @

:
e S

_|_
S
I

Assuming on-shell W!

Comparison of true and mean inferred 6

15
True 6
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Method of Moments

An analog of Fourier analysis utilised to extract angular moments

Our squared amplitude can be parametrised as,

|AI? =3, ai(E)fi(©, 0, ¢)

We look for weight functions, w;(©, #, ¢), such that
< wilfi >= [d(©, 6, p)wf; = §j

One can then pick out the angular moments, a; as

di = f d(@ 9 @)'APW'
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Method of Moments

@ For the set of basis functions, we get the following matrix

512 128
S2r o B g9 9 0 0 O 0 )
o & o o 0 0 0 0 0
128 6272
= 0 S 0 0 0 0 0 0
0o 0 o ¥ o o o0 0 0
2 167
M = 0 0 0 0 5 O 0 0 0
0 0 0 o o ¥ o 0 0
167
0 0 0 0 0 0 SE 25(()5 0
s
0 0 0 0 0 0 8 S 0
256
\ 0 0 0 o o o o o0 Zom )
@ w; x f; except for i = 1,3
@ We rotate the (1,3) system to an orthogonal basis
@ Using discrete method, we find: a;(M) = % Z,’Yzl wi(©n,0n, ¢n)
@ Events divided in bins of final state invariant mass (M — central value of bin),

N(M)(N(M)) — number of MC (actual) events in that bin for a fixed integrated

luminosity



Angular observables: Vh — 2lbb and ggF (h — ZZ* — 4l)

do =
Vh (ges647a5) 88F (3z32,95:95)

¢
. K 6/,

SB, Englert, Gupta,

fi = sin®(6;) sin?(6s)

T s fa = (cos®(6)) + 1)(cos? () + 1) §pannOWSkV. 2018
f3 = sin(26;) sin(265) cos(¢)

fiL = 5382, f1 = (cos*(61) — 1)(cos(62) — 1) cos(2¢)
fhr = CoC. f5 = sin(61) sin(82) cos(9) SB, Gupta,
fir=Q1+C3)(1+C}), fo = cos(61) cos(62) Ochoa-Valeriano,
fir = CySeSs, fz = (cos*(01) — 1)(cos®(02) — 1) sin(2¢) ..
fir = CpSeS4CeCy, fs = sin(6;) sin(6) sin(¢) Spannowsky, Venturini,
flr = S,50Ss: fo = sin(201) sin(262) sin(¢), 2020

fir = 5,5055CeC,
frr = C2,53 8%,
frr = 82,5353,


https://arxiv.org/abs/1807.01796
https://arxiv.org/abs/1807.01796
https://arxiv.org/abs/2012.11631
https://arxiv.org/abs/2012.11631
https://arxiv.org/abs/2012.11631
https://arxiv.org/abs/2012.11631

Angular observables: Gluon fusion in golden channel (example)

e Angular differential distributions, modified in the EFT

bmze2\>
a; = g* ((1+6n,)+ﬂ)

mzya
4 ((1+6a)2  2c2m%.H¢
a =g 2 2.2
278 mz%
1+da bmgy? =
03:_94(‘ +927b
29, <mza
o ((1+6a)2  2c2m%.q¢
ag =G 9~2 - 2.2
72 m%n2
2(1 +da)?2  2(1 + da)bmz-~?
a5=—(2g4(‘ )2, 20+ sa)bmz-n
Ya mzva
a4 (2(1+6a)® | 8EmE.7
ag = €°G 2 2.2
~2 my2
2(1 + da)emg-y
a7 = G4 ( ) = B
mz72

4(1 + da)em g 4bem%. P
ag=—e2g4( ( ) Z’7b+ z* N

mzYa m%~y2
4 (L4 6a)emz-yy, = bemZ.yi
ag =G =k 2.3
MZ%a m%y2

[Slide courtesy Elena Venturini]

1 — SM
2 2
. mz« My — My.
Sa =683k, — kK —L <
9zz #E mz 2171,22
b=rzz
2

G* = ((92)* + (g (G2 + ()
6% = ((92)% — (g2 ((9E7)? — (98)2).

.

Small — as, ag and ag suppressed

ay, dg, dg CP-odd

SB, Gupta,
Ochoa-Valeriano,

Spannowsky, Venturini,

2020
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https://arxiv.org/abs/2012.11631

Theory uncertainties in EFT analyses

1. Ambiguities in operator coefficients sssmmmpuncertainties in coefficients of remaining operators

2. Validity of perturbative expansion (Rick might cover this, time permitting)

3. Renormalisation Group Evolution (RGE) effects alter behaviour of theory under RGE s—)
describes how EFT couplings vary with energy scales essssmpuncertainties in predicted energy

dependence of observables (If time permitting)

4. Canlead toinconsistencies while matching to a model
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Theory uncertainties in EFT analyses: operator truncation

Example showing the
importance of truncation
of operators tomatch %
specific models for a
top-down approach!

Dawson et al, 2022

See Joydeep's
presentation for a
detailed look on
top-down versus
bottom-up
approaches!

tanf

— Exact 2HDM

Dim-6, A2
Dim-6, A~
Type-1 2HDM — Dim-8
06 -04 -02 0.0 0.2 0.4
cos(f-a)

0.6

Type-L 2HDM

— Exact 2HDM
Dim-6, A~2
~ Dim-6, A~
Dim-8

tang

tang

— Exact 2HDM

-04

Dim-6, A2
— Dim-6, A™*
— Dim-8
Type-I1 2HDM |
-0.2 0.0 0.2 04
cos(f-a)

0.1

— Exact 2HDM
Dim-6, A~2
— Dim-6, A~

Type-F 2HDM — Dim-8

-0.4 -0.2

0.0 0.2 04

cos(ff—-a)

-03 -0.2

-0.1 0.0 0.1 0.2 0.3

cos(f-a)

In parameter space of
interest linear term
dominates the
squared term!

SB, Englert, Gupta,
Spannowsky, 2018
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Theory uncertainties in EFT analyses: TGCs

1. EFT operators contributing to anomalous charged triple gauge couplings (cTGCs) and anomalous
neutral triple gauge couplings (nTGCs) aummp treated separately!

2. For cTGCs, D8 operators are usually not considered

3. For nTGCs, D8 operators are usually the first ones to show effects. Some such operators also
contribute to cTGCs

4. Necessary to consider TGCs through a holistic approach!
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Theory uncertainties in EFT analyses: TGCs

1. Relevant operators for TGCs at dimension-6 (D6) X*(X = W, B field strength tensor)

2. Relevant operators for TGCs at dimension-8 (D8)
X2¢2D?, X2p*D (¢ = Higgs field, 1) = fermion fields, D = covariant derivative)

3. These classes of operators contribute to TGCs and it is crucial to consider them in conjunction

Ca = (12ca3 — 3bo3) g3Ca Cg = (12ca3 — 3bo3) 95C5
Cw = (12ca2 — 3bp2) g%(fu' Cﬁ. = (12ca2 — 3bp2) gg(jﬁ.
| 04 D4 | Y ’QB(,'):‘ Y .2]"(33 Y .2("(')1{ Y ,2('.)‘_)03
B2’D* B B2¢?D? 0 0 0 9
W22 D? |Siga W2¢*D* | 0 0 0 9 Alonso et al, 2013
W B¢2D* g WBD? | 0 0 0 919

Das Bakshi et al, 2022
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Theory uncertainties in EFT analyses: NLO effects (QCD)

pp = Wh @ 13 TeV

pp = Zh@ 13 TeV
0.100 0.100
0.010 Benchmarks: I 11, 11, 1v, v 10.010 Benchmarks: I, VI, VII
2 3 0.010
2 0001} {0.001 % 010!
= - =%
= =
.§ il o« Automatedin = 0.001
3 MG5_aMC@N 3
LR LO through < 10
10~ {105 NLOCTI . . X ) ) :
300 400 500 600 700 800 . ) 200 300 400 500 600 700 800
14 14 13 14
13 13 -
Q 12 12 12 1.2
=L 1.1 = : "
=10 1.0 3 Y 1.
S 09 0.9 S
Z 08 08 = 08} 08
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0.6 06 06 0.6
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Greljo et al, 2017


https://arxiv.org/abs/1710.04143

Theory uncertainties in EFT analyses: NLO effects (EW)

Bierweiler et al, 2012
o (fb) (%)
l ()()()()() T T T T T T T 4() T T T T T T T
10000 F° pp = W™ W™ (y/jet) + X
9 | n
1000 L™ e at /s = 14 TeV - 2 o @@ @@oo 8 @
v * + : * é B x x5 3 " .
100 F X - s ] o L& . ¥ ox o x . & |
< Cox # % L +
10 3 x % i + “ E + 3
1 = - ' . =] -20 - - 4 " g5
L()q(} + LI ? ()(;3“‘ -
01 | LO., i g , o N
L() i '_.-1(] B (sgg * & + 1
0.01 | gg X 1 Sorr
0qQcp ©
U(]()l 1 1 1 1 1 1 1 _()0 1 1 1 1 L 1 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700
Pt (GeV) p$(GeV)

At energies surpassing the electroweak scale, quasi-massless electroweak
bosons lead to d gy = O(—10% )corrections.

O'EW

800

J— NLO o
Opw = oo Forlarge transverse momenta, the EW and QCD corrections are

comparable!

Corrections to W+W- production
for 14 TeV LHC in SM.

Electroweak corrections are quite
large!

In the era of precision physics
when SM backgrounds will
considered at NNLO QCD + NLO
EW, the BSM signal sample needs
to compete!

Forthcoming work with Reichelt
and Spannowsky
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Theory uncertainties in EFT analyses: RGE effects

20!

10

,5“ 0
-

~10

20

-30
30 -20 -I0

AtLO

Ci(Mz) = Ci(A) + X; 1o77iiCi(A) log[ 2]

Parameter space relaxed
after considering RGE!

Usually, the running of the SMEFT

operators ignored which emerge at A. But,

observables at EW scale

For 2HDM, 51
operators
generated of
which 14 are from

“““ I
RGE!
50:
- - Increase in mass
ol S scale relaxes the
- - - parameter
bounds!
=50
Anisha et al, 2021
—100- s 0 = |
/l’/‘/2,1
dCi(p) __ 1 . . .
dlog(p) — > T6=77iiC; Leadinglog approximation 75
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Theory uncertainties in EFT analyses: RGE effects

0.0005
xQ
bm 0.0000 -
~0.0005 -
All Data, A =1 TeV
20 -0 0
Cy
AtLO

Ci(Mz) = Ci(A) + X, 157iiCi(A) log[ 2]

U With RGE

\[§] . W/O RGE

10

20

Usually, the running of the SMEFT

operators ignored which emerge at A.

But, observables at EW scale

0.002
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T 0.000
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TZIs0 <0 =500 S0 100 150
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dCi(pn) __ 1
dlog(p) — ;i To77 YiiCi

For 2HDM, 51
operators
generated of
which 14 are from
RGE!

Anisha et al
2021
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%

Theory uncertainties in EFT analyses: RGE effects

Usually, the running of the SMEFT
operators ignored which emerge at A.
But, observables at EW scale

*%% (41l Data, A =1 TeV)
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For 2HDM, 51 operators generated
(top-down matching) of which 14 are
from RGE! Examples (all suppressed
by 16n?):

AR B, 2. 1 eV OuBs Ouws0dBy Oawy OeBy Ocws OHud

Anisha et al
-3 -2 -1 0 1 2 3
Con(x107) 2021

(b) CeB - CHud
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Electroweak corrections

We include approximate electroweak (EW) corrections in Sherpa which includes infrared

subtracted EW 1-loop corrections as additional weights to the respective Born cross sections.

In those the event weight is calculated based on the expression
doNLO,EW,pprox — [B(<I>) + VEw(®) + IEW(<I>)] d®
B = Born contribution also entering the uncorrected QCD cross Section
V,,, = electroweak virtual corrections at 1-loop accuracy
I, = generalised Catani-Seymour insertion operator for EW NLO calculations.
Latter subtracts all infrared singularities of the virtual corrections. This fundamentally

arbitrary procedure should provide a good approximation if electroweak Sudakov logarithms
are dominant.

78



Catani-Seymour

The Catani-Seymour subtraction method, including the use of the insertion operator \( \mathbf{I}(\epsilon) \), was originally developed for handling infrared (IR)
divergences in Quantum Chromodynamics (QCD) calculations. However, the principles behind the subtraction method can be extended and applied to other gauge
theories, including electroweak (EW) theory, for next-to-leading-order (NLO) calculations.

### Application to Electroweak Calculations

When dealing with NLO corrections in electroweak (EW) theory, similar challenges arise due to IR divergences from soft and collinear photons (and sometimes Z
bosons in specific processes). The Catani-Seymour subtraction method can be adapted to manage these divergences as follows:

1. **Photon Emission**: Just as gluons can be soft or collinear in QCD, photons can be emitted in a soft or collinear manner, leading to IR divergences. The subtraction
terms in the Catani-Seymour method can be modified to account for the specific kinematics and coupling structures of photon emissions.
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Catani Seymour

2. **Universal Structures**: The structure of IR divergences has universal properties that apply across different gauge theories. The key idea of
constructing counterterms that locally approximate the behavior of the matrix elements in singular regions remains valid.

3. **Insertion Operators**: In the EW context, the insertion operator \( \mathbf{l}(\epsilon) \) must be redefined to include the contributions from
the EW interactions. This involves recalculating the kinematic factors \( \mathcal{V}_{ij}(\epsilon) \) to reflect the dynamics of photons (and
possibly other weak bosons).

4. **Mixed QCD-EW Corrections**: In processes involving both QCD and EW corrections, a combined subtraction scheme can be employed.
This involves constructing subtraction terms that handle both QCD and EW singularities simultaneously, ensuring a consistent treatment of all
IR divergences.
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Decay outside the detector

If muons are the Backward moving objects (BMOs):

°
o Insuch ascenario, we gain by using backward moving objects (BMOs) since
they are the only ones that can be detected
Huge background from cosmic muons
Can focus on the lower half of the barrel?
Since cosmic muon traverses the full detector, we will have mip timing layer
with a timing precision of 20 ps. So we can require
[ Timemip_Iower < Timemip_UIDper since the BMO is traveling from lower half to
the upper half
m Inaddition, we canrequire the timing difference between different
RPC layers to tag muons traveling from lower half towards the center
of the CMS detector (timing resolution of RPCs ~ 3 ns)
e If hadrons are the BMOs:

o  Itlooks like aninverted shower in the muon chambers — easy to tag?

taken from CMS
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Decay outside
HCAL

Again inverted jets like before
Require the Energy in outer

layer < Energy in the inner
layer?

" taken from CMS

(
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TN
Possible to detect
: non-pointing ‘jets’ in HCAL

¥
Y
LSy
'/ 4
LS

Additional handles
to decay outside
ECAL
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A
taken from CMS @
Nt

Decays outside
the tracker
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Decays outside
— the tracker

‘—-lrﬁ\
’ -~
L4
L4
4
L]
)

*, Same as before.
: Non-pointing ‘jets’ in ECAL
~and HCAL

T i

| f LT
I/ i,
L

,,,,,,,,,
"""""""
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Decays outside
the tracker

e Largeimpact parameter of such

non-pointing tracks
o Incaseof quark that hadronised —
expect to see cluster of tracks
originating from a common point
with large impact parameter
e After normal tracking is done, use the

left hits for inward moving tracks?

on-pointing track
robably the most challenging scenario

D"
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