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Status of the Standard Model

Example: Higgs production and decay Example: di-boson cross sections
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Remarkable agreement between SM theory and experiment over all sectors of
the theory, and spanning orders of magnitude in cross section
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LHC searches for new physics
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CMS Exotica Physics Group Summary — ICHEP, 2016

No conclusive evidence of BSM physics so far, despite a broad spectrum of searches.
Limits on new physics mass scale4exceed several TeV in many cases



Model-dependent vs independent searches

e Two approaches:
* Formulate specific BSM models, calculate predictions for the LHC and other experiments

* Adopt an EFT framework that encapsulates a broad set of possible BSM theories

o Standard Model Effective Field Theory (SMEFT): assume the SM field content and gauge
symmetry, and include all possible higher-dimensional operators suppressed by a scale A

£=Lsu + 13 2 ChHOL0) + 17 3 ClOk(k) + ..

Dimension-6 Dimension-8

o A>E v (Higgs vev) must both be satisfied

o Odd dimensions violate lepton number; not our focus here

o RG running important when comparing experiments at disparate energies



Warsaw basis

e Complete and independent dim-6 basis known: 2499 baryon conserving operators

for 3 fermion generations; (can reduce assuming MFV, etc. to O(100)) Grzadkoswki,
[skrzynski, Misiak, Rosiek 1008.4884; Brivio, Jiang, Trott 1709.06402

Accommodates a rich phenomenology in all sectors
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Warsaw basis

e Complete and independent dim-6 basis known: 2499 baryon conserving operators

for 3 fermion generations; (can reduce assuming MFYV, etc. to O(100)) Grzadkoswki,
[skrzynski, Misiak, Rosiek 1008.4884; Brivio, Jiang, Trott 1709.06402

e Dim-8 basis has been derived Li, Ren, Shu, Xiao, Yu, Zheng 2005.00008; Murphy 2005.000509

* Now known through dim-12 Harlander, Kempkens, Schaaf (2023)

Structure of a SMEFT cross section

Leading Sub-leading; neglected in many analyses;

SMEFT size of |Mg|? often used to estimate the
correction 7

impact of higher-dim operators



Probing SMEFT using Drell-Yan data

» We will focus on the semi-leptonic four fermion sector of the SMEFT. The natural
place to search for them at the LHC is through the Drell-Yan process at high energies.
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Questions for SMEFT analysis

* Are dimension-8 and higher effects important at LHC? Do they give qualitatively different
effects than dim-6?

We'll discuss an angular momentum

argument that allows a clean probe of
dim-8 using LHC Drell-Yan data

We’ll show the importance of dim-8 correctionsin a
global fit of the 13 TeV Drell-Yan data

e Can we discriminate between UV completions of the SMEFT?

We'll show how Drell-Yan transverse momentum
measurements can help with this
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Basis for Drell-Yan studies at the LHC

» The relevant four-fermion operators for our analysis consist of seven dim-6 and 14
dim-8 operators.

Dimension 6 Dimension 8 Dimension 8
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Basis for Drell-Yan studies at the LHC

» The relevant four-fermion operators for our analysis consist of seven dim-6 and 14
dim-8 operators.

Dawson, Giardino (2019)
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Invariant mass and Agp constraints

» We first consider existing invariant mass and forward-backward asymmetry data
sets. There are several high-statistic data sets reaching large invariant masses with
sensitivity to SMEFT effects.

Experiment Vs Measurement  Luminosity mg™

ATLAS 8 TeV do/dm 20.3 b~ 116-1000 GeV

137 b~ (ee) 200-2210 GeV (ee)
CMS 13 TeV do/dm

140 b1 (up) 210-2290 GeV (up)

CMS 8 TeV Abn 19.7 b~ 120-500 GeV

CMS 13 TeV Arp 138 b1 170-1000 GeV
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Single-parameter vs. marginalized fits

» We begin with a fit to the linear dimension-6 basis which includes seven operators,
and study the difference between single-parameter and marginalized fits.

RB, Huang, Petriello (2023)

Il Marginalized

Dimension 6 1Single param.

(1v*1) (@vuq) There is a significant difference

(I 7'1) (@yt'q) between the single-parameter and
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(ev*e) (wy,u)

eie) (yud) need to turn all Wilson coefhicients
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Linear vs. quadratic fits

 We now consider the difference between expanding the dim-6 SMEFT to the linear
and quadratic orders. As an illustrative example we turn on two coefficients only.

0.5

0.0/

-1.5

f

13 TeV Agg, quad.

- Combined, quad.

- COMbined, lin.

Y

- |3 TeV do/dm, quad. -

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

. The Arp data set (boomerang shape) alone
exhibits significant degeneracies; need to fit to
multiple data sets!

. Linear (cyan) and quadratic (red) combined fits
differ significantly; important to include higher-
order terms in the SMEFT expansion!

. Note that Arg data doesn’t improve the combined
fit; the power comes from the invariant mass data
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RB, Huang, Petriello (2023)

Dimension-8 effects

o [f quadratic dimension-6 terms have an effect, dimension-8 terms should as well.
Test this with an example.

20|

e N |

| = 13 TeV AFB

| == Combined

— 13 TeV do/dm |

.

. Turn on left-handed lepton coupling to right
handed up quark at dim-6 and dim-8 as an example.

- Shaded regions are the one-parameter constraints
at 95% CL. Ellipses are when both parameters are
turned on.

. Significant shifts! For example, the allowed region of
Ciy extends to -0.5 with dim-8 turned on; in the single
parameter fit it extends only to -o.1.

. Note this time constraints primarily from Arg!
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Impact on analysis

» Important to consider all data sets in analyses. In some of the examples invariant
mass gave the strongest constraints; in others Arp did.

o All terms that go as 1/A4in the SMEFT expansion, including dim-62 and dim-§8, have
an important impact on the analysis.

* The good news: only a limited subset of dim-8 operators that grow as s2/A4 are

relevant for LHC studies.
RB, Mereghetti, Petriello (2022)

Dimension-8 Z-vertex bounds
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Model discrimination

* The analysis shown so far indicates that both dim-6 and dim-8 are potentially
observable with LHC DY data. Does the ability to measure multiple coefficients
allow us to distinguish between UV completions if we can’t produce new physics
directly?

Vector leptoquark 7’ boson
*
Z’

|
u
|
t U
|
|
|
|

Two examples of UV particles that modifty the DY process
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Model discrimination

e The analysis shown so far indicates that both dim-6 and dim-8 are potentially
observable with LHC DY data. Does the ability to measure multiple coefficients allow
us to distinguish between UV completions if we can’t produce new physics directly?

(' P-even

(1) (qy" T4 )G,

(eyte)(uy’TH U)CA

(ey*e) ((Z’*,"”TA d) éﬁv

(IyH1) (ay* T4 u)CA

(1™ ((Zf}'*”TA(l)GﬁV

(ev*e)(q /VTA )Gﬁy

(IrTyl) (qriy TAq)GA,

To discuss these we need to extend the
operator basis to include operators with
gluon emission. These generate a
correction to the DY transverse
momentum distribution.
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Model discrimination

e The analysis shown so far indicates that both dim-6 and dim-8 are potentially
observable with LHC DY data. Does the ability to measure multiple coefficients allow
us to distinguish between UV completions if we can’t produce new physics directly?

Match these to the SMEFT:
7’ boson Vector leptoquark
Ceu g%’g%{g% Ceu — h%]
A2 M2, ;
C(l) 2 _u e
/0202 D2 97'9RYR

A M,




Model discrimination

e The analysis shown so far indicates that both dim-6 and dim-8 are potentially
observable with LHC DY data. Does the ability to measure multiple coefficients allow
us to distinguish between UV completions if we can’t produce new physics directly?

7’ boson Vector leptoquark

Determination of this operator through
measurements of the transverse momentum
distribution can distinguish between these
two different particles
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pT distribution

» These operators generate very different pr distributions.
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HL-LHC probes

e This is not a measurement that can be done with the current data, but it becomes
possible at a high-luminosity LHC.
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Angular structure of DY

o Let’s consider other observables. Drell-Yan has a rich angular structure sensitive to
many subtleties of theory predictions. Copious high-mass data, precise theory
make it a target for probing the importance of SMEFT effects.

Usually described by:

(

do 3 do

- ~ 2 A0 . 2

"""""""""""""""""""""" ) . — . . (1 +cp) 1 — 3cp
J ’ Ao/ dmz,dydS 167 dm#dy \( ) 2 ( )
| 5 / / ’ A . | A 2 2 / /
( \ Voo —1-4-41829(2(;', i SpCas + 4-4389(2(5, + Ayco
/ J 'i‘/’/ A i
/,// e /// Z " 2 " "
[ / -1—;45.6‘982¢', —+ 4‘168298@ -+ 4'47898@5}

lepton plane (cm)

Spherical harmonics expansion through 1=2

due to spin-1 nature of Z-boson
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Angular structure of DY
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Can measure the full spectrum of coefficients at the LHC
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DY structure at dim-6

o Let’s study the dimension-6 operators affecting DY:

Category: Example

Different chiral structure than
in SM; can lead to large
deviations from SM
predictions but qualitatively
Nno new structure

Shift relative importance of
left, right-handed couplings,
but same angular
dependence as in SM

Detailed studies in Alioli, Dekens, Girard, Mereghetti (2018); Alioli, RB, Mereghetti, Petriello (2020)
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DY structure at dim-8

o Let’s study the dimension-8 operators affecting DY:

¢2¢4D 3(@V”Q)(¢TiDu¢)(¢T¢ These only shift the
292 D" :(qin" D”q) (D}, 01e) | COUPIngs already
present at dim-4 and

pig? ((evte) (uy,u) (o' P) dim-6

Energy-dependent shift of the
existing dim-6 four-fermion
corrections

26



DY structure at dim-8

o Let’s study the dimension-8 operators affecting DY:

¢2¢4D 3(§7VMQ)(¢T’&'DM¢)(¢T¢ These only shift the
262 D" :(qiv" D¥q) (D}, 01g) | coupings already
present at dim-4 and

Yro? :(ey'e)(uy,u) (4 d) dim-6

. C g2
AlMyal? = 81\[363 éo(1+ép)° = X
- 2 _u_e 3
2 9°91.91,8
e"QuQe
/ ! ’ C%t (8 — Mz)-

8.1q93

>
Og1qo4 = (I q“ﬁ 0)(gri* D"q) co3 dependence not

accounted for in current

operators definition from C. Murphy 2005 27 analyses



Angular momentum

» Two-derivative structure in the operators below leads to 1=2 spherical harmonics;
interference with the I=1 SM then populates |1=3 spherical harmonics in the cross
section

o Cannot get this structure from dim-6xdim-6; a unique signature of dim-8. Could arise
from a UV model through integrating out spin-2 states or from t-channel exchanges.

Dimension 8

08 cda2 = (?q--“(l_?),,e)( % L%)Ud),
O8 eup2 = (E’m ﬁ,, e)(uy" <5>,, ).
Og.1da2 = (l_ﬂ,--“?,,l)( —-"J'“(Bl/d),
OF dud2 = (_";‘p <Bu [ ) (ury" %}V u),
Os,gev2 = (?"m?zxe)(éﬁv"‘ﬁ”Q)-
Osiqo3 = (Iyu Dul)(@r" D" ).
Osg.1q0a = (IT I”;"‘;Lﬁz/l )(qT I"r’“’(ﬁ”(J)



A new angular basis

» Not generated by QCD corrections at any order; arise first from next-to-leading
logarithmic angular-dependent electroweak Sudakov corrections

o Ly A g .
" 1In In c > grow logarithmically with § while the dim-8
™ M % Jeo)) corrections grow quadratically

Alioli, RB, Mereghetti, Petriello (2020)

d-m'fl dydS, ~ 16n d-m.'fl dy

Ao o . 1 —
+A1sz0cs + 2253036 + Agsacs + Auce . The Bi account for the potential [=3
angular behavior at dim-8

. B first generated at O(as/A4)

- 4539320) + 4652930 + A7sp54

. Focus on B,, which is generated at
O(1/A4)




LHC reach with angular analysis

! !

Vs=14 TeV

Cs 1903
CS,lqd4
Cs, edan
Cs, cup
CB,IddQ
CB,lud‘?.

CS,QC()Z
SM NLL-EW

|

| | | |
200 300 400 500 600
my [GeV]
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. Turn on each operator
separately, set UV scale
A=2"TeV

.Several operators lead to
significant deviations
from SM predictions



LHC reach with angular analysis

. Single-bin significance reaches 3 for
largest operator with 300 fb-

g
=

. Combining 600-1000 GeV bins leads to
Sig>6 for largest operator, Sig>3.5 for

—
h

next two

=

—_
|
=
S
<

O
Q
=
Q
h=
=
o
)

. HL-LHC increases these results by vio

- We have discovery potential at the
LLHC for some of these coefficients!

| | i |
600 700 800 900 1000
my [GeV]

Promising “smoking gun” signature of dim-8 at the LHC!
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Summary

* The wealth of high-precision DY data from the LHC unlocks a rich program of BSM
probes within the SMEFT framework.

o Important to include both 1/A2 and a subset of 1/A4 terms in any analysis
framework, and to include the full spectrum of data. Invariant mass and Arg data
probe different regions of parameter space.

» HL-LHC measurements of high invariant mass transverse momentum distributions
will be very interesting probes of unexplored regions of SMEFT parameter space.

o Extensions of the DY angular analysis may reveal dim-8 effects in the SMEFTT.
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