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STATUS OF THE SM
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Remarkable agreement between theory predictions and the experiment
measurements!




BSM SEARCHES

LQ1(ej) x2

LQ1(ej)+LQ1(vi)

mzqﬁi‘ggéﬁ coloron(j) x2
et B
Lo ot

oy i gluino(jb) x2

0 1 2 3 4 TeV

RS Gravitons ADD (y+ME, nED:

RS1(j),
RS(ee,pp), ADD +ME, o
RS1(yy), k=0.1 ADD (ee,up), nED=4, MS
0 1 2 3 4 ADD (1, nED=, M
3 0 /ADD (j), nED=4, MS
CMS Preliminary
NR BH, nED=6, MD=4 ToV
QBH (jj), nED=4, MD=4 TeV'
Ssu Z‘(“) —V_F’ Jet Extinction Scale
S:’\S"MZ‘ZD('{:; _ String Scale (j)
SSM Z'(ee)+Z'(uy) )
SSM W) )
SSMW/() ) dijets, A+ LURR
o 1 2 3 s 5 Tev dijets, A- LLRR
dimuons, A+ LLIM
. dimuons, A- LLIM
Excited dielectrons, A+ LLIM
e (M=A) Fermions dielectrons, A- LLIM
w '[V::A: single e, A HnCM
ot single p, A HICM
b* inclusive jets, A+
o 1 2 3 4 5 6 T inclusive jets, A-

Multijet

Resonances

Large Extra
Dimensions

012345678 910111213141516171819 TeV




SMEFT a model-independent approach

e No BSM particle found
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SMEFT a model-independent approach

e No BSM particle found e

e Calls for precision test of SM

o Standard Model Effective Field Theory (SMEFT)

e SM particles
e all possible operators satisfying symmetries of the SM

e power counting: new physics scale A
1 1
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e No odd dimensions in this talk
» [Zc ] 76 B-preserving Lagrangian terms, 2499 parameters Grzadkowski et al. 2010
» [Cs ] 1031 Lagrangian terms, 44807 parameters Murphy 2020; Li et al. 2021

e No specific model needed



SMEFT a model-independent approach

e No BSM particle found e

e Calls for precision test of SM

In this talk:
e Standard M
e SMpal Warsaw basis for dimension-6
e allpos Murphy’s basis for dimension-8
e power /

1 1
LsmerT = Lsm + Az Z CsOs |+ N Z CsOsg |+ ---

e No odd dimensions in this talk
» [Zc ] 76 B-preserving Lagrangian terms, 2499 parameters Grzadkowski et al. 2010
» [Cs ] 1031 Lagrangian terms, 44807 parameters Murphy 2020; Li et al. 2021

e No specific model needed



MOTIVATION for the inclusion of dimension-8 operators

e How important are the dim-8 effects at LHC?

e How sensitive are current fits to the dim-8 effects?

| Sally Dawson's talk

We'll investigate those questions using LHC Drell-Yan data as an
example:

e dilepton invariant mass spectrum Boughezal, Mereghetti and Petriello,

2106.05337

o dilepton double differential cross section (m; and pr)
will address as p spectra in this talk Boughezal YH, and Petriello to appear



Dilepton invariant mass spectra



EXPERIMENTAL MEASUREMENTS
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RELEVANT OPERATORS dimension-6

e Study scaling of cross sections in high energy limit
e Only show some examples for each category

e ¢, I: left-handed fermion doublets
e, u, d: right-handed fermion singlets
¢: Higgs doublet

G
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BlESEe el Z-vertex corrections Four-fermion interactions
assume massless fermion

~ O(v’s/A*) ~ O(v*/A?) ~ O(s/\?)



RELEVANT OPERATORS dimension-6

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category

e ¢, I: left-handed fermion doublets
e, u, d: right-handed fermion singlets
¢: Higgs doublet
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RELEVANT OPERATORS dimension-8 four-fermion

e Study scaling of cross sections in high energy limit
e Only show some examples for each category
e g, [: left-handed fermion doublets

e, u, d: right-handed fermion singlets

¢: Higgs doublet
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Momentum-dependent four-fermion Momentum-independent four-fermion
interactions interactions

O(s* /A" ~ O(v*s/AY)
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e Study scaling of cross sections in high energy limit
e Only show some examples for each category
e g, [: left-handed fermion doublets
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RELEVANT OPERATORS dimension-8 four-fermion

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category
e g, [: left-handed fermion doublets

e, u, d: right-handed fermion singlets

¢: Higgs doublet
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RELEVANT OPERATORS dimension-8 Z-vertex corrections

e Study scaling of cross sections in high energy limit
e Only show some examples for each category

e g, [: left-handed fermion doublets
e, u, d: right-handed fermion singlets
¢: Higgs doublet
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RELEVANT OPERATORS dimension-8 Z-vertex corrections

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category

e g, [: left-handed fermion doublets
e, u, d: right-handed fermion singlets
¢: Higgs doublet

[ [Ceor]



SMEFT CROSS SECTIONS

Structure of the SMEFT cross section

(6) (8) (6)
do dogm a;  (mee) 6y , @ (Mee) (8) by (mee) 6y 6
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ai, b; terms: NLO QCD corrections included (30%)

e SM: NNLO in QCD, NLL Sudakov logs through O(as)
e A =4TeV > 1.5 TeV (the my upper bound of the dataset)

Complete to O(a,/A?)
Complete to O(1/A%)
at O(as/A"): missing ¥* G-type operators



IMPACT OF DIM-6 TERMS to the cross sections
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e Quadratic terms: 50% (C.,) or 100% (Cy,) in 1 — 1.5 TeV bin



IMPACT OF DIM-8 TERMS to the cross sections
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o 1/ D>-type: can reach 50%
o o/ H?-type: much smaller

o )2 D3-type: negligible unless Wilson coefficients go unrealistically large



SINGLE-COUPLING FITS dim-6 four-fermion

Dimension-6 four-fermion bounds
C, e ——
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SINGLE-COUPLING FITS dim-6 dipole & scalar

e Turn on one
coupling at a time Qimensioq-6 dipolc‘and scalqr operatovrs
H O(1/AY)
e Experimental error CZZL ’ H
. o |[A=4TeV »
matrix; 1606.01736 Clegu =i
NNPDF 3.1 PDF errors; % Cregg =
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o dipole operators scale as O(v?s/A*): looser bound

e scalar/tensor 4-fermion operators scale as O(s*>/A*): tighter bound
o effective scale A/v/C ~ (1.0 — 1.8) TeV for dipole operators

o effective scale A/+/C ~ (4.6 — 7.7) TeV for scalar operators



SINGLE-COUPLING FITS dim-8 D? four-fermion

Dimension-8 four-fermion bounds
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o effective scale A/+/C: reach 2 TeV for some operators

e scale as O(s*>/A*)=-non-negligible effects in fits to current data



SINGLE-COUPLING FITS dim-8 H? four-fermion

Dimension-8 four-fermion bounds
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SINGLE-COUPLING FITS dim-8 Z-vertex

e Turn onone
coupling at a time

e Experimental error
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MULTI-COUPLING FITS

dim-6 single coupling marginalized marginalized®
Ceu [0.08,1.0] [0.1,1.8] [—39, 39 [—0.6,2.4]
C.2,2p2 - [-1.5,13] [-17,9.2-10°] [—14, 18]
Cap2 2 = [45, 555 [-1.9,1.2] - 10* | [-256,256]
o - [—24,—1.8] - 10% || [-1.2,1.8]-10° | [—256,256]
o dim-6: Turn on one coupling at a time, only include O(1/A?)

e single coupling: Turn on one coupling at a time, include O(1/A")

e marginalized: Turn on all couplings

e marginalized*: Turn on all couplings, and demand effective scale greater
than 1 TeV for last two operators

Bounds on dim-6 Wilson coefficient significantly weakened by turning
on quadratic terms & dim-8 operators.

21



Dilepton mass-dependent p; spectra



Dilepton mass-dependent p; spectra
with CMS data



EXPERIMENTAL MEASUREMENTS cross sections
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EXPERIMENTAL MEASUREMENTS cross sections
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EXPERIMENTAL MEASUREMENTS ratio to peak region
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e Ratios of differential unfolded cross sections in pr (i) for invariant mass ranges with
respect to the peak region 76 < my; < 106 GeV
e 50 SeV 106 < my < 170 GeV (left)
170 < my < 350 GeV (center) 350 < my < 1000 GeV (right)
e Smaller uncertainties than the cross sections

o We'll use the last 3 my; bins as the experimental dataset
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MOST RELEVANT OPERATORS

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category
e g, [: left-handed fermion doublets

e, u, d: right-handed fermion singlets

¢: Higgs doublet, G: Gluon field strength tensor

Cem
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G @y o) Coeo i, !
2@ DERS B2 p g b (ey,0) TS (gyr1og) () G

Four-fermion interactions Momentum-dependent Four-fermion interactions with

four-fermion interactions gluon field strength tensor

O(s/A?) ~ O(s* /A% ~ O(s2/A%)
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MOST RELEVANT OPERATORS

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category
e g, [: left-handed fermion doublets

e, u, d: right-handed fermion singlets

¢: Higgs doublet, G: Gluon field strength tensor
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¥ T = (B + 9B, G = e %



MOST RELEVANT OPERATORS

e Study scaling of cross sections in high energy limit, only highest in s
e Only show some examples for each category
e g, [: left-handed fermion doublets

e, u, d: right-handed fermion singlets

¢: Higgs doublet, G: Gluon field strength tensor

Only consider 1)* G-type operators (1/* G-type w/ G)
Do not consider ¢* D?-type operators with ﬁ derivatives

Ce (Discarding terms that vanish after intergrating over angular variables) )ae

A2 N Guu
qu - - Nl Sl e 67 e —— /

2z (@t alewe) T (@ D'a) (e D Dee) 88 (@ 1) () G

e i Momentum-dependent o X .
Four-fermion interactions Four-fermion interactions with
four-fermion interactions

gluon field strength tensor

~ O(s/A%) ~ O(s*/A%) ~ O(s*/A%)
¥ T = (B + 9B, G = e %



SMEFT CROSS SECTIONS

Structure of the SMEFT cross section

(6) o® (6)
do dogm (pr) (6) | % (pT) (8) b;” (PT) _(6) ~(6)
= C; % C, —C 7 C;
de(gg) de + Z ( A2 A4 2 + IZ’ A4 2 J

Choose 3 operators (involving right-handed quarks and leptons) as example:
Qeu: (ev e)(uy,u) <= dim-6
cD,
QSLQDQ ; %DV (ev*e) D, (uyuu) .
dim-8

~(2)
2 C 2. 9 _ _
QB , . —226 (eyte) (wy” T u) Gy,

e SM: NLO QCD
e SMEFT corrections: LO
o A=2TeV



IMPACT OF DIM-6 TERMS
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IMPACT OF DIM-8 TERMS ¢ D*-type
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IMPACT OF DIM-8 TERMS

(2)

Cez,,z(;
106 < m < 170 GeV 170 < my < 350 GeV
76 <m, < 106 GeV 76 < my < 106 GeV
10l— SMEFTx10% —— SMEFTx 10
1 SM NLO 1 SMNLO
0.100

e pr bins: 50 GeV
constant bin
widths

3

_}/

omo‘,_,_'_'_/
10

Ogyerr/ Ty Ratio to peak region
o
2
2

Osuerr/Osm Ratio to peak region

0,005—’_/",I'_rﬂf
0 0
o Sma"er 50 100 500 1000 50 100 500 1000
q )[GeV. )[GeV
corrections to the s I
. . 350 < my < 1000 GeV
ratio than dim-6 76 m, <106GeV_
. .5 = SMEFT x 102
e Fastestincrease R
= . S
as pr goes higher g
2
& -1 ><m4J
z 0.05
< —’—/r,.ff
I
o
50 100 500 1000
p;(I[GeV]

30



SINGLE-COUPLING FITS

o Fit with CMS data A=2TeV |

q 2)
e Experimental error Clic
matrix;

CMS-PAS-SMP-20-003 ]
1) 4
NNPDF 3.1 PDF errors; | G [ p——————t ]

SM NLO QCD + E
LO SMEFT corrections ]

for scale variation errors

e Only includes bins 5 10 -5 0 5 10 15
with pr > 52 GeV

95% CL range

o effective scale > 1 TeV =|Cs| < 4, |Cs] < 16

31



MULTI-COUPLING FITS Enabling 2 operators

95% CL bounds 00 95% .CL bounds . .

0F B —— 2-coupling

= 1-coupling

300

100
-150 = 2-coupling
— 1-couplin:
pling 0
-200F I I I I I T —|
-3 -4 -3 -2 -1 0 1 2 0.0 05 1.0 15
Ceu Cau

95% CL bounds
T —

~— 2-coupling
5[ = 1-coupling 1
3ot i
X
S
XL ]
=50 0 50 100 150 200 250

2
Cc9, 32

PG




MULTI-COUPLING FITS Enabling 2 operators

95% CL bounds

95% CL bounds

15 B 15
= 2-coupling

op — 1-coupling g 10F

sk 3 sk

T
L1 v D
|
b o
.
|
b o

= 2-coupling
_10F ] -10F
—— 1-coupling
-5t L | | ] -y 1 s
-2 -1 0 1 2 -0.5 0.0 0.5 1.0 1.5
Ceu C
i 95% CP bounds i i i
15F —— 2_coupling 7]
10f = 1-coupli b .
. Y o effective scale > 1 TeV
56 ]
& .t 1 =C6| <4,|Cs| <16
—,\;L
5> e Strong correlation between C., &
K 1 (1)
_1sE ] Crzz u2 D2

2)
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MULTI-COUPLING FITS Enabling 2 or 3 operators

Wilson coefficient H Single coupling H Marginalized ‘ Marginalized”
CeudeCG)a
Cen [—0.358,1.53] [—4.12,1.72] | [-1.42,1.43]
o1 T [—5.38,3.73] [—122.,53.7] | [~15.6,8.03]
Ceude C’Slz @
Ceu [—0.358,1.53] [-0.197,1.40] | [—0.581,1.43]
.. [—24.7,193.] [-7.05,231.] | [~14.6,16.0]
all 3 operators
Gy [—0.358,1.53] [—4.57,2.00] [—1.41,1.44]
@1 [-5.38,3.73] [—155.,69.6] | [—15.5,7.94]
G5 [—24.7,193] [-5.95,250.] | [=15.1,16.0]

O 0(2)
(1)

2.2, does not change the bounds on ., very much
2,2 2 Changes the bounds on C., by a lot

Marginalized™: effective scale constraint (> 1 TeV) on dim-8 operators



Dilepton mass-dependent p; spectra
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GENERATION OF PSEUDO-DATA

e my bins: Panico, Ricci, and Wulzer 2021

[300, 360, 450, 600, 800, 1100, 1500, 2000, 2600]
e pr bins:

e Assuming all stat. errors < 5%, coarser binning
my/GeV

pr/GeV bins
300 — 360 [100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220,
’ ’ 230,250, 270, 290, 310, 330, 360, 380, 410, 440, 490, 570, 7000]

) [100, 110, 120, 130, 140, 150, 160, 170, 180, 200, 230,
360 — 450
250, 270, 290, 310, 330

50, 370, 400, 440, 490, 580, 7000]
. [100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 210,
450 — 600

230, 250, 270, 290, 320, 340, 360, 390, 430, 480, 580, 7000]
[100, 110, 120, 130, 150, 170, 200, 220, 250, 290, 320, 360, 420,
600 — 800

520, 7000]

800 — 1100 [100, 110, 120, 150, 170, 200, 230, 270, 330, 430, 7000
1100 — 1500 [100, 200, 290, 7000]

1500 — 2000 [100, 7000]

2000 — 2600 [100, 7000]




GENERATION OF PSEUDO-DATA

o my bins:

[300, 360, 450, 600, 800, 1100, 1500, 2000, 2600]
e pr bins:
e Assuming all stat. errors < 5%, coarser binning
e Assuming all stat. errors < 10%, finer binning

my/GeV pr bins/GeV
[l[J(l 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230,
300 — 360 250,270, 290, 310, 330, 350, 370, 400, 420, 440, 470, 500, 530, 560,
600, 660, 760, 7000]
360 — 450 [100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 240,
260, 290, 310, 330, 350, 370, 390, 410, 440, 470, 500, 530, 560, 610, 670,770, 7000]
450 — 600 [100, 110, 120, 130, 140, 150, 160, 190, 210, 230, 250, 270, 290, 320,
340, 370, 390, 420, 460, 490, 520, 550, 580, 620, 680, 780, 7000]
600 — 800 [100, 110, 120, 130, 150, 170, 200, 220, 240, 260, 280, 310, 340, 380,
410, 440, 470, 510, 550, 620, 730, 7000]
[100, 110, 120, 140, 160, 180, 200, 220, 250, 270, 300, 330, 360, 410,
800 — 1100
460, 540, 660, 7000]
1100 — 1500 [100, 130, 160, 190, 230, 270, 320, 400, 520, 7000]
1500 — 2000 [100, 210, 330, 7000]
2000 — 2600 [100, 7000]




GENERATION OF PSEUDO-DATA

e my bins:
[300, 360, 450, 600, 800, 1100, 1500, 2000, 2600]
e pr bins:
e Assuming all stat. errors < 5%, coarser binning
e Assuming all stat. errors < 10%, finer binning

e assume 1% uncorrelated sys. error and 2% correlated sys. error



2-COUPLING FITS C., & C

Fit to data with <5% error Fit to data with <10% error
95% ‘CLbound‘s

95% CL bounds

AN=2TeV AN=2TeV

0.04 -

= 2-coupling fit —— 2-coupling fit
= 1-coupling fit = 1-coupling fit
0.02 8 0.02 |- 1

‘)nl D

T~

Z 7
02} C/ 1 e C/ ]

L L L L L ~0.04 L L L L L L
-0.01 0.00 0.01 0.02 0.03 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Ceu

D

o
=4
=
3
T
L
c!
14
=
3
T

0.04 -
-0.03 -0.02

Cau

o C..&CY), , arehighly correlated

e need other experiments to independently constrain C,,
i.e. low-energy PVES experiments such as SoLID

e Tighter bounds from “<10%" dataset
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2-COUPLING FITS (., & C'’ w/ “<10%” error dataset

A =2TeV A =10TeV

95.% CL' bounds . 95% CL bounds

T 30 T T
] A=10TeV

7 20y —— 2-coupling fit 7 1
q —_— 1 ling fit

o coupling fi ]
/] K /]

Y 5ol f
-t e

0.04 AN=2TeV
—— 2-coupling fit

0.02/§ —— 1-coupling fit

_20f ]
-0.04 Effective scale > 3 Tevr Effective scale > 3 Tev[
' L =30k L &)
-0.04 -0.02 0.00 0.02 0.04 -1.0 -05 0.0 05 1.0
Ceu Ceu

o effective scale A/+/Cs or A/+/Cs > 3 TeV for all values of C., & cy

e2u2D?



2-COUPLING FITS C., & C

Fit to data with <5% error Fit to data with <10% error
95% CL bounds 95% CL bounds
AN=2TeV ‘ A=2TeV ‘ ‘
2 — 2-coupling fit ] 2 — 2-coupling fit ]
~—— 1-coupling fit A —— 1-coupling fit

1k 1E ]

z e o

l L
an ™«

oo 11 of 1

af / 1 Ak 1

~—

2+ 4 2 ]

L L I I
-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02!
Ceu Ceu

e C..& C'?, arealmost uncorrelated

e2u2G

e Can independently determine C., with m; and C(f?zc with pr spectra

e Tighter bounds from “<10%" dataset
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2-COUPLING FITS (., & C . W/ “<10%" error dataset

A =2TeV A =10 TeV

95% CL bounds

95% CL bounds

N=2TeV 400 A=10TeV
—— 2-coupling fit —— 2-coupling fit
200
—— 1-coupling fit
S -
e e

\ Effective scale > 3 TeV

-0.03 -0.02 -0.01 0.00 0.01 0.02

o Shaded area: effective scale A/+/Cs or A/+/Cs smaller than the set scale
3 TeV
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3-COUPLING FITS project to 2-d

q q o q q o
Fit to data with <5% error Fit to data with <10% error
C 95% Clbounds ‘ . . . 95% CL bounds L 1
0.04 0.04 ]
002 / 002 / ]
‘: k)
55
s =4 000
S 000 B
A= 2 Tev A= 2 Tev
-0.02f 1 -0.02 ]
/ —— 3-coupling fit / —— 3-coupling fit
~—— 1-coupling fit —— 1-coupling fit
-0.04 1 -0.04 B
. . . . . L L L L L
-0.04 -0.02 0.00 0.02 0.04 0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Cou Cou
o L, 9% C!. b‘our‘\ds‘ A . B & o , 95%‘CL‘ bo‘untlﬂs , o
3F A= 2 Tev 1 2F A= 2 Tev ]
2f —— 3-coupling fit ] —— 3-coupling fit
|1 \ —— 1-coupling fit 1 LT —— 1-coupling fit
1 1
2o ) 2o -
&Q\ ( / ﬁo'\ ( /
e ]
b ]
2F o] K| [
2k ]
3 ]
-0.04 -0.02 0.00 0.02 0.04 0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Cou Cou
4




3-COUPLING FITS project to 2-d

Fit to data with <5% error Fit to data with <10% error
o 95% CL bpupd§ N ., 95%CL bqungs IIIIIIII
0.04 - 0.04 4
0.02 /O 0.02 /O
2 3
So“a. 0.00 =+ 000
= 2 Tev
= Bounds are loosen: 3-coupling > 2-coupling > 3-couping it
1-coupling fit
-0.0 H - H | b
single-coupling fits bl
—— data w/ <10% error poses stricter bounds
3k N =2 Tev o 2F A’I:Z‘Te‘V‘ ‘
2f —— 3-coupling fit ] —— 3-coupling fit
/’_\ —— 1-coupling fit 1 LT | —— 1-coupling fit
1 4
2o ) 2o -
ﬁo\ ﬁo'\
-t ( / B k ( /
2F R B |
-3f ] -2r
—0‘.04 -0‘02 0.00 0. 62 0.64 O.‘DS —0104 —0?02 0.00 0.‘02 0. ;)4 0.276
& Cor M




3-COUPLING FITS w/ <10% error dataset

A =2TeV A =10 TeV

95% CL bounds 95% CL bounds

A=2TeV ol  A=10Tev 1
004 — 3-coupling fit ] ol — 3-coupling fit ]
002l — 1-coupling fit ] © —— 1-coupling fit i

B I %
~% o000 ] s of 1

e xS
-0.02} 1 -or ]
—20F ]

~0.04f J

Effective scale > 3 Tev -30¢ scale > 3 TeV t

-0.04 -0.02 0.00 0.02 0.04 -1.0 -0.5 0.0 0.5 1.0

Ceu Ceu
95% CL bounds 95% CL bounds
: o Y T T — T T
AN=2TeV 400 A=10TeV
0.5 . -l
—— 3-coupling fi —— 3-coupli
3-coupling fit 200 3-coupling fit |
—— 1-coupling fit —— 1-coupling fit
0.0 } 0 .
© © i
s s q
° ¢ -200f |
-05F aa 4 |
-400 R
—10F r -600 r
Y | Effective scale > 3 Tev} N | Effective scale > 3 Tev}
1 1 I L I |
-0.04 -0.02 0.00 0.02 0.04 -1.0 -05 0.0 05 10
Ceu Ceu
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Summary



SUMMARY

e Included O(1/A*) effects

e Analyzed scaling in high energy limit: justified to only include operators with
O(s/A?) or O(s?/A*) scaling

o Effects of those dim-8 operators with highest scaling can not be neglected

e Study on Drell-Yan m,; and pr spectra both indicate strong correlation
between C., & C}), .
flat direction; calls for other experiments such as low-energy PVES

e Study on Drell-Yan pr spectra reveals nearly no correlation between C., &

c?

e2u2G
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Thanks for your attention!
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