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Introduction

e At the LHC, we probe energies (q*) up to O(TeV) scale
* If the mass of a new particle (A) is > g2, we will not be able to discover it directly (mass bump)
* But at lower energies, indirect (off-shell) effects may still be measurable

— alternative and complementary way (possibly the only way!) to find NP 10’ -

* Indirect effects can be approximated by the SM effective field theory (SMEFT): 'OOI'
—~ 107-

« Wilson coefficients (WC) encode S l02-

— r4 Ci ) d the size of new contributions S 103
LSMEFT = ‘CSM + . dAd_4_ Qi S 10>~ W
l
’ 0%~
\ Operators encode the 10°5- 22+Np

d = dimension ,
- ) type of new physics
[ iterates over all possible operators E < Epnc E>Einc

* All possible operators™ up to a particular order are considered = model-independent approach

* Expect the new contributions to manifest as small deviations in SM measurements
— measure Wilson coefficients by reinterpreting SM measurements

* A non-zero measurement of a Wilson coefficient — indication of new physics &=
* In this talk, will focus on details relevant to LHC and Higgs physics
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1. The theory behind effective field theories — an experimentalist’s perspective
1. Low energy approximation of the weak interaction — Fermi theory
2.  What are higher-dimensional operators?
3. What new physics can they lead to?

2. Recent measurements and SMEFT interpretations from CMS
1. Combination of STXS Higgs boson measurements
2. First steps towards a global fit: Higgs, EW, top, multi-jet
3. Differential fiducial measurements

3. What are the challenges/open questions?
1. Acceptance corrections

2. EFT expansion cut-off
3. More...

4. Outlook towards a global EFT fit with the High-Luminosity LHC
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Muon decay & Fermi’s interaction

* Muon decay: u~ — e V.V, isaweak process involving the exchange of a W boson

e But the decay is described well by Fermi theory which does not contain the W boson, how?

Vp
_ aw 5
H q* < mj ©
W
gw

Charlotte Knight Discovery through EFT interpretations at the LHC 27/06/2025
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Muon decay & Fermi’s interaction

* Muon decay: u~ — e V.V, isaweak process involving the exchange of a W boson

e But the decay is described well by Fermi theory which does not contain the W boson, how?

1 Vu
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point vertex that has a
B 5 coupling, Gg
v e
Gr 1 2
_ - gw
o > < Ve Gp = —=—-
N
Proi)gﬁa'igr S Combines the gy, from
Eor:n”t:xlon o= each 3-point vertex
o ma and the 1/mi, from
element & th t
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Muon decay & Fermi’s interaction

* Muon decay: u~ — e V.V, isaweak process involving the exchange of a W boson

e But the decay is described well by Fermi theory which does not contain the W boson, how?

Propagator’s
contribution

Vi

to matrix
element
qudv
Juv — 2
my,
M=-i— 2 L
q° — my, + imy Ty,

m, = 106 MeV, my, = 80.4 GeV, I}, = 2.1 GeV
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Now we have a four-
point vertex that has a

coupling, Gg
1 giy
Gp = ——=—
42 my,

Combines the gy, from
each 3-point vertex
and the 1/m7, from
the propagator

In EFTs, we measure
relationships between the NP
coupling and mass
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The Lagrangian perspective
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The Lagrangian perspective

Coupling strength

= G} UL .
i
feten) EWSB LSM = \/—Ey“gw (e_LWa_Ve + /jLWa_Vu) +

D, =0, +igwW/T* + - In physical |

3-point interactions
t= (o) u=(Y)

basis
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The Lagrangian perspective

Coupling strength

/_A_\

L o o
feten) EWSB . LSM = \/—Ey“gw (eLWa Ve + HLWa Vu) +

D, =0, +igwW/T* + - In physical |

3-point interactions

basis
je — (Ve) B (VM) D(fermion) = 3/2, D(boson) =1
L €L L HL Ly 33
—>D(eLW“ ve) =§+§+1 =4
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The Lagrangian perspective

Loy = z Z{iyﬂp o+ Co.upllng strength

/_A_\

l — ay— -
felen EWSB ‘ Loy = \/—Ey“gw (eLWa v, + @ W, Vu) + -
D, =0, +igwW/T* + - In physical o .'
basis 3-point interactions
e — (Ve) o (Vu) D(fermion) = 3/2, D(boson) =1
L er L 753 ) 3
—>D(eLW“ave) ——+§+ 1=4
VH _ _
Lrermi % Gr(€LYaVe) (LY “vy) Two 3-point interactions
\ y ’ — single 4-point interaction
Gr B T )
e > e 4-point interaction Effect of W™ boson absorbed into Gg
1 giy 3 o
Gpr = ———— Y = - Results in a dimension-6 operator
) F 4\/7 m]%y D(£Ferml) 4 X 2 6
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Extending not reducing

* In Fermi theory, we reduced to the SM to a low-energy approximation

L o o _ _
Loy = ﬁyagw (eLWa Ve + Wy Vu) + - > Lrermi & GF(eLVave)(ﬂLyaVu)

* To discover new physics, we want to extend the SM with higher dimension operators

ca 7 _ u
Lsmerr = Lsy + Z-dAdi‘* Oid for example, ng = (HTl D;LH) (qoiv*q) q= (d)
i
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Extending not reducing

* In Fermi theory, we reduced to the SM to a low-energy approximation

L o o _ _
Loy = ﬁyagw (eLWa Ve + Wy Vu) + - > Lrermi & GF(eLVave)(ﬂLyaVu)

* To discover new physics, we want to extend the SM with higher dimension operators

ca 7 _ u
Loyerr = Loy + Z-dAdi‘* 0f forexample, Qp, = (HTL D[LH) (Go;y*q) q= (d)
!
0
(! W= H=|Vv+h EWSB Expanding
V2

Q}q ~ hW, TyHd + ---

\ J
|

a udW ™ h vertex
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SM diagram d (3)
o

qdiagram

e Positive value of CIE,Bq) leads to an enhancement of
W ™ H production

* Greater enhancement at higher p%”

= Should measure pp » W™H in bins of p¥ to extract most
information

= Will see this with real measurements later!

do/dp¥ [fbo/GeV]

Ratio

_Pp 2 WH (Vs =13 TeV)

w e )

N
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Generalizing

* We don’t know what the NP will be = consider as many types as we can

e Consider all operators made up of SM fields & invariant under SM gauge group
SUB)xSU2), xU)y

1 1 1
Lsmerr = Ly + Xz CPQ7 + pz CPQP +0 <E>
i i

Expansion is valid when

d
q? < A and =L < 0(1)
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Generalizing

* We don’t know what the NP will be = consider as many types as we can

e Consider all operators made up of SM fields & invariant under SM gauge group
SUB)xSU2), xU)y

1 1 1
Lsmerr = Ly + A Q7 + pz CPQP +0 <E>

Expansion is valid when

d
q? < A and =L < 0(1) Lepton and baryon
number violating
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Generalizing

* We don’t know what the NP will be = consider as many types as we can

e Consider all operators made up of SM fields & invariant under SM gauge group
SUB)xSU2), xU)y

— Consider only dimension-6 operators

1
Loyerr = Ly + A D7+ pz CPQP +0 3
i

*There are cases where dimension-

Expansion is vacliid when 7 and above are important & where
qg*> < A and % <0(1) Lepton and baryon Suppressed by you may be interested in
number violating higher orders of 1 dimension-5... but not the focus of
A this talk
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Generalizing

Expansion is vaIid when

g% K A and

i) - x3 £ — g2 XH £ _ (RR)(RR)
Qc | feGrraray Qew (Lo e, )o' HWL,, Qee | (Epruer)(Er"er)
e We don’t know whatt | @ |/Grarer Qs (Tpo*“ er) H By, Quu | (e )@y ue)
Qli' E’-'ij"ll;""lrr-;'-"’ﬁ}f"-” Q'u(,- [cjp(;ﬁﬂ-'"[‘r‘ u,.jg G” L Q,M I:rfp".;(ff,.][if_'_.{";'“d[]
* Consider all operators | o |- mrwrwy Quv | @orrua HW, Quu | (Eprer)(marue)
SU (3) X SU (2) X [ g - H° Qus | (@o™u)HB,, Qet | (Eprues)(dr®de)
C L Qu | (H'H)® Quc (Guer T"d,)H G2, O (e ) (dey™de)
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L Qun | (H'H)O(H'H) Qun (Fpe™ d,)H B,,,
SMEFT _
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Generalizing

* We don’t know what the NP will be — consider as many types as we can

* Consider all operators made up of SM fields & invariant under SM gauge group
SUB)xSU2), xU)y

— Consider only dimension-6 operators

1
Loyerr = Ly + A D7+ pz CPQP +0 3
i

*There are cases where dimension-

Expansion is vacliid when 7 and above are important & where
qg*> < A and % <0(1) Lepton and baryon Suppressed by you may be interested in
number violating higher orders of 1 dimension-5... but not the focus of
A this talk

* There are 59 dimension-6 independent operators )
= Some operators carry flavour indices = more than 59 Wilson coefficients L = ﬁz z CiprQipr +
= Counting real and imaginary parts separately = 2599 free parameters in Lg i pr
= We cannot measure 2599 parameters... we must make some choices/assumptions
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Flavour assumptions

* The most restrictive flavour assumption is U(3)?

= Assumes NP scales couplings to each flavour of lepton or quark equally

(3) (3)
C C
Hl H
_12:2: flavour ‘ 1 q %‘
Le = p Ci,prQi,pr + - assumption > L= p § § CiXi,prQi,pr + - Cry Chg
i pr I pr /‘
single WC per Depends on type of

— 85 free parameters operator to ensure equal

operator _
scaling
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Flavour assumptions

* The most restrictive flavour assumption is U(3)?

= Assumes NP scales couplings to each flavour of lepton or quark equally

(3) (3)
C C
Hl H
_12:2: flavour ‘ 1 q %‘
Le = p Ci,prQi,pr + - assumption > L= p § § CiXi,prQi,pr + - Cry Chg
i pr I pr /‘
single WC per Depends on type of

— 85 free parameters operator to ensure equal

scaling

* Such an assumption makes sense for measurements where you can not separate flavour

operator

» e.g. light quark production at the LHC

= e.g. the statistics are too low to individually measure W~ (- ev,)H from W~ (- uv,)H
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Flavour assumptions

* The most restrictive flavour assumption is U(3)?
= Assumes NP scales couplings to each flavour of lepton or quark equally

(3) (3)
C C
1 z :z : flavour 1 il Ha %‘
Le¢ = p Ci,prQi,pr + - Le = p § CiXi,prQi,pr + -

assumption Chu  Cyqg
L pr [ p,r/‘

v

Depends on type of
operator to ensure equal
scaling

* Such an assumption makes sense for measurements where you can not separate flavour

Single WC per

— 85 free parameters operator

» e.g. light quark production at the LHC

= e.g. the statistics are too low to individually measure W~ (- ev,)H from W~ (- uv,)H

* You should adjust flavour assumption to match measurement capabilities

* The topU3l assumption is like U(3)> but treats first two generations of quark differently to third

First two generations  Third generation
At the LHC, we make dedicated b and t measurements

(a.u, d3) @t ?3)) — we should disentangle them 190 ¢
e.g. Clgq) e.g. CHQ - ree parameters
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* At the LHC, we probe energies up to O(TeV) scale

If the mass of a new particle (A) is »> g we will not detect it directly (mass bump)

In the g% < A regime, approximations of NP contributions introduces higher-dimension operators

We choose to consider all possible under certain reasonable assumptions (e.g. flavour assumption)

u W~

Flavour Free
assumption | parameters

U(3)° 85
topU3l 120

Ql?lq = (HTi D[iLH) (C_lpo-iyﬂCIr)

4 1 616
Lsyerr = Lsy + +pz €0,
i Qig ~ hW, uy*d + -

d
As model-independent as we can be provided the measurements we use/have

* To constrain C;, we should measure related processes, preferably differentially

* Non-zero value of C; = new physics!
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Combination of Higgs measurements at CMS

* |Is there any NP lurking in the Run2 (138!) Higgs dataset at CMS? m
] ggH 48.6
 There is a lot to measure... — p—
WH 1.37
—
) 9ggZH R ZH 0.761
g 7 |
t o ttH 0.507
th W !
. B | H bbH 0.528
9gg9ZH 0.123
tHq 0.07
tHW 0.503
bb 58.2
ww 21.4
99 8.19
Dominant production modes Subdominant production modes o -
. cc 2.89
e Recent CMS result (CMS-PAS-HIG-21-018) combines 11 analyses... an 77 262
exhaustive list of production and decay mode pairings vy 0.227
Other 0.194
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https://cds.cern.ch/record/2929999

The Simplified Template Cross Sections (STXS)

* How do we combine these analyses sensibly? We coordinate...

Useful for differentiating NP

* Most of the input analyses measure the STXS couplings to top quarks vs
= Suggested binning scheme for each production mode other generaktlons (topU3l)

= Split by variables like pZ, pr, Nje: to increase sensitivity to NP { \

Stage 1.2
Pr
Stage 1.2 VH — V(— leptons)H 0
60
[ |
— qqf - WH qq > ZH g9 > ZH 120
.
Py
: : : : : : 200
75 ] ' ' 300
2 ] : : : : : :
Useful for Cflq) — 150 ; ' : ' : 450
250 1 [ - -
e s et I B e et I S .
oo S N N _ ¢ ¢ "I— _ Everybincorrespondsto a
Ojet 14t > 2-et Ojet  1-jet > 2-jet Ojet 14t > 2-et .
_ et et =2 =8 et et = = jet et =<8 cross section measurement
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The Simplified Template Cross Sections (STXS)

* Every input decay channel will measure as many bins as they can

* Merge bins where necessary — dashed lines suggest merging points

bbH tH
| |
pi! [0, 200] pf 200,00 | | =odet |{ = tet |
Pr
| ]
LL=odet | [ =t | s
Py | | 300 o .
o .0
[ mj;10.350] | [, (350, ] | 50 oo | | Lzt | ) i [200
10 PT 350
0 650 120 -
60 00 350
0.15 1000
120 o/ pH 1500

0 25 [s¢
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STXS results

=

z |
87107

=10}

100L

CMS Preliminary

0
) s, s r
09- ,o&'?; 'b 0)
: s e u?a ?é-
by o "o a0 0
o % %,

Charlotte Knight
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i - 9 ]
g | 1 E
I | o
— T —]
B L —I— T
QP&OM ‘9949./ 99;5, ‘gb.g, ‘%&%9.94, % 9‘?&% %, ?%0 ":’y % 4, % e’v,% e/y,% ’9,(49
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= _ H - 7z
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oé /\_,0 o re% 0. "o, 4 % [
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rdb r’g# r‘%& <%
"o Ty,
(7
=) H - Zy g H - py]
= ; = 10 —— . o  Observed
B 192 B ]
S0— e v 68% CL (stat @ syst)
m m 0 —r P
o - 10% 3 | — SM prediction
(=]
= 1 - my = 125.38 GeV
3 .n0 o -1
O, L psu = 0.006
a 3 2 5
%, % %, %
%, %,
% %

Discovery th

Consistent deviations in
the VH leptonic bins

Great sensitivity to ggH in
H — yy (important later)

Overall poor
agreement with the SM
with a p-value = 0.006

How does this look
from an EFT
perspective...?

h EFT interpretations at the LHC
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Interpreting the STXS in the SMEFT

* Let’s parameterize our measurements in terms of the Wilson coefficients, C;

* In an analysis which targets decay mode, j, the expected signal events in category, c, is:

N, (C)) = Z 6:(C) X BR;(C;) X Ay (C)
jC l l l ] l ljc l
i X \ Acceptance = fraction of events from bin i
f and decay channel j that land in category ¢

sTXsbin;  BRfordecay
mode j

For now, let’s assume that A; . is independent of the WC'’s, we will return to this later...

If we consider only a single insertion of an EFT vertex in our Feynman diagrams:

r
USM—1+—ZAC +A4ZBUCC] and FS—M—1+A22AC+A4EBUCC]

" S ’

Derive a scaling equation per STXS bin + per decay mode — complete parameterization

Scaling equations

Charlotte Knight Discovery through EFT interpretations at the LHC 27/06/2025



How to determine A; and B;;

e Option 1: analytical derivations

= Possible for some decay modes — is what we do for

H—-yyandH - Zy

* Includes NLO EW + EFT effects (not possible with MC tools)

e Option 2: Monte-Carlo methods

Q2HLNU_PTV 0_7
QQ2HLNU_PTV_150_250_0J

0/0sm
wn

= Use event generators (MadGraph) to sample o or I at
different values of C; and infer A; and B; terms

= For NWC’s, need 2N + N(N — 1) /2 samples

= To reduce computation time, we reweight SM events
instead of regenerating events for every sample

* Except for special cases

| — QQ2HLNU_PTV_150_250_GE1J
L — QQ2HLNU_PTV_75_150
QQ2HLNU_PTV_GT250

= Mixture of models used in the generators

* Mostly LO calculations

* Loop-level in QCD calculations for ggH and ggZH

Charlotte Knight
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Linear-only or up to quadratic?

: 1 : 1
* Linear terms are suppressed by 2 and quadratic terms by =

O; 1 1 .
O-SM =1 +FZALCL + FZ Bl]ClC]
[ Lj
* If we considered dimension-8 operators as well for a moment, we would get

O-SM_1+AZZA6C6+ 236(] CP + A42A868 A8ZB8C868

|

Quadratic terms from dimension-6 are the same
order (1/A*) as the linear from dimension-8!

. : : : : 1
* This is an inconsistent cut-off in the expansion OfX

* Using only the linear terms (up to 1/A?) may lead to more conservative but more valid results

* We tend to look at both results for comparison, keeping this all this in mind
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WC set to their
expected 95% CL
interval value
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leptonic Yukawa
terms — affects

only H — 7t and
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Cpy rescales the
hbb Yukawa term
— affects all BR’s
through the Higgs
total width
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STXS parameter

dependence seen
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CHq showing the
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same py
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dependence
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STXS parameter
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Results in nominal basis

* Take A = 1 TeV (can rescale afterwards if wanted) CMS Preliminary 1387 (13TeV)
o Best-it — 68% CL (stat @ syst) B Linear Lin + quad
. . . | SM expected 95% CL (stat & syst) my = 125.38 GeV Other WC fixed to SM (0)
* Firstly, we fit C;, assuming all other Cj.; = 0 — v z
= Sensitive to very specific types of NP |
= Simple interpretation —_—
 Sensitive to 43 Wilson Coefficients T
. . 3 . R:((é::} == WEXH Y2XH
* Most discrepant result is Cflq) with a p-value of 0.01 ez 0 =t
. Ongmatmg from VH d|screpanC|eS ni(cc“:é) S AU ey V';QH;J —
= Smaller tension in related CI({lq) [:: __:__
 Assuming C; = 1, the tightest constraint
corresponds to excluding A < 15 TeV T =
(Ciq(3) x 100 = T
CHq(1)X10 e
CHd X 10 I — (LL(RR) (LL)(RR)
-75 50 -25 0.0 2.5 5.0 7.5 - A—————
\ Parameter Value -7‘.5 -5.0 -2.5_;0_2!5 5!0 7.5 0w 10’
Parameter value Probed scale A at 95% CL (TeV)
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Degenerate effects

* A BSM theory usually leads to several non-zero WC'’s, let’s try to constraint them simultaneously...
= Fit one WC but leave the rest to float

Good curvature is all
directions

— simultaneous
constraint for both WCs

A flat (degenerate) direction in
NLL the likelihood

— no constraint for either WC

Only a particular combination

(C; + ;) has a constraint

NLL

What we want ~What we usually get
* Why does this happen? g
= Some WC’s have similar (degenerate) effects on our measurements, e.g. H = yy H
. o it Quw,Qup,Quwn
= Cannot easily tell whether a deviationin H — yy is due to Qyy, Qug of Qs
— need to derive a rotated basis for our 43 WCs 7

Charlotte Knight Discovery through EFT interpretations at the LHC 27/06/2025



Deriving a rotated basis

Find the Hessian (matrix of
second derivates of NLL)

HSMEFT

Use eigenvector decomposition

to write as
Hopppr = RTAR

R = rotation matrix

A = diagonal matrix

1/\/71- = estimated 68% CL
intervals

Charlotte Knight
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Deriving a rotated basis

Find the Hessian (matrix of ggH production H—-vyy This combination of production and
) o ) \ decay mode is our most sensitive

EVy = 0.55Cy; — 0.23Cyy — 0.70Cy5 + 0.39Cyyyg  Measurement of the Higgs
CMS Preliminary 138 fo~! (13 TeV)

second derivates of NLL)
Hsymerr

Use eigenvector decomposition

t . t EVy -0.02 0.55-0.23-0.700.39 0.07 0.02-0.02-0.04 -0.01
O Write as T EV, -0.01 0.83-0.15-0.460.26|  -0.07  [0.02-0.01-0.02 0.01
HSMEFT = R AR EV, 0.01 0.08-0.040.02-0.020.010.83-0.01£0.02 -0.030.02-0.55 -0.050.01 0.02
EV; 0.03 0.050.19-0.08-0.0680.010.54 0.05-0.01 0.01-0.05-0.030.80 -0.01:0.07-0.02 0.04
R = rotation mat riX EV,4 -0.030.01 0.55-0.530.62 -009  [0.01-0.020.01 0.01-0.17 -0.02
A — d IagO na | matrIX EVs 0.09 (010 |0.01-0.05-0.01-0.03  :0.04:0.06/0.66 0.03 0.020.10:0.25:0.10-0.03  :0.03:0.640.15°  :0.02 0.07-0.01-0.04-0.07-0.010.01-0.04 ~ -0.03  :0.07  -003  -0.04
EVs 0.12:  |0.06-0.040.01:0.09-0.01-0.070.01-0.04-0.11}0.68-0.03 -0.020.25.0.06:0.030.01:0.01-0.620.14:  0.02:  (0.01:0.01:0.05:0.09:0.02/0.01:0.06:  :0.03{0.01:0.09°  0.03:0.01:0.05
1/ V eStI m ated 68% CL EV- 0.020.01/0.20.0.02]  0.66 0.09:0.54£0.05-0.050.02/0.03:0.03-0.01 0.08-0.350.13-0.10-0.01-0.02-0.07-0.12 0.010.22  -0.02-0.02 001 0.01 :0.02 001  -0.01
| nte rva |S EVs 0.03  |0.21.0.01 -0.36-0.04-0.290.07-0.040.02(0.12.0.03.0.01 0.10-0.73-0.04.0.02-0.02-0.02-0.06-0.030.05 0.40  -0.03-0.03 002 001 :003 -001 003
EVy 0.04:0.02}0.130.26 0.340.01:0.01]  0.01/0.01:0.02:0.01)0.720.16-0.03  -0.07-0.07-0.49-0.030.01 0.01/0.04°  0.0210.030.01 0.02.  [0.01 003 0.01 0.02
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Deriving a rotated basis

Find the Hessian (matrix of
second derivates of NLL)

HSMEFT

Use eigenvector decomposition
to write as
Hsyerr = RTAR

R = rotation matrix
A = diagonal matrix

1/\/— estimated 68% CL
intervals

All eigenvectors beyond EV;¢
are set to zero and not
constrained

Charlotte Knight

ggH production

EVy = 0.55C;; — 0.23Cyy — 0.70Cy5 + 0.39CHw 5

A

H - yy

A

CMS Preliminary

This combination of production and
decay mode is our most sensitive
measurement of the Higgs

138 fb~" (13 TeV)

EVo
EV;
EV>
EV3
EV,
EVs
EVs
EV-
EVg
EVq
EVio
EVy
EVi2
EVis
EVia
EVis
EVie

-0.02 0.55-0.23-0.700.39 0.07 0.02-0.02-0.04 -0.01
-0.01 0.83-0.15-0.460.26 -0.07. 0.02-0.01-0.02 0.01
0.01 0.08-0.04:0.02-0.02-0.010.83-0.01t0.02 -0.030.02-0.55 -0.050.01 0.02
0.03 0.050.19-0.08-0.06+0.010.54 0.05-0.01 0.01-0.05-0.030.80 -0.01:0.07-0.02 0.04
-0.03-0.01 0.55-0.53-0.62 -0.09 0.01-0.020.01 0.01-0.17 -0.02
0.09 0.10 0.01-0.05-0.01-0.03 0.04:0.06{0.66 0.03 0.020.10:0.25:0.10-0.03 0.03-0.640.15 0.02 0.07-0.01-0.04-0.07-0.01+0.01-0.04: -0.03 -0.07 -0.03 -0.04
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-0.030.10:0.12 -0.10-0.01-0.08:0.12 0.03(0.02-0.05.0.03 0.01:0.02:0.75 0.01:0.04 -0.120.17-0.57 =0.020.01{0.02 0.03:0.01 0.01
0.27-0.01 0.03 -0.01-0.03-0.020.02:0.01:0.14}0.070.69 -0.01:0.01}0.040.07:0.04 0.01-0.10 -0.03 -0.01 0.03-0.01-0.63-0.040.021-0.01-0.05 0.01-0.02 -0.01 -0.01
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Deriving a rotated basis

Find the Hessian (matrix of
second derivates of NLL)

HSMEFT

Use eigenvector decomposition
to write as
Hsyerr = RTAR

R = rotation matrix
A = diagonal matrix

1/\/— estimated 68% CL
intervals

All eigenvectors beyond EV;¢
are set to zero and not
constrained

We used linear-only, otherwise

Hsyerr = Hsmerr (Cp)
— rotation matrix is C;

dependent

EVo
EV;
EV>
EV3
EV,
EVs
EVs
EV-
EVg
EVq
EVio
EVy
EVi2
EVis
EVia
EVis
EVie

ggH production

EVy = 0.55C;; — 0.23Cyy — 0.70Cy5 + 0.39CHw 5

A

H - yy

A

CMS Preliminary

This combination of production and
decay mode is our most sensitive
measurement of the Higgs

138 fb~

(13 TeV)

-0.02 0.55-0.23-0.700.39 0.07 0.02-0.02-0.04 -0.01
-0.01 0.83-0.15-0.460.26 -0.07. 0.02-0.01-0.02 0.01
0.01 0.08-0.04:0.02-0.02-0.010.83-0.01t0.02 -0.030.02-0.55 -0.050.01 0.02
0.03 0.050.19-0.08-0.06+0.010.54 0.05-0.01 0.01-0.05-0.030.80 -0.01:0.07-0.02 0.04
-0.03-0.01 0.55-0.53-0.62 -0.09 0.01-0.020.01 0.01-0.17 -0.02
0.09 0.10 0.01-0.05-0.01-0.03 0.04:0.06{0.66 0.03 0.020.10:0.25:0.10-0.03 0.03-0.640.15 0.02 0.07-0.01-0.04-0.07-0.01+0.01-0.04: -0.03 -0.07 -0.03 -0.04
0.12 0.06-0.04-0.01-0.09-0.01-0.070.01-0.04-0.11-0.68-0.03 -0.020.250.06-0.030.01:0.01-0.620.14 0.02 0.01:0.01:0.05:0.09:0.02{0.01:0.06 0.03]0.01:0.09 0.03:0.01:0.05]
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0.10-0.01+0.02-0.10 0.05:0.01:0.04{0.84 0.01-0.01{0.05-0.04-0.01-0.02 0.300.13:0.10-0.01:0.03:0.03:0.17:0.04-0.07 0.32:0.01:0.05:0.06:0.01/0.01:0.05 0.02 0.06 0.02 0.04
0.64 0.02-0.01}0.01-0.01 -0.0110.16 -0.0710.24:0.03:0.01 0.01:0.09:0.03 0.01 -0.01-0.02-0.02 0.03-0.04-0.14-0.39-0.09-0.05-0.280.01-0.12-0.03-0.36 0.01-0.14-0.02-0.2§
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Results in rotated basis

* Mostly consistent with the SM, overall

CMS Prelimina 138 fb~1 (13 TeV
p-value =0.11  RSASaAaas y = ; 13 Tev)
o Bestit == 68% CL (stat @ syst) I Linear (observed)
. . (3) | SM expected —— 95% CL (stat @ syst) Linear (expected)
* Discrepancy in EV3 = 0.80Cy, + 0.54Re(Cpy) Expected 95% CL (stat & syst) - 12538 GeV  Profie ofher EV, po - 0.1
as now expected EVo x 1000
EV; x 1000 f ;
« At EV = 1, we probe energy scales up to EV; x 100 ——
11 TeV EVsx 10 s
EVyx 10 =
EVsx 10
. . EVgx 10
e Using STXS measurements of the Higgs EV, 1ol
boson, we can constrain 17 different EVs —oue
“directions” of NP with different strength N T
EVio ——————
* Some hints of deviation — focus on in future =V =
EVis ——— ———
* Not enough to claim any discovery EVig x 0.1 =
EV14X0.1 = —
e Can we look in other/more “directions”? EVis x 0.1 e
EVig x 0.1 ‘ ‘—_1ﬂ— | | ‘
- 7550 _'2.51)"0.0‘ 255075 . 1|0’1 — H”1‘0° — H”1‘01
Parameter value Probed scale A at 95% CL (TeV)
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Global fits

* Combine four sectors: Higgs boson, electroweak vector boson,

Only one Higgs analysis —~

Wide variety of others

Charlotte Knight

—

top quark, multi-jet (QCD)

Analysis Type of measurement Observables used Experimental
likelihood CMS-SMP-24-003
H — vy Differential cross sections STXS bins [54] v
Wy Fiducial differential cross sections  py x |¢p¢| [33] v
Z = v Fiducial differential cross sections p% v L
WW Fiducial differential cross sections 11/, v EXpeCt to be less sensitive for
tt Fiducial differential cross sections 1,3 % . ‘s .
t(t)X Direct EFT Yields in regions of v H IggS-SpeC|f|C COUp| INgs but
o o . Inferest sensitive to more WC'’s overall
Inclusivejet  Fiducial differential cross sections  p x || X
EWPO Pseudo-observables r,, Uﬁa 4 Rer R, Ry, X
A ARy, Av, Apy 136]

EWPO: LEP and SLC

Discovery through EFT interpretations at the LHC
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-24-003/index.html

Global fits

* Combine four sectors: Higgs boson, electroweak vector boson, top quark, multi-jet (QCD)

Analysis Type of measurement Observables used Experimental
likelihood CMS-SMP-24-003
: e ———» H—=9y Differential cross sections STXS bins [54] v
Only one nggS analySIS — Wy Fiducial differential cross sections  py x |¢p¢| [33] v
Z = v Fiducial differential cross sections p% v L
WW Fiducial differential cross sections 11/, v EXpeCt to be less sensitive for
. . tt Fiducial differential cross sections 1,3 X . .. .
Wide variety of others = #)x Direct EFT Yields in regions of v’ Higgs-specific couplings but
o o _ . interest. sensitive to more WC'’s overall
Inclusivejet  Fiducial differential cross sections  p x || X
_ EWPO Pseudo-observables r,, Uﬁa 4 Rer R, Ry, X
\ A%, A%, A% 136
EWPO: LEP and SLC
CMS 36.3-138 fb™' (13 TeV - .
:\ T T T Tl |2| Tl I(I LI \:) Indlvldual Constralnts on 64 WCS!
C [ ¢ = (4n) =1 Il c =0.01 . . . .
T B i B R - (43 for Higgs combination)
g 10 B BN Ennnn. IO = Expected 95% CL
g ‘ ] interval size on Cyg
§ 1 l: Higgs comb. +0.004
= ‘ . Global +0.006
107 ‘
102 | 1 || Using ~most sensitive channel (H = yy)
FEEFFITELT AV I FEIVIWIES 7 & \ FEUGFIPTEHEIIIVISYPTISFI 8GR0 — not huge difference in sensitivity
— cijkyiviJP kv
Q¢ —f“bCG“"G = eV W irw,Pw,

Charlotte Knight Discovery through EFT interpretations at the LHC 27/06/2025


https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-24-003/index.html

simultaneously!

Constrain 42 directions
27/06/2025

| BH-yy
Wy

Bz-w
ww

1 B t®x

{ W Incl. jet

1l EWPO

10t

ZrA3 X100
LA X170
orAI X1°0
6EAT X1°0
8EAI X 10
LEATXL0
9EAT X 10
SENT XL'0
YEAT X1°0
€ENT X110
¢ENT X1'0
LENT X0
0EAT X 1°0

Best fit

36.3-138 fb' (13 TeV)

INTS

8ZA3 %10
LENT X0
9N X1'0
GZAT *X1°0
YenaI x1°0
€CAI X110
ZZNI X110
LA X170
0ZN3d
61A3
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LINT
9INd
SINT
147\
€INT
¢lNd
FINT X 0L
0LA3 X 0L
6AI X 0}
8AI X 0L
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GAI X 0L
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Global fits — simultaneous constraints

Hybrid fit

36.3-138 fb' (13 TeV)

| Expected 95% CL |  Observed 68% CL |  Observed 95% CL ® Best fit . . .
2 i Constrain 42 directions

1 simultaneously!

Cywp affects EWPO via

T

RN T || YYTTL | Y m ] o2 2o (1)

z A H'M; * g - "
i ¢ i EWPO measurements should

- . break a degeneracy

1 _|

5...;—- 1*| L ! ! ] ] ! [ ] | [ ]
S B 1HH-yy
5 0.8} | Wy
% i 1HZ—vv
“g‘O.G, 10 ww
o . |
S 04} L
g : :lt(t)X
2 0.2¢ l 1 B Incl. jet
s gl 1 M EwPO
L

T N O T 0 O 0O 0O O - N O < 10 ©ON~ 000 O T AN M T W O 000 O - AN M S 0L © NN O

> - I - - - - A AN AN A NN OO0 00 6oo T <

IfoooooowsS>SSSSSS 8538088938983 0888090088S S 3

X X % X x x x x x oW woWndhoobboonoi

O 0o oo oo oo x X X X X X X X X X x X X x X X X X X X X X X X

S 0S8 v+ - v v+ 08 DI R R R R S S R S A SR IP R

F‘—‘—/ - v Ooooooooooooooooooooog
EV6_O'5CHWB+O'6CHD EV14——CW EV15=—07CG+
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Global fits — simultaneous constraints

O
1=
w

EV,/ A*(TeV?)
(@]
T T T T T | T T T T | T
——|
___.—_
10
ol
-
| —e—
__..—_
—.—__
-
—
——l——
—-.—-
__—.—-
—4__
>
=
@
e ——
e ——
| L ‘ | L | | -I. | | | | | | | L | | l

Hybrid fit 36.3-138 fb (13 TeV)

Expected 95% CL |  Observed 68% CL |  Observed 95% CL ® Best fit

Constrain 42 directions
simultaneously!

Cywp affects EWPO via

1 _ 2
tanf = 2= 4 SCHwa ( - 971)
aw 2 Jw

EWPO measurements should
break a degeneracy

I
—
T T ‘ T T T

[~
c 1HH-yy . . . . .
2 |zw,  Movingin the right direction...
= ; '@EW If we combine even more
C i
8 lpi measurements — greater
£ : :T(*)T_ t sensitivity and even wider
= ] ncl. je .
§ 1 M EWPO reachmg
L T N O T 0 O~ 0 O O :: N O < 0 © N~ 0 D O T N M T IO O~ 0O O - &N M S v © Q O O T
lioowuwooms2>>555535982988828933883802880893 23
X % % %X x x x x x W LW oWhoDoil TR TR TR T But is difficult
gggeceece s e B B O O e B B . T R B R S
T TS T S 89S SS55S°9 68558895506 ° g Let’s talk about some

/
0
0
0
0
0
0
0
0
0
0.1
0
0
0
0
0
0
0
0
0

challenges
EVe = 0.5Chwp +0.6Cyp EVi,=—-Cy  EVy5=—-0.7C; + -
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Challenges: acceptance corrections

* Is A;j. really independent of C;?

Do the events here
scale the same as the

N;c(C;) = Z 0;(C;) X BR;j(C;) X Ayjc(C) events there?

l .
Selection

criteria

Charlotte Knight Discovery through EFT interpretations at the LHC 27/06/2025



Challenges: acceptance corrections

* Is A;j. really independent of C;?

N;.(C) = Z 0;(C;) X BR;j(C;) X Ayjc(C)

l

CMS Preliminary
’; 01 4 I L A R L B B |
= - _l_l 1 SM .
S 012 : t [ 1 Cup=0.5 7]
= B : my < 12 GeV
wn [ _
;’0'10: ﬁ - | stat. uncert. |
k= E . ]
o 0.08 ., ———F—1 7]
Lﬁ L —l_ ]
0.06- =
0.04} -
0.02 —
0.00 | R L [ SRR R
-— 6 S
=4 = I —
w |
2 2f -
'..g 0 B Ll 11— L | —— | | - |
£ 0 10 20 30 40 50 60
Maz4 [GeV]

Charlotte Knight

Do the events here
scale the same as the
events there?

Selection
criteria

On-shell 7Z

l+

In H — 41 analysis, we require
ms, > 12 GeV but EFT very
dependent on ms,

= Ajjc(C) # Ajjic!

Discovery through EFT interpretations at the LHC 27/06/2025



Accounting for acceptance corrections

* We need to derive I;(C;)/Isp using events inside
selection criteria phase space

H o4l
M
(o]

Selection 4f
criteria

—
T 1

* Required the use of newly-developed reweighting

. . . h =
techniques using the same MC samples and selection R
used by the original analyses E '

= More time-consuming but clearly necessary for H — 41

- N W
TTTTT T T

* Is challenging to check for every analysis in a T T L T Y- Ty 1
combination Ci

= Either we put in the effort or pick analyses where we know
acceptance corrections ought to be small...
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Differential fiducial measurements

* Fiducial measurements: where you try to match up definition of CcMS  mematey)
cross sections to selection criteria as closely as possible ' :
EVg x10%|| % —_
HIG-19-016
fotal Observable Selection e T L g
phase pi/m,., — >1/3 e e —
: 2/ 1/4 3w == EV, 10 e
Selection >pace pTIg:'” <T0Gev g
Crite ria |;7'Jf | <25 El EV, 10 i ——————
Fiducial phase space for H = yy " - 4.
N /
measure pZ bins - e
 Selection is often simpler, e.g. less/no machine learning involved eV e B
= Less sensitive but more model-independent (less worries about acceptance) BV, 10 =
* How does the analogous combination of fiducial Higgs boson — N -
measurements perform?
= Fewer eigenvectors constrained: 10 instead of 17 BV 107 R
— Compromise between trustworthiness and sensitivity | PN NI |

Parameter value

HIG-23-013
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What else?

* Combining likelihoods is not an easy job, the Higgs combination alone
was a mammoth effort:
= 1+ years with a team of about 10 people
= Minimizing the likelihood takes O (week)

ONE DOES NOT SIMPLY,

Automatic and general EFT predictions do not exist at dimension-8

GOMBINE 11 HIGGS ANALYSES

Tools for dimension-6 predictions are not all complete either
= LO tools are fairly complete
= But NLO (in QCD) tools lack good choices of flavour assumptions, assume CP conservation, no accounting for

how EFT affects a particle’s width
What about proton distribution functions (PDFs)?
= PDFs are extracted from data but assuming SM physics
= What if some EFT effects are being absorbed into the PDFs?
= Would we get different constraints on WCs if we did a simultaneous fit?

EFT in backgrounds

* |n the Higgs combination, we only considered EFT effects in signal but if background also affected — possibly
invalidates results
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* In the absence of direct signatures, EFTs may be our best shot at

finding at finding new physics 1;00":
* EFTs provide a minimally-model dependent approach and are ~ 10'-
synergistic with combination across sectors 5 102+ !
. L g 10%- i
* Results shown here use up to 138 fb1—the High-Luminosity LHC " . W
. . -1 | — SM !
will bring 3000fb! 054 oqenp —
» Fantastic opportunity for precision physics and unprecedented SMEFT . ' e
constraints... but there is a lot of work to do e e
* Must think ahead about which measurements to perform and e O —
interpret, i.e. STXS vs differential fiducial s moon mow  dmee mem mool

» Get good balance between model-independence and sensitivity

2500
4.0E+34 Trigger- Trigger Trigger ¢ F
Rate: -Rate: -Rate: 2000
~500Hz | & ~1 kHz L ~lkHz ; =
3.0E+34 1-$1 182 hoTe ] S S
Trigger- S 1500
2.0E+34 .. Rate
Jiee . ~7.5 kHz 1000

* Continue to develop EFT prediction and statistical inference tools

Integrated luminosity [fb!]

Luminosity [cm2s]

— more accurate predictions and faster fits _ /
* Already made good progress over the last 5 years, | reckon we've 0o .0 —— =
got a good shot in the next 15-20

Cumulative integrated luminosity during HL-LHC
*subject to change

M

& for adiscovery!
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