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2" lecture;

> Towards a global fit: combining the available information
<+ Experimental challenges of combinations
<+ Global fit in action: how to ensure generality / model independence of EFT fits
< Limitations and perspectives for EFT fits — towards HL-LHC and beyond



Why doing a global fit?
~ Complementary probes of SM interactions — sensitive to different BSM models

~ Most channels sensitive to several EFT operators with overlap btw. channels - combination
+ Similar event kinematics, e.g. for VBS / VBF — common experimental techniques

+ EW might be dominant Higgs analyses backgrounds, e.g. ttW is main background of ttH in multilepton channel
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Why doing a global fit?
Why combining at analysis level? -- Could do a simple statistical combination of EFT results

+ Often, no statistical power to constrain all operators simultanously in single analyses -- one EFT operator fit at
the time, while others are fixed to O

¢+ Why should BSM be so nice to introduce one single EFT operator at the time in each vertex?

- inducing significant model dependence!

Example: 2 Higgs Doublet Model — excellent indirect limits from Higgs couplings
» Conversion to EFT: several operators impacted
- no conclusion on 2HDM possible with constraint on one of these EFT operators!

SMEFT parameters Type I Type 1 Lepton-specific Flipped
Yo Yicgoftanf  ~Yicpoftanf  —Yicp_oftanfl  —Yicp_o/tanB
vzf\‘# ~Yycp_o/tan B Yycp-o'tan B -Ypcp_o/tan B Yycp_qtan B
vzcj‘{—fﬂ ~Y,cp-q/tan B Y, Cp-qtan B Y, Cp-otan B ~Y,cp-o/tan B
VZCK# —Yrcg-oftanB  —Y:cp_otanf Y:Cg_qtanf ~Y:cp_o/tan B
Vj\c{” cfs,_aMfl/v2 C;Zs—aMi/Vz C}ZS,_QME‘/V2 C,QB—aMZi/Vz
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Why doing a global fit?

Ideal EFT interpretation: use all available information without making any assumption
¢+ Combine information from Higgs, EW, top quark physics, including LHC, LEP, etc.

+ Fit all operators with non-zero impact
In practice, will always make some assumptions, but try to minimise them
Limitations and needs discovered while practically working on it

Field in active development, both from theory and experiments — let’s start small!

For those interested in current common LHC activities: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT



 Coupling Overview of Higgs couplings to SM particles
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Decorrelating EFT operators through global picture

> Some operators have similar impact on certain distributions

P+4 in ZH production:
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Decorrelating EFT operators through global picture

> Some operators have similar impact on certain distributions

- Adding more channels with different relative impact allows to differentiate
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PV in WH production:
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Decorrelating EFT operators through global picture

> Some operators have similar impact on certain distributions

- Adding more channels with different relative impact allows to differentiate
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> In a similar way, measuring production x decay — correlation between relevant operators

- Decorrelation when measuring same production mode in different decay channels



Experimental challenges of a combination

> Choice of a common setup (need to work together between collaborations and with
theorists:

¢+ Using SMEFT in Warsaw basis with defined input parameter set
¢+ BSM scale — staying in the validity regime, while still keeping sensitivity
> Analysis design:
¢+ As many as possible final states — general analyses, but with good BSM sensitivity
+ Ensure orthogonality between analyses (no common events)

+ Backgrounds of one analysis might be signal of another — orthogolality at the price of sensitivity?

+ Correlate common systematics to ensure consistent approach



Step-by-step towards a global combination

Detailed example:
Higgs combination...

11



Simplified Template Cross Sections (STXS)

Differential cross sections maximising sensitivity to BSM in combined measurement from all Higgs decays:
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Simplified Template Cross Sections (STXS)

Differential cross sections maximising sensitivity to BSM in combined measurement from all Higgs decays:

~ Categorisation in production modes: small model dependence, but allows to use all decay channels were they are best

Example: gluon fusion and VH

Large statistics, but large background
- best in channels with full Higgs reconstruction

_ and good mass resolution (e.g. H- yy or H- 4l)

VH

[pp — V (v, tl,vv)H |

Rare, but good efficiency of leptonic V
tagging

— best in channels with large branching
fraction (e.g. H- bb)

13



Simplified Template Cross Sections (STXS)

Differential cross sections maximising sensitivity to BSM in combined measurement from all Higgs decays:

» Categorisation in production modes: small model dependence, but allows to use all decay channels were they are best
Kinematic binning defined in each production mode using well measured variables in dominant analysis channel

>

Rare, but good efficiency of leptonic V
Large statistics, but large background tagging

- best in channels with full Higgs reconstruction - best in channels with large branching
_ and good mass resolution (e.g. H- yy or H- 4l) fraction (e.g. H- bb)

Example: gluon fusion and VH

i < 200GeV

mj; < 350 GeV

Binning in:

+  N-jets

+ Dijet-mass (for ggF+=2jets)

- Higgs p.: well resolved in H- yy or H - 4l 14



Simplified Template Cross Sections (STXS)

Differential cross sections maximising sensitivity to BSM in combined measurement from all Higgs decays:

» Categorisation in production modes: small model dependence, but allows to use all decay channels were they are best
Kinematic binning defined in each production mode using well measured variables in dominant analysis channel

>

=il clion o s v Rare, but good efficiency of leptonic V

Large statistics, but large background tagging
- best in channels with full Higgs reconstruction - best in channels with large branching
_ and good mass resolution (e.g. H- yy or H- 4l) fraction (e.g. H- bb)
qq¢ — Hlv pp — H
pr < 200GeV
m; < 350 GeV
Binning in: Binning in:
. N-jets * Number of charged leptons (W - Iv vs. Zq‘ll orZ-w)
- Dijet-mass (for ggF+>2jets) - Vector boson p_: well measured (p." hard in H- bb), good BSM
sensitivity (correlated to p_") 15

- Higgs p.: well resolved in H- yy or H - 4l



Simplified Template Cross Sections (STXS)

> Common binning across experiments defined for all (major) production
modes

- Ensure flat acceptance within each bin (within stat. Uncertainties):
+ dedicated treatment of theory uncertainties to reduce impact
+ re-optimise binning with increasing amount of data

~ Possibility to merge bins for single analyses depending on their sensitivity
In specific regions

~ Each analysis can be optimised for sensitivity to these bins using e.g. ML
techniques 16



Input measuremen

In combination, often measure
cross section x reference
decay (H - ZZ*) + ratios of
other decays to reference -
ensure good model
independence
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Input measurement

> In combination, often measure cross section x reference decay (H - ZZ*) + ratios of other decays to
reference — ensure good model independence

> Due to BR ratios, this is not anymore the fully Gaussian case and harder to re-interpret

~ Working with experimental likelihood - access to full information for cross section in every channel
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Input measurement
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SERSRFRYYYRY 0 3WR R 38 8 qR 28 288
Ewd wowx v o 2Ry TIp R o VR
3o ® 23 3 o 8% 33 3
2- 88888 8 VU8 8 Giarsinran 8 § S RS
i g -gc-8 ™ =~ -88¢g:T % = & el e
I $z8=8 € ERRBIZ 555! b I
_{_8»4 Fifév.”"§‘1v = ?§7§1
g8 SISt L og gl : P g &5 8
2V oz H Moo s5 % P i ] ..vg:1§
2 . 3 T
% Eq 89 &
g 3 8
& &
99—H aq—Haq tiH 99—H qq—-Haq
x By x By, x By, x Bzz x Bz
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EFT parametrisation

Nas c . Nas b,
_ _ B Ci (6) T o®
Reminder:  Lsverr = Lsm + Z A2 0" + Z A40f T
3

J

SNLO  (N)LO
B , ~_(N)N)NLO int BSM
OSTXS = OSM + Tint + OBSM = o\ sch b £ .
ot 2oV = Tsm (Lo © (N)LO

~ 1N~ 1IN i o

Parametrisation of production & decay product:

_f.!‘—’X 1"“’—))(

U.i C"i 1 + mt_’ + BSEE

P H— I.H—X int,(NH)LO BSM.(N)LO l"SM rs_vx
(oxB)"7X = (oxB)g I N el N

SM,(N(N))NLO pr o TR
SM.(N)LO SM,(N)LO 1 +| - [BSM
rSM rs_\{
- U\
' Y

Production (o)  (X) Decay (BR=Th.x/Th)



EFT parametrisation

- ) _ Ci ~(6) i A(8)
Reminder: Lsmert = Lsm + Z Pof + Z FOJ' +
i J
(N)LO U,{N)Lo
o — Ot 4 T + O _ ((N)N)NLO int BSM
STXS SM int BSM = 0\ X{1+ —NL0 T —NLO

~ 1N~ 1A M S

Parametrisation of production & decay product:

H—X I'*H — X
BSM

1 int,(N)LO BSM,(N)LO SM SM

SML,(N(N))NLO i i H 7]
(N TsmmLo| | TsMmNLO 1+ ;—“; - r?}j""
SM SM Linear parametrisation
1% step: remove BSM
[ terms

1+ A

J
J

_ I H-X a
= (OXB) ¥ oo X I+ZAJ. X
J

1+ Aj.’@
J Parameters constrained
from data



EFT parametrisation

: : Ci (6 J (8
Reminder: Lsmerr = Lsm + Z A_;O! ) + Z FOJ ) +
i J
(NLO  _(N)LO
o = O0sM + Ting + T — ((N)N)NLO int BSM
STXS SM int BSM = 0\ X1+ —NILO + —NLO
SM SM
~ 1IN ~1/N*
Parametrisation of production & decay product:
H—-X 1'*.!1'—))(
i i 1 4 = |+|cHox
BYH-X Byi-H-X I Tint,N)LO | [T BSM.(N)LO Ly Tgts
(oXB) = (0% )SM.(N(N)}NLO ol + ol rH rH
SM,(N)LO SM,(N)LO 1+ i rBﬁM
SM SM Linear parametrisation
1% step: remove BSM
terms
_ i, H—X
= (0XB)gy nnLo X

Cross terms of ~1/A*



EFT parametrisation

iH-X i HoX
(oxB) = (0XB)gy (ynyLo

Cross terms of ~1/A*

Taylor expansion as a
function of 1/A?

Fully linearised expression in 1/A?

i.H-X i.H—X oi L ra-x - r# -4
(OXB)S—Y, = (0xB)a oo X |1+ D AT+ > A g - 3 Al cj)+0(A )
j 7

J

SM,((N)N)LO J

J

++ Acceptance parametrisation in H - 4l decay
23



Linear parametrisation of combined STXS

Example: WH production — STXS bins

Category in qq — H/lv Parametrisation

Py <75 0.12¢go — 0.0304cpp + 0.813cmy — 0.241¢y, + 1.142¢y, +
0.183¢};

75<py <150 0.12¢50—0.0304¢pp+0.946¢ gy —0.244¢ 5, +1.90¢, +0.183¢),

150<pY. <250, Njets=0 0.12¢g0 —0.0312¢pp +1.06¢ my —0.247cy, +4.07¢y, +0.187¢),

150<p¥. <250, Njes>1 0.12¢70 —0.0307cpp +1.08c aw —0.239¢;;, +3.58¢, 40.180¢],

py>250 0.12¢g0 —0.0282capp +1.07cmw —0.228¢4y, +10.6¢,, +0.170¢],

Let's look at a bit more intuitive representation!

Note:

Working under flavour symmetry assumption — possible because we are measuring
explicitely only 3 generation in Higgs physics (for now)

— only ~ 80 operators (yay!)
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<

Higgs
production

Linear parametrisation of combined STXS

OggH Sver Svh St BR
e ATLAS Preliminary
e {s=13TeV 13910’
E [ 1 |I| B
B 3 m m m mom 3 m m 1 11111 1 1111110 2 = » = 0 "I |

;_|,_|,_|,_|,_|,_|,_|,_|,_I,Jr Ahall |
Q. Q, 2, X % Sy S N Py O L o W N W Y, b, 4, <% <X < 05 & 2 V% &, A A A
Vo oy Sy o 2 R, L R R, R
o R e EREE NN A YA ﬂaf%:’%&%s o s B ) NN
A NN RN B W NN 5,28 Y < A
Y320 %, s G A 2%, h Ao Bs s Sy S 8, 0 D WL D 2
¢ 0 SRS 202 5 G 0 %0 e, RN ° %
9% 0 Figs N AN %, D %
0 73, "0 23 00)\2_., 7%,
2 Y 05 =2
%

Most relevant operators
shown here

For model generality, perform
simultaneous fit of all these
operators

Can already spot set of
operators that will be strongly
correlated
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Flat directions

» Simultaneous fit of all operators in practice not possible - fit does not converge
~ Reason: flat directions in likelihood due to operators with £ 100% correlation

Example: 2 operators constrained
mostly by H - yy decay rate

e
Preliminary

x 0.03
OI

0.02

A (-loglL)

“valley” with equivalent
linear combinations of
operators

0.03
-0.03-0.02 -0.01

0
0.01 0.02 0.03
Chw

0

26



Flat directions

» Simultaneous fit of all operators in practice not possible - fit does not converge
~ Reason: flat directions in likelihood due to operators with £ 100% correlation

> Solution: fit linear combinations that are sensitive

Example: 2 operators constrained
mostly by H - yy decay rate

Basis rotation:

20.03 e ARARR R - > 1 sensitive linear combination 2003 3
© ion Preliminary 3 > 1 without sensitivity, safe to A 5 9
bt neglect < 0028 bt
c 5 [
> S | goof-
s | ° F
] o
@ -
. . Q -0 01__
“valley” with equivalent 2 ~
linear combinations of 2 -
-0.02[~
operators 4 eE
0.03—— (i .ilf. M 0 v _003_ -
-0.03-0.02-0.01 0 0.01 0.02 0.03 -0.03-0.02 -0.01 0.01 0.02 0.03
Crw 0.27¢,,,+0.96¢, ¢
< >

Sensitive direction
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Principle component analysis

- Sensitive linear combinations = eigenvectors of covariance matrix with small eigenvalue
- Equivalent to eigenvectors of Fisher information matrix (inverse cov. matrix) with large eigenvalue
> Problem: how to get covariance matrix of a non-converging fit?

28



Principle component analysis

- Sensitive linear combinations = eigenvectors of covariance matrix with small eigenvalue
- Equivalent to eigenvectors of Fisher information matrix (inverse cov. matrix) with large eigenvalue
> Problem: how to get covariance matrix of a non-converging fit?

Solution: propagation of EFT parametrisation to

combined STXS Fisher information matrix

Caveats:

*

*

Assuming Gaussian behaviour
Only possible for linear parametrisation

Linear EFT parametrisation

, H—X H
P(i,X)—>(j) = A;—l = A; = Af

Inverse covariance matrix of
STXS x decay measurement

Vs=13TeV, 139 fb”

ATLAS Preliminary -
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Principle component analysis

- Sensitive linear combinations = eigenvectors of covariance matrix with small eigenvalue
- Equivalent to eigenvectors of Fisher information matrix (inverse cov. matrix) with large eigenvalue
> Problem: how to get covariance matrix of a non-converging fit?

Solution: propagation of EFT parametrisation to

combined STXS Fisher information matrix

Caveats:

*

*

Assuming Gaussian behaviour
Only possible for linear parametrisation

Note:

This is possible, because we have a
fully linearised EFT parametrisation

-- not possible when adding terms
guadratic in Wilson coefficients

Linear EFT parametrisation

, H—X H
P(i,X)—>(j) = A;—l = A; = Af

Inverse covariance matrix of
STXS x decay measurement

Vs=13TeV, 139 fb”
125.09 GeV, ly, | <2.5

-

ATLAS Preliminary .
=

30



—_

Sensitivity

10

11

12

A

299310
121830
1960
38
19
10
5.9
1.1
0.3
0.16
0.036

0.023

Eigenvector decomposition

ATLAS Preliminary /s =13TeV, 139 fo!

EV:=-0.70 cy® + -0.23 Cus + 0.39 Cw + ...

-0.70 -0.23 0.39 -0.04 -0.02 0.55 0.02 -0.02
-0.47 -0.15 0.26 -0.03 -0.83 -0.03

. 0.10 0.03 -0.03 0.09 -0.05 -0.02 0.02

-0.11 0.09 0.1 0.02 -0.26.-0.41 -0.02 -0.02 -0.06 0.04 0.08 0.02 0.03
0.10 -0.19 0.06 0.03 -0.02 -0.07 0.09 -0.13 0.10 0.02 -0.69 0.17 0.03 0.03 0.22 0.05  0.52 0.15 -0.08 0.03 0.02 0.23 0.07 0.06

0.08 -0.57 -0.34 -0.02 -0.02 0.08 -0.10 0.13 -0.13 0.54 -0.40 -0.04 0.02 0.04 -0.02 0.02 -0.20 -0.08

-0.07 -0.23. -0.03 -0.02 -0.03 -0.02 0.08 0.10 -0.15 0.44 -0.25 -0.13 0.08 0.09 0.02 0.22 0.06 0.10 -0.07 -0.11

-0.01 -0.02 0.08 -0.02 -0.02 0.04 -0.02 -0.01 0.02 0.08 -0.03 0.03 -0.68 -0.29 -0.03 -0.04 -0.24 -0.04 -0.52 -0.01 -0.15 -0.10 -0.03 -0.02 -0.25 0.04

-0.02 -041 0.09 -0.70 -0.02 -0.01 -0.12 0.01 -0.03 -0.36 0.16 -0.37 0.10 -0.05 0.03 0.06 0.06 -0.11 -0.01
0.09 -0.09 0.09 -0.04 -0.01 -0.04 0.10 031 029 -058 -0.26 -0.12 -0.07 0.02 -0.04 0.08 027 -052 -0.02 0.01
0.03 0.083 0.07 -0.01 0.04 0.19 -0.04 0.08 0.09 -0.06 -0.18 -0.07 0.01 -0.16 0.22 -0.01 0.01 -0.01 -0.10 -0.09 ~0.02.~0.01 0.02 -0.56 0.09 -0.02
-0.01 0.37 -0.01 -0.01 -0.03 -0.02 0.03 0.05 0.03 0.01 -0.05 0.03 -0.91 0.08 0.02 -0.02 0.03 0.09

({f\‘?\‘x (X\Q’ CX\\& C{\@Q’ o (,\§ (X\& ()?‘6 o (\?‘?‘Q o (\:\Y\\ g\(\\ N (Xg’ (,o(’ o g’\ Q g&\ I8 g\&\ giq g\@ (%5 (,e\>‘ (\i’\\@ o &0 (X\O (,6\>\ ot (,e:?‘

- Could fit most sensitive of these eigenvectors — cutoff at some min. eigenvalue

> Problem: difficult to validate — no straight forward physics meaning

0.4

0.2

-0.2

—0.4

-0.6

—0.8
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Eigenvector decomposition

Define operator subspaces with similar physics impact — fit eigenvectors of sub-matrices

# X _ATLAS Preliminary s=13TeV,139fb"

1
1 299310 -0.70 -0.23 0.39 -0.04 -0.02 E 0.02 -0.02
0.8
A 2 121830 -0.47 -0.15 0.26 -0.03 -0.83 -0.03
3 1960 0.10 0.03 -0.03 0.09 -0.05 -0.02 0.02 0.6
4 38 0.09 0.15 0.02 -0.26.-0.41 +0.02 -0.028-0.06 0.04 0.08 0.02 0.03 0.4
)
§ 5 19 0.10 -0.19 0.06 0.03 -0.02§0.07 0.098-0.13 0.10§0.02 -0.69 0.17 0.03 0.03 0.22 0.05 0.52 0.15 -0.08 0.03 0.02 0.23§ 0.07 0.06 0.2
= .
(7) 6 10 -0.57 -0.34 -0.02§-0.02 0.08 -0.10 §0.13 -0.1 -0.40 -0.04 0.02 0.04 -0.02 0.02§ -0.20 -0.08
c 0
% 7 5.9 -0.23. -0.03 -0.02 -0.03§-0.02 0.08 0.10 -0.1580.44 -0.25 -0.13 0.08 0.09 0.02 0.22 0.06 0.10§ -0.07 -0.11
-0.2
8 1.1 -0.02 0.08 -0.02§-0.02 0.04 -0.02 §0.01 0.020.08 -0.03§ 0.03 -0.68 -0.29 -0.03 -0.04 -0.24 -0.04 -0.52 -0.01 -0.15 -0.10 -0.03 -0.02 -0.25§ 0.04
9 0.3 -0.41 0.09 -0.70 -0.02 -0.01 -0.12§ 0.01 -0.03 -0.36 §0.16 -0.37 0.10 -0.05 0.03 0.06 0.06 -0.11 -0.01 -0.4
10 0.16 0.09 -0.09 0.09 -0.04 -0.01 -0.04§ 0.10 0.31 §0.29 -0.588-0.26 -0.12 -0.07 0.02 -0.04 0.08 0.27 -0.52 -0.02 0.01 —0.6
11 0.036 0.03 0.03 0.07 -0.01 0.04 0.19§-0.04 0.03 §0.09 -0.06-0.18 -0.07§ 0.01 -0.16 0.22 -0.01 0.01 -0.01 -0.10 -0.09 -0.02.-0.01 -0.024 -0.56 0.09 -0.02 0.8
12 0.023 -0.01 0.37 -0.01 -0.01 -0.03 §-0.02 0.03§0.05 0.03 0.01 -0.05 0.03 -0.91 0.08 0.02 -0.02 0.03§ 0.09
1
- Q
: g\*cl o® (x\\“% & & (X\OQI o e SIS W of of g S oo Se G Sy & o &0 o S & 8
\ J
Y
PV kinematics Hoyy + ZH H-4l Fermi ggF + ttH / tH Not included here; included
in ZH & WH VBF/VH const. in later fit results (e.g. Cax:
production b-Yukawa, Cen: T-Yukawa)
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Eigenvector decomposition

Sensitive eigenvectors of sub-matrices — can mostly be associated to specific channel

ATLAS Preliminary /s =13TeV, 139fb!

CHa . P;V kinematics in ZH & WH production

1 .
C}-IJV,HB,HWB,HDD,uW,uB 0.84 -027 047 005 002 H_,yy decay width
2
CHW, HB,HWB, HDD,uW,uB U1 R 02 | 002 . |
5 V-H coupling in VBF + hadronic VH
CHW,HB,HWB,HDD,uW,uB 0.5 -0.08 . 0.06 0.03 0.07
CE]U,Hd,qu 026 087 042 H-quark coupling (ZH)
CHR e -0.62. H-leptons coupling (H - 4l decay)
1 .
o . 05 Fermi constant
[1]
CHG,uG,uH,top . 0.03 ggF
-
C . -0.03 -0.18 -0.04 -0.03 -0.23 -0.05 -0.54 -0.01 -0.15 0.06 -0.04 -0.02 -0.24
MO RLED Top-H coupling
CE(]§,UG,UH,t0p -0.03. 0.29 0.03 0.04 025 0.05 055 0.01 0.16 0.1 0.03 0.02 0.26
o o® & C\x\& o & R W X e S QW o P gy Se e S So S & & Sy oo &

0.8
0.6
0.4
0.2

—0.2
—0.4
—0.6
—0.8
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Eigenvector decomposition

Sensitive eigenvectors of sub-matrices — can mostly be associated to specific channel

ATLAS Preliminary /s =13TeV, 139fb!

; T . 1
CHa . P:¥ kinematics in ZH & WH production
0.8
CI[-}JV,HB,HWB,HDD,uW,uB 084 -0.27 Ml -005 002 H _,yy decay width ie
2 :
CHW,HB,HWB,HDD,uW,uB 0.19 -0.96 -0.2 0.02 | . |
" V-H coupling in VBF + hadronic VH 0.4
CHW,HB,HWB,HDD,uW,uB 0.5 -0.08 . 0.06 0.03 0.07 -
&) it 02 087 042 H-quark coupling (ZH) o.
el e 062 . H-leptons coupling (H - 4l decay) s
o . 05 Fermi constant -
CI[-}(]J,uG,uH,top . 003 ggF 0.6
. & |
C . -0.03 -0.18 -0.04 -0.03 -0.23 -0.05 -0.54 -0.01 -0.15 0.06 -0.04 -0.02 -0.24
e Top-H coupling 08
CE(];,UG,UH,tOP -0.03 . 0.29 0.03 0.04 025 0.05 0.55 0.01 0.16 0.1 0.03 0.02 0.26 o

N
o o® C&“ o\*\& 4 @\& 0\>90 o Swe S I AN R T S S e S PR S & S RIS

Note: cuwnerws Hopuwus CaN be related to cy, in Higgs basis

v

5 2 A ( 1 N 1 1 )
Cyy = 54| SWyir + —5Wup — —5Weiir
L A27\ g2 oW T g2 9B g oW 24



> Good association of directions

with physics processes

> Remaining correlations from

experimental sources

Eigenvector impact

OggH Sver Sy St BR
]
S g ATLAS Preliminary
= 06 s=13 TeV 139 fb
B 04
0.2
=
» F
= -
O
o 05F
0 E
L <
3 oF
-05F
| -
=
» F
= o
o E
@ 05
0 F
L L
< 0
: nnni
-05F
-1F
= =
o ! 3
o F
o 05
0 F
JCI =
< 0f
-05F
1 F
=
2 'F
o F
o 05
X
¢ bt ol
< 0O
-05F
_1 -_ i 1 L L ' L 1 L L I 'l
Y O P A S e O A - SR S CYL CUL B B B Yy <k Sk K K o5 @ 7 & K A
v o < 0
i P55 S 0s By 3%, 0 0 %, OVO;Z)*& U 2o T N e s %%, ”
|ggS 0 0 0 T 05 S s 0 O 0, T % % ¢ 0 79 [N °
L%, 0 TR 7o Cos v Cos % % éé/
. 0 ¢ 2, X 1.0 > (4
2 % & 73, o D
pro uction 2 Y %y,
>
%0

chl =0.02

'HW,HB,HWB,HDD,uW,uB

ol
p\{v.H B,HWB,HDD,uW,uB
FS‘\NH B,HWB,HDD,uW,uB
HW,HB,HWB,HDD,uW,uB

2]
Gl

[1] —
cHG‘uG,uH,mp =0.01

[4]
HG,uG,uH,top
[5]
HG,uG,uH,top
6]
HG,uG,uH,top

C
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Eigenvector correlations

Sensitive eigenvectors of sub-matrices — can mostly be associated to specific channel

(3)
Chg

M
HW ,HB,HWB,HDD,uW ,uB

[2]
CHW ,HB,HWB,HDD,uW,uB
i)
HW,HB,HWB,HDD,uW,uB
[1]
CHu,Hd,Hq“)
[1]
HIO, He

M
HI®

C

il
HG,uG,uH,top

Nl
HG,uG,uH,top

Bl
HG,uG,uH top

Note:

ATLAS Preliminary /s =13TeV, 139fb!

P+¥ kinematics in VH (H - bb)

-0.84 -0.27 0.47 -0.05 -0.02

0.19 -0.96 -0.2 0.02

0.5 -0.08. 0.06 0.03

H - yy decay width N

V-H coupling in VBF + hadronic VH Example: expect
correlation — H - yy
most sensitive channel
to measure ggF

0.07
0.26 -0.87 0.42
H - 4l decay

o

. 0.03 ggF &

—0.03.—0.18 -0.04 -0.03 -0.23 -0.05 -0.54 -0.01 -0.15 0.06 -0.04 -0.02 -0.24

‘0-62 .

Top-H coupling

—0.03. 0.29 0.03 0.04 025 0.05 055 0.01 0.16 0.1 0.03 0.02 0.26

E’\Q\Q o® C{é (,‘?‘@% ¥ (,0\&

o \%90 (,‘8‘6 Ce\\\ g\\e& <1\<\0 (\’:\\e‘\ (\?\\e\\ <\4\\ O?\(? 19 0(9 (_/C? CO\Q 5&3 C\O\O (/\;?\ é’\\& (40\) (\:\0\)

0.8
0.6
0.4
0.2

—0.2
—0.4
—0.6
—0.8

> Not eigenvectors to full covariance matrix — expect correlations between them due to experimental

correlations among processes

> This is a choice and the price to pay for physics intuition — need to be careful neglecting directions

(more later)



[1]
CI—»G,uG,uH,top (X 1 0)

(3)
CHq

)
HW, HB, HWB, HDD,uW, uB

ATLAS Preliminary
V/5=13TeV, 139 fo"

— 68 % CL

95 % CL

my = 125.09 GeV, |yu| <25 —®— Linear

SMEFT A =1 TeV

Linear + quadratic

0.2

-0.2 —0.1 0.1
L L T
o2l
HW,HB,HWB, HDD,uW ,uB
ol P I
Hu,Hd ,Hg'")
C[Q] .......... —— e
HG,uG,uH,top
T T
-2 -15 -1 -05 O 05 1 15 2
TTT T T T T
C[3] ............ —]
HW,HB,HWB,HDD,uW ,uB
ol B
HG,uG,uH,top
nr _i_
Cho,
Chitn e (X0.1) l—o—
| |
-10 -8 6 4 -2 0 2 4 6 8 10

Parameter Value

Fit results

ATLAS Preliminary Vs=13TeV, 139 b’

my, =125.09 GeV, ly, | <2.5

3)
CHq 0.28 -0.38 024 007 012
C[Um 019 -0.91 0.9 -0.05 0.05 000 -0.44 -0.95
HI"” He
C[U 2 1 4 04 4 44
@ | 028 019 054 047 005 MOEEM 0.40 0.
C[ i ) -0.91 024 012 006 009 030
Hd,Hq""’,Hu
[1]
HG.UG,uH,top | 038 019 054 -024 069 -020 -0.66 -0.09 -0.33
0[2] 0.24 -0.05 047 0.12 0.19 0.00 0.18
HG,uG,uH,top | ™ ’ : : : ’ :
0[3] 0.07 005 0.05 006 -020 0.19 0.11 0.09 -0.03
HG,uG,uH,top | - : : : : : ' : :
[1]
CHiw.HB, HWB,HDD,uB,uw | ©12 000 [EEN 009 066 0.11 0.27
2]
CHW, HB, HWB,HDD,uB, uW 044 040 030 -009 000 009 -0.49 0.21
[3]
C W, HB, HWB, HDD,uB,uW -0.95 0.44 033 018 -0.03 027 0.1
s £ S £ § § §&§ 3 3§ 3
O =% &8 © T T & o o
ZEHE O£ 2 2 2 3 5 3
s © X ¢ ¢ ¢ g g g
=3 3 ) ) Q Q Q
— ~0 06 O I I T
O DI XNIT @I o o o
OO o s I =
r L T
: : : g o o
All linear combinations T I %
. . = NT &
fit simultaneously S N B

>

1 —~

0.8X

0.4
0.2
o
—-0.2
—-0.4
—-0.6
0.8
—

a
0.6

37



Generality check

> Linear operator combinations with significant eigenvalues included in the fit — all others fixed to O

~ Without correlations, e.g. in full eigenvector decomposition, this is fine

> In case of sub-matrix rotations and significant correlations, need to check that neglecting
directions has no impact on generality of the fit
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-2InA

Generality check

> Linear operator combinations with significant eigenvalues included in the fit — all others fixed to O

~ Without correlations, e.g. in full eigenvector decomposition, this is fine

> In case of sub-matrix rotations and significant correlations, need to check that neglecting
directions has no impact on generality of the fit

1st check: correlations among fitted directions are linear

10—

ATLAS Preliminary
Vs =13 TeV, 139 ft'
m, = 125.09 GeV, |yH|<2.5

A=1TeV

3
Ch

q
o]
HW,HB,HWB,HDD,UB,UW

CHG,uG,uH,'{op

+ Profile likelihood scan of one direction

+ Check evolution of profiled directions — expected to be
linear if Gaussian approximation valid

Examplg: profile likelihood scan

.......

U.o
o2l
HW,HB,HWB,HDD,uB,uW

neter affecting VBF & VH

Linear evolution of parameter impacting
pTV, H-yy and ggF
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Generality check

> Linear operator combinations with significant eigenvalues included in the fit — all others fixed to O
~ Without correlations, e.g. in full eigenvector decomposition, this is fine

> In case of sub-matrix rotations and significant correlations, need to check that neglecting
directions has no impact on generality of the fit

2" check: correlation between neglected directions and fitted directions is negligible

-2InA

)/ o,

(c-c

10— ATLAS Prelimi
- reliminary . . . -
A {s =13 TeV, 139 fo" CE.? + Likelihood scan of neglected direction one-by-one; profiling
— m,=125.09GeV, |y <25 . i i i
: 1TH: 1 Tev oV Iy CH\]N,HB,HWB,HDD,UB,UW all fitted directions
6— T CHG,uG,uH, top - . .
- + Likelihood should be mostly flat in scanning range >> EFT
e validity range
2 + Evolution of profiled directions should be negligible within
0; """"""""""""""" T T T T this range
1
8 05 Example: 0.2¢ variation max. within [-4,4] for
o scanned direction - can be neglected
—1E
& = =% =2 = 0 1 3
CHG,uG,uH,top 40



—2 log(L/Lmax)

Impact of quadratic (full BSM) terms

General assumption: linear terms dominant, higher order terms can be neglected
+ Explicit check including quadratic terms shows non-negligible impact for some operator
Should systematically include higher order terms?

+ Principle component analysis and rejection of non-sensitive direction relying on linearity of correlations
+ Need to compute dim-8 contributions (same order as quadratic dim-6) — theory calculations ongoing
+ Is EFT validity questioned by non-negligible impact of higher order terms?

12 12 12
ATLAS Preliminary é ATLAS Preliminary 3 ATLAS Preliminary
10| V5=13 TeV, 139 fb~ Linear (obs.) = 10 Vs =13 TeV, 139 fb~! Linear (obs.) é 10 Vs =13 TeV, 139 fb~" Linear (obs.)
my = 125.09 GeV === |inear (exp_) :I./ my = 125.09 GeV === Linear (exp.) :I/ my = 125.09 GeV - = = |Linear (exp_)
lyu] < 25 Linear + quadratic (obs.) o5 [yu| < 25 Linear + quadratic (obs.) 2 lyu| < 2.5 Linear + quadratic (obs.)
8| SMEFT A =1 TeV Linear + quadratic (exp.) o 8| SMEFT A =1 TeV Linear + quadratic (exp.) Y 8| SMEFT A =1 TeV Linear + quadratic (exp.)
: | y \
6 : 6 ! 6
1 1
1 ||
1 1
v: -SSR | IS | ST 4 . 41
i
\
2 2 \ 2
= il O i 5 0 o [ = &
0 0 0
-0.1 0.05 0.1 -0.2 -0.1 0.1 0.2 -2 2
C[7] C[7] [2]
HG,uG,uH,top HW,HB,HWB,HDD,uB,uW CHW,HB,HWB,HDD,UB,UW

41



Adding more decay channels

> Previous example is STXS combination of H-vyy, H- 41 & VH(H - bb)

> Newer results with more channels — additional sensitivity to operators & decorrelation of operators

+ adding H - WW* - 2I12v (ggF & VBF), H- 11, H- bb (VBF & ttH)

®)
CHyg

CdH

CeH
(1
HIM He

[1]
HI®, i1’

Cc

(o
[1]
CHu,Hd,Hq“)

[2]
CHu,Hd,Hq“)

[1]
CHW, HB,HWB,HDD,uW,uB,W

2

CHW,HB,HWB,HDD,UW,UB,W

Bl
HW,HB,HWB,HDD,uW ,uB,W

cu
HG,uG,uH

e
HG,uG,uH

1
CL[ o]p

Note: still assuming U>(3) flavour symmetry, i.e. no sensitivity to quark or lepton generation — further

ATLAS Preliminary /s=13TeV, 139 fo!

.

—0.83 0.55

—0.26 —0.42

0.24 —0.37 —0.9

Lepton-Yukawa coupling from H - tt

—0.84 —0.27 0.47

70.3170.02 —0.05 —0.02 —0.04 —0.01
0.43 0.17 0.13 0.03 0.07 0.04

—0.02 —0.05 —0.02

0.04 | -1 -0.09

Additional sensitivity to ggF & ttH

modifications from h - WW* & ttH( - bb)

H-gluon couplings
+ top-Yukawa

H-top coupling
kinematics

0.04

—0.2 —-0.05 —0.02 —0.38 —0.08 —0.78 —0.01 —0.23 —0.05 —0.02 —0.37

Qo &

& SR SRR Q N2V \4
N N N T RSO (}?‘\“ C?\\ﬁ (}?‘o & ) 0\§

sensitivity expected from H- cc or H- pu

G

R of Ly S

0.6

0.4

0.2

-0.2

—-0.4

-0.6
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Combining Higgs and EW measurements

Higgs measurements

Decay channel Target Production Modes
H — v~ goF, VBF, WH, ZH ttH,tH
H—- 77" g, VBF, WH, ZH, ttH (4¢)
H - WW~* geF, VBF
H— 71 ggF, VBF,WH,ZH, tfH(ThadThad)
WH,ZH

H —bb VBF
ttH

ATL-PHYS-PUB-2022-037

EW measurements

Process Important phase space requirements Observable
pp — eiy,u:FV myge > Hb Gel/, p]ft < 35GeV plfa‘d' lep-
op = vl my, € (81,101) GeV ma ?

pp = 00T oy, > 180 GeV My

pp — LT jj

m;; > 1000 GeV, my, € (81,101) GeV'  Ag;;

EW precision observables (measured at LEP)

Observable Measurement Prediction Ratio

'z [MeV] 2495.2 + 2.3 2495.7 £ 1 0.9998 + 0.0010
R? 20.767 £ 0.025 20.758 + 0.008 1.0004 £ 0.0013
RS 0.1721 £ 0.0030  0.17223 £ 0.00003 0.999 £+ 0.017
Rg 0.21629 + 0.00066 0.21586 4+ 0.00003 1.0020 £ 0.0031
Ag’é 0.0171 £ 0.0010  0.01718 £ 0.00037 0.995 £+ 0.062
A%]g 0.0707 £ 0.0035 0.0758 £ 0.0012 0.932 £+ 0.048
Ag’]g 0.0992 £ 0.0016 0.1062 + 0.0016 0.935 £ 0.021
Thad [Pb] 41488 + 6 41489 + 5 0.99998 + 0.00019
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Combining Higgs and EW measurements

Good complementarity between analyses

Sensitivity to large number of operator
(combinations)

Ongoing effort to add more channels from
several experiments

Adding measurements with top quarks in final
state will add sensitivity to flavour

ATL-PHYS-PUB-2022-037

ol
HB,HW,HWB,HD,tW,tB
CHG

[1]
Cogoy
1
4q
Cw
CHg®
CbH
Cig

2
HB,HW,HWB,HD,tWtB

CHB,HW,HWB,H%][W,[B
C.‘;II(‘ ), He
Chie i

Chu, Hd Ht, Hg
i)

Ctop

[2]
Cog2i

o)
B, HW,HWB,HD.tW 18
CuH gH,HO

J2
HIO.He
Chifa i
CeH
CtH

o2
Hu,Hd, Ht,Hg(")

C.
2q2

4
2q2/

ATLAS Preliminary ® Best Fit M Higgs
- 68 % CL
Vs=13TeV, 36.1-139 0" 95 % OL EW
SMEFT A =1TeV = |inear
linear+quad.
sl
—_e
—-0.04 -0.02 0 0.02 0.04
- B
s .‘.. -
- + -

H

1
—04 —02, 0 02 04

-5 0 5 10 15
Parameter Value

0 02 04 06 08 1
expected fractional
contribution
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Some limitations to keep in mind
EFT validity

+  Choice of energy scale: need to know g2 of processes / selected events — particular sensitive in high-p+ tails
+  Measurement of c/A — only depends on “observed impact”, energy scale interpretation can be made later on
+  Would it make sense to reject data events to probe lower energy scale?

+  How to interpret results on Wilson coefficients with uncertainties >~1

+ How to handle unitarity violation at hight energies — apply clipping procedure in global fits?

Higher order terms in 1/A
+ Impact of quadratic terms often not negligible — what are the conclusion?
+ Neglecting quadratic terms can lead to negative cross sections — how to handle this?

+ What about dim-8 operators? Might become dominant in some processes and models — not yet fully calculated

Higher order calculations

+ EFT is fully perturbative theory, but many interpretations currently only consider LO (or NLO) calculation — need
to estimate uncertainty
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Conclusion

- Alot of things to do — toward a global EFT fit for HL-LHC including all main Higgs, SM and
top analyses + potential constraints from flavour physics

- Keep in mind: we are doing physics!

¢+ EFTs can be matched to concrete BSM models — can set limits on their parameters from global
EFT fit results

+ In case we find a deviation, the game really starts — what is it?

~ Both, developments on experimental and theory side needed

A lot of things to do - have fun? ;-)

More information on current activities @ LHC: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCEFT
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BACKUP
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Higgs measurements from the

experimental point of view

Rate and coupling
measurements

Indirect Spin/CP
width hypothesis
Separation of measure- tests and
production ment in , CP measure-
modes high Direct ments
mass width
WW+ZZ measure-

ment

Measurements of
differential distributions

Michael Duehrssen kappas and beyond 2
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Impact of Warsaw basis SMEFT
operators in Higgs physics

Coefficient Operator Example process
CuG (QPUlWTA“r)ﬁ G;‘u
Cuw (Gpo* ur)T IHW,{,, q 7t \th
CuB (qpa“”ur)ﬁ By q t
Cqq (@pYu9)(@r 7" qs)
Caq (@ ar) (@)
Caq (@p7u9e) (@7 as)
Cqq (@ 7um ) @77 gs)
Cuu (@pypur ) (Tsy ur) q t /'fl
Ca (v ) (T us) q g
Cqu (Gpynae) (@r
Cud (up YT Aur)(dsy*Tdy)
ci}‘;t (qip’YuTA‘JT)(@s’Y”TAUA)
e (@T ) ([dn T d,)
ce fABCGﬁuGEPGg# 9 t i"tH
g

Coefficient Operator Example process
q q
cupp  (H'DMH)" (HD,H) Zz o
Z
q q
7
oxg HYH GA GAwv ? o
g
q q
cup HH B, B* 20 g
Z
q q
q q
caw HYH W], Wi L —
w
q q
q q
CHWE Hir'H W}, B I
q q
_ l
Cett (H'H)(Tye, H) Pt <
1
q 1
iy HT7<B ) (M) 2 /
q ~H
’ q v
g, (HMDIH)(/,,T Y1) )
q ~H
= _ q &
CHe (HT7 D /LH)(eT?v'uye'f) A 2 €
q N H
Zat
1 H - q
g (H'%D , H)(gy7"qr) NSy
q ~H
Wt
\ - ~ q
P (HY D IILH)(quI'y“q,») D 3
q S~ H
Ztl
g
e (HYDH)@ntu) ¢
u T~ H
Z el
= - d
CHd (H'iD ,H)(dpy"dr) ¢
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ATLAS Run?2
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ATLAS Preliminary —— 68 % CL
VE=13TeV, 139" e 95 % CL
My = 125.00 GeV, |yy| < 25 —* Linear
SMEFT A = 1 Tev = Linear + quadratic
1
CLl:‘,UG,uH,mp' (X10)
Cfl)q ...............
1]
HW, HB. HWB.HDD.uW..uB ~J{ §
-0.2 -0.1 0.2
N I ——
HW, HB, HWB, HDD,uW, uB
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c[Hu,Hd.Hq‘.' )
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-2 -15 - 15 2
il ;
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3]
HG.uG.uH.lop
1]
C[H/mu/'
c[,f”]”-,' 1 (0.1)
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Parameter Value

ATLAS Preliminary

— 68 % CL
V5 =13 TeV, 139 fb~'

95 % CL

my = 125.00 GeV, |yy| <25 —e— Linear

SMEFT A =1 TeV

o Linear + quadratic

1 (s P S—
C."G,UG.UH,top (x10) o e——
C}:‘)q ............... _._
C[1]
HW,HB,HWB,HDD, uW ,uB .
—-0.2 -0 0.1 0.2
ol
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m I
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0[2] | e
HG,uG,uH. top B —
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Impact of quadratic terms
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