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Higgs measurement

 The Nature paper presents the

most precise measurement of

Higgs property up to now

« Simplified Template cross-
section (STXS) binning gives
more information than inclusive
measurement, which gives
stronger constraints on EFT

parameter space

A detailed map of Higgs boson interactions by the
ATLAS experiment ten years after the discovery

The ATLAS Collaboration
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https://www.nature.com/articles/s41586-022-04893-w

SMEFT operators

Wilson coefficient Operator Wilson coefficient Operator

« SMEFT: extension of SM by adding higher- cr 'y G @n0ara
. . _ : CHO (H'H)O(H'H) Go (0T, Q) (GTy"q)
dimensional operators built upon SM fields = G orey & Grtr gt
C W, W, "W, . X
: . cHZD (;Du;)* (HTDiH) “0g Qo T @)@ T q)
» Wilson coefficient h A A gy (G vu9) G v q)
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1 . — . - (o) A _
« Warsaw basis used: complete set of d=6 operators, <. @B o (@noxart
0}11)1,33 (H'i'D ,H)(Iy"13) Cgu (QT %y, Q) (@T %y u)
assuming A =1 TeV G @B G @)
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. = ~ Crw Q0T H wl,
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considered in this analysis chb (' B ) ) D Tr't)
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Introduction

« EFT & BSM model interpretation using the updated measurement of
Higgs boson cross-section and decay rates

Analysis L - 2HDM and
B MEFT
Decay channel Production mode [fb~!] Reference 1nning S (h)MSSM
[24] STXS-1.2 v v
H=yy (ggF, VBE, WH, ZH, 12H, tH) 139 [20] differential v'(subset)
. . . [23] STXS-1.2 v v
H—> ZZ7 (ZZ* — 4¢: ggF, VBE, WH + ZH, ttH +tH) 139 [19] differential v/ (subsef)
(ZZ* — ttvv/ttqq: ttH multileptons)  36.1 [35] STXS-0* v
H-o1r (¢gF, VBF, WH + ZH, ttH + tH) 139 [30] STXS-1.2 v v
(ttH multileptons)  36.1 [35] STXS-0* v
H—-> WwW* (ggF, VBF) 139 [31] STXS-1.2 v v
(WH, ZH) 36.1 [47] STXS-0* v
(ttH multileptons)  36.1 [35] STXS-0* v
H — bb (WH, ZH) 139 [25,26] STXS-1.2 v v
(VBF) 126 [27] STXS-1.2 v v
(ttH +tH) 139 [29] STXS-1.2 v v
(boosted Higgs bosons: inclusive production) | 139 [28] STXS-1.2 v v
H— Zy (inclusive production) | 139 [32] STXS-0* v v
H — uu (ggF+1tH +tH,VBF+ WH + ZH) | 139 [33] STXS-0* v v
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-052/

Parameterization

i,k H->X
(XB)g\ErT

= O SMEFT

ik’

H-X _
X ByMerT =

i,k
int

ik’
(ks +

Linear term

- Linear term: interference between dim-6 operators and SM (A™2)
* Quadratic term: Pure BSM term, product of two dim-6 operators (A™*)

* Thus the STXS binning can be parameterized in terms of the Wilson

coefficient:;

Linear model:

Quadratic model: ( j

1+3 (A7 + A" ) ¢;+ 0 (A7)
J

1+ 3 A e +0 (A%

J

- 1.7
1+Z(Aj Lk LA

FH—)X
J cjtljl>j \ B

Jl Jl

(o) ’ a - ’
lak +BrH—)X +Aj l,k

l l

ik’ i,k
0-~’ Tk’ o T; 1!
mo= N AT BSM B " cic
ik J J ik’ Jjl J
(o foate T
SM J SM Jil>j
H—-X H-X
Lint _ ArH*X FBSM _ BrH*X .
ra-x i G HoX j1 - Cicl
SM J SM JAzj
ra H re -
int _ r BSM _ r )
rH ~ ZAJ € rH Z Bj, cjer,
SM Jlzj
with
H—X pgIHX H—X prH-X
- PR RSV Aj - 2Tm le
r£ _ X rg _ X
J H-X il = HoX
%rSM §FSM

J

J

1+2(A§H)Cj+ »

Jilzj
Higgs 2023, Beijing

(8,7 )ejcr+0(a76)

ag: 1.7




SMEFTsim & SMEFTatNLO

* The operators’ impact on

« Simulation tools

background is not simulated as they
are considered to small and the

backgrounds are constrained well by

Control Regions

e Contribution shown
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* Linear model in filled bars

» Linear+quadrat
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« ZH and tH are significantly affected
by quadratic term



Sensitive directions

* It's not feasible to constrain all the Wilson coefficient at the same time
due to large number of degrees of freedom and degeneracies in SMEFT
Impact

— Principle component analysis (PCA) is used to select the sensitive
directions

* The new basis is the eigenvectors of the covariance matrix

Sensit

direction)¢

_ Flat
- direction

Higgs 2023, Beijing 7



Sensitive directions

 Atotal of 19 directions are chosen with PCA
within operators grouped according to

physics meaning
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Results: Linear Model

* In general, the tightest constraints are

observed for process that is
suppressed in SM, but not in SMEFT

* E.g. cey 22 Which is constrained by H —
uu measurement. H - uu have a small
BR in SM (suppressed), but c.p 52'S
contribution on uu width is not

* The corresponding energy scales
probed (A/+/o) are shown in the
middle panel
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Results: Quadratic Model

* In general, most operators have more
stringent constraints than linear models as

ATLAS Preliminary

the linear+quadratic impact is larger than | V/E=13TeV, 139 o™", m, = 125.09 GeV SMEFT A = 1 TeV
. 107 ¢ inear (obs. 1032
Ilnear One 3 = tinearquar}. (obs.) E
g o) " g
§ =
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. . . §, o
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EFT based on differential measurements

« The differential distribution provides more information of the final state kinematics, thus gives
additional constrain power to Wilson coefficients.

. . . . . ATLAS Preliminary e BestFit
* However the trade is the production mode is inclusive eetaTevisen T ERCL
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BSM interpretation

* 4 benchmarks of 2HDM and 7 benchmarks of MSSM + hMSSM

* Type I: All fermions couple to the same Higgs doublet.

* Type ll: One Higgs doublet couples to up-type quarks while the
other one couples to down-type quarks and charged leptons.

* Lepton-specific: One Higgs doublet couples to leptons while
the other one couples to up- and down-type quarks.

* Flipped: One Higgs doublet couples to down-type quarks while
the other one couples to up-type quarks and leptons.

Coupling Type 1 Type II Lepton-specific Flipped
u,c,t Sg-a + Cg—o/ tan B
d,s,b sgpatcgo/tanf s o—cgoXtanfB sg o tcgo/tanB  sgo —Cgo Xtan B

e, U, T Sg—a + Cﬂ—a/tanﬂ Sg—a — C-a X tan 8 SB-a — C-a X tan Sg-a + cﬁ_a/tanﬂ
W, Z e
_2 _2
H Bt (3 - 2;:’72) 2\ Sp-a +2c0t (2B) (1 - ":_i) ¢

MSSM benchmark results are shown in backup

Higgs 2023, Beijing™”
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The UV-complete models are also included in this study for interpretation
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EFT to UV model

EFT is seen as the low-energy approximation of high energy scale UV-complete model

Theorists provide the translation from Wilson coefficient to several model’s parameters
[Putting standard model EFT fits to work, Sally Dawson, et al.]

2HDM are included to perform the matching

Tree-level expansion near the alignment limit:

SMEFT parameters Type I Type 11 Lepton-specific Flipped
You —Yicp_a/tanf  ~Yicp_o/tanf  ~Yicp_o/tanf  —Yicp_o/tanp
o —Yycp_oftanf  Ypcp_qtanf  —Ypcg_oftanf  Yycp_otanp
% ~Y,cp-ao/tan B Y cp—otan B Y cp—otan B ~Y,cp-ao/tan B
% ~Yrcp_oftanff  —Yrcp_qtanf Yrcp-qtan B —Yrcp-_q/tan B
vj\% c%_aMf‘/v2 c%),_(ZMf‘/v2 c'%g_aMf‘/v2 c%_aMf‘/v2

‘/Evm", tanf = % a is the rotating angle diagonalize the mass matrix
1

Y; is the Yukawa coupling, Y; =

Higgs 2023, Beijing 13


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012

EFT to UV model

» Type-l: The EFT approach miss
the constraint from HVV couplings,
which will only present at dim-8
operators

* For the other types, the petal
region is missing due to the linear
expansion of EFT approach

 In general, the EFT approach has
weaker constraint than direct BSM
interpretation, due to the missing
of dim-8 operators

Direct comparison of two approaches in backup
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« The EFT & BSM interpretation of the ATLAS combined higgs measurements are presented

 EFT: Warsaw basis, ‘Top’ flavor scheme
« BSM: 4 2HDM benchmarks, 7 MSSM benchmarks + hMSSM in backup

* The linear and linear+quadratic model are used for the interpretation on STXS measurements
« PCA s used to identify the sensitive direction and cut down the number of Wilson coefficients in fit
 The results show that the quadratic term suppressed by A~* will significantly affect the constraints
* No significant deviation from SM is observed

e Differential measurements are also used to constrain a subset of Wilson coefficients and
show comparable, less constraining power results with the STXS one

« EFT to UV-model matching is employed for the first time and show good consistency with
kappa-framework results for most 2HDM benchmarks, indicating EFT is a good approximation
of the High energy scale UV models

Higgs 2023, Beijing 15
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Fisher information

* The Fisher information matrix represents the contribution from measurement
on the constraint of each POls (¢;)
. aszeas.

ICi,meaSj — aclz
* The fraction of contribution from given rPeasurement IS calculated as:
cimeas,;

feas; =
s 21 cimeas;

* In this analysis, it is calculated from the inverted covariance matrix with
Asimov data

-1 _ pT -1 ,
Vomerr = P i,k , X)— () Vsrxs Pak,x)-3)-

* The correlation matrix of STXSXBR is obtained with Gaussian assumption

* The P matrix is composed of the linear term as the quadratic term is supposed to vanish
when the Wilson coefficient is at 0

Higgs 2023, Beijing 17



(V)
=
-
(7))
Q
p -
[
o
=
.m
afd
(4°)
.
=
(g0)
-
o

>
@
=
E
Qo
(a
2
=~
<

SMEFT A =1TeV

13 TeV, 139 fb~', my =
w Linear+quad. (obs.)

V'S

[AaL] (2/*/V) eleos pagoid

-10.32

e BestFit
— 68 % CL
95 % CL

125.09 GeV

Linear+quad. (exp.)

(SR
4 é&‘? /).&‘&

Q)
%,

101 |-

L |
— [\
| |
o o
~-— ~-—

103 g

I
(=]
o
-~

(©) Aurepaoun pazuPWWAS

(0/0) furepaoun pazupwwAs Aq
pa|eos anjeA Jajoweled

18

Higgs 2023, Beijing



hMSSM (habemus MSSM)

« A simplified MSSM model, its higgs sector also have two doublets, the
coupling is same as 2HDM Type-l|

* The SUSY constraint and additional assumptions will cut done the free
parameters to two: tan f and my,, see detail in LHC Yellow Report

« Assuming all superparticles are too heavy to affect Higgs production and decay

« Radiative correction to mass matrix other than (2,2) are negligible (which is not always
the case in low mA region and large tanB)

« And the « is fixed (at tree level) by:

tan(tan 23 M% + Mg)
a = —darctan(tan
2 MZ — M;
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https://cds.cern.ch/record/2227475?ln=en

MSSM benchmarks

« Similar to hLMSSM, these benchmark models cut down the free parameters to two:
my, tan

due to the assumptions, considering the radiative corrections
« Baseline benchmarks [1808.07542].

1. Mi?>: heavy superparticles, resemble 2HDM
2. M*(p): relatively light charginos (%) and neutralinos (7°), significant higgsino-
gaugino mixing, weanken H/A - tt
3. M*»®: light staus (7) and gaugino-like charginos and neutralinos
M3?° (alignment): alignment without decoupling
5. Mi?>(CPV): CP violation in the Higgs sector, interference effect in higgs (h2,h3)

production and decay

* The sfermions mass are tied to TeV scale in these benchmarks, so the low tanB region is
ruled out due to the SM-like higgs mass is much lower than measured value
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https://arxiv.org/abs/1808.07542

MSSM benchmarks

- EFT benchmarks [1901.05933)(M; %%, M} 55 (7)):
« Open up the low tan f region by adjustable sfermion mass(M¢;sy), can be raised
up to 100TeV

* At low scale, where all the Higgs mass is around electroweak scale, the Higgs
sector are evaluated in effective 2HDM to ensure the correct resummation of high
mass sfermion loop

. M,{%;SFT All SUSY particles are chosen to be heavy, phenomenologically viable
extension of the M125 scenario

. M,{’%;SFT()(). relatively light charginos (%) and neutralinos (¥°), extension of
Mi2>(¥) scenario
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https://arxiv.org/abs/1901.05933

MSSM interpretation

ATLAS Preliminary
Vs =13TeV, 36.1 - 139 fb~!

M}2> scenario

[ Obs. 95% CL (h coupling)
==+ Exp. 95% CL (h coupling)
E==] Obs. 95% CL (H/A-TT)
===+ Exp. 95% CL (H/A-TT)
Bl Obs. 95% CL (H*-tb)

T T T

===+ Exp. 95% CL (H*~tb)
T T T T

|mp —125.09] > 3 GeV

1
200 400 600 800 1000

1200 1400 1600 1800 2000

ma [GeV]

ATLAS Preliminary
Vs =13TeV, 36.1-139fb~!

M}25(¥) scenario

[ Obs. 95% CL (h coupling)
==+ Exp. 95% CL (h coupling)
E=1 Obs. 95% CL (H/A-TT)
==+ Exp. 95% CL (H/A-TT)
I Obs. 95% CL (H*-tb)
==+ Exp. 95% CL (H*-tb)

|mp —125.09| > 3 GeV

1
200 400 600 800 1000

1200 1400 1600 1800 2000

my [GeV]

ATLAS Preliminary
Vs =13TeV, 36.1 - 139 fb~1

ME23(£) scenario

[ Obs. 95% CL (h coupling)
==+ Exp. 95% CL (h coupling)
E= Obs. 95% CL (H/A-T1T)
==+ Exp. 95% CL (H/A->TT)
B Obs. 95% CL (H*-tb)
==+ Exp. 95% CL (H*-tb)

T T T~

|mp —125.09] > 3 GeV

1200 1400 1600 1800 2000

ma [GeV]

ATLAS Preliminary
Vs =13TeV, 36.1-139 fb!

M}25(alignment) scenario

[ Obs. 95% CL
==+ Exp. 95% CL
=] Obs. 95% CL (H/A-TT)
=== Exp. 95% CL (H/A-T1T)

|mp —125.09| > 3 GeV

1.0 L L
200 300 400 500

600

700 800 900 1000
ma [GeV]

tanp

15.0

125

10.0

7.5

5.0

25

ATLAS Preliminary
Vs =13TeV, 36.1-139 fb~1

M}23(CPV) scenario
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omparison of EFT and kappa approach
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