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Introduction

e The discovery of the 125 GeV Higgs boson is arguably the major
achievement of the LHC (so far)

v It finally provides evidence of the last ingredient required to confirm the
validity of the SM at low energies...
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v  ...but also reminds us of the limitations of the Standard Model...
» How do we understand the mechanism of EVVSB?
» Hierarchy problem:Why M, < Mp!

Jorge de Blas LHCP 2021 - Constraints on BSM from the Higgs sector
University of Granada June 10, 2021




Introduction

e The discovery of the 125 GeV Higgs boson is arguably the major
achievement of the LHC (so far)

v It finally provides evidence of the last ingredient required to confirm the
validity of the SM at low energies...

19.7 b (8 TeV) + 5.1 b (7 TeV)

AL T T T
E CMS , Eli [ ATLAS Preliminary B
S S/(S+B) weighted sum = Vs=13TeV,245-139 b 7 a3
" ¢ Data ] C _ 00 Co . t
—— S+Bfits (weighted sum) = |f . w
< 10 —

===+ B component

nnnnnn

nnnnn

E!) weighted events / GeV

of matter (fermions)
| Il in .
o =)
127 cevier | [171.2 Gevic F
% % I .
Y2 Y2 r
charm top =
P
= r
100 mevic' | [a.2 evier 2 4 5
evic | [4.2 Gevie 2 —— &
-, Rz g
2
= &
E: V2 V2 Y2 g
d strange botiom
o o
<22evier || [<017 mevicrf| [<15.5 mevic
0 0 0
vpve || % VT 126 Gevic: 200
electron muon tau o
neutrino | neutrino | neutrino L \
o
511 mevic? | 0.7 mevict | [1.777 Gevie’ Higgs 100
o |1 1 1
2 I
S % Y2 V2 I
& | electron muon tau 0 I L
3 } J
| [T !

110 115 120 5 130 135 140 145 150

—1 2
mYY (GeV) 10 1 10 10
Particle mass [GeV]

v  ...but also reminds us of the limitations of the Standard Model...
» How do we understand the mechanism of EVVSB?
» Hierarchy problem:Why M, < Mp!
New Physics
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Y ... and brings up further interesting (related) questions:
s the Higgs an elementary particle or a composite state?
How does it interact with itself?

What is its role in answering other important questions!?
Are there more scalars! Pseudo-scalars!?

Jorge de Blas LHCP 2021 - Constraints on BSM from the Higgs sector
University of Granada June 10, 2021




The Higgs connection to BSM

Stolen from V. Sanz’s talk

UV sensitivity
D.ark e piti Naturalness
£ 86s porta HIGGS heavy new physics
Higgs DM mediator Rl
Inflation 2
Higes inflation Phase transiti.ons Fate ofS:él:beﬂlimverse
Inflaton vs Higgs Baryogenesis Y

gravitational waves

Similar story for Axions and ALPs, scalars are versatile

BSM scenarios dealing with these issues tend to:
1. Introduce modifications of the Higgs properties — indirect tests of new physics
2. Introduce new particles in the scalar sector — Direct searches

The LHC is the only current experiment with direct access to
both ways of testing the Higgs sector
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The Higgs at the LHC

The LHC is the only current experiment with direct access to
both ways of testing the Higgs sector (directly and indirectly)
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The Higgs at the LHC
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Model-Independent
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Modified Higgs couplings

e Several frameworks have been used to parameterise BSM deformations on Higgs
interactions:

v The K framework < Used mainly during Run |

Y The EFT framework < Being adopted in Run 2 results and for future
Interpretations

v Two EFTs consistent with the SM particles and symmetries at low energies,
differing in the treatment of the scalar sector:

» The non-linear/Higgs EFT (HEFT): EW symmetry non-linearly realised
» The (dimension-6) SMEFT: EW symmetry linearly realised

SM c SMEFT c HEFT

In short:

* HEFT when there are light BSM states (compared to EW scale) or BSM sources of sym. breaking
e SMEFT when heavy new states (compared to EW scale)

See: R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph]
T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph]
For a geometrical interpretation of the differences between HEFT and SMEFT
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Effective Field Theories: HEFT

e HEFT: SM particles and symmetries at low energies, but does not assume relation
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EVWSB)

e Leading order HEFT Lagrangian (L=0 in chiral (y) dimensions):

1 [bosons|,, =0

1 y v
B §<WMVW,LL > B ZB'LLVBM [¢¢]X — [a]x — [gweak]x =1
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2 | B .
+ = (DU DU (1 + Fy (b)) + 5 0uhd"h — V (h) U = exp(2i°2T,)

4
V(h), Fy(h), Yy(h)
polynomials in 4

1
L10=— 7 (G G")

(GLYu(h)UPLqg + qrYa(h)UP_qg + £1Y.(h)UP_{g + h.c.]

V2

Terms relevant for
single-Higgs processes

B h - h Modifications of SM couplings
Lo = 2 2 WHw—H lzZZ“——E: = pling
it = 2cv (my W, T Mz 2p )U - CymyPy (like x framework)
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Effective Field Theories: HEFT

® Fits to LHC Higgs observables: Run | + Run 2 (~36-140 fb-!)

Jorge de Blas
University of Granada
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Updated from JB, O. Eberhardt, C. Krause, JHEP 07 (2018) 048, arXiv 1803.00939 [hep-ph]
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Effective Field Theories: SMEFT

e SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an

SU(2). doublet + mass gap with new physics (entering at scale A)
See talks from

@ . R V. Sanz, A. Pomarol,
? ;x E. Vryonidou, |. Brivio,
S. Banerjee
We don’t need to know this to describe the physics here
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Effective Field Theories: SMEFT

e Many EFT operators entering in Higgs processes at LO
“Model-independent” only when including ALL contributing operators

e But SMEFT automatically incorporates correlations between Higgs and other
processes imposed by gauge invariance + linearly realised EVVSB

= Use Global fit to constraint all directions

® Most EFT directions in Higgs processes in a LO EFT fit can be closed by
combining Higgs with EWPO and Diboson (e.g. WIW, WZ) observables
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Effective Field Theories: SMEFT
o SMEFT fit to EW/Higgs/diBoson: LHC Run | + Run 2 (~36-140 fb-!)

1 1
i HEP[T B Giobal fit (EW-+Higgs+WW) -
B - 1 Op. at a time (EW+Higgs+WW) ]
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New Physics assumptions: CP-even, U(3)5

JB, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, L. Silvestrini, In preparation
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Effective Field Theories: SMEFT

e Many EFT operators entering in Higgs processes at LO
“Model-independent” only when including ALL contributing operators

e But SMEFT automatically incorporates correlations between Higgs and other
processes imposed by gauge invariance + linearly realised EWWSB

avour

= Use Global fit to constraint all directions

Higgs

® Most EFT directions in Higgs processes in a LO EFT fit can be closed by
combining Higgs with EWPO and Diboson (e.g. WIW, WZ) observables

¢ A model independent description of #tH as well requires to add Top observables
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Effective Field Theories: SMEFT
o SMEFT fit to EW/ nggs/dlBoson/Top

11
N SU(2)? x SU(3)3: EWPO+D|boson+H|ggs+top . o (1TeV)?
2.0 m SU(2)? x SU(3)*: EWPO+Diboson+Higgs-+top (Co = 0) 95%CL marginalised; C; —5—
151 I Top operators: EWPO+top (incl ttH) (Cg = 0)
1'0- : : : : l
0.0 ¥ H ' H H H ft H + H o { H | 14t !
-0.5;
-1.01 ' '
-1.51
"2.0_ :
5 s EWPO :Bosonic
77 2 9 Gmyor ¥oFEIE R 2 o3 9Eoes
37 TTIOUTTOE 853400
O (@] O ~
— o O
| —
o
—
1074 N
v NN | ¥ B ¥ RERRE
E o100 i
<l 1
107+
Oy o Garar tosaz z e 5 8 33
E 9 Ebubbuuﬁu&uU

J.Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You, JHEP 04 (2021) 279, arXiv: 2012.02779 [hep-ph]

(See also J.J. Ethier, F. Maltoni, E. R. Nocera, J. Rojo, arXiv: 2105.00006 [hep-ph] for recent Higgs/diBoson/Top EFT interpretations)
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Effective Field Theories: SMEFT

e Many EFT operators entering in Higgs processes at LO
“Model-independent” only when including ALL contributing operators

e But SMEFT automatically incorporates correlations between Higgs and other
processes imposed by gauge invariance + linearly realised EWWSB

Top avour

= Use Global fit to constraint all directions
Higgs

® Most EFT directions in Higgs processes in a LO EFT fit can be closed by
combining Higgs with EWPO and Diboson (e.g. WIW, WZ) observables

¢ A model independent description of #tH as well requires to add Top observables

e Consistent treatment of non-flavour-universal interactions requires combination
with flavour observables < None yet
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Specific BSM scenarios
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Effective Field Theories: Matching in the SMEFT

e EFT fits provide a useful phenomenological tool to learn from New Physics

High Energy

UV theory/BSM

What can we learn about BSM?

2 1
'-E A ——— -
i) i Phenomenology Constraints
o 1
=
Il o
JR
|
v
; Assumptions : [ Signal of NP?
: SMEFT/HEFT: .
SM < EFT : Dim 6, 8, E_> Limits on NP?
Flavor Struct.: L Correlations y
Low Energy LO, NLO
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Effective Field Theories: Matching in the SMEFT

e EFT fits provide a useful phenomenological tool to learn from New Physics

High Energy

UV theory/BSM

What can we learn about BSM?

Phenomenoloqgy Constraints

EDL.

llllllllllllllllll

|
]
Assumptions‘;
SM c EFT : SMEFT/HEFT :mlp
: Dim6,8, ... :
Flavor Struct.:

LO, NLO

@ )

Signal of NP?

Limits on NP?
L Correlations y

Low Energy

llllllllllllllllll

e Projecting (SM)EFT results to specific scenarios requires matching between the
NP model and the EFT

Matching: Wilson coefficients as function of BSM model couplings and masses

Limits on EFT Wilson coefficients =  Limits on BSM
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Effective Field Theories: Matching in the SMEFT

e EFT fits provide a useful phenomenological tool to learn from New Physics

® Projecting (SM)EFT results to specific scenarios requires matching between the
NP model and the EFT

Matching: Wilson coefficients as function of BSM model couplings and masses

Limits on EFT Wilson coefficients =——p  Limits on BSM

e Matching fully classified at tree-level

Name S S1 So @

= = 0, O3 Name N E Aq Asg )Y >
(1,3), (1,3), (1,4)

Irrep  (1,1), (L1, (L,1), (L,2), 1 (1L,4)s rep  (L,1), (L1, (1L,2)_x (L,2)_s (1,3), (L,3),
Name w1 wo W4 I1; 11, ¢ Name U D 0, Qs Q- B B
e 0Dy B0 B0y 0% 6% B9 mep  (3,1); (-, (.2, G2 32; 63, 6G3)
Name Ql Q2 Q4 T (I) - -
ep  (6,1)y  (6,1)_: (6,15 (6.3 (3,2), 13 vector-like fermions
19 scalars bosons
— = 3, I 9 G G oy T The full UV/IR tree-level dictionary: L d=6
Irep  (L,1), (L1), (L3), (L3); (1), (1) B3) (1,2, 48 multiplets contribute to dim 6 Eff
Name Ls Us Us, Q 95 X RZ1 Vs
mep (L2 (B G G2, G2 6.3 6.2, 6.2 ] ~30pages

16 vector bosons J. B, J.C. Criado, M. Pérez- Victoria, J. Santiago, JHEP 1803 (2018) 109
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Effective Field Theories: Matching in the SMEFT

e EFT limits on simple BSM extensions contribution at tree-level to dimension 6:

Including limit on BSM benchmarks for EFT in Higgs and EW from
LHC Higgs WG note LHC-HXSWG-2019-006 (arXiv: 2009.01249 [hep-ph])

Jorge de Blas

Description

Neutrino singlet
Charged vector triplet
Neutral scalar triplet
Charged scalar singlet
Top singlet
Neutral scalar singlet
Exotic lepton doublet
Exotic quark doublet
Lepton triplet
“Up-type” triplet
Charged lepton singlet

Up-quark singlet
Scalar doublet

Quark bi-doublet (07 Q7 -
Q7
DA
BB 1
B 1
T1-
211
A

Exotic quark doublet
Down-quark singlet

Custodial vector pair
Charged vector singlet
“Down-type” triplet

Lepton triplet
Lepton doublet

University of Granada

==

W
—

Mass limits (in TeV)

|IAn|? < 3.8x 1072

|97 |2 < 8.6 x 1072

K < 1.1 x 1072(TeV?)

lys, |* < 1.6 x 1072

(st)? < 0.04

K% < 1.7 (TeV?)

Aa,]? < 2.9 x 1072

|Ags | < 0.24

|As|? < 4.5 x 1072

|Ar, |* < 0.099

Ae|? < 2.2 x 1072

Av)? < 7.2 x 1072

Zg cos < 0.995

IAg,0,]* < 0.88

Ao, |* < 0.14

|IAp|? < 3.8 x 1072

95p, <0.92

195, 1* < 6.9 x 10~° l

1.6 0
1.60
1.60
1.20

_——

|\ |2 < 0.22

A, |2 < 2.7 x 1072

Aa, |2 < 1.7 x 1072
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J.Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You, JHEP 04 (2021) 279, arXiv: 2012.02779 [hep-ph]



https://arxiv.org/abs/2012.02779

Classical “Higgs> BSM scenarios

® Well-motivated BSM scenarios designed to address specific issues of the SM.
In particular,

v Naturalness models: to solve or ameliorate the hierarchy problem, e.g.
»  SUSY

» Composite Higgs scenarios
» Neutral Naturalness models

» Relaxion, ...

e These typically induce sizeable modifications of the Higgs couplings...

e ... and involve extensions of the scalar sector, e.g.

v SUSY — Two Higgs Doublet Models

v Models with axion-like particles

® In what follows we go over a few of these scenarios and summarise some
implications of current LHC Higgs measurements
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Composite Higgs Models

e The Higgs is a resonance of some strong dynamics not far from the TeV

v Dynamical explanation of strong dynamics scale m. (as in QCD)

v Motivated as solutions to the hierarchy problem

Strongly Interacting Light Higgs (SILH) scenario: Strong dynamics, characterised
by a single mass scale m. and coupling g., generates a i/ doublet with same

quantum numbers as the SM one (pPNGB or accidentally light)

v Leading effects in Higgs couplings

f 2 2 — )

ALgiu 229* Cy0,.(dTd)0"(PpT9) + ,,i* C, > yup¥rdr(Pp o)

+ 1 Cy(¢19) Gt GA 1 4 {24 C, (1 $) B B
Modifications of Higgs couplings
cvzl—%ﬁ, cle_(%+cy)€a cg = 2048, cy = C,\¢
£ = 95%2 = v_z Coy9~ ~ O(1)

\_ J

Jorge de Blas
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Composite Higgs Models

® 95% probability bounds from Higgs physics on generic SILH scenarios:

Scenario C¢ Cy |Cg| |C,7| 595% f95% [GGV]
. SILH1a | 1 0 0 0 | 0.049 1107
CH models with pNGB H < SILH1b | 1 1 0 0 | 0.054 1057
CH models with < SILH2a | 1 0 1 1 | 0.029 1433
accidentally light H SILH2b | 1 1 1 1 0.039 1253

Benchmarks from L. Vecchi contributions to HL-LHC WG2 report , arXiv: 1902.00134 [hep-ph]

e Reproduces well limits from minimal CH models based on SO(5)/SO(4):

cv =vI—§ cf) =vI—§ cf =212

Fermion couplings depending on SO(5) irrep (here 4 or 5)

Scenario | £g59

f95% [GGV]

Min CH-4 | 0.049
Min CH-5 | 0.053

1117
1067

Updated from JB, O. Eberhardt, C. Krause, JHEP 07 (2018) 048, arXiv 1803.00939 [hep-ph]
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Neutral Naturalness

® SM comes with a Twin: Higgs sector invariant under a global U(4) symmetry

H:<22>:<Jc+%>ei%¢

V(H) = —m? |H|* + X|H|* + 6 (|hal” + |h5|")

U(4) symmetric Explicit U(4)—U(3)
<H> breaks U(4)—U(3) breaking
1 radial mode + 7 Goldstones (Gauge loops)
3 Long. W,Z / 3 Long. W1win,ZTwin
1 light scalar <125 GeV Higgs (pNGB)

®* Higgs mass protected by approximate global symmetries:
v Higgs is a pNGB: Mixture of SM Higgs and Twin Higgs
v Symmetry also broken by Yukawas but Z, protects H mass

ALy = YthaQ AUa + ythgQpUp — y:hQ ,Us + yi(f — %)QBUB

Qa
L o Qs Ug®
h h
U,C ’l - \’Z Z. Chacko

Top divergences cancelled by non-coloured states = Neutral naturalness
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Neutral Naturalness

® SM comes with a Twin: Higgs sector invariant under a global U(4) symmetry

h /2T T,
"Three generations o 1 f
of matter (fermions) — _|_ E— e
| Il 1l h \/5
e || frooe | [rrecwc] o rrowe B
% %

aaaaaaaaaaaa

dls|bligjw] \ V(H) = -m?|H|" + X[H|" + 6 (|hal|” + |hs|)

eeeeeeeeee
neutrino neutrino neutrino

U(4) symmetric Explicit U(4)— U(3)
e 17 (0 <H> breaks U(4)—U(3) breaking

1 radial mode + 7 Goldstones (Gauge loops)
3 Long. W,Z / 3 Long. W1win,ZTwin

1 light scalar <125 GeV Higgs (pNGB)

e Higgs mass protected by approxiarate
QNGB: Mixture of SM Higgs and Twin Higgs

v Higgs is$

‘I Exotic decays and deviations in Higgs couplings

Model dependent: depend on what is the lightest Twin particle
Generically, invisible decays and displaced leptons or jets

Current best constraint on invisible h decays: ATLAS Run 2 (ATLAS-CONF-2020-027)
Br(2—inv.)<0.09 at 95% prob.

From Higgs coupling fits, assuming cv<1
See also A. Albert’s talk
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Neutral Naturalness

® SM comes with a Twin: Higgs sector invariant under a global U(4) symmetry

_( ha\ _ o i¥21aTa
T H = ( hp ) B <f + E) e 7@
—+——+—+—1 ) . . .
ds|pjigjw] \ V(H) =-m?|H|" + AH|" + 6 (lhal” + |hs|")
T Y [0 . <H> breaks U(4)—U(3) breaking

1 radial mode + 7 Goldstones (Gauge loops)

3 Long. W,Z / 3 Long. Wrwin,ZTwin
1 light scalar <125 GeV Higgs (pNGB)

eeeeeeee
e

® Higgs mass protecte DY annLoxiRate

v}

Exotic decays and deviations in Higgs couplings

Generically, universal O(1) deviations in 4 couplings, unless tuned
ALgrr =55Cs0u(90)0"(¢T9) + Cy =3 — 8515

From current LHC Higgs measurements (for 6«1)
£ < 0.108 at 95% probability

Jorge de Blas LHCP 2021 - Constraints on BSM from the Higgs sector
University of Granada June 10, 2021




Two-Higgs Doublet Models
e THDM (with softly broken Z; symmetry):

Y4 . .
[ Scalar Sector Yukawa interactions A
P ¢j— (I)1i = CﬁGi - SﬁHi ) PhySicaI: h, H, A, H* Ly =— YtQLiUQq);tR - Yb,l@Lq)le - YIJ,ZQLCI)ﬂ)R - Yr,lqu)lTR - YT,QELCI)ZTR +h.c.
i = + o +iG; .
MX/;ZGI (I)Qi _ SgGi + CgHi , Goldstones: G, G* Type I Type 11 Type X (“lepton specific”) | Type Y (“flipped”)
Yoi=Yr1=0 | Ypo=Y0=0 Yo =Yr2=0 Yoo=Yr1 =0
b= tan gz O} = 5 (01 + coll = sah +icsG — ispA] Yoo =YM/sinB | Y1 =Y M/ cos B | Yoo =YSM/sin B Yo=Y M/ cos 5
= tan = = YT :YsM : YT =YTSM YT =YTSM YT ZYTSM :
A U1 D) = % (V2 4+ SaH + coh + is3G + icgA] 2=Y, 7 /sinf | Yru [cosp | Yri [cosp 2 [sinf
_ VAN J
4 ] ] | )
BN yydecays WEE WW decays Experimental constraints o e erenes s | it
B bb decays B ZZ decays
Bl 1T decays i All signal strengths mflt 2.0 | >
W uu decays \
tls 1.5
Q.
1.0
500 1000 1500 500 1000 1500
my [GeV] my [GeV]
E ITZ;I\(:;rSearches = ;:i(;r:straints mfit
10
x 5
C
©
o
0.5
500 1000 1500 500 1000 1500
mu [GeV] mp [GeV]
10
x 5
C
(| 8
05 1 5 10 o
ta nﬁ 500 1000 1500 500 1000 1500
\ D. Chowdhury, O. Eberhardt, JHEP 05 (2018) 161, arXiv: 1711.02095 [hep-ph] my+ [GeV] my+ [GeV] y
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' wo - Channel Experiment Mass range L \
[GeV] [fb—]
pp — H/A — bb CMS (75] [ (05512 [ 269 |
PY ATLAS [76] | [0.2;2.25] 36.1
TH 99 = H/A =717 CMS 77 | 00932 | 12,9
ATLAS [76] | [0.2;2.25] 36.1
bb— H/A — 77 . .
[ / CMS [77] | [0.09;3.2] 12.9 Yukawa interactions )
pp — H/A — vy ATLAS [78] [0.2;2.7] 36.7 — — — —
P Qboj— ? g9 — H/A — v CMS [79] [0.5;4] 35.9 B Yb,lQLq)le - %,2@L®2bR - YT,lLL(DITR - YT,QLLCI)W'R + h.c.
 — i+¢; +1G; Q ’ i i
' MTZ ‘5 g9 — HJA — Zy[— (£0)~] ATLAS [45] 0.25;2.4] 36.1 Type 1 Type X (“lepton specific”) | Type Y (“flipped”)
(%) g9 — H/A — Z~ CMS [80] [0.35;4] 35.9 Yoo=Yr2=0 Yo1=Yr2=0 Yoo=Y-1=0
_yvSM _VSM / ; _vSM
by =tan g = 2 » 99 — H — ZZ[— (£0)(¢l, vv)] ATLAS [81] 0.2;1.2] 36.1 Yb,l—YbSM/ cos 8 Yb,g—YbSM/ sin 8 Yb,l_YbSM/ cos
p= = & VV = H — ZZ[ (000, vv)] ATLAS 81| [0.2:1.2) 36.1 Yra=Y""/cosf | Yra=¥>"/cosf Yrp=Y-"/sin
\ ] pp — H — ZZ[— (t0)(vv)] CMS [82] [0.6;2.5] 35.9 y
g 99 — H — ZZ[— (£0)(vv)] CMS 83] [0.2;0.6]
a ® VV = H — ZZ[— (00)(wv)] CMS [83] [0.2;0.6] | )
B yy deca % (VV +VH) = H — ZZ — (0)(€0) | CMS 84 | [0-13;2.53] 12.9 b = sy e
B bb deca £ o — H — ZZ[— (0)(qq)] CMS [35] [0.5;2] 12.9
Bl 1T deca S 99 = H — ZZ]|— (06, vv)(qq)] ATLAS [86] [0.3;3] 36.1
% VV - H — ZZ[— (t,vv)(qq)] ATLAS [86] [0.3;3] 36.1
T g9 = H — WW[— (ev)(uv)] ATLAS [87] [0.25;4] 36.1
S
5 VV - H - WW[— (ev)(pv)] ATLAS [87] [0.25;3] 36.1
2 (gg+VV) = H - WW — (tv)(fv) | CMS [88] [0.2;1]
5 g9 > H - WW[— (fv)(qq)] ATLAS [89] [0.3;3] 36.1 =00 1000 1500 =00 1000 1500
8 VV - H — WW[—> (EI/)(qq)] ATLAS [89] [0.3;3] 36.1 mey [GeV] mey [GeV]
= pp — H — VV[—= (qq)(qq)] | ATLAS o] | 23] | 367 |
= ATLAS 91 0.3:3 13.3 Flavour B Theory :
§ pp — H — hh — (bb)(bb) CMS {92% [0[26,1]2] 359 Il Heavy searches I All constraints mflt
o 99 — H — hh — (bb)(bb) CMS 93] [1.2:3] 35.9
= pp — H — hh[— (77)(bb)] ATLAS 4] | [0.275:0.4] | 32 |
o pp — H — hh — (y7)(bb) CMS [95] | [0.25:0.9] 35.9
O pp — H — hh — (bb)(77) CMS [96] | [0.25;0.9] 35.9
- pp — H — hh — (00)(VV — fvly) | CMS 97] | [0.26;0.9] 36
99 = H — hh[= (y7)(WW)] ATLAS 98] | [0.25;0.5] 13.3 500 1000 1500 500 1000 1500
99 — A — hZ — (bb)Z ATLAS [99] [0.2;2] 36.1
bb— A — hZ — (bb)Z ATLAS [99] [0.2;2] 36.1
] S : ‘ Channel ‘ Experiment ‘ Mass range [TeV] ‘ L [fb~1] ‘
’ ATLAS [100] 0.2;2] 14.7
See J. Tao’s talk fo_r o HE o7 | O o1 015 16
the updates on new Higgs o Ht oy | ATLAS [102] [0.3:1] 13.2
Boson searches ATLAS [103] [0.2;0.3]U[1;2] 13.2 J 1000 1500
\ [Tep=p GeV]
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Two-Higgs Doublet Models
e THDM (with softly broken Z; symmetry):

AY4 . ]
[ Scalar Sector Yukawa interactions )
o oF df = c3GF — spH™T Physical: 4, H, A, H* Ly == Y;1Q,ico®sty, — Yy 1Q,P1bs — Y32Q, Poby — Vo1 L, @17, — Yoo L, @7, + hoc.
i = + o +iG; .
MX/;ZGZ CI)Qi SgGi + CQHi , Goldstones: G, G* Type I Type 11 Type X (“lepton specific”) | Type Y (“flipped”)
Yoi=Yr1=0 | Ypo=Y0=0 Yo =Yr2=0 Yoo=Yr1 =0
P O} = 5 (01 + coll = sah +icsG — ispA] Yoo =Y M/sin B | Yo=Y M/cos B | Yoo =YSM/sin B Yo=Y M/ cos 5
tg=tanp = — _ySM /o _SM _ySM _vSM /o
B oL (Dg % (v + S0 H + Cah + i35G + ics Al Yeo=Y>Y/sinf | Yo1=Y>"/cosp | Yo1=Y"/cosf Yio=Y>"/sinp
o J L .
a ] ] | )
BN yydecays WM WW decays Experimental constraints e s |t
B bb decays B ZZ decays
Bl 1T decays w0 All signal strengths . 2.0 |
= HEP[ U \
Higgs signal strengths | 1o
(LHCRun1+Run2[36fb1]) =
push THDM '
. . 500 1000 1500 500 1000 1500
towards alignment limit me [GeV] my [GeV]
|COS (/B o a)l << 1 Flavour I Theory . mfit
e-g. for type " (type I) Il Heavy searches B All constraints
|cos (B — a)| < 0.05 (0.26)
500 1000 1500 500 1000 1500
mu [GeV] mp [GeV]
ta nB 500 1000 1500 500 1000 1500
\ D. Chowdhury, O. Eberhardt, JHEP 05 (2018) 161, arXiv: 1711.02095 [hep-ph] my+ [GeV] my+ [GeV] y
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Two-Higgs Doublet Models
e THDM (with softly broken Z; symmetry):

N[ . .
Scalar Sector Yukawa interactions )
P gbj— (I)1i = CﬁGi - SﬁHi ) PhySicaI: h, H, A, H* Ly =— Y;t@LiUQCI);tR - Yb,l @L@le - YE),Q@Lq)QbR - YT,lfL(I)lTR - YT,QELq)W'R + h.c.
= A0 i
Z m\/;z(;l CI)ét = SﬁGjE + Cﬁfli , Goldstones: G, G* Type I Type 11 Type X (“lepton specific”) | Type Y (“flipped”)
You=Y1=0 | Yo=Y0=0 Yo =Yr2=0 Yoo=Yr1 =0
b= tan gz O} = 5 (01 + coll = sah +icsG — ispA] Yoo =Y M/sin B | Yo=Y M/cos B | Yoo =YSM/sin B Yo=Y M/ cos 5
=tanp = — Y. —YVSM /g Y. —YSM Y. —YySM Y, ZYTSM :
A U1 D) = % (Vg + So H + coh + 153G + icgA] 2=¥/sinp =Y/ cos =Y, fcosp 2 [sinf

- J \L _
r

ATLAS Prelimi ATLAS Prelimi H H =3 Signal strengths [ Th H
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Axion-Like Particles (ALPs)

® Light, gauge-singlet pseudo-scalar particles arising as:
v PQ solutions to strong CP problem (the original QCD axion)

v pPNBG of spontaneously broken global symmetries in extensions of the SM,
e.g. in composite Higgs models

v' Dark Matter candidates or mediators

® |leading dim < 6 axion interactions with SM particles

r )
LO=° = % (8,a)(0"a) 24 Z gy 9 f%%f +95Caq + A GW G
262 a e* a
+e C,WKFWF“”JFS » C’YZKF,UJVZMV_'— 3 2 Crz Z,, 2",
- o o y
r N
£l = S (9,0 (0" >¢*¢+(’fh< @) (67iDy 6 +he) o+ ...
- y

See also P. Foldenauer’s talk
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Axion-Like Particles (ALPs)

® Light, gauge-singlet pseudo-scalar particles arising as:

v PQ solutions to strong CP problem (the original QCD axion)

v pPNBG of spontaneously broken global symmetries in extensions of the SM,

e.g. in composite Higgs models

v' Dark Matter candidates or mediators

® |leading dim < 6 axion interactions with SM particles
é )
p<s 1 " cir a =, A
Li =5 (040)(0"a Z f Y5t + 95 Coc + A LG, G Axion decays, €.g.
262 22 . i a — vy
‘|‘€ C’Y'YKFMV FMV+ 50 Co C’YZAF ZMV—F 2 2 CZZA Z'LW,
\- y
i Axi duction in Higgs d A
Ca C ion production in 19gsS aecays
L5 = =5 (0,0)(0"a) 616+ 5 (2" a) (67iD, ¢ +he) oo+ ... h — aa, Za
\- Y
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Axion-Like Particles (ALPs)

® |eading dim < 6 axion interactions with SM particles  See also P. Foldenauer’s talk

é ™)
1 ¢ 8 a v,A
LE=0 = 3 (9,a)(8"a) — ° 4 Z 17 fyu%f + g2 Crp — n G _GM Axion decays, e.qg.
262 2 . a — Y
2 % —q01% —q11%
—|—€ O’Y'YAF/LVF +Sw wC,yZAF Z —|—8202 CZZKZ,MVZ y
\- Y,
g Axi ducti Hi d A
C, C ion production in Higgs decays
L5 =7 (0,0)(0"a) 6 + =5t (9"a) ("iD, 6 +he ) 6lo+ .. h — aa, Za
\- Y,

Testable at LHC in exotic Higgs decays
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D. d’Enterria, arXiv: 2102.08971 [hep-ex]
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Axion-Like Particles (ALPs)

® |eading dim <

6 axion interactions with SM particles

See also P. Foldenauer’s talk
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Testable at LHC in exotic Higgs decays
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Axion-Like Particles (ALPs)

® |eading dim <

6 axion interactions with SM particles

See also P. Foldenauer’s talk
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Testable at LHC in exotic Higgs decays

From ATLAS+CM Run 1 combination:
Br(h—BSM)<0.32 at 95% prob. (Outdated)

e.g. ATLAS Run 2 (ATLAS-CONF-2020-027):
Br(m—BSM)<0.19 at 95% prob.

M. Bauer, M. Neubert, A. Thamm,
JHEP 12 (2017) 044, arXiv: 1708.00443 [hep-ph]
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Two slides on Higgs pair production and BSM

® The measurement of the Higgs self-interaction is directly connected to our

understanding of EWSB and can have important implications from the point of
view of, e.g. EW baryogenesis

e Higgs pair production is a difficult process to measure at the LHC

= 10° 5 4000 CMS Preliminary 138 b (13 TeV)
= - ATLAS Preliminary —— Observed |llmll'[ (95% CL) ] é I 95;/0 CL upper Iirhits : : Al cate: orios ]
T - \/§ — 13 TeV. 139 fb_1 ---- Expected limit (95% CL) 1 — N Observed | g i
L | HH—bb ’ [0 Expected limit +1c 1 % e Median expected HH — bbbb -
w 104} i [ Expected limit +2c 1 | WM 68%expected oho =1 =17
@ . - o 3000 95% expected 99k VBF
> - E== Theory prediction o - , - : :
+ e — | —— Theoretical prediction -
o) [ ¢ SM prediction L : : :
S, 3 7 : |
103} % 2000\ A S ——
: 5 2000
1 02 - 1000 P
- Observed: k) € [-1.5,6.7]
: Expected: k) € [-2.4,7.7] :
1 01 ....................................... k I . k k . | . . . . : . . k k | k k k
‘10 8 6 -4 2 0 2 4 6 8 10 -10 -5 0 5 10
K K)»
—1.5 (=2.4) <k, < 6.7 (1.7) =23 (=3.0) <k; <94 (12.0)

See L. Pereira’s and P. Bortignon’s talks

( HL-LHC projection (3ab-1): 0.52 < k), < 1.5 68% prob. )
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Two slides on Higgs pair production and BSM

e New physics effects can enter the process in many different places, affecting the
hh distributions, e.g. in the SMEFT:

g h g __h g _h
/ - -
/ b

/
___‘ -
\ ~

\
~
\ - - ~

g “h g “h g h

Most of these interactions can be better measured in other processes,
using SMEFT correlations, with the exception of the h3 coupling
g h g _h

\QQ __ _‘/ a4 From R. Groeber’s talk

N
N
\ N
N
\ N
\ \h

g h g

e But from the point of view of models of naturalness, the bounds from single
Higgs couplings dominate over any limit from %/ that will be set at the (HL-)LHC

e Similarly, for models of the EWPT, large (tree-level) contrib.to O = (H'H)?
always come with other operators at the same order

v Exceptions: Custodial scalar quadruplets or fermio-phobic scalar doublets
M. Chala et al. , JHEP 07 (2018) 062

hh at (HL-)LHC could still provide some limited sensitivity to this type of scenarios
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Summary

® Despite the LHC success in finding the Higgs boson, new physics beyond the
Standard Model (BSM) still proves to be elusive to existing searches

® Such searches, however, provide valuable information to constraint many of the
ideas that theorist have proposed to address the problems of the SM

® |n particular, LHC Higgs physics provides crucial information to constrain
solutions to the hierarchy problem:

v The consistency of the Higgs couplings with the SM predictions imposes
some of the strongest bounds on these scenarios

v Direct searches for exotic decays and non-SM extra scalars keep also pushing
the scale of new physics

® |n this talk | have presented some of the implications of current LHC
measurements of the Higgs properties on different BSM scenarios

e With the Run 3, and the future HL-LHC we are entering the LHC precision era
for measurements of the Higgs properties

¥ Indirect constraints will become more relevant...
v ...and hence also the precision with which we know the SM
v The (SM) theory role: to keep learning from BSM it is crucial to keep

improving our SM calculations! See B. Mistlberger’s talk
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Modified Higgs couplings: The k framework

e Compact parameterisation of new physics in single Higgs processes:
( L 2PSM )
. . SM IV (H—f)
(0 -BR)(i = H — f) = k26"M(i — H) I
SM Z ZBRSM
Lo =g —5R R
\ y

¢ ki interpreted as modified Higgs couplings + describes non-SM decays

v No BSM calculation needed per se

v Applicable to a good approximation to interesting NP scenarios (e.g.
Composite Higgs, MSSM)

v Limited to single Higgs processes and total rates (no kinematics)

v No consistent Lagrangian/EFT interpretation in the general case (i.e. with
general xg,7))
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Modified Higgs couplings: The k framework

® Fits to LHC Higgs observables: Run | + Run 2 (~36-140 fb-!)

( )
Custodial + Universal fermion interactions
Fit result 95% Prob. Correlations
ky 1.0210.02 (0.99, 1.06] 1.00
Ky 0.9610.03 0.89, 1.02] 0.36 1.00
\_ Yy,
é Non custodial + non universal fermion interactions )
+ independent k for rad. processes
a )
Non custodial + non universal fermion interactions Fit result 95% Prob.
. kw 1.051+0.04 0.96, 1.13]
Fit result  95% Prob. ky 0994004  [0.89, 1.07]
kw 1.03+0.04  [0.95, 1.10] kg 1.01£0.05  [0.91, 1.11]
kz 0.9940.04  [0.90, 1.07] Ky 1.04£0.05  [0.94, 1.13]
k, 0.98+0.04  [0.89, 1.06] Kzy 1291040  [0.39,2.04
o 0.96-40.08 30 80 1 123 k: 0.9440.06 20.82, 1.05:
Rb 1.02i0.18 ;0'65’ 1'38; ky, 0.99+0.09 0.82, 1.17]
M 0090:|:0.07 ;0'77’ 1'04: Ky 1.024+0.19 :0.64, 1.38:
Kr - : V-0 1.US Kk, 0.9340.07 0.79, 1.08
\L _J . : - Yy,
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Two-Higgs Doublet Models

e “Flavour-Aligned” THDM:

Gt
v+ 51 +iGY) |’

H+
®; = 1 Py=|
\/_ \/_

(SQ —I—ZS3) 7

Physical CP-even neutral scalars
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h
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General scalar Potential )

r
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| e )\ 1 t ) f i f i
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Assume Yukawa interactions “aligned” in flavour space
2
V2 { [GdVCKMMdPR — GuM. TVCKMPL} d+ sevMyPrt }

Lyuk = ——H+

__ny o) [fMfPrf] +hec., p} =h,H, A

SM-like Higgs couplings: Fit to LHC signal strengths
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~ SM
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Most LHC Higgs observables
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