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LHC measurements and the Higgs boson
Many Higgs puzzles: supersymmetry?

Beyond Standard Model with Effective Field Theory?
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A Phenomenological Profile
of the Higgs Boson

e First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON
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CERN, Geneva
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A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previous experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson., unhke the
case with charm [3,4] and for not being sure of its coupling Byt
that they are probably all very small. For these reasong
big experimental searches for the Higgs boson, but we do I¢ De-oPHe-F mg
experiments vulnerable to the Higgs boson should know how it may turn up.




Everything about Higgs is Puzzling

L = yHyy + (2| HI* = MNH|* — V||+ ...

e Pattern of Yukawa couplings y:

— Flavour problem

e Magnitude of mass term u:

— Naturalness/hierarchy problem

e Magnitude of quartic coupling A:

— Stability of electroweak vacuum
e Cosmological constant term V,;:

— Dark energy

Higher-dimensional terms due to heavy particles?




It Walks and Quacks like a Higgs

e Do couplings scale ~ mass? With scale = v?

35.9-137 fb' (13 TeV)
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Naturalness of electroweak mass scale?

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:
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e Each is quadratlcally divergent: ["d*k/k?

Amy, = y'{r 2A% + 6m7 In(A/my) + ...]
. Ag .. o
Amz, = 16;2 [A* — 2m%In(A/mg) + ...]

* Leading divergence cancelled if
As =12 x 2 Supersymmetry!



What lies beyond the Standard Model?

Supersymmetry

New motivations
e Stabilize electroweak vacuum from LHC

e Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

e Successful predictions for couplings

— Should be within few % of SM values

e Naturalness, GUTs, string, dark matter, 8, — 2, ...



Will the Universe Collapse?
Should it have Collapsed already?

ot if

infinite barrier:

Fluctuate over barrier

in the early Universe?

We are here

Supersymmetry?

_Z >
o

Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations




Is “Empty Space” Unstable?

® Dependence of instability scale on masses of Higgs
boson and top quark, and strong coupling:
a,(m,) —0.1179 >

105—13( —1726>+11<——125 1)>+O.6< 2

Buttazzo et al, arXiv:1307.3536;

LOgIO

GeV GeV

Franceschini et al, 2203.17197

® Particle Data Group values:
= 172.69 = 0.30 GeV
my = 125.25+0.17GeV, a,m,) =0.1179 = 0.0009

® Instability scale:

Loggm = 11.7£0.8

e Dominant uncertainties that in a, and then m,



Is “Empty Space” Unstable?

Instablllty /

Depends on masses
of Higgs boson
and top quark

Are we in
metastable region
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Looking Beyond the Standard
I\/Iodel W|th the SI\/IEFT

¥ =

“_.the direct method may be used...but indirect methods ES
will be needed in order to secure victory....”

= | “The direct and the indirect lead on to each other in turn.
' It is like moving in a circle....”

' { Who can exhaust the possibilities of their combination?”

Sun Tzu



Effective Field Theories (EFTs)

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 : :
e Fermi’s four-fermion theory of the weak force
e Dimension-6 operators: form=S,P, V, A, T? ><

— Due to exchanges of massive particles?

e VV-A => massive vector bosons => gauge theory

e Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? = pions

e Chiral dynamics of pions: (0momn)mnmt clue = QCD



Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete

e Look for additional interactions between SM particles due
to exchanges of heavier particles

e Analyze Higgs data together with electroweak precision
data and top data

e Most efficient way to extract largest amount of
information from LHC and other experiments

e Model-independent way to look for physics beyond the
Standard Model (BSM)



JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Summary of Analysis Framework

e Include all leading dimension-6 operators?

2499
[/
LsmerT = Lsm + Z Foi
i=1

* Simplify by assuming flavour SU(3)° or
SU(2)2 X SU(3)3 symmetry for fermions

e Work to linear order in operator coefficients, i.e.

O(1/A?%)

e Use Gf, Mz, a as input parameters



Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

e Global fit to dimension-6 operators using precision
electroweak data, W+W- g op, Higgs and diboson
data from LHC Runs 1, 2 Bl

Diboson ﬁ top EW j

e At loop level

e Search for BSM contributions C.. .
e Constraints on BSM o CQ\ g
o At tree level Co| || oo omor ) Cy | | Cus
g:"’ \\\———EWPO _J CQJ
C

Q
.

b Ce Cgy Co Co. Cou
- C. C:, C& C°
\__ tt |

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 Higgs —




Data included in Global Fit

EW precision observables I e H ! S L ooe | r . |
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SU(3)°: EWPO + Diboson + Higgs

o] p e B rp———
Dimension-6 Constraints |
with o H 1y I ot fy o b 0 i
Flavour-Universal |
e Individual £ vaalltl,
operator B R R R U

2018 data WM 2020 data

. . ‘FQS%CL marginalised; C; 2 Tev)? |
c ICIen S 2.0{ M NoSTXS M NoZjj | 7 e

e Marginalised ol | E !
over all other o

operator
coefficients

.}-++"'f'}l'---

co
'
Chie
@
i
Cha

Ch

10! Cyo
Cow
Cia

Cw

07 Cs

107! Crgox

- —

No significant

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779 deviations from SM



Model-Independent BSM Survey

Switch on random subsets of 2, 3, 4 or 5 operators

e Top-less sector
fits SM very well

e Top sector does
not fit so well

e Mixed set
intermediate

e Overall, pulls not
excessive

e No hint of BSM

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779
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SMEFT Constraints o= 1y i
on Light Stops

. _ " h? 1cpg?, 4 X7
From quantum loop corrections:  “ws= 51|t 2 732~ 5]
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JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779
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Direct Search Constraints on Light Stops

{s=8,13 TeV, 20.3-139 fb

= 900F™ . e
) ATLAS Rreliminary '
e Patchwork of 2. 800 i procucids
© Limits at 9586 CL ;\i’g o
many model- %5700
dependent 600

searches 500

e Indirect constraint 400
excludes low-mass 300
region (almost) 200
model- 100
independently

s
200 400

600 800 1000 120
m(t,) [GeV]




CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 +7 -
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



SMEFT Operators that can
Contribute to W Mass

® Relevant SMEFT operators
Onws = HiT'HW}, B, Oyp=(H'D'H) (H'D,H)

— — AN —
Ou = (Gvule) (Eyits), O = (HYDLH) (Gr'y4,)

® Contributions to W mass

cos 0,

5m%,v _ sin26,, v2 [ cosb, sin 0,
sin 6,

_ 3) _
m%V ~ cos20,, 472 Chp + (4CHl 20”) + 4CHWB)

® Contributions to S and T oblique parameters

2 2
v 9192 v 9192
—C ==——-5 , —Cgp=
A2VHWB = e A2 VHD

2 (g3 + 92)




SMEFT Fits with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs
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0.00 | ‘| n by L HI
—-0.011
—0.021
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—0.041 : Wi 2020 fit, No My, W 2022 fit, CDF My, update | |
My, EWPO EWPO I 2020 fit
o = 2 G 5= o= g 5g ag 2 3
5 Q O O Q O O Q @)
5 o o
— — —
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> o
S 10
<||§ 10°
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Chws

Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



SMEFT Flts with the I\/Iass of the W Boson

Crwg 80385 + 5 Fo-  Ho — S

Chp 80408 = 7 e my world avg.

Cy 80386 5 = ol 2 —— SMEFT no my

o 80390 + 6 e — SMEFT 2022

Chwa,CHp 80409 + 7 —e—+o-

Caws.Cu 80389+ 6 o HH

Chws.C 80392 +6 o~ HeH

Chp, C// 80412 +8 o

Chp, C,_,, 80410+ 8 ! e

Ci.Cl 80390 +6 B S

Chwa,CHp, C// 80412 +£8 )

CHWB CHD CHI 804108 } @ | @4

Cuwa,Ci, C3H, 80392 +6 o ed

Chp.Ci,.CY) 80412 +8 o

Crws.Crp,Ci,.C\j) 80412 +8 o

20- parameter fit 80412 + 8 o E—

80200 80300 80400 80500

my [MeV]

Subsets of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero i 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Single-Field Models that can
Contribute to W Mass

1
Model m C) | Che | Cuo | Cowr | Conr | Com
S1
3 T
» 1—% v
2 \ 16 %
E -
1 e
E /i i
B; 1 [ ¥ | —w | _m
—Yr | Yt | —Yp
= 5l ov | v | ow
1 .
Wi - 8 -2 1-%51-%
W ' -5 | —yr | —w | —w

Operators
contributing to my

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi e
S =i tes
V B- B
F N —
FE o —
3 4 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Models Fitting Mass of the W Boson

Model || Pull || Best-fit mass | 1-0 mass 2-0 mass 1-o coupling?
Spins (TeV) range (TeV) | range (TeV) range
Vv Wi 6.4 3.0 2.8, 3.6 2.6, 3.8] 10.09, 0.13]
S B 6.4 8.6 8.0, 9.4 7.4, 10.6] 0.011, 0.016
Vv = 6.4 2.9 2.8, 3.1 2.7, 3.2 0.011, 0.016
F N 5.1 4.4 4.1, 5.0 3.8, 5.8 0.040, 0.060
F E 3.5 5.8 5.1, 6.8 4.6, 8.5 0.022, 0.039
Best-fit, 68 and 95% CL ranges 68% CL ranges
of masses assuming of couplings for
unit couplings 1 TeV

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Searching for Models Fitting the
Mass of the W Boson

W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak production,

accessible at LHC?

B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends
on fermion couplings, too heavy for LHC?

= Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC

searches for heavy Higgs bosons?

N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-

handed) singlet neutrino

E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-

handed) singlet electron

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



LHC Search for Triplet Vector Boson

LHC, L ~ 140" ] : LHC, L ~ 140fb~" |]

1000 [VBF-DB, vE WZ]E 1000 [VBF-DB, VO WW ]
ATLAS 2004.14636 -
100 ATLAS-CONF-2022-005 100
- CMS 2109.06055 ] - 3
= CMS 2109.08268 =, :
= ~  10¢

[an)] m E N\ :

N N - ATLAS 2004.14636 1

1 CMS 2109.06055
0.10¢
0.0 FUNNNNS TRNNN TN TN NN YN TN UMM TN NN NN TN TN . O (NN TN SN TN TN SN TN, "N SN TN (NN TR TR SN TN (Y S S S 1 0.0 PSSR TN TN (NN TN ST TR TR SNNNE TN T, VTSNS N NN N N N . NN TN TN SN TN (MUY SHNNNT THNNY TN S (Y TR S N 1
]1.0 1.5 20 25 30 35 40 45 11.0 1.5 20 25 30 35 40 45
Mvi [TGV] MVO [TCV]

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



HL-LHC Search for Triplet Vector Boson

HL-LHC, L ~ 3ab™! HL-LHC, L ~ 3ab™"
100+ VBF-DB, V* - WZ |- 100+ VBF-DB, V* - ww |1
::; “\
'¢‘ S
) b £ 1
= 2
% ATL-PHYS-PUB-2018-022 | X ATL-PHYS-PUB-2018-022 |
b - b “.:::::::.-
001+ 001+
10~ : : 10~4 .
0 2 4 6 8 0 2 4 6 8
My« [TeV] Myo [TeV]

Baker, Martonhelyi, Thamm & Torre, arXiv:2207.05091



W Mass in Supersymmetry?

Electroweak particles reach old world

average, but not CDF or new world average

80.44 —
€bf 80.60-
80.43 |- i
80-42 T 1 T T T T | T T T T T T T T T T I T T T T I T ] 80.55.—_
[ coann. case-L Y Aa, - New World 1 -
80.41F [ coann. case-R T Average = :
%* coann. (B-W) 1 <=80.50—
80.40F © X* coann. (V) 1% -
%* coann. (H) N E?, |
80.39F Ty S 580.45_—
80.40
80_35 ||||||||||||||||||||-|..||.||||"|.|.]|||.||||

Contribution from stops?

200 400 600 800 1009 1200 1400 1600 1800 2000
m. (GeV)

Heinemeyer, Hollik, Weiglein & Zeune, 2013

Bagnaschi, Chakraborti, Heinemeyer, Saha & Weiglein, arXiv:2203.15710



Higgs physics?

- Dark Matter? '-}( &
’ Muon Ty

4 j
L& magnetic f

*  moment?




