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Why study the Higgs boson?




SM without Higgs boson

Matter: fermions
— 3 generations
— each generation comprises a doublet of leptons and a doublet of quarks

Forces, carried by vector bosons, arise from requiring local gauge symmetries
— SU(1): single field B
— SU(2): triplet of fields W* W° W~
— SU(3): octet of gluons

—) B and WP° are then mixed to give photon and Z

SU(2) — troublemaker (twice!)

— forces introduced via gauge symmetry are renormalizable; however, the gauge symmetry
implies that the corresponding force carriers are massless. But W and Z bosons are massive

— weak force violates parity: with the gauge symmetry, this requires fermions to be massless.
But fermions are massive



Brout-Engler-Higgs (BEH) and Weinberg solve both m-

Brout + Engler; Higgs (1964):
(1) introduce a doublet of pseudoscalars, ®: D — (gol + igoz) V(D)
Y3 + i@,

(four degrees of freedom, so to speak)

(2) give the doublet a potential in a very unusual form:
V(@) = =12 |PI* + Al

(minimum energy is not when there is no field) \/
(3) require the doublet to be SU(2) invariant

(just as for fermion doublets)

* this makes new scalars interact with SU(2) fields: g?|®|?W 2

Weinberg (1967):
(4) require ® to be a force for fermions (1;) with non-universal ad hoc couplings 1;:  4;1; Py,

(direct analogy to Yukawa’s theory in which a scalar field was responsible for a strong force between nucleons)
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Hocus pocus

The minimum of energy is when field is non-zero: vacuum expectation value (vev) is v =

Hence, consider field fluctuations around its vacuum state: ®(x) = v + h(x)

Re-write everything for the expanded field near V,,;;, and observe the magic!

* Terms with SU(2) gauge bosons: g?|®|?W?2 > (g?v>)W? + (2g%v)hW? + (g?)h*W?

mass term! hWW interaction hhWW interaction

, ~. Vi
V. H > .

H b

------ H_.-
v - v,

. . . " 1
* Higgs field potential itself: V(®) = V(v + h) = const + (Av?)h? + (Ww)h® + Zh4
mass term! trilinear quartic
self-interaction  self-interaction
_ _ _ interaction interaction
* Terms with fermions: 4;;®Y; = (L;v)Y;y; + A, hy; i oo =

______ « /f‘\\.,x’
. . Tl H =" o
mass term! hff interaction ~ 1 .- oy
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The Higgs boson conundr

The entire BEH mechanism is very much ad hoc.
It works, but still an odd construct...

Is it just as Ptolemaic planetary system construct?

It worked extremely well (for centuries!), but was very odd too...
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The Higgs boson conundrum (

Higgs potential: V' (®) = —%MZICDIZ + i/lld)l‘*
* Unlike for any other field, the minimum of energy is not when there is no field...

* The energy density associated with vev is enormous, —0(1028) kg/m?.

To bring it to zero of just above zero not to overclose the Universe, one needs to add a const to V' (®) that must be fine-tuned at the level of O(10°°)

e Can we know more about V (®)?

For the BEH mechanism, any potential with an off-zero local minimum would do (it should be renormalizable though)

V(¢) An alternative
1 potential
up = = €oE?
E 0
2 Standard Model
potential

Higgs field value
in our Universe

Current
experimental
knowledge
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The Higgs boson conundrum (3) -

Higgs boson is a scalar:

* Radiative corrections to its mass (m?) diverge quadratically with momentum scale
of particles in the loop. What keeps its mass from running away to Plank’s scale?
(aka the hierarchy problem: why my <<< mp? )

e SUSY would solve this elegantly — but where is SUSY? If not SUSY, then what?
* |s the Higgs boson a fundamental particle or is it just a composite state, like a pion?

Higgs boson is the only scalar in SM:
* We see many fermions and many vector bosons...
* Are there more scalars out there as well?
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End of preface -

The Higgs boson:

« was indeed discovered by ATLAS and CMS in 2012
* has saved the standard model from crumbling down in front of our eyes...

However:

 Itis unlike any other particle in SM (and the entire BEH mechanism is very ad hoc)
* It brings new puzzling conundrums...

Hence, the Higgs boson may very well be that brightest lamp post around which
BSM physics may reveal itself first — which brings me to the substance of my talk
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Outline -

Higgs boson mass —in SM, it is the last free parameter

Part 0: measure it as accurately as possible
just as we measure all other SM parameters (couplings, masses, mixing angles/phases)

Searches for BSM in the Higgs sector:

Part 1: search for deviations in the Higgs boson properties from the SM predictions

Part 2: search for explicitly abnormal production/decay modes

Part 3: search for additional scalars
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Dataset reminde

Run 1(2010-2012): 7-8 TeV  ~25 fb!

Run 2 (2015-2018): 13 TeV ~140 fb-! the current dataset

Run 2 vs Run 1: Higgs boson production cross sections are >2 times larger; integrated luminosity is ~6 times larger

Run 3 (2022-2025): 13.6 TeV ~300 fb1 (40 fb'in 2022)  triple the current dataset

HL-LHC (2029-2041): 14 TeV ~3000 fb x20 + detector upgrades

Andrey Korytov (UF) LLR, Paris — April 24, 2023 11



Part 0: Higgs boson mass meas

> SMVSI' LA RRARE RELRE 13'5”9fP‘('1'3lT‘6V)
8 3oooo§— H->yy All categories —;
o SR H—>ZZ - 4¢ and H- yy are two workhorse channels

CMS best so far: _ (44+yy; 2016 + Run 1)
ATLAS best so far: _ (4¢; full Run 2 + Run 1)

CMS (2016 + Run 1):

T Ge) H—2ZZ - 4¢: 125.26 + 0.20(stat) + 0.08(syst) GeV
> A RAAR) LAAL) LALA RALE] LA AL LA LAY RAAA KRR
g sof ATLAS i:"’ E H- yy: 125.78 + 0.18(stat) + 0.18(syst) GeV
g 70 — 2 :sxzzv,:;:f:a 1 [T Background é
2 oo 3 Statistical powers of the two channels are similar

Emerging challenge in H— yy: syst. uncertainties become a limiting factor

Full Run 2: expected precision <100 MeV (better than 1 per mil)
o HL-LHC:  expected precision ~20 MeV
105 110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

—
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Higgs boson mass: is it just a nu

* The future of the Universe may depend on it! s 200
*  With no BSM up to the Plunk scale (really?), the top quark and % "‘"‘"ﬂ“’“““’“y
Higgs boson masses seem to imply we may be leaving in a ; . E ]@ '
metastable universe... 5 e ="
* Ifyou about to panic, don’t: Tyansition ~ 1099 Tyniverse [ e Suabilit
St

Higgs mass M, in GeV
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Higgs boson mass: is it just a num

* The future of the Universe may depend on it! s 22 2012
*  With no BSM up to the Plunk scale (really?), the top quark and 3% ‘""“"'“’ ~"A'A.j_l_,  A_',.,M—"""‘vf“"fr’i"i‘VY~':’:;
Higgs boson masses seem to imply we may be leaving in a ; =} 15/}
metastable universe... - A==
* Ifyou about to panic, don’t: Tiansition ~ 10%%° Tyniverse 3 e Stability
. I65lE-S I2I() l'.;S I_%O l;S
* Constraints on MSSM Hisgs mass My n GeV
* In MSSM, at tree level, Higgs mass m, < m; = 91 GeV Hieu et al. 2017
20000

* It can be higher, up to ~130 GeV, via loop corrections

* Mass my=125 is fairly large and sets interesting constraints on
the average mass of two stop quarks — no wonder
squarks/gluinos are not yet discovered...

15000

5000

-5000 0 5000
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Higgs boson mass: is it just a number?

* The future of the Universe may depend on it!

*  With no BSM up to the Plunk scale (really?), the top quark and
Higgs boson masses seem to imply we may be leaving in a
metastable universe...

* Ifyou about to get scared, you can relax: T ansition ~ 10°%° Tuniverse

* Constraints on MSSM
* In MSSM, at tree level, Higgs mass my, <m;, =91 GeV
* It can be higher, up to ~130 GeV, via loop corrections

* Mass my=125 is fairly large and sets interesting constraints on
the average mass of two stop quarks — no wonder
squarks/gluinos are not yet discovered...

* SM mass triangulation self-consistency: my,, —m,—m,
* The recent CDF result (myy) makes everyone hold their breath!

.
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Pole top mass M, in GeV

Degrassi et al. 2012
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Instability = * ; e Meta-=stability
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12,3
170
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l65 L ....................
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Higgs mass M,, in GeV

Science 376, no0.6589, 170-176 (2022)
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Part 1: Search for deviations from SM-like propert-

* Rates in different production and decay modes: test of couplings’
strengths with respect to the SM predictions

* Non-SM like structures in production and decay amplitudes: spin-parity,
mixed states, compositeness

e Natural width: can provide an indirect sign for presence of abnormal
decay modes
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Decay modes

111 “hopeless”: gg, qq, ee
SM Higgs 0.022% 9%

In green: five well-established decay modes (>50)
In gray: three decay modes being searched for...
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Decay modes

SM Higgs

111 “hopeless”: gg, qq, ee

0.022% 9%

In green: five well-established decay modes (>50)

ATLAS: 1.04+0.11

-
H-yy CMS: 1.12 +0.09
%.0F 4 Data ' ATLAS Preliminary
G 000 {5=13TeV, 139" 3
22500 Background m,=12509GeV
%20005_ — Signal + Background ,, categories 3
S E In(1+5/B) weighted sum >
° 1500: S = Inclusive 3
@ 10005 %eeenns, _:
5005 =
£ 100 ' E
= S0F iz
g E
G O .
| _50E_ . 3
g 110 120 130 140 150 160
0 m,, [GeV]
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Events / 2 GeV

ATLAS: 1.01+0.11

H-ZZ - 4¢ CMS:  0.94+0.11

9'.".'.3, ......... O e 371 (13 TeV)
iy ¢+ Data 7]
C [T H(125) ]

- [ q9-22, Zy* 1
200~ + B 99-2Z, Zy* -
C . EW ]

B B Z+X ]

150 — ]
- H-ZZ - 4P -
100 — __
0> “:
- ¢

80 100 120 140 160
m,, (GeV)
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Decay modes

SM Higgs

KM “hopeless”: gg, qq, ee

0.022% 9%

In green: five well-established decay modes (>50)

ATLAS: 1.04+0.11

H-vyy CMS: 1.12 +0.09
> = T T T T =1
o = Data ATLAS Prelimi i
& 9000 ' B=13ToV, 1300
22500 Background m,=12500GeV
. . o & —— Signal +Background ,, catogories =
Emergmg challenge: o 3 20 In(1+S/B) weighted sum -
Experimental uncertainties 20 -
. 3 1000E-
are getting close to @ o
uncertainties in in theoretical calc. £ | , 5 , =r et
(2] - -
c c ]
H - yy: §  Opetemtepstetsh ettt rsssepsoeg
| _50.'_ 3
p = 1123508 = 112750 (theo) 003 (syst) 506 (stat) & L
a m,, [Ge
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Events / 2 GeV

ATLAS: 1.01+0.11

H-ZZ - 4¢ CMS:  0.94+0.11
9'.".'.3, ......... O e 371 (13 TeV)
AL + Data ]
B [T H(125) ]
F [ q9-22, Zy* 1
2007~ + Bl 9922, Zy* ]
r . EW N
B B Z+X ]
150 - ]
B H->2ZZ - 4¢ 1
100 _— ]
s0f- . =
L 4 $ b

0 80 100 120 140 160

m,, (GeV)
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Decay modes

111 “hopeless”: gg, qq, ee
SM Higgs 0.022% 9%

In green: five well-established decay modes (>50)

H->ww H - bb H-tt
ATLAS: 1.09+0.11 ATLAS: 1.02 +0.18 ATLAS: 0.93 +£0.13
CMS: 1.05+0.12 CMS: 1.04+0.20 CMS: 0.85+0.12
CMS 138 o' (13 TeV) s I —T—— 180
> ——— 40E ATLAS = z > 180¢
3 | Howw +4-Data .’S F fs=13Tov, 139" -3:'_.“ ~bb (u=1.17) g 160 ?&%Tev.mm-' s %mimy
10001~ —Signal 7] £ 355 4145 lowlons I Diboson ] ' 140 |- All VBF_1 SRs WS 1o ev (0,03 x SM)
= [ B \mosnieinyy: 3 300 mh::m R = E 120 + T Misidentified ¢
3 + [J+1s0 D gl weightod oy Higgs 58 E 100f
E ;8 2 F  standard 3
£ 500 '§, 0_ candle: _:
2 g 15:_ VZ - V(bb) 3
§ 3 10
g ;- ‘3, : 3 ]
8 ° + = |
b § s s i i e an 1890 J,
| m, (GeV) w m,, [GeV] miC [GeV)
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Search for H—puu

SM: B(H - uu) =~ 0.02%  Analysis:

*  Two prompt muons

137 o' (13 TeV) .
=, R T 57 E UGG T B W S * ggF, VBF, and VH categories
OF § NS b Dam § * Look for a small blip, effectively O(1%), in the
@ 700F  All categories — S+B (u=1.19) 1 . . .
5 [ S(StB)weighted .. Biig. componert. dimuon invariant mass at m, ~ 125 GeV
&l m,=12538 GeV o 5
8 soop <20 ;
R L ]
D 400F |
8300:—
& 200f Significance 3.0 2.0
B )
100¢ y Signal strength (u) 1.2+ 04 1.2+ 0.6

O:I Bl 15 I | B NI e | I 11 11 I 11 1 | I | Ht | I L1 11 I 11 1 1 I I Rl | I:
d’ 5 | R | II TT IIII T 1T I TTTT | 58 III T III TTT II | B9 P I )
Foa + + ¢ : c ) c
0 Evidence for the Higgs boson’s coupling to
8 _5 | EE Y b l | et 1 B | l 1111 l 111 1 l { B I i | l 1111 l 1111 l (B b B | the Second generation fermionS!

110 115 120 125 130 135 140 145 150

m,, (GeV)

Naively, need ~4 times more data to establish this decay (assuming SM) with 56: maybe, already in Run 3
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Search for H—Zy

Loop-induced decay in SM ettt B S AN VT3 -
H—=Zy m =125.38 GeV ¢ Data 3 - -1 =
SM: B(H = Zy)B(Z = ee/up) = 0.01% S 5o} pyeatogores —siBu-2e > 0 JE=IIG T 1501 .
€ | s/s+B)weighted " B component z S 9 : ]
D 6000 El=io ] © 70 In(1+Sg4/Bgg) weighted sum ]
. - w r;(rr %,4000; N 60: B
H 9 H W oogoo. > 3000 A ]
q W . 9 2000f S0F =
o %‘OOOE E +D?ta )
5 ~ oy 40:_ = g:(gg+8k9 Fit
;_""l""I‘r"l""l"+"l""_
e bRl b TH 4
Analysis: | : A ]+,+ .
e Two prompt leptons with my, ~ my e Mol b s ooty o3 ke ise kg ids .1.4(.). =
* VBF, VH, and ttH categories + ggF with M, (GeV) 7, [GeV]

PSR eats __
* Look for a small blip, effectively O(1%),
in dimuon invariant mass at my,~ m,,  Significance

Signal strength (u) 24109 20+£1.0

Naively, need ~20 times more data to establish this decay (assuming SM) with 56: HL-LHC
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Search for VH, H—cc (1)

SM: B(H - cc) ~ 3% —
e
B(H - bb) =~ 60% 2 ( )
s [CMS merged jets
. . . o " Simulation Prelimi
Signal signature: VH, with H — cc g | Sipulionireminay
-t § pT>300 Qo s2l gt /
N :
5 [
. [e)) T
Need to f|ght: é 107F 4 times better! 4"
* V+jets: huge cross section = Gﬂ'—'?,.v"“'j_" 3
* VH, H-bb: 20 times the H—cc rate! Al 7 3times better!
10 g_o I.D EW— H—cc vs V+jets
: S S e H—cc vs H—bb
Need a two-sided discriminant: q/g-jet vs c-jet vs b-jet ==Deepal<ib
107 o — ParticleNet
Bl o e o 0 v o 0 T o g 9 e
Advanced ML/AI techniques are now being employed and are 0 02 04 O'SSignalgficienc;
proved deliver significant improvements in such discrimination H — cc
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Search for VH, H— cc (

SM: B(H - cc) = 3%

138 b (13 TeV)
L RELN I O LT B L
—4— Observed [ VH(H—bb)
[ vz@z—co) ] vv(other)

. Preliminary Bl single Top (L
" Merged-jet [] Wajets

[ z+jets
C All categories [ ] vu(,.,_.w:f;i;{ B uncertainty
. S/(S+B) weighted

-k
n
o
o

cmMs

S/(S+B) Weighted Events
2]
o
o

lllllllllllllll]llllll

505080 1100 120 140 160 180 200
Higgs candidate mass [GeV]

“standard candle” VZ,Z - cc
n=1.0+0.2 (5.70)

I s
Obs (exp, no H — cc) 14 (7.6) 26 (31)
95% CL limit on u
Signal strength (u) 7.7 + 3.7 -9+ 16

Validation process ("standard candle”): VZ,Z - cc

Significance 5.7 2.6
Signal strength (u) 1.0 £ 0.2 1.2+ 0.5

Naively, one would need >100 times more data to see an
evidence for this decay (assuming SM) with 3o
To see its evidence at HL-LHC, can we get 5 times smarter?
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Established productio

SM Higgs (6=55.7 pb at 13 TeV)

CMS 138 b (13 TeV)
In green are five well stablished production modes (> 50) o Observed [0 1 50 (sta
. . .. = +1SD (stat ® syst) [0 +1 SD (syst)
All event rates are compatible with the SM predictions 42505 (stat & syt
B ' Stat Syst
HogH - 0.9775; w00 ‘oo
‘>" Hyge 'é" 0.80:012 %0 0%
gg-fusion ttH, bbH Ho = 14dom om Lo
My e 12952 a0 22
tH M ' . ' Hi —E’— 094755 w015 0
" b Sfeosis 1% i

0 05 1 15 2 2.5| 3 35 4 45
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ttH - production mode established mos

* twoisolated photons 50

* make sure that other Higgs production mechanisms are

suppressed (tt selections) — 99% of Higgs events are BKG! L

CMS 137 b (13 TeV)
> RERRSERREA RRRSS ARRLA RALEDEARES RAAE
: P b ¢ Data o Bprres 7™ 3
ttH,H - yy (1% of total cross section) oL - e o / A
£ _ - Background o0} - SMexpected / 3
o 50: [ E3Ky 30/ -
. w L 2o 20t
Analysis: B %
e tt -5’ 30: .........................................
(]
=
)
+
a
%)

g

nnnnnnnnnnnn

00 110 120 130 140 150 160 170 180

* look for a peak in the diphoton mass distribution
m,, (GeV)

Significance 6.6 5.2
Signal strength (u) 1.38 + 0.33 1.43 + 0.37
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Search for rare tH producti

main diagrams

cms

L T
(=4
[
=>
w
10 E
—4- Data
Il ttH (n=ii)
10% Il tH (0=0)
- [""]Background
Background unc.
- } J i
g ; 0‘4'7—
© L
o 0.0
-5 -4 -3 -2

Very challenging search
— two diagrams nearly cancel out (0.2% of the total H production cross section)

— ttH is a serious background (5 times larger, very similar experimental
signature) — it is measured in the same analysis flow: p =0.92 + 0.24

Analysis: considered events with electrons, muons, taus, and jets
— H> 7Z, WW, tt
— t > Wb = (jj)bor(lv)b

Should one flip relative sign of Higgs-top and Higgs-W couplings, cross section would
become 15 x SM. But B(H-> yy) would increase just as dramatically, which is not...

Observed tH signal strength: p=5.7 + 2.7 (stat) + 3.0 (syst)

Hard to project forward as the uncertainty is systematics-limited
Naively, to decrease stat uncertainty to 0.2, one needs ~200 times more data

Andrey Korytov (UF)
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Differential cross sections: Higgs pris one

3.5 ATLAS i i ion:
BR5 OIS 1 Possible BSM information:
§ i shape .
5 2.0¢ h o ¢ — Larger couplings of Higgs to b/c-quarks make the
3 IXed Kp = 1
S .h \  oMike=1 ] Higgs boson py distribution becomes softer
il Ke= —13.0 ]
. 0: cmm Ke=18.9 ] — BSM particles in the gg->H loop make the Higgs
F t Data i boson p; distribution becomes softer
0.5 s
o0 ST - From the Higgs pr spectrum: -13 < k. < 19
E 2 'z' ) | T T I T LI T T ]
S I H ? With added info on observed event rates in all
o 1 .}Ll - . { l | ‘ i .
ST T T e S S —— F= production/decay modes: -2.7 < k. < 2.6
P N R (P | EPTIPI PR IR A SR L S ISR Y A .
25 50 75 100 125 150 175 200 (better than from direct searches for H->cc)
pr' [GeV]
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Fit for couplings modifie

= = CMS 138 b (13 TeV)
Event rate forii » H = ff: o;Bf = i(F) _,( ) EP 1 mezssscey wz.o"
I'u (%) s -
& 107F E
: —_ : - s
Fit for six Higgs coupling modifiers: k, k7, k, Ky, K., K, & el '; _
.
) { Vector bosons
. _3; ¢ 3 generation fermions |
Assumlng: 10 ;l, $ 2" generation fermions —
* no “new physics” in loop-driven couplings (H — yy, gg— H) o SM Higgs boson
. .. 10_4:_..1 R | | R | 3
* no BSM decays (invisible, not observed) = }-gg } RS :
Y Couplings to the 1St/2nd_gen. quarks and electrons are SM_Iike .‘g :).gé.. ........................ *...f .................... Loo---.ﬂ--...{...—é
(i.e., small and hence having a negligible effect on the fit) S A SN wve:

16—‘ 1 io 10?
. . . ) Particle mass (GeV)
Impressive precision and agreement with SM (~3% for W and Z!)

over three orders of magnitude of couplings
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Search for HH: why?

A
Higgs potential: V(®) = V(v + h) = const + (Av?)h? + (Av)h® + Zh4

non-zero curvature non-zero 3 derivative non-zero 4th derivative
defines implies implies
Higgs mass trilinear self-interaction  quartic self-interaction

Observing trilinear (and quartic) self-interactions
would be a direct experimental evidence for the
weirdness of the underlying Higgs boson potential

|74 (¢) An alternative

potential

Standard Model
potential

Deviations from the SM Higgs boson prediction
would imply a more complex potential form ™

Higgs field value
in our Universe

Current
experimental

knowledge

0 v ¢

NB: for BEH mechanism to work, all one needs is a potential that takes minimum at non-zero field
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Search for HH produc

InSM, o(HH) : 6(H) ~ 1:1000

Three most sensitive decay modes:
« HH- (bb)(bb)

* HH- (bb)(t7)

* HH- (bb)(yy)
Production modes tags:
* VBF

* untagged (ggF)

Results (95% CL limits)
* HH production signal strength pn<3.4

. - coupling -1.2<k, < 6.5

+ WWHH quartic coupling 0.7 <y < 1.4 [OISKEIUGSHNTIERISTG

Andrey Korytov (UF) LLR, Paris — April 24, 2023

95% CL limit on o(pp — HH (incl.)) / fb

138 fb”' (13 TeV)
T T T

95% CL limit on o(pp = HH (incl.)) / fb




Search for HH: prospects (H

~

e e T s e ] e e
ATLAS Preliminary
Vs=14TeV
HH-bbT* T~ +bbyy
Projection from Run 2 data
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ATLAS + CMS: 40 at HL-LHC
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ATLAS and CMS HL-LHC prospects

0.52 <k, < 1.5
at 95% CL
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Part 1: Search for deviations from S_

* Rates in different production and decay modes: test of couplings to SM
particles

* Non-SM like structures in production and decay amplitudes: spin-parity,
mixed states, compositeness

e Natural width: can provide an indirect sign for presence of abnormal
decay modes
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INTRO: Higgs bosonic (V) coupling

Four-body decay kinematics is sensitive to the HVV coupling structure.

This technique was used to establish it° parity in 1962: i° > y*y" > (ee)(ee)

General Lagrangian for HVV interactions up to dim-5 operators:

oy oay as - ay g |
L =\——m{HV, V¥ = = HF, F* — —HE, F* + —HV, OV*¥ + =[O HV,V* |
VA 2V 2v 2v 2v :
SM dim-3 operator dim-5 operators: must be loop-induced (very small in SM) or, otherwise, non-renormalizable
In SM: a; = 2 for 22, WW red factors with a; /v are one of a conventions; they could’ve been written just as 1/A;

This term vanishes for yy
The a, term is CP-even. In SM, a;~0(1072) [it is actually the lowest-order term for H — yy]
The as term is the CP-odd term. In SM, az~0(10~11) [arises from CP-violation in the quark sector]
The a4 term is is yet another CP-even distinct operator. In SM, ~0(1072)
The asg term is experimentally indistinguishable from SM in on-shell studies (important for off-shell)
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Higgs bosonic (V) coupling str

. Foo? VH T VBF
Analysis: E8 ¢ j" q
{
* decay channel: H>Z7Z->4l Z % % ¢

* target the three main production modes

W and ZZ couplings a/""and a?Z are related via

custodial and SU(2)xSU(1) symmetries: ¢ ¢ P

ww _ ZZ
. aq = aj CMS Preliminary 137 o' (13 TeV)

A | T e [ S T IR B ) R e B At . .
o a¥V = cos? 0y, at% + -+ (negligible) | HVV, H—4|, Untagged, D _>0.7 | ss-fusion selection
I —redline: SMO0*
100 - —blued line: 0

o a¥V = cos? Oy at% + -+ (negligible)

* ME-based discriminants

Events / bin

68% CL:  a%? /a??= 0.018%398% (CP-odd admix)

ZZ 1727 _ +0.045
az“ /ar“= —0.004Zq 538

Coupling ratios are extracted from ratios f,3 and f,, (Approach 2), given in the paper Dgec
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INTRO: Higgs fermionic (f) coupli

General lowest-dim Lagrangian for Higgs-fermion interactions:
mf — L~
L= ——"wy(rr + ikpys)rH

K term is CP-even

5 : . kr
kf term is CP-odd Define mixing angle ¢, where tana = E
both are tree-level (unlike HVV) * pure CP-even state: a=0°

* pure CP-odd state: a =90°

SM: a=20

MSSM: a=0
nMSSM: a can be large
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Higgs CP-odd admixture: ttH

o 60 T

Final states used: b\f;rw .% § ATLAS . background is subtracted
pp - ttH - (jjb)(jjb)(yy) l[all-hadronic] t g op BrwTeniEn l E
pp = ttH — (lvb)(jjb) (yy) [semi-leptonic] o b, —tH+Ho=0° -
b t " cttH + tH, 0= 90° .
/ W E e Data - Bkg ‘ E
y 30_— —
20 -
Building an analytic ME-based discriminant —— ]
that would account for jet mis-measurements S S ; B
(and missing neutrino in semi-leptonic F | S .

Channel) iS challenging... Odd-like Categories Intermediate Categories  Even-like Categories

Instead, a BDT-based discriminant is built using CP-even and CP-odd MC models

T s s

Purely CP-odd ttH coupling is disfavored at 3.70 3.90
limit on « |la] < 60° |la| < 43°
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Higgs CP-odd admixture: Hrt

Final states used: 7,7, and t,7 ¢cp angle for
T, = v (17%) H = tptp - (5+1/)(P_V) - ntnln v v
t 0 CI’:

" 7T+V . /+O) 0 vt e R
- ayv - rinOnOy (10%) ‘g B [ Bkg. uncert.
= ayv - mttn Ty (10%) A g o 1 i
_ g P T S [
Signal (H) vs Bkg BDT enhances the signal VBF Yot \, g oF 4 -1 =
. . . . ' 4@ 2 e =
contribution with two forward-backward jets ! @ % :
< o —— ]
Building a ME-based discriminants that would O gt g s 35)
%, (degrees

account for jet mis-measurements and missing
neutrinos is possible, but challenging...

Distributions of angles between planes set by
observable particles from decaying tau leptons
(¢cp) are sensitive to CP-admixture phase

Pure CP-odd Htt coupling is disfavored at 3.20
Limiton a: |a| < 36°
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Part 1: Searches for deviations fro_

* Rates in different production and decay modes: test of couplings to SM
particles

* Non-SM like structures in production and decay amplitudes: spin-parity,
mixed states, compositeness

* Natural width: can provide an indirect sign for presence of abnormal
decay modes
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Natural width

—— T
14|~ — 2I2v+4l off-shell + 41 on-shell

From the ratio of off-shell to on-shell rates using

H->ZZ7Z -> 2f2vand H - ZZ - 4¢

And assuming:

From the combination of all on-shell decays

SM-like amplitude structure for H —» ZZ

-2 AlnL

No significant BSM physicsin gg — H up to m.~1 TeV

(fair, as otherwise we would probably already see it explicitly)

And assuming:

SM-like amplitude structure for Higgs couplings
|kw !, |k, | <1 (fair, as it is hard to build a self-consistent theory

violating these conditions)

cms

<140 fb' (13 TeV)
— T T T T

—— 212v off-shell + 41 on-shell
12~ — 4l off-shell + 41 on-shell

Observed
Expected

' — Observed
Fooeee SM expected

;— eyl <1

Andrey Korytov (UF)

LLR, Paris — April 24, 2023

Iy = 3.2177 Mev

First evidence for Higgs
off-shell production
with 3.60 significance

Ty =4.0113 Mev

40



Part 2: abnormal decay_
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Search for H — invisible

InSM: B(H - ZZ - 4v)~0.001

PERIMENT

Signature:
— VBF jets
— MET

ATLAS: B(H—inv) < 0.15 at 95% CL (expected 0.10)
CMS: B(H—inv)<0.18 at 95% CL (expected 0.10)
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10—

E 10% B, <0.127 ATLAS
g All limits at 90% CL / s =13 TeV, 139 fb'
Reinterpretation -
u‘.:_ Higgs Portal WIMP: Other experiments:
= %4444 Scalar « = DarkSide-50
2 . VW Majorana == PandaX-4T
© g 1T R Vectorger = w1 Cresst-lll
X \O/ X o #7544 Vecloryy complete model
: i H ’ /
@® nucleon

2t te llg
h' 4 I(l 11 4 C h’l\~((
co ('(’”( st ”(“”l” )-NUC (sS 1 ring

B(H—= xx) = yx-nucleono

1 llllllll L llllllll L llllllll 1 llllllll 1 1L 1111l

10 1 10 107 10° 10*
Myinp [GeV]

If DM is due to WIMPs that are lighter than m/2 and couple to Higgs boson,
LHC provides stronger limits on DM than non-accelerator DM searches
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Search for CLFV decays: H — u

CMS: PRD 104 (2021) 032013 [Run 2]
Channels used: ur;, ur.

137 fo'' (13 TeV)
CMS Preliminary+- Observed [(]Z-

137 fb” (13 TeV)

Very similar to the “nominal” H = Tt £ ¢

analysis, except that muons A it Sl NS o
; W+jets/QC S -
* areprompt :>_,> 133 En—tj:z (B=2g%)5sr::ﬂag:
* tend to have larger momenta 10° 102
102
BDT is used to separate signal from 10 =
. 1 o ~ g
non-Higgs bkgand H —» 1t 10— 108 o
1072 2 g
a2 ; i . ! ; bR i a
o Lﬁ i b | + ik it 10—4§ %
B(H = ut) <0.15% = ——— -—+‘~++++~"~ i g 1:s
g ol . I
06 04 02 0 0.2 '150_5' : 1(;_ i 10_3
. . BDT discriminant Y |
If searched-for CLF violating decays o
T3 are mediated via Higgs boson, most sensitive final state in Limits on off-diagonal
KK g
LHC gives the most stringent limits H — pt search: ut, + 2-jet VBF tag Yukawa couplings Y,
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SearchforH - XX - (¢¢)(¢

Search for low-mass dilepton resonances in H125 decays

(e.g., a pair of dark photons (Z,), each of which decays pairs of leptons )

Zp
e
. % i
£
£
Analysis:

- Two pairs of prompt
isolated leptons

- Mp~Mgyy

- Mg ~my

Events /2.5 GeV

18
16

14}

12
10

Ol N -h”CD (03]

model independent limits on o XB
_1IVTI'IIII1]1I1IIVI'III1I1] llllllllll Ifl['

- ATLAS -] Witz CMS Preliminary 137 fb' (13 TeV)

- {s=13TeV, 139 fo" ] Zvjets 3

- HM Signal Region I Wz, tt 1 [

- 2z a E Ll mmmmeees Expected exclusion

C | By Y] h

r P m; = 20GeV ]
my = 35GevV ]

B m, =55GeV ]

EEEE Uncertainty

- ® Data -

—— Observed exclusion

—
<
o,

L L

B(H - X X) x B(X = up)?

S
b

10 20 30 40 50 60 70 80 90 100

(m.2) [GeV] o [GeV]
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Search for FCNC tgH coupling (e.g., t

: Search:
— consider ttH and tH production
u(c)
— H-bb
— t->b(lv)
. 0.25 e 1S 10 (13 ToV) : : : . .
Ol PEERD T ek e i, ] Since top is very heavy, this coupling is not much constraint by
T | B Epoctod « 1 s dev. ] studies if FCNC decays in light meson systems
1 0.2~ _gxbgz?veezzzmd. dev. i
& [ :
0.15 N ttH: some weak distinction between t->Hu and t->Hc

tH: no experimental distinction between tuH and tcH couplings

0.05

1  B(t-qH)<0.1%
| Most sensitive result thus far

I , . ., |
0 0.05 0.1 0.15 0.2 0.25
B(t— Hu) (%)
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Search for X —

X — HH — (bb)(bb): Best results for m(X)>400 GeV

g H
x
g "H
105 A|TLAS| T T T T T T
Vs=13TeV, 126-139 fb-!

Spin-0

Oggr(Pp—X—HH) [fb]
2

e
o
w

—— Observed limit (95% CL)

Expected limit (95% CL)

Expected limit +10

Expected limit £20

- Resolved expected limit
Boosted expected limit

2000

£ 15| ATLAS e
£ | Vs=13TeV,126-1391b~" ___
31: Spin-2

¥ 104} -
10}

1 R
-

[oX

‘..'5,103_ -
5

—_
o
N

10'

100.

Observed limit (95% CL) 1
Expected limit (95% CL)
Expected limit +10
Expected limit +20
Resolved expected limit |
Boosted expected limit

RS Graviton, k/Mp, = 1

30'00 : 5000 250 500 1000

m(X) [GeV]
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3000 5000
m(Ggk) [GeV]

5000
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Part 3: Searches for other scalars — why n

And there are plenty of theoretical motivations!

oS : ojoje U : < J U U
SM (one doublet of 3 d.o.f. give mass to W* and Z bosons h
complex scalar fields) Yukawa couplings generate fermion masses
SM + real singlet attractive in the context of DM, EWK baryogenesis, ... h, H
prerequisite for SUSY
SM + 2"d doublet (2HDM) | natural in Grand Unifying Theories h H A HE
e.g., MSSM additional source of CP violation Py

DM originating directly from 2HDM

2HDM + complex singlet
e.g., nMSSM

resolves the p-problem in MSSM
h(125) is unnaturally heavy in MSSM — not in nMSSM

hl) h2; h3l d;, ay, H*

SM + triplet

gives a natural explanation for small neutrino masses

h, H, A, H*, H**

.
Andrey Korytov (UF)

LLR, Paris — April 24, 2023
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Searches for other scala_

Lots of them at LHC (and elsewhere!)

To cover this domain would require a whole other seminar

In brief, all searches have come back with null results
(indeed, otherwise, you would certainly already know!)

We will keep digging and sifting...
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Summary

Run 2: current status

* The discovered Higgs boson
* mass =125.38 £ 0.14 GeV (best measurement thus far; not yet final from Run 2)
* deviations from SM Higgs boson properties — null results

* must keep looking: the discovery of CP-violation in the Kaon system is a lesson!

* emerging challenge: experimental uncertainties in some measurements approach the accuracy
of theoretical predictions

» Searches for explicitly abnormal decay/production modes — null results
* Searches for additional scalars — null results

Run 2: more results are still to come: in particular, ATLAS+CMS combinations

Run 3 (2022-2024):

* expect to triple statistics of the current dataset
 and ATLAS and CMS are even more capable detectors in Run 3 than before!
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