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but compatible with SM expectationg'
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Beyond the
with the Higgs.
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The Higgs FIELD is a two

component weakly charged
doublet.

h is the neutral particle we
think we have observed at the
LHC:

vis the SM vev:

G*-and GY are “eaten” by the
W and Z gauge bosons to give
them mass.
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246 Gey v sin® .

<H>—

<h> ~ <H,,> ‘l'
— COS Hu _’_ S11. g d

Hysy =

SM: Only 1 Higgs which then acquires <Hy;>=vcosf
avev and leads to EWSB. <H,>=vsin B

This is what we want! = <Hq,,,» =V

Lighter (h) is 125 GeV SM-like Higgs. <Hysp> =0

Additional States can be light!
_. o ) ALIGNMENT
Haber and Gunion, ‘03, M. Carena, I. Low; N.R.S. & C. Wagner, “13, A. Delgado, G. Nardini & M.

Quiros, ‘13, N. Craig, J. Galloway & S. Thomas, 13, P Dev; A. Pilaftsis ‘14, M. Carena, H. Haber; I. Low,
N.RS.&C Wagner 14& ‘15
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Hgpyr = sin BH,, + cos BHy

Hysy = —cos BHy, + sin SHy

VO.. . +iZ/(HH) +... + [Zs(H{Hy)* + Zs(H{H\)H{H, + h.c.] +...

] = /\1(3?3 + AzS% + %(/\3 + M+ /\5)3?33 + 2595 I:C?.}Aﬁ + SE/\'?] ,
Z5 = lsgﬁ [/\1 + Ag — 2(A3 + A4 + )\5)] + )\5 — SgﬁCgﬁ(As — )\7) 3

Zs = —1838[ Mk — Xash — (A3 + M+ Xs)cap]| + cacsphs + 5ps3phr

Zﬁ’b‘z

m3 + Zsv?
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Recent CDF result: 7-o (!!!) discrepancy with the SM

CDF -1, 2022
SM
DO | 80478 + 83 @
CDF | 80432 + 79 ®
DELPHI 80336 + 67 ©
L3 80270 + 55 ——0——
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ATLAS 80370 = 19 -—
CDF I 80433 + 9 R ]
cvov by v e by vy by e by b by

79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

\$z//

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island June 07, 2022 // Slide 10 l‘m\l};\}m



Gy _
Gr _M%C%V

p= =144dp.

Eg SM diagrams (erler & schott, 2019).

My = 30, 357 + 4inputs + 4theory MeV

SM from PDG
New CDF - Il value:

My = 80,4335 + 6.4y, + 6.9y = 80,433.5 + 9.4 MeV]
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Lo pez-Val & Sola’, 2013
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{F(MI%U:MJ%TZIZ) _F(MEIU:MEID) +F(M310:MI%T:':)}

AMZipgo = Mpo — M7y (Zy+ Z5) v?/2

V = YiH[H: + Y,H}H, + |Y3H{Hy + h.c.]

2 YA
(125 GeV) 72(15{,;15{2)2 + Zs(H{Hy)(H}Hs) + Zy(H] Hy) (H} Hy)

+[§(HIH2)2 Zo(H{H,)(H{Hy) Z7(H§Hz)(Hisz)+h-c-]-

K2/
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Ignorance

Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang

10 T T T T T T T T T T T T T T T T T T T 7 10 i :I
------ Mw w/o CDF % i

—— My CDF 7 i

8  my:=300 GeV 8!

my:=500 GeV
my:=1000 GeV
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V =m2old; + \®! 000,

H. Haber and J. Gunion, ‘03 I

Quartics without quantum corrections related
only to SM couplings. . ~

91£125 VIS5V

Need large radiative corrections.

...otops...?
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Eg contributions to Z,

M. Carena, H. Haber, I. Low, NRS, & C. Wagner, 2014

H, 4] H,
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Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang

Relevant for W mass (too small!!):

: '\s A Z
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t1,2
Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang

3G
Op; = 4+/2m? (CEF(MJ,%:MEZ) +s; F(Mg,, m3 ) — S?CEF(ME’M*%))

Gr mt & X2 X4
SMuw); = t__Tw ] — =t t ) My
(0Mw) ( 2M§+10M§ W

1 X2 X
(0Mw); ~ 9 MeV | (1 — o2 + T0M?

M W = 80, 357 + 4'inputs * 4theory MeV

SM from PDG

My = 80,4335 + 6.4y + 694y = 80,433.5 + 9.4 MeV]
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4 Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang
T T I T I T T T T T T T T ; T 7
- , my Contour [GeV] ; ! :
“ Amy Contour | ! ! :
3- \ . m,, inconsistent with m, ;,!
o Larger X, -> Unstable Vacuum

Light stops:

h,,s gluon fusion + yy rate

(6Mw); < 30 MeV.

(~ 76 MeV)

June 07, 2022 // Slide 20 mﬂ%

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island



SOMETHING ELSE ...



W = \SH,H, + gs?)

Lot = NAYSH,Hy + 55A,5°
* 2 Doublets (H,, H,) + Singlet (S) l I
» Singlet couples only to Higgs Sector. M 4
« vevs: (H,, Hy, S)=(v,, Vg Vs =H/ A) Ma/Mys

« 3 CP-Even Higgs bosons:

— Mixing between all three (H,, Hy and S).
« 2 CP-Odd Higgs bosons:

— Mixtures of “"MSSM" m, and singlet.
 Charged Higgs bosons

« Singlino mass: 2 K u/A

Z, NMSSM
v/
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M. Carena, H. Haber, I. Low, N.R.S., C. Wagner, 15 Allgnment (NO'M'X'”Q)
2

Aait, mp=125 GeV mi o~ A2 gin? 28 4+ M2 cos® 23 + A;
2500F T ; 2
: i A; = — cos 2,8(171,21_ — f'u’%)
2000}
] Well Known
> ' :
3 1500; + 125 GeV Higgs
< [ — Tree-level contribution to
1000:" Higgs mass from A.
[ — A~ 0.65-0.7
500+
| | * Low tanf3
10 : - : ! * Light Stops

125 GeV Higgs Naturally!
\$yz//
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» Perturbative up to GUT scale.
Ao ~ 0.7, Koy ~ N2

Not so well known:
* Excellent Alignment (very little mixing)

M. Carena, H. Haber, I. Low, N.R.S., C. Wagner, ’15
1.0

0.9|
~ 0.8_

0.7!

m=j‘25:|:3GgV
06L o o
1.0 1.5 2.0 2.5 3.0
tan B

SM-Like Higgs

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island

gnad / Lhddgy

A = 0.65

-
-
——————
-
-

Originate dynamically from Higgs

compositeness at the GUT scale?

N. Coyle, C. Wagner, ‘19

\$z//

June 07, 2022 // Slide 24 ma\!,@m



M. Carena, H. Haber, I. Low, N.R.S., C. Wagner, 15
M3 (GeV), k=22, my=125 GeV

30

25|

100 150 200 250 300
|u| (GeV)

Alignment
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A.alt — A.ah / 2

mp(GeV), tg =2, my = 125 GeV
500~ ———

' CP-even/odd smglet

' masses anti-correlated
400t

Mag (Ge V)

100}

my (GeV)

hio5 = Hgy

Singlino: 2K Y/A~<p
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SM - like |

S. Baum, N.R.S, K. Freese, ‘19

“BEE"
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- EEEIETE:
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- FAEIEIE3N
BT || I
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NMSSMTools scan with consistent h,,; pheno
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W ®

Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang

22 @ﬁq +2m3 +2M3

UZ

)\4
AMy ~ 1.2 108 MeV.
W m2[GeV?]

AMy < 3.2 10~m2,[GeV?] (1 +

TOO SMALL!!
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Singlet

Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang

2 2 2 2 2
mg ~ — = —— my, . = mg + 28pk, my . = mg — 2§k,

Decoupling singlets: Replace singlet fields by their equation of motion:

Corrections to the effective quartic couplings at low energies

A3 A3
574 ~ _v( A )
2my, . 2miy
A3 A3
075 =~ —)\2( e )
zmhs 2mAS
A3 A
625 = N A — N2
Bmhs mhs
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ghbb/ ghbbSM <10% Preliminary, M. Carena, I. Low, NRS, C. Wagner, X. Wang
2 4.8 x 10° A2 — Ayt "
22 £0.1) f(1+ _ 2)><(1— A 2)‘“'8)
v m[GeV?] mj,

4.8 x 10° \? (
AMy < 3.2 107% m?%[GeV? (1 )
v mi|GeVT | 1+ m%[GeV?]
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SM works beautifully...

But MANY puzzles remain.

UV physics?  BREAK the SM!
May be systematics, but may be hints for BSM physics!

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island June 07, 2022 // Slide 30 M



\$z//

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island June 07, 2022 // Slide 31 mﬂ{l}l\j,m



* Interaction basis: (H,, Hg, S)

— H,: Couples only to up-type fermions <H,> =V,

. _ <H > =vy
— H,: Couples only to down-type fermions ty = /v,
— S: Only couples to Higgs <S> =p/A

\$sz/)/
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* Interaction basis: (H,, Hg, S)
<H>=v

— H,: Couples only to up-type fermions u” = Vy
. <H,> = v,
— H,: Couples only to down-type fermions ty = V/V,

— S: Only couples to Higgs <S> =p/A

Only SM state
couples to WW

* “Extended” Higgs basis: (Hysy, Hopr S o
— Hysw: (down, up, V) = (y4 t, v,/ tB <Hyq > = 0
- HSM: (downl up, V) = (ydr yUI ghVV) <HSM> =V
\$yz//
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* Interaction basis: (H,, Hg, S)

— H,: Couples only to up-type fermions <H,> =V,
_ <H > =vy
— H,: Couples only to down-type fermions ty = V/V,
— S: Only couples to Higgs <S> =p/A
* “Extended” Higgs basis: (Hycp, Hsw S)
— Hysy: (down, up, V) = (y4 ts, v,/ ts, O —
NSM ( P ) (yd B y/ B ) <HNSM>_0
- Hs|v|: (dOWﬂ, up, V) = (yd; Yur ghVV) <HSM> =V

e Mass basis: (H3, H?, HY)

H' = S'\sm Hysm + S'sm Hsy + S's Hg

s/

NAUSHEEN R. SHAH // CERN-CKC- Physics Beyond the SM — Jeju Island June 07, 2022 // Slide 34 I‘W\EI%EE



* Interaction basis: (H,, Hg, S)

— H,: Couples only to up-type fermions <H,> =V,
_ <H > =vy
— H,: Couples only to down-type fermions ty = V/V,
— S: Only couples to Higgs <S> =p/A
* “Extended” Higgs basis: (Hysy, Hswr S)
— Hysy: (down, up, V) = (y4 ts, v,/ ts, O —
NSM ( P ) (yd B y/ B ) <HNSM>_0
— Hs|v|: (down, up, V) = (yd; Yur ghVV) <HSM> =V

* Mass basis: (Hj, H,, H;) ==» (H, h125, h)
H, = SNSMH o, + SSMHM + SS H,
CP-odd mix similarly:

A= PMNM A G + PR Ag

s/
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