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General Discussion
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Review of SM Higgs

* Standard Model Lagrangian involving Higgs

Lvukawa = —Y°LpHer —Y"QrHugr — Y*QrHdg + h.c.,
LHiggs = (D“H)T(D“H) - V(H),

V(H) = —p2(H'H) + 5 (1 H)?

* For ;*>0 the ground state is not spontaneously break

SU2)cx U(1)y—U(1)em

(HTH) =v%/2 v = 2\@

Av? A A
 In the unitary gauge V(H) D 2 + 20 p2 + = h?

4 4 4
0
(3
V2
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Review of SM Higgs

* Higgs self-interaction

m? m? A A\v?
V(H) D —2h* + 22n° + Zh my = ——
)2 55, 2
* Higgs-Gauge bosons interaction
1
2 _
’DMH| D§mQZZ’uZ,UJ + m%VWJW H my = g/U/Q
2m3,, n 1 miy
— K 12 + —H p—
» (hWM W=+ th W, W ) mz = 3 O
m?, T U cos by = J
T hZMZ -+ %h Z,UZ \/92 _I_g/2
* Higgs-Fermion interactions
— mys . — Yru
L ukawa — T — —h myg = —=
Yuk mfff " If I \/i
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Custodial Symmetry and Electroweak Precisoin Test
* Global Symmetry of Higgs Potential and vev

HT ~ H* HT
H_(HO) @Z(H,H)Z(_H HO)

 The Higgs potential in terms of ¢

V(@) = ’u;Tr((I)T D) + % Tr(®1®)]

Invariant under @ — L® R, where L€ SU(2), and Re SU(2)g

* Its vev gives

@ =("" )

which is invariant under L=R , that is SU(2)y,
This global symmetry is called Custodial Symmetry
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Custodial Symmetry and Electroweak Precisoin Test
* Custodial Symmetry is not exact in the SM

- Breaking Source 1: U(1)y gauge interaction
D,® =98,% — igW,® + ig'B,®T°, W, =W;T°
0,LPR" — L0, oR" @
W,L®R' = LWL@RT W, = L'W,L — a gauge transformation
B,L®R'T3 = LB, ®TR' + B,L®[R", T°]
D,® — LD,®R'" if ¢ =0

- Breaking Source 2: Yukawa

dr
invariant under SU(2),x SU(2)rif Y'=Y?,and Qr— R Qr ,Q.— L Q;

QR — (UR) LYukawa — _@Lq)yQR + h.c. Y = dlag(Yuv Yd)
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Custodial Symmetry and Electroweak Precisoin Test
* The consequence of Custodial Symmetry

=1 (tree level)

e Coming from the fact that (/' 112 11?) forming triplet of SU(2),

Therefore they have the same mass (if g'=0)

£w =T (W) + (W) 4 (W)

* ¢g'#0 mix the IV; and B at tree level:

Z,, = cos Oy Wg’ —sin by B,

e Heuristically, mcosfy project out the mass of 1? in Z

* Breaking is measured by the deviation p (7) from 1
B wa(O) B sz(O)

p— po — ApM
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Custodial Symmetry and Electroweak Precisoin Test
* Strong Constraint from Electroweak Precison Observable

—1 : :
= =" Measure Custodial symmetry breakin
o5t M - ymmetry breaking

- B Mw ©
- [l Asymmetries

o ds? [y (my) = s2 T35 (mE) 1 (m3)
i e m2, cs m2, m2,

0 Measure new generation of fermions
U is usually less constraint as it’s a dim-8 effect in
decoupled scenario
Result Correlation Result Correlation
-0.5 S || 0.026 +0.075 | 1.00 0.021 + 0.096 1.00
05 0 0.5 T || 0.047 £0.066 | 0.90 1.00 0.04 4+ 0.12 0.91 1.00
' S U 0 — — || 0.008 £0.092 | —0.62 —0.83 1.00
Explict Break
SU(Q)LXSU(Q)R :
New Modity
Scalar T param
VEV Break
SU(2)v extremely constraint
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Custodial Symmetry and Electroweak Precisoin Test
A Real Triplet example

€0 3, =_ 100,50, = — LEL', L€ SU(2)y
2 = 5= ReSU©2)xR
* SM gauge symmetry allow the following interaction
kHToHEY ~ KTr(®T=Po>)  Not invariant under SU(2)z
e It may generate vev for the &
(&%) = Ve X K

The Kinetic term contribution to the mass of gauge boson
1 2,,2

§ a W ea vf 2 2
Lkin:§(Duf ) (DHE") D 5 (Wi +W5)
mw, = Mw, #mW:s <£a>:(0707vf) 1—1[ Fit D) _ZY]
p_
42

12
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Hierarchy Problem
* Scalar mass are not protected by symmetry

With the cut-off regulator t
d*/ 1 H H
2 .2
omy ~ iy, / O L U A
A
:_y—? Uvdg 63 — y? A2 —I_"' :
8m2 J, (2 +m? 1672 Y

Auv ~ Msusy, Mgut, Mp

* Fine cancellation needed to have a small Higgs mass

Aesthetically, we don’t like fine tunning—Conjectured TeV scale physics

my O(TeV) Mgut M,
Little Hierarchy Problem Big Hierarchy Problem
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Hierarchy Problem
* Solution to the Hierarchy problem

* Symmetry based solutions H Q_ H
> Supersymmetry [hep-ph/9709356] t
> Shift symmetry (Higgs as PNGB) ~ { ’\\)V
-Composite Higgs model [1506.01961] L YUY

-Twin Higgs model [hep-ph/0506256]
-Little Higgs Model [hep-ph/0206021]

* Cosmological solutions

* Non-decoupling UV-IR mixing [1909.01365]
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Higgs and Baryon asymmetric Universe
* Our universe have a residual baryon asymmetry

n="2""B ~¢x10"1° (CMB)
Thy

* Successful Baryogenesis requires Sakharov Conditions:

-B Violation

-C and CP violation b(p, h)

S
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Higgs and Baryon asymmetric Universe
* Our universe have a residual baryon asymmetry

n="2""B ~¢x10"1° (CMB)
Thy

* Successful Baryogenesis requires Sakharov Conditions:

-B Violation
-C and CP violation b(p, h) X
g
b(—p, —h
X op (—p, —h)
T\ Bp.h) X
f ?
> _
x O b(—p, —h)

-Departure from Thermal equilibrium or CPT violation

(X —b) £T(b— X)

12/05/26 BSM Higgs
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Higgs and Baryon asymmetric Universe

* One testable Baryogenesis mechanism—Electroweak Baryogenesis
- B Violation through EW sphaleron effect in the SM

392
8MJ“ :8,“]“: 62

i+d+¢—d+2s+2b+t+ve+v,+v,.

- Strong first-order EWPT
fist-order: bubble nucleate and expand
strong: suppress the sphaleron process in the broken phase
- CP Violation scattering with bubble wall during EWPT, separate B, B

7
Growing bubble SM anly (constant Yukawas) T =213 GeV

a auy
W, W

() =0

Verr (=107 [GeV?)

L 5
® @ 0 50 100 150 200 250 300
¢ [GeV]
(@) #0 3 :
=1 n=1 All5SM fermions (m, = 0.05cV)
i 2 T =178 GcV\_/
No sphaleron o \—/
2 | T = 153 GeV
T =
Nucleated bubble % . T =128 GeV \_‘/
s T = 103 GeV o
L

T=u"‘-—-—.___.-""

Eventually saved into
the moving bubble -2
0 50 100 150 200 250 300

¢ [GeV]
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Higgs and Baryon asymmetric Universe

* One testable Baryogenesis mechanism—Electroweak Baryogenesis
- B Violation through EW sphaleron effect in the SM

0Tt = B, = 39y pyram
: a 16w2 ¥
i+d+¢—d+2s+2b+t+ve+v,+v,.
- Strong first-order EWPT @ SM EWPT cross-over

fist-order: bubble nucleate and expand
strong: suppress the sphaleron process in the broken phase
- CP Violation scattering with bubble wall during EWPT, separate B, B

Growing bubble SM CPV t oo f e ebl e : SM anly (constant Yukawas) T =n3éev
e < 2
due to small Yuka

() =0

Verr(¢)x107

- |
‘.Q
(9)#0

R
[ y=1 n=1 AllSM fermions (m, = 0.05¢V)
2 T = 178 GeV

1 T =153 cev\_/
T= mscev\_‘/

0

1

No sphaleron

Nucleated bubble

T =103 Ge\i____/

T=U--__________..-*

Verr(9)x107% [GeV*)

Eventually saved into
the moving bubble -2
0 50 100 150 200 250 300

¢ [GeV]
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Higgs and Baryon asymmetric Universe

* One testable Baryogenesis mechanism—Electroweak Baryogenesis

- Why testable? New physics are conjectured to be around TeV scale

* New scalar are introduced to modify the evolution Higgs potential

- can be test at future collider [1912.07189]

- new CP violation source can be test with EDM experiments [1710.02504]

- Bubble collision can produce primordial stochastic gravitational-wave

with peak frequency~0.1-10 mHZ, can be test with space-based experiments

[1705.01783]

Real Scalar Singlet Model

1

o
—
o
(=)

| HL-LHC -

©
o
—_
o

|Ghzz / gﬁé"z - 1]

o
o
S
—

16912z |

00S-O1I

1074L

'=
?

3
o

- current

0.3

gl

CEPC / ILC-500 0.15
FCC-ee

dashed = SppC / FCC-hh / ILC-1000

0.5

1.0

ATLAS + CMS, f=a+n/2

I Neutnlon EP‘M XCIHiggs Spectra 0
1 nag
0.7}

0.5+

0.2}

0.1+

1.5 2.0 55 05 1.0 1.5 20
[1608.06619]hh coupling: As/Ag sy [1411.6695]

Qawh?

-==Typel-BM1 ---Typell-BM2
-—-Typel-BM2 ---Typell-BM3
——-Typell-BM4

[2001.01237]  f(Hz)
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Higgs and Dark Matter

* Higgs portal dark-matter
Dark matter interact with SM through Higgs particle
xH'H S*H'H
Dark matter may get mass from the same Higgs mechanism
-Higgs invisible decay h— xx [2301.10731]
-Can be linked to EWPT [2307.02187]

* Electroweak Multiplet dark matter
Accidental Z2 symmetry at renormalizable level [1812.07892]

Ifd~(1,25,Y) withi>2 HIH®T®, HI-*H®IT*®

The neutral component @° usually 1s lightest, serves as a DM candidate
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Higgs and Neutrino Physics

* Neutrino Mass and Seesaw Mechanism

2
* Type-I seesaw y, LHNp + %N—% Np (y,,/o\/i 93\/4 }\?) e~ gj\;}i
for a O(1) y, , Mr~10"—10" GeV.
* Type-II seesaw, adding a complex SU(2) triplet
ESRUN
LDy LICioy AL; + uH io ATH A_ | V2 .
(M )ij = YijUA = Yij o - A= i \AO _ATJ
V2M3 V2M3 :

Two smallness
- small 1; is technical natural as it breaks the lepton number
- v/ M suppressed by heavy triplet mass

-y~O(1), u~0O(eV) results in Mr ~O(TeV)
rich collider phenomena

pp— ATTAT ATTAT ATA™, A%
see [1903.02493] for review its phenomenology
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Effective Field Theory
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A snapshot of EFT

~ o~ [ d*xL _ [ d*xL
£NP(¢SM(33)7wNP(:E);givyiagi)yi)A:'") e’Lf FESMERT = /D[w]GZI e
¢ ¢ ¢ ¢
\ wNP / 9 5 9
E <A / \1929—/\2“’_%(1+%+...) + ...
¢ ¢ ¢ ¢
Apnp Non-Local amplitude Asverr {ggﬁi;;sgﬁiiigf
d<i | G ni=s | O ~d=6 | Ci ~d=T Ci  ~d=n
LsMErPT (@M, - -+ ) = Ly +KOZ- +F0i +F0i +"'+An—40i + ...
d—4
(%) suppressed
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Introduction to effective field theory
* Why we need EFT

- No new physics has been observed at collider
- NP scale might be high and decouple

- Bottom-Up: EFT is universal

- Top-Down: EFT helps resum large log

A

New Physics states

LHC Lxp (YN, A, ynp)

&

Bottom-up
Model independent
parametrize NP
effects

VEW

Integrate out Uyp

Top-Down
simplify the
computation

Vd

C’L
LsmerT = Lsm Z 4 Od

Ad—4
d Zd

(Qry"Qr)(ery"eRr)
H'T" HW™ By,

12/05/26 BSM Higgs
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Introduction to effective field theory
* Why we need EFT

No new physics has been observed at collider

NP scale might be high and decouple

Bottom-Up: EFT is universal

New Physics states

- Top-Down: EFT helps resum large log A
 Principle of Using SMEFT LHC Lxp (Ui A, ynp)
&
- Power Counting: canonical dim Integrate out Wyp
Bottom- Top-D
- Symmetry SU(3)cx SU(2).x U(1)y Mgdecl)ﬁdelgc)ndent sir?lglify(t)_}:n
E?E:Cr?setnze NP computation
VEW  =====epe====eeeeeee--
Vcd
LsmerT = Lsm + Z Adzd o¢
d Zd
(R QL) (eryer)
H't* HW*™" B,
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Introduction to effective field theory
* Why we need EFT

- No new physics has been observed at collider
- NP scale might be high and decouple
- Bottom-Up: EFT is universal

New Physics states

- Top-Down: EFT helps resum large log A
* Principle of Using SMEFT LHC Lxp(Uni, A, ynp)
A
- Power Counting: canonical dim Integrate out Unp
Bottom- Top-D
- Symmetry SU(3)cx SU(2).x U(1)y Mgde?ﬁdel;%rll)dent sir?lglifyot_}:n
parametrize computation
* How to systematically use EFT ctfects .
EW  mmmmmmpmmmmmmmmmmmees
~ . . Vcd
Operator Basis construction Covmrr = Lanp - Z Adzd (’)d
- Matching between UV and EFT d;ia
). ~H Iz
- RGE in EFT improvements (@r"@r)(er"er)
H'T" HW™ By,

12/05/26 BSM Higgs
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Introduction to effective field theory

* Operator Basis construction

* Why need a complete and independent operator basis?

- Need to find NDOF in the theory
- Deriving RGE

* Counting by Hilbert Series technique

10000000000
2795173575
1000000000 =
100000000 - 75577476 o 175373592
10000000
7] - 4614 554
& 2092441 gets 3472266
E 1000000 -, ) /
2 261485 g ‘-
c L - 257378
o 100000 |
=
1H]
g=]
£ 10000
=
o
o
P 1000+
100 +
10k 12
fz' . .
1 Henning, Lu, Melia, Murayama, 1512.03433

7557369962 |

— =¥ 5474170

5 6 7 8 g 10 1
Mass dimension

12/05/26

12

BSM Higgs

13 14

15

29




Introduction to effective field theory

* Operator Basis construction
* Why need a complete and independent operator basis?
- Need to find NDOF in the theory
- Deriving RGE
* Counting by Hilbert Series technique
* Difficulties in basis construction
- Integration by parts D, (¢102¢03)D"ps = —p1d2¢3D, D py

Field redefiniti _1 1 ! ¢1

(6 = —m2¢ — \¢® j\—lgb?’ng - —%¢3(m2gb 10 field redefinition: ¢ — & + %gb?’

Group identity

eIl b — etkedl — .

Flavor relation O 77 =erienizemer[ft L2 . H, H,

LLHH A ©LLHH
Oflfz - szfl
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Introduction to effective field theory

* Traditional approach
1)Find an over complete set of operators:

{01,04,...,0,}

2)Find an over complete set of redundancy relations:

Ci101+Cp09 4+ -+ C;,0,, =0

!l Ty Gy e Gl
Oy Cpy --- Oy,] Gaussian 5 Lo
Cy; Coy -+ (4, | ecliminaiton / oL
_ — k1 k2 kn
Cin Cig -+ Gy f
0 0 0 |
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Introduction to effective field theory
* Young Tensor Method for basis construction

[HLL, et.al. 2005.00008, 2201.04639]

Operator Basis > Amplitude Basis

A=C-T- B
N
= N
Fxtomal Particles § Lorentz Y-Basis Gauge Y-Basis Flavor-Basis
1[1]1]2 SU(3)C ® SU(Z)L SU(ng)
SUN) AR
rls|. [1]1]]1]1]]2]2]]1]2]
EVBAE g, €013 M8 020 ] k|l — Jigkma Jdmo K 12 71 ’i ’l ’
4 of Particles  [34113)(13)(24) LR :13 3. g 3] é 2] ; 3]
¥ IBP,EOM,Fierz & Group Idendities ¥ Flavor Relations
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Introduction to effective field theory

* Matching—manually decouple heavy DoF

Energy scale Amplitude matching
A (with Feynman diagrams)
Very heavy UV theory £ (:D pi < Map A
at )}
A;?)SM —( Matching )— Uuv [ ’ gb] w/ IR regulator uv (p?,)
BSM theory J
ABsum —( Matching )—
A
SMEFT Equate to derive {¢;} _
y
mw EWSB & Matching )‘—
A
LEFT
Y
my —( Matching )— v
L > {A : }
LEFT (without b quark) ] BFT (@) w/ IR regulator EFT(Pi)
Me —( Matching )— Pros: . .
-- physically intuitive,
BCE -- on-shell matching free of operator conversion
AQCD —( Non-perturbative matching )— COHS: ) ] ] ) )
-- Can be inefficient if diagram is too many
Chiral perturbation theory -- Needs to know operator basis in advance
Code: Matchmakereft [2112.10787]
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Introduction to effective field theory

* Matching—manually decouple heavy DoF

Energy scale

/
ABSM

Apsm

me

Aqcp

12/05/26

A
Very heavy UV theory
—( Matching )—
BSM theory J
—( Matching ]T
SMEFT
17
—( EWSB & Matching )T
LT
— Matching )L
LEFT' (without b quark) ]
—( Matching )—
—( Non-perturbative matching )—
Chiral perturbation theory

Functional matching

(our prescription)

RENSTID
Lyv|®, ¢

/ \ _ / DPeiSI6:2](1)

(I)C [Qb] - K ) X
l Enumerate

Functional
supertraces

l Evaluate
v

LOg] LEae g

Pros:

-- Very efficient, don’t need operator basis in advance
-- Obtain directly the gauge invariant operators

Cons:

-- Must implement operator conversion

Code: matchete [2212.04510]

)\ FIATCHETE |
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Introduction to effective field theory

* MatchingDB—A database to store the matching results

from IPython.display import Math
Math(db.select_terms(fields=["Xil1"], output_format="latex")["ephi"])

(—1)i (@e); (Zﬁlﬁl)z,bc W&)Z ()\Al)aj n (—1)i (@e):z (ZAlﬁl)abj ()\Al)::zc (7£1)b
QMLQ',I,I)MALG 2MA1:GIM£2:1,I)

https://gitlab.com/jccriado/matchingdb/-/tree/main/python

12/05/26 BSM Higgs
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Introduction to effective field theory

* Running — RG imporved perturbation theory

Energy scale

A
Very heavy UV theory o
ABam —( Matching )T a2 I 042
BSM theory
Y
Asm —( Matching )‘—
3 _ —
Oék Lk 1 Oék Lk; 2
SMEFT
\
mw EWSB & Matching }— Code:
_( I 1. Matching Wilson[1804.05033]
LEFT :
V- At B —— W SMEFT running
my Matching )T | SMEFT-LEFT matching
: LEFT runnin
LEFT’ (without b quark) : (2-)R“n“m81 g
c.(u e
Y = 2 V4C; w l
| C—T— s~ o wilson
l 0O(0.1%) - O(1%)
P c(m) Precision
Y " iy observables
Agep —( Non-perturbative matching )— i el
Chiral perturbation theory Running from ¢; to ¢; is important in SMEFT if:
1) ci1s not generated at tree-level

2) c; 1s generated at tree-level
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Hierarchy problem revisit

* Question the following integral is in is not quadratic divergent in the
Dim-Reg

dm3, ~ —z’y2/ 4 ! > —z'y2,u€/ de !
H b )o2m)A 2 —m? ! (2m)4 02 — m?

 In MS, divergence absorbed by counter term, correction ~ m?

* EFT Matching point of view

a1 1 1 1 1 1
Ll = 5(00)(0"8) — 5mzd” + 5 (9,®) (9" ®) — S M ®® — k" ®* — g,
1 1 C
L = 5(049) (9"9) — gmie” — ro” T e
e If k=0  Tree-level m%’o —m2 ) =n qﬁ.x"'x N

1-Loop-level m2E,1 + F(Elsz (p=0)= FS\)/ (p=10)— m2E,1 =0

2 9 2 2 9
ME1—loop — MEo TME1 = ME o= Mg

12/05/26 BSM Higgs
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Hierarchy problem revisit

Question the following integral is in is not quadratic divergent in the
Dim-Reg

S~ —iy? / d*/ 1 i / d4¢ 1
H L]o@2m)d ez —m? ' (2m)* 02 — m?

g

 In MS, divergence absorbed by counter term, correction ~ m?

* EFT Matching point of view

1 1 1 1

1 1
Full 2 42 2 4,2 2,2 4
L = 5(3qu) (0" 9) — 5TEd” + 5(aucp) (0*®) — S MPP% — 2k @ — ng”.
1 1 04 VRN
LB = 9 (@@) (8%5) - §m%¢2 — Z¢4 l\ /\ P
e If k=0 Tree-level m%’o —m2 ) =n 6. Tl
1-Loop-level 9 O 2 — | 5T ]
mg 1+ Pppr(p=0) =Ty =0) — mgq1 = 32 og Ve Mo+

2 2 2 M2
f— Y] .
Mp1-1oop = ME0 +mg 1 Hierarchy problem occurred

12/05/26 BSM Higgs
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Hierarchy problem revisit

* If you believe SM valid till arbitrary High scale,
then no hierarchy problem

* If SM couple to new physics at UV, and no symmetry protects the mass,
then there usually is a hierarchy problem

* Someone also thinks it’s not a problem at all

Fig. A.1 Photos of the 21 Aug 2017 solar eclipse. [Credit: P. Stoffer] A ManOhar [1 80405863]

(see Fig. A.1). The angular diameters of the Sun and Moon are both experimentally
measured (unlike in the Higgs problem where the Higgs mass parameter m at the high
scale M¢ is not measured) and the difference of angular diameters is much smaller
than either.! Do you want to spend your life solving such problems?
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SMEFT-dim6 Higgs Physics

* Pure Higgs operators

Operator Definition Main Higgs effect

Qy (HYH)? Modifies Higgs self-couplings hhh and hhhh

Quo (HTH)O(HTH) Higgs wave-function rescaling; shifts many hX X couplings
O (H' D, HY*(H' DV ) Modifies neutral Higgs/gauge structure;

affects hZZ and EW inputs

* CP even Higgs-Field strength

Operator Definition Main effect

Quac (HTH )GA GAn Contact hgg interaction; affects gluon fusion
MWVW ., hZZ, hyy
] 1 Tuv ) ) )
(HUH)W,, W hZ~ interactions
QHB (H'H H)B,,, B" hZZ, hyvy, hZ~ interactions
Mixed electroweak Higgs couplings;
T-1 I puv )
(Hl7 H)W B also affects electroweak precision observables

Quw

Quwn
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SMEFT-dim6 Higgs Physics

* Higgs-Fermion Yukawa like

Operator Definition Main effect
e (HTH)(l,e,H) Modifies charged-lepton Yukawa couplings
o (H'H)(qyu,H) Modifies up-type Yukawa couplings, especially htt
" (HTH)(gyd,H) Modifies down-type Yukawa couplings, especially hbb

* Higgs-Fermion Current

Operator Definition Main effect
(1)pr (H1iD H)(I,y"l,)  hZl, shifted Z0¢ couplings
(3)or (HYi DLH)(l,r'y*l,.)  hZel, hW v, shifted W/Z couplings
0 (HTiﬁﬁH) (epyrer) hZee, shifted Zee couplings
Qgép " (H Tiﬁﬂﬂ ) (@pv*qr) hZqq, shifted Zqq couplings
Q(H?’g}p " (H TzﬁiH ) (qp7'v"q)  hZqq, hWWqq', shifted W/Z quark couplings
- (H Tiﬁ#H ) (@py*ur)  hZuu, shifted Zuu couplings
pr (H'i'D ,H)(dyy*d,)  hZdd, shifted Zdd couplings
d z(ﬁ "D, H)(u,v"d,) Right-handed charged-current hWud interaction
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SMEFT-dim6 Higgs Physics

* Dipole like operator

Operator Definition Main Higgs effect
P L,o* e, )T HW! heZ /v, weak dipoles
eW p 735
b (lpot e, )H By, heeZ /v, electromagnetic dipoles
P ( oh? TAur)H GA Top/charm chromomagnetic Higgs-related couplings
D (Goom'u ) H WI Top/up weak dipoles
b (gpo” u?«)H B, Top/up neutral dipoles
- (q ot TAd )H GA Bottom/down chromomagnetic Higgs-related couplings
. (Gpot7'd, )H W‘T Down-type weak dipoles
e (gpotd, ) H Down-type neutral dipoles
EW SU(3)>: EWPO + Diboson + Higgs J
° ( Dgoson—\ . _\ z:zz :ilngBT';‘(f;ta :E‘;zzojjdata ‘QS%CLindividual;C;(l—;\;zv)z
/ = ttV N 0.03
[(;’HD c o o CHt 0.02
HWB “YHD u e 0.01
i) | = i it Fo gy g o o j |H
HW @ o HQ i -0.01
Cuc kCHq Cua Cn CHy C3l -0.02 IH
o |\ EWPO Y, 003
Cyu 1,8 3,8 8 8 -0.04 .
(G CQq C C Qu Ca . EV\/P:) . — _ — _ . BoiomccJ . . . . Yu:l:awat . .
Crn o Oy oL FSOBTITET S 85889
\Gor - 2 ~ Lt - d
Higgs 2012.02779] SMEFT Global Fit -
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When Dim-8 is important

* When taking high energy tail of LHC to probe SMEFT

A [|(AS)]]|h(AFSY)
o~ |Asm + Adim—s| VVep| O
Vv | 0
Vevs| 0
Y | 2,0 2,0
Ygp | 0 0
bodd | 0 0
AT |
I LHC unreachable
| SM+NP : ¢ M
p e d1111-6 ~ AQ
| SM E
> / AN
AN VRN / AN /
dim-6 <« dim-6 X dim-8&
/ N AN / AN
B4 B4
A4 A4
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When Dim-8 is important

* When taking high energy tail of LHC to probe SMEFT

As |[R(ASY)][|R(AZM)]
5 [1607.05236]  vvvl o 19
o~ |Asm + Adim—6| VVes| 0 2
Vg | 0 2
Vs | 0 2
pprp | 2,0 2,0
Yipog 0 0
PpPP 0 0
A
g | LHC unreachable
| yd 0
I : m
SM+NP « dim-6 ~ ASQM
| SM E
> / \
N RN / AN /
dim-6 « dim-6 X dim-8
4 4
L B Dim-8 may be more important if i E_
(471-)4 A4 dim-6 are loop generated A7 A4

12/05/26
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When Dim-8 is important

 Example qq—WW at LHC

[C. Degrande HLL, JHEP 06 (2023) 149]

pp— W W™, s=14TeV, A=1 TeV, Ci=1 pp = W W™, s=14 TeV, A=1 TeV, ¢;=1
Smin=300 GeV, 5m.x=700 GeV Smin=300 GeV, §5=700 GeV

3 r ."‘-“_ -"p-\‘ 2 il'lt 1
0.06} = | I N 10 ]
I 0004. J . 2 int 1
l _ ; 3 —10 Xd0'15 ]
- 0.03f 10xde iy
) 0.04' . i _102Xdu_lln?t
’ - 2 0.02} i ]

| 2 002 ol
- 0.02¢ 3 , ]
002 5 ool RN D
; : “g B : - \
0.00f 0.00F== a —
~0.02} : -0.01¢ | _
A P Y SR SR S TP S —-0.02b o o ey ]

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

n n

_ TJKygrlvyx JlpyrKp
Ow = T KWW/ P!

. =
O1o = iW ', W'y (QLT’Y}\ Dqup) ;
~ . > s <=
Oy = i’/ BW!H, WV <(7£va (TK)Z"7 D MQLrj> ; O16 =1 (‘ILWA D qup> (D/\HTDNH) )
A (TK

. s <=
), Jﬁqu) Oy =i (quyATK D MqLT) (DyH'rEKDrH)

Dominant operators:

50
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When Dim-8 is important

e [2602.12326] study h to 4 lepton decay upto 1/ A*
‘A|2 = |ASM|2 + 2Re( gMAG) + ‘Aﬁ’Q + 2Re( gMAS)
 For h— 0l Z(40),

Onw = |H?|W}, dim-6 square gives dominant contribution

* [2410.21563] study the dim-8 effects on the VBF Higgs production process

Qi (@0 4) (@0’ ¢ )(HTH) =

—di @)
dim-8, C orie

E

Q¢2 12 D3 :i(@szMUIwr) A
[(D,,H)‘r (D3, H) — (D}, , H)'o (D,,Hq .

(1,v)

25
20
15E-

ratio to SM

,52—I
00 220 240 260 280 300 320 340 360 380 400
p, ,[GeV]
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HEFT

* HEFT > SMEFT > SM

* Electroweak symmetry is nonlinearly realized in HEFT

Y(z) = U —I—\/hi(x) U(x) U(x) = exp <z’T . ﬂ(aj))

(%

* Under Custodial symmetry h—h U — LUR'

* Power counting: Chiral dimension
L -loop renormalization need to find operator of d, =2142

Oulx =1, [glx = 19']x = lgs]x = 1, el =1, [1312.5624]
[TZTP]X =1, Ulx = [h]y = [Wu]x - [Bu]x - [Gu]x = 0.
v? 1 m2
Lo = ZTr[DMUD“UT]F(h/v) + 5 (0uh)(0"h) = =h* = V(h)
+ ifw ~ (v zﬁLzlfyw/v)wR + hic') P %) s za% N bh_ L
~ 5(GuG") = S (W W) = 2B, B
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HEFT

* HEFT > SMEFT > SM

* Electroweak symmetry is nonlinearly realized in HEFT

S(2) = +\/h§($)U(a;) U(2) = exp <Z.T-7;(m)>

* Under Custodial symmetry h—h U — LUR'

* Power counting: Chiral dimension
L -loop renormalization need to find operator of d, =2142

Oulx =1, [glx = 19']x = lgs]x = 1, el =1, [1312.5624]
[TZTP]X =1, Ulx = [h]y = [Wu]x - [Bu]x - [Gu]x = 0.
v? 1 m2
Lo = ZTr[DMUD“UT]F(h/v) + 5 (0uh)(0"h) = =h* = V(h)
+ ifw ~ (v zﬁLzlfyw/v)wR + hic') F( %) s ZQ% N bh_ L
~ 5(GuG") = S (W W) = 2B, B

When can it go back to linearly realized with field redefinition?[1605.03602]
Jh, s.t. F(he =0)

12/05/26 BSM Higgs
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HEFT

* HEFT > SMEFT > SM

* Electroweak symmetry is nonlinearly realized in HEFT

S(2) = +\/h§($)U(a;) U(2) = exp <Z.T-7;(m)>

* Under Custodial symmetry h—h U — LUR'

* Power counting: Chiral dimension
L -loop renormalization need to find operator of d, =2142

Oulx =1, [glx = 19']x = lgs]x = 1, el =1, [1312.5624]
[TZTP]X =1, [U]x — [h]x — [Wu]x — [Bu]x — [Gu]x = 0.
Ly = %Tr[DMUD“UT]F(h/v) + %(@Lh)(a"h) _ m?iiﬂ —V(h)
+ i P — (v PLUY(h/v)pr +h.c.) Fsm(ﬁ) _ (1 n ﬁ)Q
- %<GWGW> - %(WWW“”> - %BWBW f:}* = — ’

For general F it is hard to detect, since
it’s a non-perturbative probe
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HEFT

* HEFT > SMEFT > SM

* Electroweak symmetry is nonlinearly realized in HEFT

S(2) = +\/h§($)U(a;) U(2) = exp <Z.T-7;(m)>

* Under Custodial symmetry h—h U — LUR'

* Power counting: Chiral dimension
L -loop renormalization need to find operator of d, =2142

Oulx =1, glx = [9']x = [9s)x = 1, wly =1, [1312.5624]
WYly =1,  [Uly = [kly = [Wuly = [Bulx = [Guly = 0.
* In Unitary Gauge U=1
LoD mZWHWw—# <1+2aﬁ+bh_2+...>
Wk v V2

If Ky~ 1 while k217 1 , then suggest using HEFT instead of EFT
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Real Singlet Model

* Simplest extension to the standard model, can trigger SFOEWPT
e Adding only one real singlet S

Vo(H,S)=—p2(H'H)+ NH'H)? + —= ; Y H H)S + 22 ; Y2 H'H)S?

bg b3 b4

54
3

SQ+ 2 8% 4+

e Parametrize the vevs
S =x9 + s,

G—|-
B Cnvia)
E(UO‘F + 1 )

* Tadpole condition relates vev to potential parameters

2 2 X0
p” = i + (a1 + asxp) TR
2 2
ajl’UO CLQUO
by = —baxg — byxs — —
2 340 44 45130 9
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Real Singlet Model

e The mass matrix

2
M2 = (mg m%w) _ _a;levoo + X (b3 -+ 2[942130) %) (CLl + 20,2330)
2 (a1 + 2a270) 2\vé

hi = hcosf + ssinf
ho = scosf — hsinf

* Potential Stability requires as > —2+/\by.

2 2 (12 2
:I:\/mhmg mj, (mj, +m?2 —mj, ) — a1vg/2
az =

oV

* Free parameters are a, bs, by, \, o , performing scan to select
benchmark have SFOEWPT

* We can hardly find benchmark to have SFOEWPT with
mp>800 GeV
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Real Singlet Model

 Combined analysis for h,— ZZ— 4¢ and ho— hihi;— bbyy

mp, = 400 =10 GeV mp, =550 £ 10 GeV
200 200
[= 4
150 - A 5 16 150 1.8
g ® 4 )
3 §’ < o 1.5 100 -
S : b SR
o 2 1.3 o
S 50 : S 1.4
1.2 0
] 1.1
0 504 1.2
_ 1.0
50+ | ! ! —-100
0.0 0.1 0.2 0.3 0.0 )
sin@ sin@
mp, =700 =10 GeV
100 -
75 - = 1.6
=
=]
50 1 o
2 1.5
T 257 o :
>
v N o
S o0 5 °
g 9 g 1.4
S -25 =
>
w
=50 1.3
-75
_ 1.2

00 - . . . '
0.00 0.05 0.10 0.15 0.20 0.25 0.30
sin@
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Real Singlet Model

e The mass matrix

2
M2 = (mg m%w) _ _a;levoo + X (b3 -+ 2[942130) %) (CLl + 20,2330)
2 (a1 + 2a270) 2\vé

hi = hcosf + ssinf
ho = scosf — hsinf

* Potential Stability requires as > —2+/\by.

2 2 (12 2
:I:\/mhmg mj, (mj, +m?2 —mj, ) — a1vg/2
az =

oV

* Free parameters are a, bs, by, \, o , performing scan to select
benchmark have SFOEWPT

* We can hardly find benchmark to have SFOEWPT with
mp>800 GeV
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2HDM

* General CP violating 2HDM

1

V(o) = —5 [mh(0lon) + (mh(o]6s) + hie.) +miy(hen)|

A A
+§1(¢J{¢1)2 + §(¢$¢2)2 + Aa(6161) (dhha) + Aa(@l o) (dhb1)

e Soft breaking Z, only retain m?, = 0 but setting \s=X\;=0
* 7, helps to prevent tightly constraint FCNC at tree-level

Zo odd : ¢o
Model 'y d’, e’
Type | (I)2 (I)Q (I)Q
Type 11 (I)Q (I)l (1)1
Lepton-specific | ® D, OR
Flipped D, OR d,
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2HDM

* Scalar mass spectrum

Ht H V9
¢ = 1 , P = tan5 - —

(v + HY +iAY) 5 (v2 + Hy +iA3) U1

Phase of vev can be absorbed with global U(2) that leave )\, \;=0
In Unitary Gauge

B —sin BH™ B cos SHT
$1 = %(vcosﬁ—l—H?—isinBAo) , $2= %(vsinB+Hg+icosﬁA0)

2 2 2 2
)\]_, )\2, )\3, )\4, Im)\5, Re)\5, Re m12, Im m12, mll, m22

Minimization Mass of charge Higgs (1)

condition (3)

v Diagonalization of neutral Mass matrix (6)

v, tanﬁa V, Oy Opy Oy My mh27mh37mhz

2
Rem7,

V= ——
v2sin 23
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2HDM

* Scalar mass spectrum

RMTQLRT = diag(mil,miz,mig) (h1,h2,hs) = (H?,HS,AO)R

R = Ros (Oéc)ng(Otb)ng (Oz —+ 7T/2)

U 0
_§ < Qey Qpy, @ < 5
Mcg+vsy  (Asas —V)egsg —5[ImAshg
M,,f — ? A345 — /)C3S3 )\23% + Vc% —% Im A5
—%Im)\535 —%Im)\5c5 —ReXs+v

* 3 Neutral Scalar + 1 charged Scalar

grhvv =sin(f — a) gheuvv, 9gHVV = C0S(B — @) gheyvv, gavy = 0.
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2HDM

* Boson couplings In CP conserving case
grvv = sin(B — a) ghsyvv, gavY = c08(8 — @) ghguvv,  gavv = 0.

9zAn X cos(B —a),  gzam x< —sin(f —a), gz = gzaa =0

e Turn on CP violation we have

V
v h,
h, < as x 0 + O(a%) --------------- ag X —ap + O(@O&b)
V
V
h £ h ‘
3
R < 2,1 X —ap + O(Oay) - 9321 x —0 + O(a)
h h,
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2HDM

* Coupling to fermion CP conversing case

CERN, = = 2 SL(&lTh+ ehTrH —iglFrsrA)
f=u,d,l
l
— { \/%}Vud U (muﬁjPL + mdgfflPR) dH+ + \/5:))”&:4 V_LKRH—’— + H.c. }

Type 1 Type 11 Lepton-specific Flipped
vl cosa/sinf cos o/ sin 3 cos «/ sin 3 cos o/ sin 3
@ | cosa/ sin 3 —sina/ cos 3 cos o/ sin f3 —sina/ cos 5
¢ | cosa/sin 3 —sina/ cos 3 —sina/ cos 3 cos a/ sin 3
% | sina/sin 3 sin «/ sin 3 sin ¢/ sin 3 sin «/ sin 3
4 | sina/sinf cosa/ cos 3 sin v/ sin 3 cos a/ cos 3
& | sina/sinf cos o/ cos (3 cos o/ cos 3 sin o/ sin 3
4 | cot B cot (3 cot 3 cot 8
4 | —cotp tan (3 —cot 3 tan (3
& | —cotp tan 3 tan 3 —cot 3
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