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Standard Model Higgs Potential

1 +
£¥ = D.HP — V(H), where H= ( V20 )

V2 \o+h+id°
and
V(H) = —u’H'H+MN(HTH)?
— A%%hz + A0k + %h‘*
In the SM v
A= ﬁ ~ (.13

The trilinear / cubic and quartic couplings can be
modified in beyond the SM physics.
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Simple modification of the trilinear coupling

Add a higher dimension operator to modify the trilinear
coupling in a gauge invariant way:

C C
Lu=2Ly + 506 =4Ly + 3 {-NH'H}

then we have

2

Mie o (14 conold + (14 6c6)2h4

V(h) ==

2
M,
2027

Still: A = 3%, but Ay = (1 — 3cg)A and p? = (1 — 3cg)M?

4
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Other operators that affect the i® coupling

» Atd = 6 the only other operator that can modify the
trilinear coupling is

Oy = % 0. (H'H) 0" (H'H).

(1+ce)Aoh® — (14 c6 + ch)mh?’.

But cy rescales all other Higgs processes and is more
tightly constrained.

» Atd = 8 we would have for Oy = —A(HTH)*:

(1 + Ce + 2C8 + ;CH)}\UI/I?)
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Single vs Double Higgs production at LHC

The single Higgs production is a 9 t L

factor 1300 larger b e
o(pp — h)sm = O(45pb) g t

h

g )

than the double Higgs production ::3}%; e
o(pp — hh)si = O(35fD) g t h

in the SM at the LHC

o(pp — hh) 3 NNLO M%,/m? expansion [de Florian, et. al. '13]
New NLO exact calculation [Borowka, et. al. '16]
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Trilinear Coupling in pp — hh

Two contributions for double Higgs production:

Background from box

Trilinear contribution
h t h
9 t - 9 ommmny———p-------
h .-
R . t t
g t e e w—
h t h

Large top mass limit gives:

ntop s h1 11, W1 11,
L p_ S a apv ) Z (1 _Z (1

of = g OwC {012 ( i 224 \" " an
Where there is a negative interference between the
contribution.
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Interference in pp — hh

Trilinear contribution Background from box

t h
g t S CACELLLLLL, o
h .-
R «_ t t
g t P, SR N
h I h
o(pp — hh)

~22—1.53 1) + 0.33 1)°
osm(pp — Tih) (ce +1) + (ce +1)
USil'lg HPAIR [Grober, Miihlleitner, Spira, Streicher]

Excluding double Higgs production up to the SM rate:
Oexp < Osp — (g € [0, 27]

From ogntined STV (5 s 2l — 2bb) — ¢4 € [9.5,12.3]
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What other constraints for ¢ are there?

Modified loop corrections

» Higgs production
» 2loops: pp — h
» lloop: VBE hV
» Higgs decay
» 2loops: h — vy
» lloop: h — ff
» lloop: h = VV
» Electroweak precision
» Z-Penguin at 2loops?
» Oblique Parameters

g
h ot
O¢ .~
------ wot ot
h
h ¥00000000
t g
L wW Y
06 //'
______ (\
ho s
h
w Y
wE W
|
W h W
B ~a-h



g —h

» Maintain gauge invariance:

Use effective theory. Lot g
) o 0. OO0
» Op mighte.g. mixinto __~ ﬁ P
Ogg H'H G G**. h
L B Lo
» Renormalise Og before finite t g
(h|O¢lgg) calculation.
For d = 6 Higgs effective theory
Lo = LW + Z ¢;O; renormalise ¢;O; — Z ciZZ-]-Zu,],Q]-

j

d — A —
and ud—C—YC, where ¥ =79(«, Zj, )
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List of Operators

1

O = —A (H'H)® O = 5 0, (H'H) 3" (H'H)
1 4, . ‘
Or =5 (H' DuH) (H'D 'H)  Ow= gl (H't' D, H)D, W
Op = Zgl—f (H'D,H)DyB* Oy = % (D H'vD,H) W
'~/
Onp = 4gl§ (D HIDLH)B*  Ogg = % H'HG', G
28" nv Oy
OBB = g_ZH HBHVB Of = —YfH HQLMRH
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Calculation of the 2-loop mixing

» Use unbroken theory, i.e. SU(3) ® SU(2) ® U(1)
invariant

» Consider (H'H|O4|H'H), (B,.By|Os|H'H),
(BuW4|O6lHH), <W‘LWZ|06IH*H> and
(fflOs/H W HH) Green’s functions.

» Extract UV pole of diagrams using infrared

rearrangement.
1 1 pPH2kp-m+M 1
(k+pP—m> k=M K2 — M? (k+p)* —m?

» M regularises spurious IR-divergences of naive
Taylor expansion in external momentum p.
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(Non-)vanishing Diagrams

Mixing into H'HB,,, B"*Y, ... vanishes at two loops:

B
H B H
\ H AN H/,-.J\N\/\I
\\06 LemT TN < \\\ N )
= G 00 W
e ’z’ /// \\ \\
’/' H I/’ H\\-
HI ’
B H B
But there are non-vanishing contributions:
H-_ L~ .
S H Y H H~( R
H-—«)——<———)——>—- ~ H
N
vy A\ H / H- _4_/. =
H - g h ~p— < // \\
H- t
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Equations of Motions:

Computing (H'HO¢HH) ) and collect all O(p?)
divergent terms
— mixing into Qe

Owm = H'H [HT [D.D*H] + [D,. (D*H)"|H
3C6 \ 1yt 3¢\ (gt
+ (Yu QLuR I:I + Yd QLdRH + Yg ELQRH + hC) :|

— results in mixing of O into Of, Og, Oy, Os.
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2-loop Anomalous Dimensions

» Only non-vanishing off-diagonal mixing

1 1
— 12 - (@ +3v7]),
Vits = g 12N, Vs = g (N3

» These operators mix into other operators.
» At three-loop Oy would mix into most operators.

» The two-loop g¢ — h and h — yy matrix elements
will be free of operator mixing UV poles.
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¢g — h Matching onto hG{,G"*"

Corrections to SM one-loop triangle

_ % A g ooy
Cg_7t<g +(47’[)2g> ty o eeee
g t

come from the wave-function plus h
06 . “\ 06
zi) = (9-2Von) & @ +2) - R
h >~ h
two-loop My/(2m;) expanded h
diagram: ‘ 9
O h ——{OTOEOE00"
1 1 2 Z(l) —————— m ft ot
w_ L+ /1 Mo\ = | Zn (0 h
g B <4 +3In mf) Ce+ ’ Cq by



h — gg Finite Results

t h
9 50555000p—————¢ -------
» The hhG,G"" contributes via t t
an higgs-loop matrix element. g ;. h
» This cancels the log h
dependence in the Wilson 9 TN 06
coefficient. ' .
g N
h

ATiee Ay (23w M2 ,
= — - = _3log— —9(cs+2)B
A= T\ s g et AR

Here the wave-function renormalisation gives the
dominant contribution. 17 /38



h — ¥ matching onto hF,,F*¥

» Real cuts: h — AA — expand in My/(2Myy).

Only few diagrams @LO in 2’\1(14—%

v
)
=)
.
o>
ENAR

v

Expansion — off-shell (yy|Oglh). W
Use background field: (¥9|O0elh)

UV divergent diagram h* ¢~
sub-divergence. ot

v

v



Electroweak Renormalisation

v

A(H'H)?® renormalises Higgs Potential

v

On-shell renormalisation for v and Mgy

~ 5M%{ e ot
BZhd)er)f ~ (_M%_I EMV\/M%{

» Determine c.t. from tadpole and higgs self-energy

v

- \\h,CI)+,CI)0 ./ - N
A .
h M . h h \\_,/h

» Cancels the UV divergence and part of the log py
terms
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Finite corrections g¢ — hand h — yy

» Include hhFF*Y contribution - Y
via higgs-loop matrix eleent. h_ i/ h B
» Cancels remaining scale Coto_v
dependence. Y
A, = A (8.42 — 9m;, (¢ +2) By)
3 (470)2 0
A, = (—3.70 — 9m;, (Ts + 2) By) -
Y (4np ’
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Corrections to the VVh Vertex

Vertex V(q1)V(g2) — h-on-shell gives two form factors:

MY (qr,2) = 2m3 /o[ (1+ Fa(af, ) + Y} Talal, a3)|

Can be computed using FormCalc or by hand.

2

Ac Omy

F191, q3) = (4732 (—330 —12 (m, Co — Coo) — Th (Co +2) B(’))
A

Folqz, q3) = w 12 (Cl +Cu + ClZ) .

Where the B) comes again from the wave-function

renormalisation. 21/38



Corrections to the hff Vertex

Higgs couplings to fermions f
h.
» Vertex diagram mj% suppressed Os .-~
: L m S
» Universal wave-function h
renormalisation h ™S
f
my ACs 2 9 o /
=221+ e R (67 (Co—C1 = Ca)—5 it (2 +2) By
gives
/2
_ NGrmym? am?\’
AT (h—ff)=——— L [1-—L | «x
h=ff)=—, = =
AC -
% gz Re (=121 (Co— €1 — o) — 9m} (7 +2) By
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Vh & VBF cross sections

[Bizon,, MG, Haisch, Zanderighi]
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Higgs width and branching fractions

Define the ratio of the cross section times branching
fraction as signal strength p} = (o7Br")/(o75mBréy)
Compute branching fraction, where the universal
wave-function factor drops out.

[Bizon, MG, Haisch, Zanderighi]

— bb
ww

- &g
T

cc

— 77

NN

-
-

-10
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Co

see also [Degrassi et. al. '16]
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Constraints from Vh and VBF

Compare the signal strength

Hp = F

with LHC Run I [ATLAS-CONF-2015-044] has:

W =065708, i =138°08,
Wy T =112, wF =048, WY =1.05704,
This results in:

¢ € [-13.6,16.9], (LHC Run I)
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HL-LHC

Al = 4+37%, ApYY = +19%,
bb o, YY _ o, 77 __ o,
AUY, = +14%, Aul) =+28%, Auil = +13%,
ARDE = £15%, Aulpf = £19%, Apff = +21%, Apd), = +£22%,

HL-LHC [ATL-PHYS-PUB-2014-016] gives:
Ce € [—70, 10.9]

ARl = 436%, ApY) = +17%,
Aull = £13%, ApYY = £27%, AuZt = +£12%
Zh s SHzy o, BHyp °

AR = 49%, Aulpd = +15%, Apl = +16%, AW = +15%.

HL-LHC without theory uncertainties: ¢s € [—6.2,9.6]
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Electroweak Precision Observables

Naively Oy might also affect electroweak precision
observables such as Z — bb or B, — fipL.
Yet all contributions cancel

- \./
PR Og 1 >|(
, ' 1
_____ W<---- _____‘_____ _____x_____ _____‘_____

But contributions to My and My mass present.
Calculation either modified h° or effective theory yield:
[Degrassi, Fedele, Giardino "17], [Kribs, et. al. "17]

h‘ + +
Y , R W l W
oo W h W
h\\ //h \\ | //
7 "NANNANSKANNNL J h ~m-"h
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95% C.L. contours for U= 0
[ Current Uncertainties
I Prospects for LHC
[ Prospects for ILC/GigaZ
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Conclusions

» While it is hard to generate large deviations for the
trilinear coupling in a concrete model, it is still
important to test the symmetry breaking mechanism.

» LHC Run I+II: single Higgs production and decay
constrain the trilinear Higgs coupling at the same
level as double Higgs production.

» HL-LHC: Double Higgs production might put
stronger constraints, but indirect constraints will give
complementary information.
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Backup
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First Order Trans1t10n and Vacuum Stability

2.5
LG
L S H A
2.0} 1
[ metastability ]
LS%—“’—____—___—_———_——_—_i
1.0k strong first order phase transition ]
0.5}
0.0!

122

124 126 128
m, [GeV]
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Wh distibutions

dayy/dpr [f6/GeV]
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VBF distribution
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Matching onto the Higgs Effective Theory

» EFT useful for model independent analysis

» But there might not be a model that maps onto the
EFT

» Match benchmark models
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THDM

Transform in the unbroken phase to the Higgs basis.

=) w0 ()

E.g. the THDM in the unbroken phase and Higgs basis:

i x
Vieeo (i, Ha) = (& IO + 53 [Ha — 5 [H{H, + He.| + 2 IFi [
A ~ - 2 A 2
A A R (G
+As |IFL P HIHy + He| + A7 [|Hf* H{H, + H.c.|

H; it then the standard model Higgs field that carries the
vev, while H, will be integrated out.
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Results for the 2HDM

2

_ ~ % xy % % %
O = — [—4NsAs + A + A5 — 4A]] e
2
- 32 | 52 v’
C6:—(}\4+7\5)m
2
e VI ¢ AL
r=MN-N) e
i — m%,\,7\3
Y 256 M2 fi2
2 B 2 X
_ My (27\3+7\4) 8 _ mw7\4
WS e 37 T e @
2 X 2 X
_ mw (—2 7\3 + }\4) 8 _ mw 7\4
Cp = —CHp = —=
B = CHB 19272 (2 39 T 12m @2
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Compare different Models

G | | er | Gw | G5 | Caw | Cas | Cow | &y | G
Higgs Portal (G) L|L|X | X | X X X X | X |X
Higgs Portal (Spontaneous () T |L|RG|RG|RG| X X X | X | X
Higgs Portal (Explicit @) T |T|RG|RG|RG| X X | X | X|X
9HDM Benchmark A (5 o=0) | L |L| L | L | L | L | L |L|L|X|
2HDM Benchmark B (¢g—o #0) | T | T | L L L L L L |L|X
© Radion/Dilton | rlr(re| T[T T || ||

» Typically it is not easy to generate ¢s but no other
coefficient.

> Yet all other coefficients are more tightly constrained.
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Is there a model that generates only c¢?

» consider a quartuplet 6(1,4);,
> Ly = MHToHH + A,0°H'H

H L
0 Ik
;R R S H —> ’]\}’2 (H'H)?
; 7
H P H
H
H g H
: 0 0 H |)\1|2)\2 4
R SR i S . (H'H)
P My
H: : P H
H

» we generate only ¢s and ¢s — (Os = —A(HTH)*)
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