ATM 2022 Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

Is the decay of the Higgs boson to a photon
and a dark photon currently observable at

the LHC?

Hugues Beauchesne
Work done in collaboration with Cheng-Wei Chiang

beauchesneh@phys.ncts.ntu.edu.tw
2205.10976

National Center for Theoretical Sciences,
Taipei, Taiwan

NCTS
December 14th, 2022

1/24



ATM 202 Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

N

General context |

The dark photon A’ is an hypothetical Abelian gauge boson that can
mix with the photon and has been the subject of extensive theoretical
and experimental studies.

A potential discovery channel that has received considerable atten-

tion is the decay
h— AA,

where A’ is assumed to be (effectively) massless and invisible.

Signature: Photon + MET
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General context Il

An extensive phenomenological literature on the subject
» Gabrielli '14 [Phys. Rev. D 90 no. 5, (2014) 055032]
> Biswas '15 [JHEP 06 (2015) 102]
» Biswas '16 [Phys. Rev. D 93 no. 9, (2016) 093011]
» Biswas '17 [Phys. Rev. D 96 no. 5, (2017) 055012]
>

which predicted an upper limit BR(h — AA") < 5% that was claimed
to be model-independent.

Motivations:
> Predicted by certain BSM models (flavour)
» Potentially observable
> Interesting experimental channel (subjective)
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N

General context Il

This motivated four experimental searches
» CMS '19 [JHEP 10 (2019) 139]
Z-associated channel
» CMS '20 [JHEP 03 (2021) 011]
VBF channel
» ATLAS '21 [Eur. Phys. J. C 82 no. 2, (2022) 105]
VBF channel
» ATLAS '22 [ATLAS-CONF-2022-064]
Z-associated channel
The strongest limit obtained was BR(h — AA’) < 1.8% at 95% CL
by ATLAS '21.
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Overview

Goal:
Investigate experimental and theoretical constraints on h — AA’

Improvements:
» Additional constraints
» More rigorous treatment

» More recent data

Constraints:
» Higgs signal strengths
» Oblique parameters
» Electric dipole moment (EDM) of the electron
> Unitarity
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General form of the amplitude and what it tells us

Gauge invariance imposes

§h—>AA/

urast 05 | byl

MPAA = [ShﬁAA (P1 - P2guv — Prupav) + i

This amplitude cannot be generated at tree-level with a renormaliz-
able Lagrangian.

The process must take place at loop-level.
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SM particles in the loop?

v

There could be kinetic mixing between A and A’
eF’WFl'W
SM particles in the loop could then contribute to h — AA’.

However, € is constrained to be very small for a light A’
BR(h — AA’) would be negligible.

v vy
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Mediators |

Solution:

New mediators that:
> Interact with the Higgs
> Are charged under EM

» Are charged under a new U(1)

Comments:
> It's not possible to be completely model independent.

» We will consider a very large set of mediators and explain why
the bounds would be difficult to avoid.
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Mediators |l

We will consider mediators that:

1. Have a renormalizable Lagrangian that preserves all gauge
symmetries

2. Lead to the h — AA’ decay at one loop
3. Contain no mediators charged under QCD

4. Contain only mediators that are complex scalars or vector-like
fermions

5. Contain no more than two new fields

6. Contain no mediators that mix with SM fields or have a
non-zero expectation value
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Mediators Il

All mediators that satisfy these criterias fall into a finite number of
categories:

Fermion: ¢1(ALPL + ArPRr)Y2H + h.c.,
Scalar: 11 p¢lgaH +h.c., :  AHTH¢! o,
W AHUHGI¢s + he, Vi AHH@{ 6 + hec.
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Example: Fermion mediators
Consider the Lagrangian

Z dfgc'l/’l ALPL + ARPR)’QZJ H* +hc| — m11[_)1w1 — mz’l/_igwg.

a,b,c

where a, b and ¢ are SU(2), indices and are summed from 1 to the
size of the corresponding multiplet and with

dabc = Cjil\rﬂu'zmg = (juomimy|JM),
where
J— p—1 _n—1 !
= > 5 J1 2 ’ 2= 2,
M p+1—2a n+1-—2b 3_92¢
-_———_— m —_ m — ]
2 ) 1 > s > >

There is a phase that cannot be reabsorbed.
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Higgs decay |

A/A’

-+ arrows reversed

The amplitudes are

MM = [S'HAA(pl 28w — Prupav) + 15" Meunaspipl ] b,
M — [Sh_’AA (p1 - P2&uw — Prupav) + 5" €appi ph ] el
MIAA — [5"_”‘ Y (pr - p2guw — prupa) + iS5 Euuaap?pf] b
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Higgs decay Il
With
S = €Y Re(a) @5 Sa + S, ST = €Y Im(920) @3,5, + SE

S"M = e’ S Re(R1)B:Q'Ss, S = e Im(Q.:) 2. Q'S
ShA)A/A/ = 6,2 Z RE(Qaa)Q,ZSa7 §hHA/A/ = e'2 Z |m(Qaa)le.§a7

where in the example of the fermion case

m,
S, = m (2 -+ (4ma — m,.,)Co(O 0, er my, my, ma)) )
h
g = iz 2co(o 0, miy; ma, ma, my),
and
rh—)AA _ |Sh—>AA|2 + |§h—>AA‘2m3 rh—)AA' _ |Sh—>AA’|2 + |§h—>AA/|2
64r h 327 "
FmaNA’:|5h%A%w2+W§hQA%w2
647
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Higgs decay Il

Comments:

» The presence of the Levi-Civita symbols comes from 7° in the
Higgs/fermion vertex.

» The amplitudes are correlated. The constraints on h — AA
and h — A'A" will constrain h — AA'.

» For h — AA, the interference with the SM contributions will
typically dominate. This can be avoided in two ways:

» Purely imaginary contribution to S"—A4
Not possible because:

> Coefficient is real.

> Diagram cannot be cut with charged particles below my/2.
» Contibution only to $"—A4

> Will be constrained by the electron EDM
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Higgs signal strengths

k formalism
2_ Oi o T
Ki = o'IS_M or K; = W,
and
W2, = ’5h—>AA|2 4 |Sh—>AA|2 KV2ZA _ |5h—>ZA’2 + |5h—>ZA|2
= . , = = .
’5£|\7AA|2 + ’55'\7AA|2 ‘SSIWZAP + |5£1'\72A|2

Do x? fit using results from
» CMS-PAS-HIG-19-005,
» ATLAS-CONF-2021-053.
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EDM

hA diagrams are dominant near limits
hA contribution o< Im(€,,)

Effectively forces €25, to be purely real or tiny
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Oblique parameters

The Peskin-Takeuchi parameters are defined as

2 2
as = 455VC5V lzz(o) - MHIZA(O) - I_llAA(O)
wew

_ Muww(0)  Nzz(0)

2 2 -
myy mz

aT

Unsurprising contribution

AVAVAVAVAVAVIYZ N

A/A”
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Unitarity

An amplitude can be expanded as

M = 167 Zl:(2/ +1)a;Pi(cosh), max <‘Re (agig> D < %

Different cases:

Fermion: |Ag|* + |AL|? < 32771-
1 ik 1

Scalar Il: ——— N dgsi < 2,
1627 2; Z 2 ] 2

_ 20}

1 ~ 1

Scalar Hl: —— M\ dPrr <z,
16V/2r z; Z 220 } 2

- :

|)‘| spn |2 1
Scalar IV: dr < Z.
16v2r EJ: 220 2
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Assembling everything

v

Consider multiple benchmark models

v

Scan entire parameter space with Markov chain using
Metropolis-Hasting algorithm

» Prior proportional to BR(h — AA’)? to speed up simulations

Impose |Q'e’| < V4 for fermions or |Q'€e/| < q—Vl‘yj for scalars.

v
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Constraints: Fermion mediators
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Constraints: Scalar mediators
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Scalar case | pny" Scalar case Il ny
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Caveats

Three caveats:

» There should be a lower limit on the mass of the charged
mediators, but there does not exist sufficiently general
searches. The limits would probably be stronger.

» It could have been possible that SSS_M‘A ~ —25;’,\7’4’4. That
would avoid the Higgs signal strength constraints, but it does
not happen for the fermion cases considered. It can
technically happen for some scalar cases, but only for rare
cases and extreme fine-tuning.

» The bounds are model dependent.
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Conclusion

Goal:
Investigate experimental and theoretical constraints on h — AA’

Conclusions:
» BR(h — AA") < 0.4% at best*
» Difficult to even get this large
» Far more constrained than previous phenomenology
papers (5%) and experimental searches (1.8%)
» Seems unlikely that we will be able to probe this channel at
the LHC
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Thanks!
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Higgs decay IV

» If the loops are dominated by one particle, S"744 is purely
real and S"7A4 =0, we have

ABR(h — AA)
BR(h — AA) |’

where BR(h — AA) = BR(h — AA)sm + ABR(h — AA).

BR(h — AA') ~ /BR(h — A/A)BR(h — AA) ‘

Considering
BR(h — AA) ~ 0.23%, | Sl | < 25%,
BR(h — A'A’) < 10%.

we get a rough estimate of BR(h — AA’) < 0.4%.
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EDM |

dah Q2 m,m, 1 1 _ m?
=—)» —2 - —Im(Q d 0 2
e za: 16m3m2v m( aa)/o Xx(l — x)J "x(1=x)m2 )’

where
( ) 1 rinr sins
r,s) = - .
JAT r—s\r—1 s—1
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EDM II

Zh A
ds’ Qbb
e 324 m?
a,b h

where
Cip = Re (igigﬁf - gziga‘i*) :
with

me
go=——,

v

Qpa + Q;
gfb=—¥,

& 2

and

1 2 A
. mz A
fl(m37 mb) = / dXJ (72’ 7) ’
0 mg,’ my

\/ 2_;’_ 12
% _VETE (Brba + Bisa) ,

Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

gle (maCbel(ma, my) + myClfa(m, mb)) :

Cl = —Re (igigﬁ,* + gziga‘i*) :

Bee = — 5
P _ (Qba ab)
8ab = 2
\/ 2_;’_ 12
g = —% (Brba — Biba),
! m% A (1—x)
f ay = dxj —Z
tmam = 05 (72, 0) O
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EDM III

dWW

2
e Q' Me msmp ~ A ~ ~
R Dl (AusoAies ) [QuoG(ra; 15,0) + QuaG(1,12,0)]

where r, = m2/m2,, r, = m?/m?, and

! d'Y ! (R - 3Kab)R + 2(Kab + R)y Kab(Kab - 2y) Kab
G(ra, 1o, re) —/0 7/0 dyy[ 4R(Ka — R)? + 2(Koy — R)? In—2 } :

where
ra rp

R:y+ 1_yrc Kabaz .
( ) -5
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Oblique parameters fermions

1 R R A
S =0 3 { (IALab\z + |ARab|2) Y4 (¥a, ¥p) + 2Re (ALabAl'*?ab) Y (¥as ¥b)

a,b
[(1Xab1? + [Xgab 1) X+ (725 ¥6) + 2Re (XabXiob) X— (vas v5)] }5

1

2

1 A2 0 1AL 2 i

T =m § { (\ALab\ + |ARab| ) 04+ (va, yp) + 2Re (ALabARab) 0_(ya, yp)
2 2 *

[(\XLabl + [XRab| ) 0+ (¥as vb) + 2Re (XLapXgap) 9—(Ya7}/b)] }

1
2
with y, = m2/m%, X ;g = —2By /g + 2Qs}y and
1 »n
Yy, y2) =7 — —In—,
3 2
y1+y2
Yoy, y2) = ——
’ 6\/Y1Y2
1 ya) = 5(y7 +¥3) — 221y L i tye) - R-v on
+W1s = —
Iy1 — y2)? 301 — y2)? ¥
n+y n+y 2y1y2 "
X—W152) = =V1y2 - > =1,
6y1y2 (1 = y2) 1 —=»)3 »
2y1y2 "
———In—,
2
29 /24

"=y
+
nrr Iny—1—2].

0_(y1,2) = 2v/y1y2 [
y1r—y2 ¥2

0+(y1,2) =y1 +y2 —



ATM 2022 Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC

Oblique parameters scalars

1 2 2 2 x 2 2 x2
= 7 {‘Bab‘ - (CW - sw)Baanb - chWQab} F1(yas ¥b)s
a,b
1 A At oF A
T= o [ Y 1Al Falvasv) = 3 [AAT + ATA] Fs(y)
167rcW W 5 2 aa
a,

23" 1Bap [ Falyas v6) +4Z [Bz]aa F3(ya)| »

a,b

where y; = mg/mzz and

2 2
5y2 — 2215 4+ 5% 2 (yl (y1 =3y2)Iny1 — y5(y2 = 3y1) In yz)
91 — y2)? 3(n — y2)?

Fily1,y2) = — B
2 (yl2 Iny; — y22 lnyz)
F2()’1:Y2) = 3(}’1 +}’2) -
=y

F3(y1) =2y1 — 2y1Iny;.
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Example: Fermion mediators Il

Once the Higgs is replaced by its expectation value

ALV 2on =2 ARV aon -5 - -
LmD =) %dszwl Pups—y %dgﬁqu PLipy —muapy PLyps — moa Prapath.c.
a,b a,b

Introduce the convenient notation
b= ("
P2

o _ {675("1,_,,)27 ifac[l,pland be[p+1,n+p|,

and

b .
? 0, otherwise.
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Fermion mediators: Higgs interactions and mass IV

The mass Lagrangian can be written as

LoD = Mpd?Pd® +hec,
a,b

where the mass matrix is

I 0 0 0 ALv ALv
M — pXp pxn) +m ( pXp pxn>+_dpn+ R dpnT‘
’mgmpmm 2N0np Inin) " V20 V2

The mass matrix can then be diagonalized by introducing zﬁa
Pu = RiPu),  Pri) = RrPRY,

where R; and Rg are unitary matrices that diagonalize MM and
MM respectively.
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Fermion mediators: Higgs interactions and mass V

The interactions of the Higgs with the mass eigenstates are

LD =3 Quph?Pidb + he.,
a,b

where € is

A*
Q= %R;dP"RL + ﬁR;dP”TRL.
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Fermion mediators: Gauge interactions |

The interactions of the A/A" with )2 are
Lg D —eA" Qb — Qe Ay,
where ¢ is the U(1)’ gauge coupling and
@ = R[QR. = RLQR,
where
@ — YP + T3P Oan
Onxp Y'+T3)’
where (T5)a5 = (p+ 1 — 2a)d,5/2 and similarly for T3

34/24



Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

Fermion mediators: Gauge interactions |l

The interactions between the Z boson and 2 are

LgD —1\/82+ 82 Z, 7" (BLPL + BrPRr)Y,

where B; and Bg are

2 P 2 P
_pt(swYP ey Ts Opxn
BL=R ( Onxp v+, 1p) R
2 vp 2 TP
_ pt SWY +CWT3 0p><n
Br = Rg ( Onxp —s2,Y" + ¢, TS Re
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Fermion mediators: Gauge interactions |ll

The interactions between the W boson and 15"” are
Ly D —%%H (/“\LPij + Z\RPij) &+ hec.,

where

p P
A ptf T+ Opxn Ao — pt T+ Opxn
Ao, )R Aoy, ) e

with (T?),5 = \/a(p — a)d,5—1 and similarly for T1.
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Fermion mediators: Unitarity |

The top loop has a mass of ~ 173 GeV, y; ~ 1 and N, = 3, yet
gives a tiny contribution to h — AA.

Mediators must have either large Yukawa couplings or dark electric
charge.

An amplitude can be expanded as

M =167 (2] + 1)a;Py(cosb).
i

Consider the basis of &fi/}é’ pairs given by
12, PLvd, ey D1V5, P2, Bio3, oy DIVS, o PR, DEUS, e, DEYS.
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Fermion mediators: Unitarity Il

Then, the matrix of ag for the scattering @Zf@/}é’ — 1/7{1/)5 is

11 12 1n 21 22 2n pl p2 pn

Fllli F]il2 e Flll F1211 F1212 aee F121 e Flll F112 cen Fll

n n p P! pn

F12 F12 P F12 F12 F12 e F12 F12 F12 F12

11 12 1n 21 22 2n pl p2 pn

F. Fin .. F, F, F, .. F, .. F; F. .. F,

11 12 1n 21 22 2n pl p2 pn

F2]_ F21 F21 F21 F21 ee F2]_ F21 F21 F21

11 12 1n 21 22 2n pl p2 pn

. F22 F22 “os F22 F22 F22 ves F22 F22 F22 F22
ma

11 12 1n 21 22 2n pl p2 pn

Fon Foy . Fy Fy F oo Ry o FYOFSy .o F)

11 12 1n 21 22 2n pl p2 pn

FY F% .. F¥ FR FZ .. FY .. F F% .. FX

11 12 1n 21 22 2n pl p2 pn

F3 F2 .. F% F% FZ .. F¥ .. F F% .. F&

11 12 1n 21 22 2n pl p2 pn

Forn  Fon o Fpn Foo Foo oo Fop o FSy Fhy .. Fh
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Fermion mediators: Unitarity |l

Where Facg

ch dab2 cd2 _|AR| ARAT
ab 2 \AAL AP

and corresponds to ag for different combinations of helicity in the
basis (11,/{). Call ao'g the set of eigenvalues of a™®*. Unitarity

requires
max (‘Re( e'g>‘> < %

327
Arl2 + |AL? < ==—.

This simplifies to
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Scalar mediators: Scalar case | A

Consider:
> A complex scalar ¢; with the properties:
» Representation of SU(2), of dimension p=n=+1
» Weak hypercharge of YP = Y" +1/2
» Charge of Q" under U(1)
» A complex scalar ¢, with the properties:

» Representation of SU(2), of dimension n
» Weak hypercharge of Y"
» Charge of Q" under U(1)
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Scalar mediators: Scalar case | B

This allows the Lagrangian

Lh == |3 udl ol o8H +hc.| — milor? — m3|oaf?,
a,b,c
where
i} _ M
d§ZL - (;hfanfnz’
with
p—1 . n—1 1
J:T, J1 = 5 5 .12257
M p+1—2a n+1—-2b 3—-2c
= = T m=——"" m= :
2 9 1 2 Y 2 2

1 can be made real.
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Scalar mediators: Scalar case Il A

Consider:

» A complex scalar ¢ with the properties:

» Representation of SU(2), of dimension n
» Weak hypercharge of Y"
» Charge of Q" under U(1)
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Scalar mediators: Scalar case Il B

This allows the Lagrangian

Lh=— Y D Ny HH Mo — m?ef.

re{n—1,n+1} a,b,c,d

The SU(2), tensor d™_ is given by
Jnr
abcd — Z C11771J2"'72 J3m3J4m4’

where M is summed over {—J,—J+1,—J+2,...,+J} and

1 n—1 1 n—1 r—1
11_25 J2 5 J3:§a Ja = o J= >
m1:3—23 m2:n+1—26 m3:3—2b 4_n—|—1—2d

2 2 ’ 2’ 2

Two possible coefficients if n # 1.
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Scalar mediators: Scalar case Il A

Consider:
> A complex scalar ¢; with the properties:
» Representation of SU(2), of dimension p € {n—2,n,n+ 2}
» Weak hypercharge of YP = Y"
» Charge of Q" under U(1)
» A complex scalar ¢, with the properties:

» Representation of SU(2), of dimension n
» Weak hypercharge of Y"
» Charge of Q" under U(1)
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Scalar mediators: Scalar case Il B
This allows the Lagrangian:

== >0 3" NdE HTHPGT 68 + hoe | —m?| 1 P—m3¢al?,
reR a,b,c,d

where R = {n—1,n+1}n{p—1,p+1} and d°",

a
g E cM. cIM.
abed — J1myj2my ~j3mszjams>
M

where M is summed over {—J,—J+1,—J+2,...,+J} and

. 1 . p—1 . 1 . n—1 r—1
Jl_Ea J2_T7 J3—§7 Ja = > J= 5
_3-2 _p+l-2 _3-2b  _n+1-2d
1 — 2 ) 2 — > 3 = 2 ) 4 = 2 .

If p=n#1, there are two coefficients and 1 otherwise.
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Scalar mediators: Scalar case IV A

Consider:
> A complex scalar ¢; with the properties:
> Representation of SU(2), of dimension p € {n—2,n,n+ 2}
» Weak hypercharge of YP = Y" 41
» Charge of Q' under U(1)
» A complex scalar ¢, with the properties:

» Representation of SU(2), of dimension n
» Weak hypercharge of Y"
» Charge of Q' under U(1)

» p and n are not both 1.
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Scalar mediators: Scalar case IV B

Consider:

L=

= g oo e ] = mEon — mloal?

where
1 M1 JoM»
dabcd Z CJ1 myjamy CJ1 My jzms?
My

where M is summed over {—1,0,1} and

.1 .1 . n—1 _ _p-—1

./1_27 J2_27 B = 2 ) J1_1> J2_ 2 5
3-2a 3-2p  nt+1-2d _pt+l-2c

my = 5 m = > m3 = 2 , My = 2

A can be made real.
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Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

Scalar mediators: Constraints |

» Treatment of gauge and Higgs interactions is similar to the
fermion case.

» Higgs signal strengths is similar to the fermion case.

v

We computed the oblique parameters ourselves.

v

EDM constraints are not needed (no 7).
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Is the decay of the Higgs boson to a photon and a dark photon currently observable at the LHC?

Scalar mediators: Constraints |l

For case IV, this can be simplified to:

Al < 87T\/§.
p

Also,
Vamr
‘Qlel‘ < —_
ql/4
where g = n+ p for cases |, lll, IV and g = n for case Il.
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