Axion-Like-Particles EFT
&

collider signals

llaria Brivio

Niels Bohr Institute, Copenhagen

based on 1701.05379 in collaboration with
B. Gavela, L. Merlo, K. Mimasu, J.M. No, R. del Rey, V. Sanz

ﬁ The Niels Bohr \\\M

.
[ ] .
saalaas International Academy

centre for particle physics

Discover
VILLUM FONDEN ////
- /




Axion-Like-Particles: identikit

NAME: ALP [Axion-Like Particle]

DESCRIPTION: pseudo-scalar (CP odd)

free characteristic scale f,

SPECIAL MARKS: only derivative interactions:
(approximate) shift symmetry a(x) — a(x) + ¢

!

can have a mass but m,; € f5
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Axion-Like-Particles: identikit

NAME:  ALP [Axion-
from U(1)pg dynamical solution to the

strong CP problem Peccei,Quinn PRL38 (1977) 1440

exact Goldstone

DESCRIPTION: pseudo—]

free ch
mass+potential from instantons

SPECIAL MARKS: only
(appr

ma ~ 1/f; S eV — narrow pheno window

can have a mass but m,; € f5

POSSIBLE IDENTITIES: (invisible) QCD axion -- maf; ~ mxfx
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Axion-Like-Particles: identikit

. H H A Dimopoulos,Susskind 1979
nave:  ALP_[Axion:Like Particlel Tye PRL47 (1981) 1035

Rubakov 9703409
td | ¢ Berezhiani,Gianfagna, Giannotti 0009290
recent development: Hook 1411.3325
DESCRIPTI Gerghetta,Nagata,Shifman 1604.01127
. Chiang et al. 1602.07909
still solves strong CP problem T eyt
+ Dimopoulos et al 1606.03097
relax: my # 1/f; ~
SPECIAL My
— heavier masses + lower scales allowed )tc
— easier to catch
POSSIBLE IDENTITIES: (invisible) QCD axion -- mafs ~ myfr
(visible) heavy QCD axion -- m,f, # const.
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Axion-Like-Particles: identikit

NAME: ALP [Axion-Like Particle]

DESCRIPTION: pseudo-scalar (CP odd)

free characteristic scale f,

SPECIAL MARKS: only derivative interactions:
(approximate) shift symmetry a(x) — a(x) + ¢
!

can have a mass but m,; € f5

POSSIBLE IDENTITIES: (invisible) QCD axion -- mafs ~ myfr
(visible) heavy QCD axion -- myf; # const.
Dark Matter
GB from string compactification
axiflavon Calibbi et al. 1612.08040

relaxion Graham,Kaplan,Rajendran 1504.07551
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Looking for the ALP is an Effective way

General analysis: construct an effective theory of SM + ALP

1
Lap = Lsm + 551435”3 + Laism

free characteristic scale f;

only derivative interactions:
Remember: | (approximate) shift symmetry a(x) — a(x) + ¢

|

can have a mass but m, « f;3

U

interaction Lagrangian has the form

Lasm ~ (SM)H %

a
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Effective Field Theory for ALPs

A complete basis for the CP even, bosonic sector Georgi,Kaplan,Randall PLB169 (1986) 73
Losm=) GQi
i
a
Qé = —BuB"—~
fa
a
QW = _WAUWIMV?
a
a
Q¢ = —G/fVGA‘“’—
a
. 0ua
Q.n = i(H'D"H) ‘
a
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Effective Field Theory for ALPs

A complete basis for the CP even, bosonic sector Georgi,Kaplan,Randall PLB169 (1986) 73

Losu=)GQi

invariant under a(x) — a(x) + ¢

pv r
fa invariance broken at the quantum level
_ A FAuw @ instanton effects
Qs =—G/, G —
¢ e fi | but the operator is relevant
0.3 e.g. for QCD axion
n
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Effective Field Theory for ALPs

A complete basis for the CP even, bosonic sector Georgi,Kaplan,Randall PLB169 (1986) 73
Losm=) GQi
i
~ a 2
Qé = _BMVB’“/_ unitary gauge — | VA ]
fa 2¢cyfa
~ a Z
L _WI Wl;uz_ a
QW BV fa ’\NX——— =
~ a
Q¢ = —G/fu GAw = redefined via:
a H — exp CaHE H
w, . Oua fa
Qo = i(HT D" H) ;;
a replaced by
.a [ 7 _
oYy = iz |GYuFiu— gYyHd — (Y. He| +h.c.
a
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

L

Cw Cw Cw Cw Cw & Can
Cs Cs Cs
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT our focus

the most
constrained

o Cécg + Cl;vsg -
fa
[Gev—1]

CAST
+

SuMICO

SN1987a /

_12IIIIIIIIIII
-12 -9 -6 -3

9

(107 Tev)!

IIIIIII
9 12

IIIIII
0 3

|0g10 my (eV) Jaeckel,Spannowsky 1509.00476
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

L
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

PR e

. CMS mono-jet + ﬁr, di-jet: 19.5 b’

— E7>250
— Er>350
Er > 450
Er > 550
—— ALP Lifetime
—— CMS di-jet
Ta/Ma> 0.1

' constrained e.g.
from mono-jet
35

i
il

_’___,_su LO'O

l0g1o (gag [GeV 1)
J;
| s

L 10 TeV
Ce ™

455

N logso ( n/’ (Gev)

Mimasu,Sanz 1409.4792
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

vy V4 V4 w w+ G
Y vy V4 w Z,vy G

a — invisible
T T
102 BaBar mono-y, 23/fb
_ | AR .. ............... )
= 10 :Belle II mono-y .
O 104k BaBar B — K.
t 104 aBar Lo \’\/
I e Belle I B = Ka ‘.
10-5 | Kf—=mta | | £
ET87T+E949 /i % i a
S 2500 Tev
g iNaee w
1024 | 1
0.1 1 5

M, [GeV]
Izaguirre,Lin,Shuve 1611.09355
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recent development:
constraints from
B—> Ka, K—ma...

7’
7’

]
7
7
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

ol V4 V4
a< a< a< _a
v Y V4

a — invisible
T T
102 BaBar mono-y, 23/fb
_ | AR .. ............... )
= 10 :Belle II mono-y .
O 104k BaBar B — K.
t 104 aBar Lo \’\/
I e Belle I B = Ka ‘.
10-5 Kf—nta | . £
ET87T+E949 /i % i a
S 2500 Tev
g iNaee w
1024 | 1
0.1 1 5

M, [GeV]
Izaguirre,Lin,Shuve 1611.09355
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

L

also from rare meson decays: g;—w <3.4-1078-2.9-1076 GeV!
a

Dolan et al. 1412.5174 for 1 MeV< m,; < 3 GeV

specifically to e

my; <1 keV % <15-1078 GeVv! (Xenon) Xenon100 1404.1455
a

m,; <1eV % <8.6-10710 Gev? Viaux et al. 1311.1669
a
(high-precision photometry of red giants

globular clusters)
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EFT for ALPs — existing constraints

Relevant ALP couplings in the EFT

I €

Other couplings have been largely disregarded

llaria Brivio (NBI) ALPs EFT & collider signals 4/15



EFT for ALPs — extending the picture

Two directions!

I

sl explore further LHC constraints to tackle more couplings

Remember » looking for a pGB, m, « f,. for concreteness
m, <1 MeV

» assumed to be stable @ LHC — £+ signature
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Including further collider constraints
v G P
TR S R
Y G P

, R 0.15
Cscy + Cpys
- $8% * “Wsh 040
© T
> 005
-~ o— ~ [0}
aZy 4s20(Cyy — Cp) E
fa S 0.00
Q@
U —0.05
-0.10
—0.15
-0.20

—04 —02 00 02 04
Cv'v/fa [Terl]
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Including further collider constraints
v V4 V4 w w+ G P
R R R A
¥ ¥ z w Z,y G ¥

0.20 -
, , 0.1&
Csc; + C s,
ayy =B T We o
© T
> 0.05
azy  As20(Cw — Cp) E
fa S 0.00
@
O -0.05
—-0.10
M(Z — ay) < M(Z — BSM) < 2 MeV 015 W\
—-0.20

—04 —02 00 02 04
Cv'v/fa [Terl]
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Including further collider constraints

GO

w+ Z,y G P
mono-Z ‘ :
- CMS-PAS-EXO-16-010]
Vs=13TeV (23 fb-1) | = Da@
100L . 1 Il Z+jets
Z— ee selection =3 Nonresonant
E 101E 1l mwz- 30y
B 10 0 2zz- 2l2v
2 i ]
[
u>_| . . CW = dl
f, = 107F fo=1TeV
2 38 TeV 10-4[
Cw fixed
- - 1075¢ Cé = —thW
projection HL-LHC:

500 7000
16 — 21 TeV Er[GeV]

(depending on syst.)

llaria Brivio (NBI) ALPs EFT & collider signals 6/15



Including further collider constraints
v V4 V4 w w+ G P
e R R A
¥ ¥ z W Z,y G ¥

10°

mono-W

ATLAS-CONF-2015-063
Data
=13 TeV (33 fb-1){ =
Vs ’ eV ( . ) Ow
WY uy, selection 1 = Top

10%}

108k
1 Multijet
102L | Z/Y*
[ Diboson
f, 10"}
> 1.7 TeV — Gy =1
Gy 100l f, =1 Tev

projection HL-LHC: 10-1

2 -6 TeV 200 500 1000 2000 5000
(depending on syst.) mr [GeV]
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Including further collider constraints
v V4 V4 4 w+ G P
R e e
¥ ¥ z W+ Z,y G ¥

aW~ prod.

—— Constant f,/c;

Prospects at 3000 fb™*

50

— =20

Mono-Z

Exclusions
Jazy bound from I(Z)(LEP)

M Mono- Z exclusion
(13 Tev, 2.3 b7 %)

projection HL-LHC:

fa Py = :
> I
Cp ~ 6.8 TeV 05 1 £, [Tev]

10
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Including further collider constraints

0l Z z w wH+ G P
__a_< __a_< _a___<: __a__<: 3777 W_ _a___é 9__<
ol vy V4 w+ Z,y G )

Y
a proposal: > —————————— _
= - ATLAS imi * o= .
tta prod. O 5 isTev, A et ]
. SRA
(neutralino searches) © r = T
|2} — @ si'e Top ~
c . ALP (x10) - J
g t L%’ Lo | oo o=1Tev - 1
10— — . (,7)=(800,1) GeV |
————a i ]
= L 4
g F ]
0 A = S S
to constrain YeCon v
f, Fr [GeV]
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EFT for ALPs — extending the picture

Two directions!

v z z w w+ G ¥
__a__< __a_< _a__< __a_< 3777 W_ _a___g e__<
v Y z wt Z,y G P
explore further LHC constraints to tackle more couplings

what happens if the Higgs is not in a doublet?
(how does a HEFTy ALP look like?)
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Non-linear EFT

The doublet structure of the Higgs is not necessary for EWSB

(required only for exact unitarization)

relaxing this assumption — non-linear EFT (a.k.a. chiral EFT, HEFT)

Appelquist,Bernard (1980)
H— v+h U <0> Longhitano (1981)
h \@I l 1 Uze’-ﬂ_lgl/v
independent
treated as a singlet P adimensional
with arbitrary couplings l
h h? ivati ion ~

.F(h)==14—2aB +b—5+... derivative expansion ~ xPT

1%

Grinstein, Trott PRD 76 073002
Contino et al. JHEP 1005 089
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Non-linear EFT

The doublet structure of the Higgs is not necessary for EWSB
(required only for exact unitarization)

relaxing this assumption — non-linear EFT (a.k.a. chiral EFT, HEFT)

Appelquist,Bernard (1980
v+h 0 Lg:gh?tanto (1981) (1980
H= U
h \@ I I 1

. independent . .
treated as a singlet adimensional
with arbitrary couplings

2 |

F(h)y =1+ 235 +b+... derivative expansion ~ xPT
v

U= eiﬂ"o’/v

— a very general EFT contains the linear as a particular limit

composite Higgs
. Higgs-dilaton
— Indispensable for
P strong interacting EWSB
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Non-linear EFT for ALPs

"
?BD(h) + AL,

1
£ALP, nonlin = Lo + 5(9”3(9“8 + iC2DV2 Tr(TVM)
Zom = (kinetic terms for ¢, W, Z,G)+
1
+ Eaﬂha“h —V(h)+

(v+ h)? THV, VH] + GB kinetic terms
m

4 gauge bosons’ masses
h -
— V\;_E [1/)1_U Yiyr + h.c.] Yukawas

V. = DUt U eplsl /B0

T = Usut e
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Non-linear EFT for ALPs

"
3 1 o(h) + AL,

1 .
LALP, nonlin = Lo + 5(9”3(9“8 + IC2DV2 Tr(TVM)T
a

% = (kinetic terms for ¢», W, Z,G)+

+ %aﬂha“h —V(h)+

_ Fec(h) Tr[V, V"] + GB kinetic terms
4 H gauge bosons’ masses
Fy(h) -
- \/(E ) [1/)1_U Yir + h.c.] Yukawas
V. = D,UUT MEEE awlol _g'Bod
T = Ussut a°
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Non-linear EFT for ALPs

"
3 £ o(h) + AL,

1 )
LALP, nonlin = Lo + §3ua<9“a + iCpv? Tr(TVM)T
a

. g h h?
unitary gauge: —_-ZMoua(l4+ap— +bp— +...
ICefa . v |

Qan <> 'Z\NX -- |—> independent

redefined via: aZh" couplings survive
U— Uexp (2C2D;j) o3 they are leading effects!
a

0

replaced by d =7 in the linear EFT

. arx -
Qb > Q=i 2v= [QLVQUo*Qr + LY UoPLr] + hec.
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Testing the aZh coupling

peculiar in the non-linear EFT — possible discriminating signatures

o Fh — Za) < T(h — BSM) < 2.1 MeV (95% CL) ATLAS+CMS 1606.02266

fa setting to zero the other ;
= 2.78 TeV E X d
Copasp (Gp gives the dominant contr.)

projection HL-LHC: 6 TeV
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Testing the aZh coupling

peculiar in the non-linear EFT — possible discriminating signatures

o Fh — Za) < T(h — BSM) < 2.1 MeV (95% CL) ATLAS+CMS 1606.02266

e mono-Higgs @ HL-LHC

3.0r—7 — y T
/ ! / —— Constant f,/c;
2.5F // 1 Prospects at3000 fb™*
LesHouches 1605.02684 i / 1 50
- /s = 14 TeV, 3000 fb 20k // | e
10? - Ap | Br(h ~BSM)
3 A s —
G 10 \  Exclusions
Yol
S [ ! [ Br(h~ BSM)
2 e . (2ro.3 fb* at 8 Tev)
© 101
g0 £
* P
1073 |
0 100 200 300 400 500 1 10
E7[GeV] f; [TeV]
prospects: fa/Czo > 780 GeV The constraint from h — BSM is already

better than mono-H prospects
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Non-linear EFT for ALPs

1 1
LALP, nonlin = Lo + Eauaaﬂa + iCpv? Tr(TVM)¥f20(h) + AL,

A complete basis for the CP even bosonic sector:

L., a - a - a same as in
- — _B, Bt = =—WI Wlp.u_ . — _G? @gav 2 8
Ag v 7 A wv z Ag pv £ linear EFT
Ay =B, Tr[Tv“]a ]—' (h) Ay = Tr[W,,, VH]o¥ ]-'z(h)
Az = Bw,a” 2 5v F3 (h) Ay = Tr[V,V ,,]Tr[TV‘“]&”f— Fa(h)
a
As = Tr[VMV‘“] Tr[TV ]ayfi Fs(h) Ag = Tr[T[Wp., VF]]6” fi Fo(h)
A7 = Tr[TW,,, ] Tr[TV#]0 - F7(h) Ag = Tr[[V,, T]D,V*]o - Fg(h)
a a
a a
Ag = Tr[TV,] Tr[TVH] Tr[TV, ]0" = Fo(h) Agg = Tr[TWy,]0" f—a” Fio(h)
a a
Ay = Tr[TV,] o fia“ Fii(h) App = T[TV, ]o" 8" fia,, Fia(h)
H a
Az = Tr[TVM]a“? o Fiz(h) Ay = Tr[Tv“]a,,7a“a Fia(h)
a a
a a
Ags = Tr[TV,]o" —ay Fis(h)o¥ Fis(h) A = Tr[TV,]0, f—a“ Fi6(h)d" Fig(h)
a

A7 = Tr[TV#]é‘“ ]-'17(h)
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Non-linear EFT for ALPs

1 1
LALP, nonlin = Lo + Eauaaﬂa + iCpv? Tr(TVM)¥f20(h) + AL,

A complete basis for the CP even bosonic sector:

L., a - a - a same as in
- — _B, Bt = =—WI Wlp.u_ . — _G? @gav 2 8
Az v % Aw (e fa Ag (o f linear EFT
Ay =B, Tr[Tv“]a ]—' (h) Ay = Tr[W,, VH*]oY .7-'2(h)
Az = Bw,a” 2 5v F3 (h) Ay = Tr[V,V ,,]Tr[TV‘“]&”f— Fa(h)
a
a
As = Tr[VMV‘“] Tr[TV ]ayfj Fs(h) Ag = Tr[T[Wp., VF]]0" - Fo(h)
a a

A7 = Tr[TW,,, ] T[TVH]0” fi Fr(h)
a

(Vs TIDuVM1" 2 Fo(h)

a
Ag = Tr[TV,] Tr[TVH] T[TV, Agg = Tr[TWy,]0" f—a” Fio(h)
a

A =TTV, 0 20 (k) iz = Te[TV, 100" 20, Fralh
3 a
Ay = TH{TV,,]0" = o Fia(h) SO SR )
B a
H a
Ags = Tr[TV,]o" —6y Fi5(h)o” Fig(h) Are = TrTV,u1ow f_aﬂ Fao(ho” Fig(h)
a

A7 = Tr[TV#]é‘“ ]-'17(h)
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EFT for ALPs — extending the picture

-

h ol Z V4 G P

R e et

S ¥ % z G P
+ + more Lorentz structures

l—

w

w

&

o Z,y V4 '7 Z,v, W+t z

3 ----/ / sz a{~z

= N oh z

llaria Brivio (NBI) ALPs EFT & collider signals 13/15



Non-linear effects in aW~ production

Many non-linear operators contributing!

Ay ~ WL, Wikva/f,
Within LHC reach:
Ag ~ Tr(T[Wpw,VF])0" a/fy

pp — aWty, /s =13 TeV

Ci=11f=1TeV
0.1
T: projection HL-LHC
3 (one at a time)
=~ 1072
%‘ ) £
i > 6.8 TeV
RS Ch
1073 f
— = 0.95 TeV
@ €
10
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we have looked for ALPs with an EFT approach

> looked

llaria Brivio (NBI)

at

Exclusion region for £, /G [GeV]

new collider constraints on the ALP EFT

oy

10°

10?

N

I 2
- gex o
?\E o
© €
)
N

s

i 103l
L 107
cw = —t5%cg Ce

ALPs EFT & collider signals

10%}

h — BSM

mono-h

103}

10?

10%}

103}

mono-h

10?

15/15



we have looked for ALPs with an EFT approach
» looked at new collider constraints on the ALP EFT

» first time: non-linear EFT : 17 more operators
» more couplings (Higgs! — best tested in (h — BSM))
» more Lorentz structures — some within LHC reach
More ALPs @ Colliders
» optimize analyses (e.g. with multivariate analyses)

» include more operators at the same time
— possible to distinguish non-linear effects?

» combine different channels to disentangle different (non-linear!) operators
e.g.. aW(y) « VBF ajj(y)  mono-W < mono-Z

» beyond this EFT: test heavier masses ( decaying ALPs)
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Backup slides



EFT validity

The EFT is a valid description for /8 < f,

— the bound is consistent if this is verified for all the events used
= 4 . . -7 —
+ /8 is not accessible experimentally mone Er

mono-W — my = (2p4 £7(1 — cos <¢>))1/2
Basic algorithm:

extract a limit on C;/f,

for C; =1, is

NO  fo > 2ETT(mP)? ypg

remove the last bin keep the limit
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EFT validity

The EFT is a valid description for /8 < f,

— the bound is consistent if this is verified for all the events used
= 4 . . -7 —
+ /8 is not accessible experimentally mone Er

mono-W — my = (2p4 £7(1 — cos <¢>))1/2
Basic algorithm:

extract a limit on C;/f,

for C; =1, is

NO  fo > 2ETT(mP)? ypg

remove the last bin do an extra check!
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EFT validity

Extra check: correlations of £+ (m7) with v/3
Mono-Z (Z- e*e")

distribution of signal events
(MadGraph simulation)
in the (£1,+/3) plane

2500

55 B 0 =2.4T

5
L
9,
L these events have been
included but the EFT is
2000 not valid here!
Log[Neyents] (normalized to unity)
T— T—
1500 -6 -5 -4 -3 -2
760 800 900 1000 1100 1 éOO
Er™S (GeV)

16/15
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EFT validity

Extra check: correlations of £+ (mT) with NG
Mono-Z (Z- e*e")

Iy s, | distribution of signal events
(MadGraph simulation)

in the (£1,+/3) plane

2500

. s B 24Ty

>

k]

<

= ‘ removing them reshapes
2000| 21 the signal distribution

=3
i
¢
g 107
= 1‘
R few % correction on our
1s00| &°° C;/f, limits

70 700 800 900 1000 1100 1200 loo
Er(GeY) (larger for weaker limits)
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Parameters contributing
Observables/Processes
Linear Non-Linear
Astrophysical obs. 8ayy S g oy Cg
Rare meson decays (v Cat | Cf C2p (=] 6 cs €17
LEP data
8
3 BSM Z width rz - = - -
e S widtl (Z - avy) [V o S a o c
k]
s LHC processes
o
H Non-standard h decays ['(h — aZ) EP) a3 10 dn-14 A7
2
Mono-Z prod. pp—>aZ Gy €5 G |Gy Cg Cp € @ G c7 cio  Cl1-14 €17
Mono-W prod. pp~>aWi v S5 Cao Sy 3 <D @ Cp [=: =)
@ Associated prod. pp — aWE~ Gy €3 Cad &y S5 @b a o Ce C7 C8
%]
o
? VBF prod. pp — ajj(v) Gy CB G | G S5 @b a @ 6 o
e
a
Mono-h prod. pp— ha axp as a0 d11-14 A7
att prod. pp — att Cad C2p
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mono W/Z: statistical analysis

binned likelihood analysis

, pi=(ci/f)?
B = —(pi s+ bie) (i SiFbo)"™ L=e p final state lepton
Lo (i) Hk € g ny! by background pred.
s,’; signal pred. C; =1, f, =1 TeV
s 14 L* (i)
significance: QM/' = -2 log [Lf(ﬁ’-)] fi= the value of y; that maximizes L (y;)

with systematics on the background prediction
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mono-W analysis

[b] Selection cuts:

ATLAS-CONF-2015-063 Constraints on C,
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mono-Z analysis

Selection cuts CMS-PAS-EX0-16-010
pZT > 20 GeV, |ng| < 2.5,p’ZT’Z > 50 GeV Constraints on Cy,
myy € [80, 100] GeV, £+ > 80 GeV

e ©
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mono W/Z projections

cyi; (mono-Z)
4 e I
Luminosity [fb~1] 300 | 3000 | 300 | 3000
f./ci [TeV] 105 | 1587 | 9.77 | 14.37
fo/ci [TeV] [Syst.x1/2] | 11.14 | 18.45 | 10.38 | 16.7
f,/ci [TeV] [NoSyst] |11.68 | 21.5 | 10.9 | 19.66

¢ (mono-W) | ¢y, (mono-W)
Luminosity [fb~!] 300 | 3000 | 300 | 3000
f/c [TeV] 200 | 271 | 1.90| 232
fo/ci [TeV] [Syst.x1/2] | 2.35 | 3.44 | 2.29 3.01
f./ci [TeV] [NoSyst] | 2.60 | 4.68 |3.43| 6.10
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aW~ analysis - technical details

Backgrounds
ATLAS 1302.1283
CMS 1308.6832]
subdominant:(i) W*4jets — combined: increase W+ bg by 15-25%

(i) ZeT4=,Z - v

(iif) y+jets

(iv) tt (semileptonic)

dominant: pp — WT~ (with WE — ¢Tv)

— we scale up by 20% the measurement of W*~ SM

Selection cuts pJ > 20 GeV, p% > 20GeV, |n7| < 2.5, |nf| < 2.5, E7 > 200 GeV.

significance o; = \/2 [(wisi+ b)In (1 + %) — pisi]

far{ﬁzn doi dEr, b=Lx Sfa/z dosm dE T, L = integrated lumi
EF" Er

with s; = £ x § T
T T
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mono-W vs mono-Z

o(pp —~ Za) [pb]

1072}
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Combination of alW(v) and ajj(y) in VBF

oy g+
+C1 +C2 + ¢y

a
Cjy tc2+cetcs
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mono-Higgs with both ¢p and ¢;

32053<0 égoés>0
| mono-h
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Complete basis: linear

QB:_BWEWE
fa
I il @
QW = _W,U,IIW H E
Q¢ = —Glf‘l,C?A’“’i

a

= ota
Qy = l/JW’MP?, ¥ = {€L,qL, ur, dr, er}
a
where Q. has generic flavor contractions

— Q. becomes redundant
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Complete basis: non-linear

Additional fermionic operators:

B =QLUQk aufiaa“l’:(h) B =L, ULg aufiaa“]-'(h)

B =Q.TUQk t?u;@“}'(h)

B =Q.V,.UQr "~ .F(h)

B =Qu {V”’T}UQR ‘3”*-7:(/7) BS =L, {VuvT}ULRaM .F(h)

BY =Qu [V, TIUQr 2 = f(h) BS =L, [V, TIULg 0" = f(h)

B =Q, TV, TUQk O“E}'(h)

BI =Qu0""V,UQg * %F(h)

By =Quo"” {V,, THUQR 0" ;:f (h) Bf=L0" {V,, T}ULg " if(h)
=Quo™ [V, TIUQR & i]—'(h) BL =L, 0" [V, T|ULg 0* 2 f(h)

fa

BY, =Quo TV, TUQg 0" = ]-'(h)

with these terms, the bosonic Ag, A11,.413,.417 become redundant
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