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Introduction

» July 2012: ATLAS & CMS observed a ~125 GeV
new particle with the properties of the Higgs boson.

» Room for New Physics?

. : 7 1
o Very heavy NP: (non)-linear EFT [or models] N [ BB Zo‘i Oi]
Small deviations A
= Not so heavy: EFT breaks down...
... even lighter then the Higgs =» Exotic Higgs decays! M. Strassler’s talk
More spectacular signals (Tuesday)
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Introduction

» July 2012: ATLAS & CMS observed a ~125 GeV
new particle with the properties of the Higgs boson.

» Room for New Physics?

0 : -li 1
Very heavy NP: (non)-linear EFT [or models] N [ hr = Z A (’)@]
Small deviations A
= Not so heavy: EFT breaks down...
... even lighter then the Higgs =» Exotic Higgs decays! M. Strassler’s talk
More spectacular signals (Tuesday)

Tiny I',, =» Large exotic BR even for small couplings;

- 0(500,000) Higgses produced at LHC7+LHCS!
=> Very small BR are detectable if the decay signature is clean;

> BR(heBSM) could be as large as 0(20_50%)’ [Belanger et al’2013, Giardino et al’2013,

-+
ot
=
Q
-
o
=
= Ellis & You’2013, ...]

~ Good exercise to keep in mind the limitations of the usual EFTs;

Motivated by some anomalies (g-2, dark matter hints, ...).
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NP in the m,, distribution?

= 1 _99‘,%,”1,.,.I.:if,’.T?Y',Z&; ,"‘."l.i}?Df.‘:,I?Y;%r.‘.%Z{?"

[121.5<m,, <1305 Gev * Data ]

Heavy particles (EFT) 2 6F Bz x E

[Isidori et al.’2013, Grinstein et al.’2013, Pomarol-Riva’2013, ...] o Mz zz ]

{ = 5+ -

:>j : [ | my=126Gev

= Light particles N3 E
g [Davoudiasl et al’2012-2013, Curtin et al’2013, ...] af- l ‘ ' :
E \ of M4 14343 2
E 1;— u-r"'—;hr’v ’ o . —:

oi 1 [
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NP in the m,, distribution?

> 7 L[ —— :3:;J‘?Xfrbai}.’?if;i;ﬁ}}?‘!;#;l%?{?"
F121.5<m, <1305 Gev ° Data
Heavy particles (EFT) g 6l : Bzx -
[Isidori et al.’2013, Grinstein et al.’2013, Pomarol-Riva’2013, ...] o F Oz zz

c 5 Y _

L%’ E [ | my=126Gev]

= Light particles N3 E
g [Davoudiasl et al’2012-2013, Curtin et al’2013, ...] af- ! ’ [T ] :
E \ of M4 14343 2
E 1:0- ”JﬂJwT‘tL ' . . —:
Questions: - .

9 ) 15 20 25 30 35 40 45 50 55 60

QCD bkg? Quarkonia! m, (GeV)

New light particles: connection with (g-2),?

[MGA & G. Isidori, Phys.Lett. B733 (2014)]




SM corrections:

Are locally important corrections under control?
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SM prediction: tree-level

dUSM(h — Ze167)
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dms,
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dm34

15¢

10}

HEFT 2014

n

h— Z0¢

2 " 3 GV
S0 15 20 s a0 3smulGev

M. Gonzalez-Alonso h=>4p spectrum at low q?




SM prediction: tree-level

dI'SM(h — Z0T07)

dm?3,
o 1o¥
- dmy Locally imp. corrections?
= 15}
= * Photon pole:
E 1o} h— Z~" — ZU
= s| h — Z F f * QCD resonances:
R I h—2V — Zu
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M. Gonzalez-Alonso h=>4p spectrum at low q?
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SM prediction: h— Z~™ — ZUl

[Cahn et al. (1979),
Bergstrom & Hulth (1985)]
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SM prediction: Qcb corrections

Long distance
h contributions are
important

P m ¢ (hadronization)
LN

I (q) =1 / d'ze'™(0|T 7, (x)J}(0)[0) = — (¢""¢" — ¢"q") Tz, (q")

=

e

S « No 1st principles calculation @ low g?;

E * [t can be connected with rlYY = R(s) data; [egerlehner'86] Hadronic contributions to

= . EW parameter shifts

= * Narrow resonance contribution is simpler: BW.
Higgs as a
low-E QCD lab?

M. Gonzalez-Alonso h=>4p spectrum at low g2




SM prediction: Qcb corrections

o(eTe” — hadrons)

oo(ete™ — utu~)

R(s) ~ ImII,~(s)
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: Y ¢ 3 loop pQCD .
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SM prediction: Qcb corrections

o(ete™ — hadrons)

oo(ete™ — utp~)

m

R(s) ~ ImlIL,(s)
= | | L | | L I' | =
10 °E =
10 =
q R | :
= o E :
—_— - -
H - —]
m - —-—
1 E -
= 3 loop pQCD =
u Naive quark model _

10 -1 | | I I | | | | | | | |
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SM prediction: QCD corrections ¢ > (2 GeV)?

405
290
680
485
420

f, extracted from V=>e'e :

47rQ3 agfai

9 mViFVi

B(V,—=(t(") =
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SM prediction: Qcb corrections

State | my,|GeV] | fv,[MeV]
J70(1S) | 3.10 405
J(28) | 3.69 200

Y(19) 0.46 680

T(28) | 10.02 485

T(38) | 10.36 420

m3[GeV]



SM prediction: Qcb corrections

State | my, [GeV] | fv,[MeV]
J/p(18) | 3.10 405
J/(2S) |  3.69 290

T(1S) 9.46 630

T(25) 10.02 485

T(3S) 10.36 420

-
Ao
>
S
o
=
-
=

. . ) ] .
10 20 30 20 m34[GeV]

[D. Gao, Phys.Lett. B737 (2014)]




What does it mean that one Z is onshell?
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What does it mean that one Z is onshell?

\

X B(Z — ) (1771.%2 BW (M, )

SM + p— 6 a2 A 4
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Smearing due to limited exp. resolution

ar 108 d—rms
dm,, dmay Ompe = 1.5% X My

15}

10}
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[MGA & Isidori’ 2014]
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Smearing due to limited exp. resolution

i 108 —dr 108
am, Omee = 1.5% x mee | [ 3 it Omge = 1.5% X mige

15} 15¢
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[MGA & Isidori’ 2014]
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Effect on a single bin

» [f the bin 1s much wider than the exp. resolution:

GeV
) 6 ] 10 12 mulGeVl

State | my,[GeV] | fy.[MeV] | B(h — ZV;) | AldI'(h — Z€l)/dmas] Gev bin]
J/(AS) | 3.10 405 0.3 x 1075 5.0%
=5 | J/9(2S) | 3.69 290 0.2 x 1075 0.4%
Q T(1S) 9.46 680 1.7 x 1073 3.3% =) ~30%
= T(2S) 10.02 485 0.9 x 107° 1.3% [100 MeV bin]
=1 | T(39) 10.36 420 0.7 x 1075 1.0%

[MGA & Isidori’ 2014,
Gao’2014]
PS: But, current cuts: m;,> 12 GeV (both CMS and ATLAS)




New Physics:

Could the NP behind (g-2), affect Higgs decays?
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EFT approach

a

gy v
» Effective operator behind (g-2): Lerf - HLO R E

e

= However...

B co 4dm ut - 10~2 co (D TeV 5
(l.u = — A 5 \/56 ~ —JX ”
-- T

3 ’m3 Aa e2m3 (Aa,)’
) AB(h— ptp ) = - h =t O
(h = "1™ 7)gpr 1287302, L] 12(87)*m2v2Ty, ( )

HEFT 2014

m Note: The relation can still happen (model-dependent).

[MGA & Isidori’ 2014]
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Light states? m. < mw < m,

= (g-2), can still be fine (with weaker couplings);

= Potential large effects in Higgs decay due
to onshell production of the light states!

= Two examples:
= SM + scalar
= SM + vector

HEFT 2014
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Light scalar Oy

_ 1
(O = 00+ (LLPunbp +he) , L0 = 10,00  Lmig?

A
1 TeV\? /10 GeV 2
A m¢

Correct sign!

_e*v®myg

Aa me \3
[y >T = ~ (5.9 MeV b ( | )
b 07 A T e G (2.9 x 10—9> 10 GeV

B e - :
-&Mﬂ > - Qb,u;u . 4# [Short-lived]

HEFT 2014

[MGA & Isidori’ 2014]
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Light scalar Oy

LW — L{(‘i{ + (%i%)ngé .5 h.c.)

Does the signal pass current m,, cut?

40 <m,, <120 GeV (CMS)
50 <m,, <106 GeV (ATLAS)

dl'(h — ppd) P . :
dmyg - 12873m; A2 mip(my, —mip)

L = N W B W

80 <m,, <100 GeV = f=10.35

HEFT 2014

[MGA & Isidori’ 2014]
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Light scalar Oy

£ — Cl(ﬁ -+ (%i%)uRHQ‘) + h.c.)

B(h — 4p)sm ™

Aa m 2 B
(2.9 x f0—9) (foess) £ B(é— w i) 0,007

HEFT 2014

[MGA & Isidori’ 2014]
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Light scalar Oy

LW — El(:iz + (%i%)uRHé .5 h.c.)

B(h — 4p)(¢) <1
B(h — 4p)sm ™

( Aa, )( s )’ £ B(6 - ) S 0.007

2.9 x 10—° 10 GeV
0 m,, <12 GeV
I (current analyses)
: 15
~ - A peak 1500x Y'(1s)!!
= = 50x SM [1 GeV bin]!!
: 5

10 20 30 20 mulGevl
[MGA & Isidori’ 2014]
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Light vector

,Cl(riz — —Zg (CL/]L/V/L,UL =7 CR/_LR’Y,M,UR) M v

after EWSB (& diagonalization) g

2
L

. 2.2
127 my.

1 m

Aa, = (c}?% + i — 3crer) &

~ 2.3 % 1079 (10 Gev)

0.12

mgz,

HEFT 2014
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Light vector W”<

» Model realizations:

1 mv 1 2 1 i
gauge — 4B#,,B +§cosHW B,.,Z; 4Zdﬂ,,Zd

£

[Curtin et al.’13]

=) Rightsign! Aa, >0
[Fayet’07, Pospelov’09]

.. but only allowed for very light Z .

—_
—
(@\|
e
=
=
=

I N Lo vl go sy —eyony i3
1073 1072 107! 1 10!
mgz, [GCV]




Light vector W’<

» Model realizations:

| | |
v v v 2
gauge 4B/.LVB’u +§c050WB Z’u ZZdW,Zf; — eZmZZZ;Z,U'

£

[Davoudiasl et al’2012-2013]

—e€ — L(l — 255, )ez

26W
9
=ge - —sa,ez
Cw

Right sign! Aa [ > () fgg{:}g&ogﬂ ... only allowed for very light Z,,.

Wrong sign! Aa’/i <0

HEFT 2014
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Light vector W’<

» Model realizations:

1 1 1
v v v 2
cauge = 4B#,,B/" +§cos9WB o7 sz#,,zf; —ezmy3 2457,

£

[Davoudiasl et al’2012-2013]

) 2 d
=106 — E(l = 28w)€Z + ng#L )

) d
—e€+ ESWGZ 100 s »

Right sign! Aa m > () ([PayetOr, ... only allowed for very light Z,.

_ Pospelov’09)]
_ Wrong sign! Aa’/i <0

HEFT 2014

U(1), charges could do the job.
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Light vector

2
= Effect of Z; in Higgs decay? A»Ci(nt) = CH U th Zy

= Model-dep. connection with (g-2):  CH = 26z +2¢

= BR(h =» 4]) data* give strong bounds on ¢y
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* Short-lived Z, Tz, > I(Za— ptu) = "2";12; (2 +c) ~ (1.3 MeV) x

mz, C% 53 C%%
10 GeV  0.12




Light vector

2
m Effect of Z, in Higgs decay? Aﬁi(nz —sG N2 2y
m2 m%
» Model-dep. connection with (g-2):  CH = 2€ZU—QZ + 2e vgd tan Oy

= BR(h =» 4]) data* give strong bounds on c

m Peak searching in dI'/dmy,: " ceuein E PEEBRSE
my =23 GeV : |
8 Brh > Z X)X Br(X - f) =5 x 10~ < 15 CMS20+51fb™ -
T
% y h - ZX 2 i
= w  Full diff. distribution & % s
. T
= recently studied. =
m 0
m ! 1 | : 1 15 20 25 30
= [Falkowski & 155 20 25 30 3

Vega-Morales'14] [Curtin et al.’13]
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Light vector

» Competitive bounds:

6.x1078 ¢

<l S5.x1078F B

o™

5 i

5 4.x1078 | =
b 7;

3 S 3.x10

Tl 2x108f

T i

51 Lx108f .
[ -

0 \
Il 35— 7505 1113 15°17119:21 23:25:27 20:31 33 35
M(( [GCV]

FIG. 3 (color online). Differential decay rate H — ZZ* —
Z€Y¢~ — 4€ vs €€ invariant mass with mgy = 125 GeV in
the SM. For the illustration, H — ZZ,; — Z{* €~ with mz, =
5 GeV and &8°BR(Z;— €*€¢7) =107 (which would need
Nyjggs = 10° for 3o evidence) is also shown (spike at the

E 5 GeV bin). Bin size is selected to be 2 GeV.

-

(@]

.

E Dark photon Dark Z

= M. Strassler’s talk [Curtin et al.’13] [Davoudiasl et al’2012]

(Tuesday)
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Conclusions

dl’(h—4¢)
|
dmsa

at low m;, as a probe of exotic Higgs decays.

» Spectrum known with good theoretical accuracy.
Y'(1s) peak: ~3% (30%) effectina 1 GeV bin (0.1 GeV).

= NP examples: SM + light scalar/vector.
The (g-2), anomaly can be easily accommodated
and visible consequences in the higgs decay are natural.

= Motivate dedicated searches for such light states (discovery potential).

[m;, > 12 GeV cut] [Davoudiasl et al’2012-2013, Curtin et al’2013, ...]
[MGA & Isidori’ 2014]

HEFT 2014
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CMS \s=7TeV,L=5.1fb';Vs=8TeV,L=19.7fb"
% 7:IIIIIIIIIIII|IIIIIIIIIIIII!IIII;'BI{IIll|||||||: >18_||| |||||||||||III|IIIII_
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SM prediction: Qcb corrections

Long distance
h contributions are
important

P @ ¢ (hadronization)
AP

07(0) =i [ dee™ OTIZ (@) T0)0) = — (¢4 — ') Nz, ()

—_— e e— e — —

dl'gM(h — Z£1L) m$ £\2 (@, p) 2 mp o
— A
dm3, 16m3vimy, (52 +] (m3s — m%)? [m34 " 12m @, p)'

gy +2e° Iz, (¢%)




SM prediction: Qcb corrections

o(ete™ — hadrons)

oo(ete™ — utp~)

HZ“’( / d*ze'* (0|T JZ () J7(0)|0) = — (¢"¢* —

It can be related with the hadronic photon vacuum polarization:
1 3 3
Mz,(q") ~ (§ - ng) Iy (q*) + (g - s%v) I3,(q°) + (Z — sw) I (¢%)

.. which can be related to R(s) data:

= o m s = i s
IL,,(q%) — I, (0) = i[) dSS(I H’Y;( ) = lgﬂgl ds R(Q)

s s — q* — i€) s(s — q* — ie€)

[Cabibbo & Gatto (1961),
Jegerlehner (1986)]




