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All measurements point towards a

Could it be the consequence of the alignment limit of a
multi-doublet Higgs sector (tiwo doublets here) 7

What would then be the implications for LHC Run Il ?
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1he Framework
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The 2HDM In the Higgs and Z» bases

We consider here the CP-conserving two-Higgs-doublet models (2HDMs) as a framework
relevant for LHC phenomenology (no assumption on the high energy behavior)

* In the Higgs basis (Hi,H2), the vacuum expectation value (vev), v=246 GeV, resides
entirely in one of the two doublets:

1 V26t 1 [ V2HT |Zi|=10 by virtue
Hi = — 0 | H2 = —= . of
V2 \v+ hy +1G V2 \ha +1A

1 1
V =Yy HIHy + Yo HI Hy + Y3[H] Hy + h.c.] + §Zl(HIH1)2 + 5ZQ(JLJ;HQ)2 + Zs(H{ Hy)(HIH>)

1
+ Zy(H] Hy)(HIHy) + {525(1&1}}12)2 + [Z6(HIHy) + Z7;(HY Hy) | HI Hy + h.c.}

* The general 2HDM has large tree-level flavor changing neutral currents.

Is a way to forbid them by imposing a Zz-symmetry in the so-called Zz-basis
(d+,d2) (in which the symmetry is explicit):

P cg —S H
(q);) - <3§ c;> (HD Zy: 1= @1, $p = =Py (B]) =0;/V2>0

1 1
V =m?, &% + m2, 0l &, — [m2,®1dy + h.c] + 5A1(<I>§<I>1)2 + 5A2(<1>;<1>2)2 + A3 (BT B (B Dy) +. ..

_ . HY [ ca 5a V2Re®!) — v,
* The CP-even mass eigenstates are obtained through | 5, | = _5 (. V2RedY — vy
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The alignment limit

Z1v° Zsv?
[ . . - . l 2 — 1 6
In the Higgs basis, the CP-even mass matrix is M <Z6UQ m? + ZSUQ)

* The CP-even mass eigenstates are
H = hlcﬁ—a — hZSﬁ—a

h=h185_a + hacs_a Mh < MH

— There is a SM state (with SM tree-level couplings and self-couplings) if one of the two
eigenstates . this is the alignment limit

* Furthermore, when M2, < (>)M3, then h (H) is the SM-like state:

Alignment in the H125 scenario:

Alignment in the h125 scenario:

h ~ ]’Ll H ~ hl
; —ZG’U2 —Z6U2
B_a p— ~ S,B—O{ — ~
V(my —mi)(m¥y — Z10?) V(mip —mi)(Z1v? —mj)

{ m3; > v?: Decoupling limit =—=> |Zg| < 1 and
| Z6| < 1: Alignment w/o decoupling —=> [he light state h remains to be observed

5

Jérémy Bernon (LPSC) Rencontre de Physique des Particules, Annecy, January 27th, 2016



Numerical Aspects

Focus on the H125 scenario:

We study the phenomenology of the near-alignment limit by imposing a maximal
1% deviation of the HVV coupling from 1: ¢g—o = 0.99 = [s5_o| $0.14

e E———
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tans

Alignment limit and the LHC Higgs measurements

Couplings to gauge bosons are determined from gauge invariance, couplings to fermions
are determined from the Z2 charges:

10t

Type-l| Type-ll

d e d

e

CXI;[ = CB—a; C\}} — SB—a

Possibility of delayed
alignment and

_ negative Cp
sin o
I. O = = C3_, — SB_ COt
F sin f-a f-a g
COS (v
I1: CH = — 54 _otanp, i =CH
D= o5 B Ci—a T Sp—atanf, Cy F

ATLAS and CMS precise measurements of signal strengths impose substantial constraints.
Using Lilith, in the H125 scenario:

Lilith-1.1.3, DB 15.09 Lilith-1.1.3, DB 15.09
T 1 T T T T T

-06 -04 -0.2 0.0 0.2

sin(f—a)
see also
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Light Llkelihood fiT for the Higgs

Degeneracy near the alignment limit.

In Type |I: presence of a sharp
branch, characterized by Cp ~ -1:
the « wrong-sign solution »,
see
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Setup

* Branching ratio and theoretical constraints from 2HDMC
e Cross sections from SusHi, VBFNLO
* Theoretical constraints:

v Stability of the scalar potential

v Perturbativity of the self-couplings

v Tree-level unitarity of the Higgs-Higgs scattering matrices

Experimental constraints:
v S, T, U Peskin-Takeuchi parameters (—Higgs mass splitting)
v Flavor constraints (— tb, charged Higgs mass bounds, CP-odd mass)
v LEP Higgs searches (ete-—/Zh, ete-= /"= Ah, ete—=H+H")
v LHC Higgs searches (A—uy, bb(A,h)—tt, h,HA—=1t, A=2Zh, H—=hh, ..))
v 125 GeV Higgs signal strengths from Lilith
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Mass of the extra states
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e In both Types, ma, mpy+ < 630 GeV from perturbativity.

* |In Type Il, due to the charged Higgs mass bound and the T parameter constraint:
m A Z 420 GeV.

* In Type |, due to weaker flavor constraints, charged Higgs masses down to the LEP
bound are allowed. For mg+ < 160 GeV, all allowed ma values are possible.
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Impact of the CMS A — Zh — #¢ bb/77 Search
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* The two resonance masses are free parameters, the search is sensitive to light
resonance masses down to ~40 GeV.

* h—bb has the largest excluded cross-section
* In our scenario, h has mass below 125 GeV and has therefore large BR(h—bb)~0.9
= Severe constraints on the low t, region = « gaps » in subsequent plots

Note that the corresponding ATLAS search requires mn=125 GeV and does not provide significant
constraints in this scenario. [ATLAS-HIGG-2013-06]
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~ermion couplings of the 125 GeV state

2HDM Type |, my =125.5 GeV
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Loop-induced couplings of the 125 GeV state

 The Hgg coupling is dominated by Cu in both Types. In the wrong-sign region of Type |l
however, the top and bottom loop interfere constructively and ¢, ~ 1.06 .

2HDM Type l, mH =125. 5 GeV 2HDM Type I, mH =125.5 GeV
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2M i+ :
 Forlarge my+, gypy+y- ~ ———— and this leads to I ~0.95.
(Y

» CI > 1 possible if light charged Higgs (and positive 7?): only in Type |.
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o(X)B(H — V)

Signal strengths of the 125 GeV state: nx) = 5 pm =7

2HDM Type I, mH =125. 5 GeV 2HDM Type I, mH —125 5 GeV
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o(X)B(H — V)

Signal strengths of the 125 GeV state: nx) = 5 pm =7

2HDM Type I, mH =125. 5 GeV 2HDM Type I, mH —125 5 GeV

120 14 e ARARS
L3 - 13 ¢ Study of signal
. | ., 12 : strength
o | o0 _ : & 1l e _ correlations can
fé 1.0 {1 70 g ad N _ 1 70 ;: lead to Type
B 9 f i - S SEE] {1 60 < [
£0° ) | g ‘ 12 separation and
0.8 | | 5 extra-state mass
N 40 ] 40 .
0.7 : inference
r 30 ] 30
0.6 F 20 : ] 20
05: 10 \ » ’ v b b b b e b by 10
05 06 0.7 08 09 10 11 12 13 14 10 1.1 12 13 14 1.5
tay (1) oy (1Y) _
Even in near the
alignment limit,
0.135 i 4 S .
. signal strengths
= s can deviate
e = much from the
§ 055 18 .3 s SM because of
e T the charged
= O N s Higgs presence
_ _ | and delayed
0.85 - 0.030 . .
- ] alignment in
0.015 _I_ e ”
080 —....I....l....l....l....l..“l....l....l...._ 0.000 yp
05 06 0.7 08 09 10 1.1 1.2 13 1.4 0.7 08 09 1.0 Hl.l 1.2 13 14
Hgg (1) ul (1)

Jérémy Bernon (LPSC) Rencontre de Physique des Particules, Annecy, January 27th, 2016 13



Signal strengths of the 125 GeV state: ulx

2HDM Type l, mH =125. 5 GeV
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013(99—A) xB(A— Zh)[pb]

gg —h — 711, 99 — A — Zh atthe LHC 13 TeV
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Conclusions

The regime of alignment without decoupling of multi-doublet Higgs sectors is
particularly relevant to consider in light of the Run | LHC results.

Near the alignment limit of the H125 scenario of the 2HDM:

No decoupling limit, restricted spectrum.

10-20% deviations of the H couplings to fermions are possible

Delayed alignment in Type Il: Cp=0.7-1.1 down to Isg—a| ~ 5 x 107°
Presence of a « wrong-sign » solution Cp=-1.1--0.7, Cy=1

Signal strengths can largely deviate from 1 close to alignment.
Their deviations are correlated with the masses of the extra-states.
neir correlations can be used to distinguish the model.

-
The h, A—=tt channels are of high interest for potential discovery.
Most exciting is the A—Zh channel.

In general, looking for low mass states is a real experimental challenge
but could still be extremely rewarding
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CMS bb(A, h) — 77 search: [25 GeV, 80 GaV]

[CMS-HIG-14-033]
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s alignment without decoupling (12| < 1) natural 7

It is natural in the sense of 't Hooft, if for Ze=0 the model exhibits an enhanced symmetry.

Ze=/7=0 actually corresponds to an exact Zo-symmetry in the Higgs basis = is it present
in these scenarios ?

1. If s25 = 0, either v1 or vz vanishes: , the original Z»
symmetry is unbroken in the Higgs basis

2. If sagcag # 0, imposing Zs=Z7=0 leads to A1 = A2 = A345. This actually corresponds to
one of the three generalized CP symmetries of the 2HDM (CP3)
. The CP2 symmetry also leads to the desired result.

What if we now include the Yukawa sector ?

1. If s25 = 0, the Z>-symmetry in the Higgs basis can lead to a 2HDM of Type | with an odd
doublet: this is the

2. If sa3 # 0, the CP2/3 symmetry should be extended to the Yukawa sector, it was shown
that no such extension is phenomenologically viable

—> The alignment without decoupling regime should be considered as more fine-tuned
than the general 2HDM for generic choice of the parameters

Jérémy Bernon (LPSC) Rencontre de Physique des Particules, Annecy, January 27th, 2016
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Family and CP symmetries of the 2HDM

TABLE I: Impact of the symmetries on the coefficients of the Higgs potential in a specified basis.

symmetry m3, mao m2, A1 A2 A3 A4 A5 A6 A7
Z 0 0 0
U(1) 0 0 0 0
SO(3) mi 0 A1 A1 — A3 0 0 0
I m?, real A1 real Ag
CP1 real real real real
CP2 m%l 0 )\1 —)\6
CP3 m3, 0 A1 A1 — A3 — g (real) 0 0

. . . (D, b,
Higgs family transformations: <<I>2> — X (%)
& L o CP1: 6=0
Generalized CP transformations: (cI);) — (_ge CZ) (Cbi) CP2: 0 =n/2
’ CP3:0<6<m/2

21
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Impact of the CMS A—/h search for signal strengths
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013(99—A) xB(A—Zh)|[pb]

Impact of the CMS A—/h search for cross sections
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~ermion couplings of the 125 GeV state
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Irlinear Higgs coupling
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h, A production cross sections at the LHC 13 TeV
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A— 7 atthe LHC 13 TeV
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A—-77, ttatthe LHC 13 TeV
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