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| am supposed to briefly summarize the activities on Higgs at:

7 ,  The Galileo Galilei Institute for Theoretical Physics
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and short presentations by E.J. Chun, Tania Robens, Nazilla Mahmoudi, ...
| do it in a kind of personal way leaving aside some subjects to be discu:
vaccum stability (Strumia), Inflation (Bezrukov, Hill), Baryogenesis (Lee), ... .
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1. Standardissimo?

he Higgs discovery in July 2012: a triumph for high-energy physics.
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A very non-trivial check of the SM: test at the quantum/permile level:
— constraints from data: My = 9273¢ GeV £1§0 GeV at 95% CL

— experimentally found to be: My =125.1+0.24 GeV (ie within 10..)
In addition, it looks as it has the properties of the SM Higgs state:
he triumph of the SM model of particle physics or Standarissimo?!
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1. Standardissimo?

Triumph of the Medici’s in the clouds of Mount Olympus,
Luca Giordano, fresco in the Palazzo Medici-Riccardi, 1686

5GI Firenze 10/0 A. Djouadi - p.4/29



Ne have a theory for the strong+electroweak forces, the SM, that is:

e a relativistic quantum field theory based on a gauge symmetry,
e renormalisable as proved by 't Hooft and Veltman for SEWSB,
e unitary as we have now a Higgs and its mass is rather small,

e perturbative up to the Planck scale as again the Higgs is light,
e leads to a (meta)stable electroweak vacuum up to high scales,

e compatible with (almost) all precision data available to date...

s the SM the “theory of everything” and should we be satisfied with it?
No! Low energy manifestation of a fundamental theory that solves:

e “Esthetical” problems with e.g. multiple and arbitrary parameters;
gauge coupling unification: 38 g; which do not meet a high scale.

= “Experimental” problems as it does not explain all seen phenomena:
v masses/mixing, dark matter, baryon asymmetry in the universe ....
(Note: SO(10) at intermediate Q =1011GeV and axions cure these pbs)

e “Theory” (or consistency) problem: the hierarchy/naturalness pbs.
AMZ, CAF = (10'® GeV)?: My not stable against high scales.
All these indicate that there is beyond the Standard Model!
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1. Standardissimo?

Three main avenues for solving the hierarchy or naturalness problems
Discussed (in day 3) of this meeting: K. Benakli, S. Shiral, ....

|. Compositeness/substructure:
All particles are composite: Technicolor

[ H bound state of two fermions
(no more spin-0 fundamental state).

|1. Extra space—time dimensions

where at least s=2 gravitons propagate.
[_effective gravity scale A= 1 TeV.
EWSB mechanism needed: H or not H!

I11. Supersymmetry: doubling the world R
— links s=2 fermions to s=1 bosons,
— links mternal/space -time symmetries,
— 1if made Iocal provides link to gravity,
— natural u 2 2 0: radiative EWSB,
Imrtlcle loops cancel A? behavior -

Standard particles SUSY particles

Extend H sector! Haber, Kalinowksi, Goudelis, Chun, Robens, Mahmoudi, ..

5GI Firenze 10/09/2017  The Higgs sector at the LHC  — A. Djouadi - p.6/29



1. Standardissimo?
Are we In in the nightmare scenario or else, in Dante Alighieri’s Inferno?

Mosaic (detail) of the Satan in the Last Judgment on the ceiling of the
Florence Baptlstry San Giovanni (13th century)
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The problem is that (as discussed in first day of the meeting:
A) we observe a Higgs with a mass of 125 GeV and no other Higgs:
oxBR rates compatible with

those expected in the SM L N
Fit of all LHC Higgsdata [_1""-= T
agreement at 15-30% level %E oz M
Results from the LHC 7-8 TeV (7o 0 womme o
campaign already give us: el ol sl
pIAS= 1182015 T b wm
teol> = 1.00+0.14 o

we do not observe any new particle beyond those of SM with Higgs:
profound implications for most discussed BSM scenarios; they are in:
e “Mortuary”: Higgsless, 4th generation, fermio or gauge-phobic..

e “Hospital”: Technicolor, composite models (but some loopholes) ....
e “Trouble” and strongly constrained: extra-dimensions, SUSY, ...

\s an example, let us see what it implies for SUSY and the MSSM.
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n the MSSM we need two doublets of complex scalar fields H; and H>
(2HDM of type Il: talks H. Haber, J. Kalinowski, A. Goudelis, EJ Chun..)

After EWSB, three dof for Wi, Z, [5physical states: h, H, A, H*.
Only two free parameters at tree-level to describe the system talﬁ M A

M2, =1 M2+ M2 CIM2 + |\/|§)2 — 4M32 M2 cos? 23]1/2

__ —(MZ +M2)sin 2[3 |\/|2 +M2
tan2a = (M%A_MZSCOS% tanZB M2 M2 (—5=a=0)

M, @|COSZ@|+RC@O GeV : My=Ma=Mpy= WEWSB.

e Couplings of h, H to VV are suppressed; no AVV couplings (CP).
e For tang L[_1:kouplings to b (t) quarks enhanced (suppressed).

P Jotu Yodd Jovv

Cos A SInNA T _
h sinasm 5 1 oosp sinp—a)- 1
H g o 1/tanf3 Cosp — tan B cos(f—a)- 0
A 1/tanf3 tan3 0

In decoupling limit: MSSM Higgs sector reduces to SM with a light h.
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2. Constraints on new physics: MSSM
There is first direct implication froprthe measurqemnt M EIR5GeV...
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X/M,
Arbey, Battaglia, AD, Mahmoudi, Quevillon (2012)
Asusy TV In general MSSM and higher in constrained models.

Gl Firenze 10/09/2017 The Higgs sector at the LHC - A. Djouadi — p.10/29



2. Constraints on new physics: MSSM

This is backed up by direct searches of SUSY particles at the LHC:
the SUSY scale Msysy 7041 TeV) in most experimental searches..

ATLAS SUSY Searches* -

95% CL Lower Limits

ATL\AS Preliminary

Status: March 2017 O ¥ $=7,8,13TeV
Model & TY Jets ET L Mass limit 5=7,8TeV _ Reference
MSUGRA/CMSSM 0-3e,u/1-2T 2-10jets/3b Yes  20.3 185TeV.  m(@=m@) 1507.05525
4a,6- qio 0 2-6jets  Yes 361 m(X)<200 GeV, m(1* gen. )=m(2™ gen. &) ATLAS-CONF-2017-022
@ 464-0k1 (compressed) mono-jet  1-3jets  Yes 3.2 m(@)-m®)<5 Gev 1604.07773
£ 90.9-aaK o 2:6jets  Yes  36.1 m(R)<200Gev ATLAS-CONF-2017-022
% 6. §—aak; ~qu'X1 0 2-6jets  Yes 361 m(X)<200 GeV, m(X*)=0.5(m()+m(@) ATLAS-CONF-2017-022
Q 536~ qq(DIW)Xl 3en 4jets - 13.2 m(X})<400Gev ATLAS-CONF-2016-037
2 4.6 QSWZX1 2eu(SS) 0-3jets Yes 132 m(%}) <500 GeV ATLAS-CONF-2016-037
2 Gwss (iNLSP) 1-27T+0-1 [102jets  Yes 32 1607.05979
S GGM (bino NLSP) 2y - Yes 32 CT(NLSP)<0.1mm 1606.09150
g GGM (higgsino-bino NLSP) N 1b Yes 20.3 1.37 TeV m(X})<950 GeV, cT(NLSP)<0.1mm, p<0 1507.05493
= GGM (higgsino-bino NLSP) Y 2jets  Yes 133 m(X9)>680 GeV, CTNLSP)<0.1mm, >0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2e,p(2) 2jets Yes 203 g 900 GeV' m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 203 | F“Zscale 865 GeV m(G)>1.8 x 107 eV, m(§)=m(@)=1.5TeV 1502.01518
s T 6.9~ bbX? 0 3b Yes 361 m(%%)<600Gev ATLAS-CONF-2017-021
SE § g% O-lep 3b Yes 361 m(X})<200Gev ATLAS-CONF-2017-021
5o §g, G- biX; 0-lep 3b Yes  20.1 1.37 Tev. m(X)<300Gev 1407.0600
< Diby, by~ b2 0 2b Yes 3.2 m(X)<100GeV 1606.08772
2 S biby, by tXT 2eu(ss)  1b Yes 132 |b | 325-685GeV. m(X)<150GeV, m(%s: ATLAS-CONF-2016-037
§- S &, §-bXi 0-2ep 1-2b Yes 4.7/13.3 | f, 117-170 GeV m(;) = 2m(X3), m(K; 1209.2102, ATLAS-CONF-2016-077
@ E fuf, l; QWbX1 or |X1 0-2ep 0-2jets/1-2b Yes 203 T, 90-198 GeV 205-950 GeV m(X)=1Gev 1506.08616, ATLAS-CONF-2017-020
E; s 0 mono-jet  Yes 3.2 m(E)-m(X)=5Gev 1604.07773
=8 flfl(nalural GMSB) 2e,U(2) 1b Yes 203 150-600 GeV m(X)>150 Gev 1403.5222
55 bhbh-fi+z 3e,u(2) 1b Yes 361 m(R)=0Gev ATLAS-CONF-2017-019
B -G +h 1-2ep 4b Yes 361 . 320-880GeV m(X)=0Gev ATLAS-CONF-2017-019
2eu 0 Yes 203 90-335 GeV' m(X)=0 Gev 1403.5294
2e 0 Yes 133 m(X)=0 GeV, m(T;9)=0.5(m(X:: ATLAS-CONF-2016-096
21 - Yes 148 ATLAS-CONF-2016-093
> k3] 3ep 0 Yes 133 ATLAS-CONF-2016-096
] _g ST 2-3e,1 0-2jets  Yes 20.3 425 GeV 1403.5294, 1402.7029
S 5(65(5 ,inh K7, h~bb/WwW/ttryy & HY 02b  Yes 203 270 GeV m&)=mE), m&: 1501.07110
%3, 55 — D dep 0 Yes 203 635 GeV m(X)=m(X3), m(X})=0, m(F:9)=0.5(m(X3)+m(X)) 14055086
GGM (wino NLSP) weak prod. leu+y - Yes 203 115-370 GeV. ct<imm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 203 590 GeV ct<1mm 1507.05493
Direct X1 % prod., long-lived X; Disapp. trk 1 jet Yes  36.1 m(%;)-m(X3) [180 MeV, 1(X;)=0.2 ns ATLAS-CONF-2017-017
Direct X1 X1 prod., long-lived %5 dE/dxtk - Yes 184 495 GeV m(Xi)-m(X?) L180 MeV, T(Xi)<15 ns 1506.05332
T, Stable, stopped § R-hadron 0 15jets  Yes 279 850 GeV' m(¥})=100 GeV, 10 ps<T(§)<1000 s 1310.6584
S L stable § R-hadron trk - - 3.2 1606.05129
‘&8 Metastable § R-hadron dE/dx trk - - 32 m(%)=100 GeV, t>10 ns 1604.04520
5 8 GMmsB, stable T, %0 -1, ﬁ)+r(e B 12u - - 19.1 X; 537 GeV 10<tanB<50 14116795
= GMSB X1 ~YG, long-lived Xl 2y - Yes 203 )'(a 440 GeV 1<t(R)<3 ns, SPS8 model 1409.5542
3. % — eev/ev/uv displ. ee/eu/up - - 203 X& 10Tev 7 <ct(%1)< 740 mm, m(@)=: 1504.05162
GGM §g, Xl ~26 displ. vtx +jets - - 20.3 Xy 1.0 TeV 6 <ct(X})< 480 mm, m() 1504.05162
LRV pp—Ur + X, Uy~ e/eT/Pt  EHeTHT - - 32 A32120.11, Ass2n13a/233=0.07 1607.08079
Bilinear RPV CMSSM 2¢e,U(SS) 0-3b Yes 20.3 1.45 TeV m(@=m(@), ctisp<1 mm 1404.2500
X;X; R AWXA Xa ~eev ey, ppy  4e - Yes 133 m(R)>400GeV, Ay 20 (k = 1,2) ATLAS-CONF-2016-075
)(1 x; Xt - WX, X - trve, etve 3eu+T - Yes 203 450 GeV mX)>0.2xm(Xs), Aag#0 1405.5086
Q>. 0 4-5large-Rjets - 14.8 R(b)=BR(C)=0% ATLAS-CONF-2016-057
o 0 4-5large-Rjets - 14.8 m(X})=800 GeV ATLAS-CONF-2016-057
lep 810jets/0-4b - 36.1 mE)= 1 TeV, Az 20 ATLAS-CONF-2017-013
40, G- 0it, i -bs le,u 8-10jets/0-4b - 36.1 m(f; TeV, Azz3#0 ATLAS-CONF-2017-013
fify, fi-~bs 0 2jets+2b - 154 [450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
ff, fi-b01 2ep 2b - 203 | 0.4-1.0 TeV BR({; - be/p)>20% ATLAS-CONF-2015-015
Other Scalar charm, & cX§ 0 2c Yes 203 |& 510 GeV/ m(X)<200GeV 1501.01325
*Only a selection of the available mass limits on new states or 1 * * * EE— * * * e
phenomena is shown. Many of the limits are based on 10 1 Mass scale [TeV]

simplified models, c.f. refs. for the assumptions made.
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Also backed up indirectly by the measurement of the Higgs properties:
fits of the h couplings L[_castraints on the MSSM [M 4, tanj] plane:
MSSM: gnee = CoSa/ Sin 3, hpp = COS ¢/ SiN B, ghvy = SIN(B — @)

Global fit of H couplings (2013) Direct search for pp — H,A
A @80_||||..,I,,I|III|II
S - ATLAS Preliminary —— Observed
* 70F H/A — w,95% CLlimits  _~~ E?Pecfed _
= [ {s=13TeV, <133 1" o .
60: hMSSM scenario 72015, 3.2 b (Obs.) 1
MSSM Higgs fit - -

[ ] ATLAS Run1, SM Higgs
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3. Deeper probe of the Higgs sector

Ie question is: Particle Physics “closed” and we should all go home?

Triumph of Death (detail), Buonamico Buffalmacco de Firenze (F. Traini?)
Fresco at Camposanto Monumentale in Pisa, Italy, 1350.
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3. Deeper probe of the Higgs sector

The answer Is of course: No!
1) Fully probe the TeV scale that is relevant for the hierarchy problem
[_coltinue to search for heavier Higgs bosons (and superparticles).

gg->A-tt
60
50 .
40 hMSSM || |AH-=
30 LHC 14TeV| [ ey}
2 3000 fb° ’
. H —tb
10 ‘: : ......... . H o WW 085740 . Ge::s 750 755
- q ! TNy - my [GeV]
s 7 T S
g H-ZZ gg-A-tt
4 || |aszn A
5 DEET .
A/H St 050 Vs=13Tev
1 300 400 500 600 700 1000 e
MA (G e V ) 650 7 s 7[g)ev] 0 850
AD, Maiani,Quevillon, Polosa,Riquer... AD, Ellis,Quevillon
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3. Deeper probe of the Higgs sector
Continue searches for exotic particles in all possible channels.

ATLAS EXxotics Searches* - 95% CL Exclusion ATLA§ Preliminary

. ol —
Status: August 2016 . Ldt=(3.2-20.3)fb §=8,13Tev
Model Ly Jetst ET™ Tatm™ Limit Reference
L T T L T T L T T T
ADD Gkk +0/q - 21j Yes 3.2 6.58 TeV 1604.07773
ADD non-resonant [11] 2e,p - - 20.3 HLZ 1407.2410
@  ADDQBH - g le,u 1j - 203 1311.2006
5 | ADDQBH - 2j - 15.7 8.7 TeV ATLAS-CONF-2016-069
2 ADDBH high pr >le,p >2j - 32 8.2 TeV =6,Mp =3 TeV, rot BH 1606.02265
"E‘ ADD BH multijet - =3j - 36 9.55 TeV , Mp = 3 TeV, rot BH 1512.02586
3 RS1Gkk - O 2e,u - - 20.3 k/Mp =0.1 1405.4123
RS1 Gk - Yy 2y - - 32 k/Mp =0.1 1606.03833
|§ Bulk RS Gk —~ WW — qq[J lep 13 Yes  13.2 1.24 Tev K/Mp =1.0 ATLAS-CONF-2016-062
Bulk RS Gkk — HH — bbbb - 4b - 13.3 360-860 GeV k/Mp = 1.0 ATLAS-CONF-2016-049
Bulk RS gkk - tt le,p 21b,21J2) Yes 203 BR=0925 1505.07018
2UED/RPP le,u 22b,24j Yes 3.2 1.46 TeV Tier (1,1), BRA®D _ tt)=1 ATLAS-CONF-2016-013
ssmz". mm 2e,1 - - 13.3 | Z"mass 4.05 TeV ATLAS-CONF-2016-045
2 ssmzU.w 21 - - 19.5 1502.07177
2  Leptophobic Z B, bb - 2b - 3.2 | Z'mass 15TeV 1603.08791
8 ssmwt.m lep - Yes 133 | Wihass 474 TeV ATLAS-CONF-2016-061
© HVTWE. WZ - qqwmodelA 0Oe,p 13 Yes 132 | W'hass 2.4TeV v =1 ATLAS-CONF-2016-082
S HVTW - WZ _ qqqq model B - 23 - 15.5 WEass 3.0 TeV gv =3 ATLAS-CONF-2016-055
T HVT V. WH/ZH model B multi-channel 3.2 VChass 2.31 TeV gv =3 1607.05621
O rsm W% - th le,p  2b0-1j Yes 203 1410.4103
LRSMW'- tb Oe,u =21b13J - 20.3 1408.0886
Clqqqq - 2j - 157 |A 19.9TeV nu=-1 ATLAS-CONF-2016-069
CI [Ty 2e,1 - - 32 |A 252TeV nu=-1 1607.03669
Cluutt 2(SS)=3eu=1b21j Yes 203 [Crel =1 1504.04605
s Axial-vector mediator (Dirac DM) Oe,pu 21j Yes 3.2 ma 1.0 TeV 9q=0.25, gy=1.0, m(X) < 250 GeV 1604.07773
@  Axial-vector mediator (Dirac DM) Oe, i, 1y 1j Yes 32 |ma 710 GeV 9q=0.25, gx=1.0, m(X) < 150 GeV 1604.01306
ZZXX EFT (Dirac DM) Oe,p 1J,<1]  Yes 3.2 Mo 550 GeV m(x) < 150 Gev ATLAS-CONF-2015-080
o Scalar LQ 1t gen 2e >2j - 3.2 1.1TeV p=1 1605.06035
| ScalarLQ 2" gen 2 22j - 3.2 p=1 1605.06035
Scalar LQ 3" gen le,p  =1b,23j Yes 20.3 B=0 1508.04735
VLQTT - Ht+X le,p =22b,23j Yes 203 Tin (T,8) doublet 1505.04306
VLQYY - Wb+ X le,p 21b,23j Yes 203 Y in (B,Y) doublet 1505.04306
s% VLQBB - Hb+X le,u =22b,23j Yes 203 isospin singlet 1505.04306
D 5 VLQBB - Zb+X 2/>23e,u  =2/21b - 20.3 Bin (B,Y) doublet 1409.5500
L& viQQQ - wawg lep 24]  Yes 203 1500.04261
VLQ Ts/3Ts/z - WtWt 2(SS)iz3e21b,21j Yes 3.2 | Tsamass 990 GeV ATLAS-CONF-2016-032
Excited quark g qy 1y 1j - 32 4.4TeV only u“andd"'A =m(q"y 151205910
5 @ Excited quark "L qg - 2j - 157 5.6 TeV only u“anddA =m(q"y ATLAS-CONF-2016-069
2 S Excited quark b by - 1b,1j - 8.8 ATLAS-CONF-2016-060
S £ Excited quark b Wt lor2e,u 1b,2-0j Yes 203 fg=fi=fa=1 1510.02664
Wo Excited lepton (7 3e,n - - 20.3 A=3.0Tev 1411.2921
Excited lepton v 3e,u,T - - 20.3 A=16TeV 1411.2921
LSTCar - Wy le,u 1y - Yes  20.3 1407.8150
LRSM Majorana v 2e,p 2j - 20.3 m(Wr) = 2.4 TeV, no mixing 1506.06020
. Higgs triplet H** _, ee 2e (SS) - - 13.9 570 GeV DY production, BR(H - ee)=1 ATLAS-CONF-2016-051
O Higgs triplet H** . @ 3eu,T - - 20.3 DY production, BR(H* — [9)=1 14112021
g Monotop (non-res prod) le.p 1b Yes  20.3 Bnon-res = 0.2 14105404
Multi-charged particles - = - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

Vo ra . P | " ) " M
§=13Tev -y
- 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

Should be continued, extended, refined:
new states are simply around the corner and can be found tomorrow!
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ne next question Is then: “is Particle Physics closed”? Answer is no!

2) Need to check that H is indeed responsible of EWSB (and SM-like?)
[_mdasure its fundamental properties in the most precise way:

e |ts mass and total decay width (invisible width due to dark matter?),
e |ts spin—parity quantum numbers (CP violation for baryogenesis?),
e |ts couplings to fermions and gauge bosons and check if they are

only proportional to particle masses (no new physics contributions?),
e its self-couplings to reconstruct the potential \5 that makes EWSB.

P055|ble for Mpy =125 GeV as aII productlon/decay channels useful.

) 1F
G(pp - H + X) [pb}

gg - s=14 TeV
0.1t
) b i
Haq

WH... 0.01 |

|ttH

Y

L o(e*e” ﬁHX fb
100 ( )[fb]

100 b
10F “"“.

a .
1F o

Fl .

F ol

01k
0.001 } ' ]

|+ HHWY

0.01 -

c il | | | 3
200 350 500 /700 1000 2000 3000
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. = : s e s 0.0001 -
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A check of spin—parity quantum numbers.

Spin: clear situation (no suspense) as the new state decays Into v~
[not s=1 from Landau-Yang and s=2 (KK grawton’?) unllkely

_P numbers: CP-even, CP-odd, or mixture?

more important issue: CPV in Higgs sector.) :
ATLAS and CMS MELA analyses for pure CP
[_pulke CP-even favored at 13q level.

3ut problems with this (too simple) picture: =
yure CP—odd does not couple to VV@tree-level; = =S
nH - ZZ%6nly CP-even part is projected out. sl iy

2xIn(L /L)
e Direct probe: via production/decays in extensions like C2ZHDM:
Ex: Undoubtable signs of CP-violation in Higgs decays at LHC run 2
combined searches of h; - h;Zand h; - ZZwith1,J =1,2,3.
e Indirect probe: gy —more democratlc [_fedmionic decays
Ex: spin-correlations ingqq - HZ - bbllorqq/gg - Htt - bbtt.
Need to be lucky or is very challenging even at the HL-LHC...

20001

Generated experiments
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3. Deeper probe of the Higgs sector

Perform a much more precise measurement of the Higgs couplings
[ wolild allow a better sensitivity to new physics virtual effects.

e In standard production+decay channelsasgg - H - ZZ, WW, v~
Presently sensitivity is low in many cases as 2ZHDM of type | and 11
still large theoretlcal+exper|mental errors of about 15-20% each

L Falkowski
Fontes
Romao

Silva...

0.2 04 0.6
CCCCC

e In very rare decays that allow additional/unknown information:
- H - " u” to probe second generation fermion couplings

— H - Y~ to probe the sign of some fermionic couplings (here b’s).
- H - Z~ with information that is complementary to H - ~~

But will this be sufficient to probe BSM physics? (see later....)
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3. Deeper probe of the Higgs sector

e Total width: 'y = 4 MeV, too small to be resolved experimentally.
— very loose bound from interference gg -~ ZZ (a factor 2-5 at most).
— no way to access it indirectly (via production rates) in a precise way.

v1=1000 GeV

08 E

» [nvisible decay width: DM connection!

06 F

Higgs portal to DM particles scenario: .

Jiscussed thoroughly at this meeting:

day 3: Goudelis, Kim, Kusenko, Roben,... L A |
3est probe so far: the HZ channel:

_ ) . Bonilla. Romao. Valle
1 - HZwithZ - I, H - invisible

imilar Ef-analyses in VBF channels

aind also recently in gg —» Higgs+jet.
_ombined HZ+VBF search from CMS
BRinv T 99%@95%CL for SM Higgs
'mprovement in future: 10%0@HL-LHC?

- CMS Preliminary — Observed
"4 Combination of VBF and 5= Expected (68%)
L ZH, H— invisible ----- Expected (95%)

2
- Vs=8TeV L =19.6/fb (VBF +ZH)
L Vs=7 TeVL=5.1/b (ZH)
1

95% CL limit on BF,
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Important challenge: measure Higgs self-couplings and access to V.
Ons frompp - HH+X [

gne from pp - 3H+X, hopeless. vl P T g
arious processes for HH prod: >
] ~ HHX relevant... o . 4o~ HHgg|
%Ogg | - | Mﬂ ~q/gg - ttHH
35 | g/gpp - HH +X) /0" | ([ ) o e 4g°- WHH
s=14 TeV, My = 125 GeV 0 v 4G - ZHH
30 - G0 HH o 1 p v q‘ i .
i qq"- HHgQ" - 1
.l ‘ 97— WHH | | | | |
\ aq - ZHH oo e s w5 W
15 [ AN i V-
_ s[TeV]
of ] e H - bb decay alone not clean
| * H - vvdecay very rare,
m— e e H - 77 would be possible?
. 't  H - WW not useful?
il bb77, bbyy viable? Maybe...
3aglio, Spira et al., 2012 but needs very large luminosity.
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+ y4 Very precise measurements
z™ i
w TR mostly at s £560 GeV

- HeOOWE D5 Gy { and mainlyinete™ - ZH
| (with ¢ [11s) and ZHH, ttH
JgHzz 10012

GHbb +0.022
JHcc +0.037

He'e i

01F 3
e < [ | g | +0.033
=~ ~|—| 00LF R L JHtt iOOBO
ot h I \/570[0@ e \1/0}00 w0 AHHH +0.22
My +(0.0004

e ,t!:' rH 10061
M“ CP | +0.038
a” 7

[_difficult to be beaten by anything else for = 125 GeV Higgs
But let’s get back to the near future: what can we do at HL-LHC?
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10ther way to search for New Physics: high precision measurements.

Example: Higgs couplings in cleanest channels: H - v, H

— 4€_

channel atlas cms

m 1.17 +0.25 +0.10 +0.12 1.14 +0.21 +0.160 +0.09
YY .

—0.23 —0.11 \—0.08 —0.21 —0.10 \—0.05
Hzz 1.46 —0.31 —0.13 \—0.11 —0.23 —0.09

+0.55 +0.19 +0.138 093 +0.26 +0.15
Is this enough to probe effects of new physics or BSM?

ot In the case of weakly mteractlng theories like 2HDM, SUSY, etc...

M 1% ATLAS Simulation

~ ChewOw ~_"h
expect effects at = =nex M2 - 14 Tov: [Lete300

| Ldt=300 fo™ extra
il T 1T T

: [Ldt=3000 fo
polated from 7+8 TeV

Is 1% accuracy achlevablc; at HL-LHC (3ab™1)"
e Statistical error: 20%/ 3 > 100 +152%

(projection OK with ATLAS+CMS combo)

e Systematical error: can be made 0? v
some errors are common (luminosity, etc....). 5
e Theoretical uncertainty (if it is [1%): —
will be then by far the crucial/limiting issue! oy ()

[ Hdw big is it? Can it be reduced? Removed? o
Gl Firenze 10/09/2017 The Higgs sector at the LHC - A, Djouadl
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Production cross sections
g— H by far dominant process

1000 |

(= 85% of the events before cuts) o0}

[ O(10%) total TH uncertainty .....

followed by cleaner VBF+VH modes: |

| o(pp — H + X) [pb]
My = 125 GeV

only 5% of rate before cuts...

smaller TH error only for inclusive...

[ O(10%) for total uncertainty?  °*p 5<% % 1w

Decay branching ratios

Dominant decay H — bb = 60%

Affected by QCD+parametric errors:

from my and o5 only,afew % [_1

migrate to O(5%) error in other modes

suchasH - vy, ZZ, WW, 771

(partial widths very precise §190).
[fod large theory uncertainties

(even If reduced by a factor of 2)...

Gl Firenze 10/09/2017 The Higgs sector at the

=
TTTIT

Total Uncert
|—\
o
r
/ a g
N
N
x

Higgs BR +
g
w
1

[ERN
<
w

TT T T T T

|
10 80 100 120 140 160 180 200
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LHC - A.Djouadi —p.23/29



Best way to eliminate theory uncertainty: use ratios of signal rates.

H - VV with V - 7 as reference and H - XX with H produced in p:
Dxx =dP(pp - H - XX)/aP(pp - H - VV)
= oP(pp - H)<xBR(H - XX)/aP(pp - H)*xBR(H - VV)
= BR(H - XX)/BR(H - VV)=T(H - XX)/T'(H - V)
To first approximation: Dxx = ¢%/c¢,
Works only if one selects exactly same kinematical configuration
(1.e. same ’fiducial cross sections”) for the two channels X and V!

= the theoretical uncertainties from the cross sections drop out;
= the parametric uncertainties from the branching ratios drop out;
e the theoretical ambiguities in the Higgs total width also drop out;

[ D}« measures only the ratio of partial decay widths.

= Extremely clean theoretically, although some information will be lost
e And maybe It has also some advantages from the experimental side?
Best probe by far is Dy, which measures deviations of the v~ loop

— a(p-H-yy) _ I'(H-yy) _—_ 2 /A2
va — o(pp-H-VV) T T(H-VV) dvva/Cv
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ND

2 3
Vv [ = Gu oy My, ; NCe%AI;(Tf) -+ AlH(TW)

H 128 273
""" y(@Z) Al =2+ (7 = ()] 772
QW A () = —[272 + 37 + 3(27 — V)f ()] 72

e Loop decay. In SM: only W- and top-loops are relevant (others small)
e Form; - oo [AJ, =3 and A; = —7: W loop dominating!
~v~ width counts the number of charged particles coupling to Higgs!
Contribution AP of particle p of spin s with Higgs coupling guipp:
Af = _%ngpp/mz , AE/Z — +%g,2_|pp/m2 AL = —7g2pr/m2,

If grpp [, CAY - +1 AV, - —2 A - +7.
Small/calculated QCD and EW corrections: only of order of percent.

In SM with W,t loops: ¢, = 1.26 %< |cywy — 0.21 ¢¢|
Assuming custodial symmetry gyizz = grww =Cv, Dyy = €7 /c%; is
cZ/c¢ = 6.5 % |1 — ¢ /ey
with ¢y, = ¢ = 1 In SM. Any new physics effects will alter this value.
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Will Dy, be the g-2 of the LHC? Yes, if measured at 1% level!
Examples of BSM searches: AD, Quevillon, Vega-Morales, 1509.03913
Model gnglependent search through an effective Lagrangian approach.

L=4 cy(@M3,WIWH+M2Z,ZH) — met(cy -El'é’ty5)t
+ W Fyy + FVF

Dy (¢¢= ¢y, =€y, =0)

1.05

1.05} 1.041

1.03

DYY

& 1.00f
1.02

0.95} 1.01

1.00t

0.90," . . . k
0.90 0.95 1.00 1.05 1.10 Myp (TeV)

Cv
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4. Example: Dyy

Will D, be the g-2 of the LHC? Yes, if measured at 1% level!
Example: MSSM searches, AD, Quevillon, Veaa-Morales, 1509.03913

AD,, AD,,
. 10

9hH H

100 150 . 200 ‘ 550 300 ?OO 200 300 400 500 600 700 800
My [GeV] M,y e\
AD
AD,, vy

0.500
0.300
0.100
0.050
0.040

0.030

0.020

0.010

|Xt | max ]
tanB=10

0.005

200’ tanﬂ:l [
200 400 600 800 1000
nIXi [(}e\/]
1

100 1500 2000 2500

m; [GeV]
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5. Conclusion

We need to continue to search for New Physics and falsify the SM:
e directly via new (heavy or light) particle searches with more data.
e indirectly via high precision measurements in H/W/Z/top sectors,

Tentative schedule new proiects

Color code

European Strategy

For Particle Phys'lcs A

Future facility specif. ;

R&D to COR
Technical design to TDR i
Construction

Operation

from LHC P%ysics?

approved envisaged/proposed
AN

N

'-“; "7"'"1 Project 2014 201142012 2013 2014 2015§2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030|2031 2032 2033
30/09/2010
LHC to nominal r triplet
Protons |LHC-HL 5.10734 with luminosity leveling
LHC-HE HE eV
ILC 500 GeV
Hnest  loue i 500GeV  3TeV
Colliders CTERE
PWFA
Muon Collider
Muons &
Neutrino Fact i
Neutrinos.
Project X/FNAL S
LHeC S r LR instalation eC
eRHIC/BNL DO upgrade from 5 x 325 GeV to 30 k 325 GeV
e-hadrons -
ELIC/JLAB MELIC =LIC
ENC/GSI i B shared operation HESR/ENC
LHiC/CERN -Pb, Fo HE-EHeC
RHIC 11/BNL
lons
NICA/DUBNA
FAIR/GSI
Beauty |SuperKEKB/KEK
Factories [SuperB/LNF 75/ab
' |
LHC =1 fb 66 fb-1 336 fb-1 3070 b

GI Firenze 10/09/2017

The Higgs sector at the LHC -

A. Djouadi — p.28/29



1. Standardissimo?
So let’s move forward: it is still action time!
Or it is still possible that we go from the Inferno to Paradise...!
The last Judgement (detail), Giorgio Vasari (1572-1579)
coupe deﬂ__Sa(a Maria del or, Flor_ence._\

g B " N W\ - W/ ‘ CeY i A —'-‘#
W TN Y B ARRTYT
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