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Riggs and New physics
The Higgs discovery completely modified our perspective on BSM

Before Higgs After Higgs

renormalizable theory of EW
and strong interactions

guaranteed discovery at LHC
(ensured by no-lose theorem)

« only no-lose for gravity... but
new-physics could be at Mp

/

o strongly coupled processes at
energy scales ~few leV

.....
. K
......
. 04
. o

ot

K3 .,
. e

gravity non-perturbative at Planck scale =§  maximal SM cut-off Asm S Mp




Riggs and New physics
The Higgs discovery completely modified our perspective on BSM

Before Higgs After Higgs

renormalizable theory of EW
and strong interactions

guaranteed discovery at LHC
(ensured by no-lose theorem)

« only no-lose for gravity... but
new-physics could be at Mp

o strongly coupled processes at
energy scales ~few leV

Additional considerations:

+ there I1s experimental evidence for BSM (dark matter, neutrino masses)
but not necessarily light and strongly-coupled enough to be

detectable at LHC



What can we (still) learn from LHC?

Still many open questions we could hope to address
+ Naturalness: explain microscopic origin of EWV scale

+ Dark matter: if WIMP 1t could be tested at colliders

Natural BSM can still be discovered at LHC



What can we (still) learn from LHC?

Still many open questions we could hope to address
+ Naturalness: explain microscopic origin of EWV scale

+ Dark matter: if WIMP 1t could be tested at colliders

Natural BSM can still be discovered at LHC
... but also negative answer could provide important information

+ rule out classes of BSM theories

+ encourage a paradigm shift



What can we (still) learn from LHC?

Broad search program that could cover a large range of BSM

+ direct exploration (high-energy frontier)

+ indirect tests (precision frontier)



The Naturalness argument

Although not a theorem, Naturalness provides a guideline for BSM

Higgs mass sensitive to UV physics
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A large SM cut-off (I.e. a high new-physics scale) implies a significant
amount of fine-tuning
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The Naturalness argument

LHC and future colliders allow to test Naturalness by probing the
scale of BSM physics

Fven “discovering” Un-Naturalness can have strong consequences

|. Standard scenarios too fine-tuned:

alternative non-minimal theories should be considered
(eg. neutral naturalness)

2. Complete change of paradigm
(eg. dynamical generation of EWV scale, relaxion)

3. Higgs mass as a fundamental parameter
(anthropic selection?)



“Standard’ Natural scenarios

Two “standard” approaches to the Naturalness problem

Low-energy SUSY Composite Higgs

. El tary Hi
ementary Higgs  Higgs as a bound state (Goldstone)

« SUSY partners with opposite of a new strong sector

statistics

e Bosonic partners of the top (stops)
stabilise Higgs mass

e Fermionic partners of the top
stabilize Higgs mass

top :St—gp\ top v
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» Natural frameworks to discuss LHC implications for Naturalness



Direct Searches at LHC



Direct searches for partners

Direct searches provide the simplest way to test scale of new physics

In many cases direct connection with tuning —$ test of Naturalness

Aar \°
A >
- (500 GeV)

Low-energy SUSY Composite Higgs

Ay = Stop mMass Aqy = top partners mass

e current bounds ~ | TeV e current bounds ~ .2 TeV

e In minimal models (MSSM)

addrtional tuning from gluinos
Mgluinos = | TeV

» Current bounds still allow minimal models with ~10% tuning!

» Fast progress with | 3TeV runs, but slower at HL-LHC (saturation)



Fermionic partners

HL-LHC can push top partners scale well above the TeV, probing
models with minimal tuning

Example: Projected bounds on top partners

[Matsedonskyi, GB Wulzer "I 5]
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» Current bounds still allow for ~ 5-10 % tuning

» HL-LHC tests multi- TeV states and completely probes |/A > 2 %



SUSY partners

... similar srtuation for SUSY partners
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» Bounds on the stop at HL-LHC can reach .5 TeV

» but still space for discovery



Indirect Searches at LHC



Higgs couplings

Precision measurement of Higgs couplings allows for test of SM and

probe of BSM theories

+ deviations expected in many BSM
scenarios (eg. SUSY and composite Higgs)

+ useful to derive bounds
(can be competitive with direct searches)

ATLAS and CMS
LHC Run 1
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Higgs couplings in SUSY

Higgs couplings modifications expected from mixing with second Higgs
doublet

[ATLAS 1509.00672]

T T T T T T T T | T I“ T | T T T T | T T T T | T T T |: @_ 1 :
N "." ATLAS E g : ATLAS Simulation Preliminary
<& f{.‘ Obs 95%‘01:_5 Combined h — yy, ZZ*, WW*
e bt = h — Zy, uu, T, bb
. - === Bxp. 95% CL 5 Exp. 95% CL at Vs= 14 TeV

L
**
.
.

Simplified MSSM [k, K, k]

—— | Ldt =300 fb™: all unc.

------ Ldt = 300 fb™" : No theo.

ut®

ree f}.Q---“‘ (s=7TeV, 4547 "

o
~

—— | Ldt = 3000 fb™: all unc.

{s=8TeV, 20.3 fb"

------ Ldt = 3000 fb™' : No theo.

_ hMSSM [k, Ky, K

E 1 N o2 ol ol i ,
800 300 400 500 600 700 800 900 1000 00 400 600 800 1000 1200
m, [GeV] my [GeV]

~

- ~

~~~~~
--------

e
LA
“G)
«\
.
.
.
.
.
.
L ]
.
.
.
.
.
.
-
L
.
)
)
||||||||||||||||||||||“I||||||||||
NO o DD W » O1 O N 00O © O
MR :

exclusions have no direct impact on fine-tuning in MSSM


http://arxiv.org/abs/1509.00672

Higgs couplings in SUSY

In MSSM main source of tuning from reproducing Higgs mass

» heavy stops needed to raise Higgs mass ~¥ significant tuning

Higgs Mass vs. Fine Tuning
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Higgs couplings in \-SUSY

In non-minimal SUSY models one can avoid heavy stops

example: adding an extra singlet [Barbieri et al.'06, Hall et al.’12, Barbieri et al.| 3]

tﬁ ‘
(1+13)%

1-12\" /
Wy =ASH,Hy =~ m37 ~m? ( T tg ) Har2v?
E

correct Higgs mass requires sizable A\ and moderate tan 3

Tuning set by mass of heavy Higgses:

A > 1 ( M+ )2
~ A2 \170 GeV

» direct connection between scalar sector and Naturalness



Higgs couplings in \-SUSY

Bounds from Higgs coupling measurements
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Higgs couplings in CH
The Higgs compositeness induces modification of Higgs couplings

+ coupling to gauge fields
» universal, determined by symmetry: eg. SO(5)/SO(4) = kv =+1-¢

+ Yukawa’s

» depends on partners quantum numbers: eg. MCHMs  kp = 1 —2¢

MCHMs4  kp=+/1-¢

Direct connection with tuning: A > 1/¢ (&=0°/f%)

\ compositeness scale

- LHC (7 TeV +8TeV)

» current bounds £ S 0.1 e endmvess ATLAS

L % Best fit

[ATLAS Collab. 1509.00672]

» space for improvement!
crucially related to systematics... see later




Slow progress on Higgs couplings in future runs

CMS Projection

CMS Projection

Higgs couplings at HL-LHC

[CERN-CMS-NOTE-13-002]

Expected uncertairlltiels 0;1 | I|;| |300Ifb'1alt EI=14ITeV|Scerl1ariol1 Expected uncertairlltiels 0;1 | I|;| |3000Ifb";t |’§I=14TeV|Scenario1
Higgs boson couplings — 300fbat Vs =14 TeV Scenario 2 Higgs boson couplings F— 3000 fb™at {s=14TeV Scenario 2
KY KY
Ky Ky
Ky Kz
Kg Kg
Kb Kb
Ky Ky
Ky Kq |
500 005~  o0i0 015 0.00 005 0i0 0i5
expected uncertainty expected uncertainty
LY | x, Ky Ky Kg Ky, Ky Kt Kz, Ky BRoy
300 [[5,711[4,6]][46]]16,8] |10, 131 [14,15] | [6,8] | [41,41] | [23,23] | [14, 18]
3000 | [2,5] 251112411351 [471 | [7,10] | [2,5] | [10,12] | [8,8] | [7 11]

» Not far from threshold due to systematics




Higgs couplings at HL-LHC

Systematics can play a crucial role for BSM interpretation
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+ Scenario |:systematics do not allow for improvement (£ <0.1)

+ Scenario ll: possible to probe £ ~0.05 —% f~1.1TeV




The Higgs Self-Couplings



The Higgs self-interactions

Measuring the Higgs self-interactions is an essential step to understand
the structure of the Higgs potential
2 )\3

m
L= —7hh2—)\3vh3—)\4h4 Fy = o
3

» distortions expected in many BSM scenarios

eg. Higgs-portal models can give large corrections only in Higgs self couplings

m4

>k

0ky 092

S, > 1

\ for 0,9, ~ 1

» related to properties of EW phase transition (relevant for cosmology)




The trilinear Higgs coupling

Main channel double Higgs production via gluon fusion

Different final states accessible:

» bbyy: cleanest channel with highest sensitivity, but low cross section

» DbTT : larger statistics, but hard analysis

» bW W, bbbb . limited impact |

0.30} [Kim, Sakaki, Son 18]

---- bbyy (Incl)
0.25 i bbyy (Excl)
HL-LHC (3 ab™1) Allowed region on k) — 1 : bbr* - (Inc)
F = combined
68% probability 95% probability 0.0l
Cut-based analysis E
bbyy (exclusive) (—0.98,2.2] U [3.1,5.3] [—1.8,6.6] = o1s)
bbr T~ [—0.87, 6.1] [—2.5, 8.8] =]
Combined [—0.91,2.3] U[3.4,5.3] [—1.6,6.5] 0101

0.05

0.00L

4+ only O(1) determination possible at HL-LHC



The trilinear Higgs coupling

Precision determination of Higgs trilinear coupling possible at future
colliders

+ Hadron colliders:

» FCC-100 could reach ~ 5 % precision [Contino et al, FCC report 1606.09408]

» High-energy LHC (~28 TeV) could reach ~ 30 % precision

[Goncalves et al. ' | 8]

+ Lepton colliders:

» high-energy machines (ILC, CLIC) could reach ~ 20 % precision

(directly through Higgs pair production) [see for instance: Barklow et al.’| 7;
DiVita et al. 'l /]

» low-energy machines (CEPC, FCC-ee) could reach ~ 40 % precision
(indirectly through single Higgs processes) [DiVita et al."1 7]


http://arxiv.org/abs/arXiv:1606.09408

Beyond Higgs Couplings



Beyond Higgs couplings

Higgs couplings are not the end of the story...

... LHC can also perform other indirect tests, probing the EW
dynamics and the Higgs at high energy

example: di-boson production can probe deviations in the Higgs dynamics

(H) B . .
X Ow = (H'o"' D, H)(D"W,,,)’

q + 7 LV
>WW::*—/ Opw = (D, H)'e"(DYH)W},
q Vi -




Beyond Higgs couplings

4+ sizeable systematic errors in many cases do not
allow for pole (or low-energy) precision
measurements

+ however we can exploit the high energy reach

' [Farina, GP, Pappadopulo == ~B» \ o
—3 energy helps accuracy  GP, Pappadopulo, accurgfy W,

Ruderman, Torre, Wulzer '| 6]




Beyond Higgs couplings

4+ sizeable systematic errors in many cases do not
allow for pole (or low-energy) precision
measurements

+ however we can exploit the high energy reach

' [Farina, GP, Pappadopulo == ~B» \ o
—3 energy helps accuracy , P, Pappadopulo accurgfy W,

Ruderman, Torre, Wulzer '| 6]

+ key point: deviations from SM typically grow with energy

E2

ASM—I—BSM
~ 1t

Asu

—¥ | HC can match LEP sensitivity explorting the high energy reach
0.1 % at 100 GeV —¥ 10 % at 1 TeV

LEP energy LHC energy



W/Z: Reach at LHC

Estimate of the bounds on a,((f) (ﬁLaa’y“qL)(iHTaaﬁuH)

[Franceschini, GE Pomarol, Riva, Wulzer | /]
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+ Big improvement with respect to LEP



W/Z: Reach at LHC

Estimate of the bounds on a,((f) (ﬁLaa’y“qL)(iHTaaﬁuH)

[Franceschini, GE Pomarol, Riva, Wulzer | /]
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+ Big improvement with respect to LEP

4+ Accuracy plays an important role for the BSM reach
» weakly coupled new physics only accessible with low systematics ( <<100% )



Conclusions



Conclusions

The discovery of a SM-like Higgs boson changed our perspectives
|. confirmation of SM theory predictions (overall understanding of EWSB)

2. no more guaranteed discovery at colliders
... but still plenty of room for discovery/learning

Two main directions for HL-LHC:

+ direct exploration

e probe new resonances (eg. partners of the top) -—¥ test tuning ~ few %
+ Indirect tests
e Higgs couplings (single Higgs couplings and Higgs self-interactions)

e precision measurements of EW processes (can indirectly test Higgs dynamics)



Backup



Beyond Higgs couplings

est universal theories In WZ production channel  (franceschini, GR Pomarol, Riva Wuizer '17)
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+ better determination on trilinear gauge couplings (6g7 ) with respect to
olobal fit at LEP



Beyond Higgs couplings

est universal theories In WZ production channel  (franceschini, GR Pomarol, Riva Wuizer '17)
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\ ZWW interaction

+ better determination on trilinear gauge couplings (6g7 ) with respect to
olobal fit at LEP

+ [[HC and LEP probe independent operators
e correlations can exist in specific theories (eg. composite Higgs S ~ —dg? )



