Institute for
Theoretical
Particle Physics
and Cosmology

RWTH DIS 2016

Simplify your life

Towards more model-independent new
physics searches

Michael Kramer (RWTH Aachen University)

[Eeidelberg
[Mainz

DFG Deutsche
Forschungsgemeinschaft




Outline

e | essons from the 1st phase of the LHC

e [owards more model-independent searches:
effective field theories and simplitied models

e Simplified models for BSM Higgs physics

e Summary & conclusion



O
C
D

r_nlu
(-
D
D

O
)]
Q]

i
C
O
)]
@)

O
0P
O)

o)

1
®

Lessons from LHC runt

NS

CMS Experiment at the LHC, CERN

Data recorded: 2011-May-25 03:00:19.229673 GMT(10:00:19 CEST)

Run/Event 165633 /394010457




Lessons from LHC run1i: a Higgs boson has been found

...and it looks like the Standard Model Higgs
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Lessons from LHC runi:

the SM has passed most tests with flying colours

Jan 2016 CMS Preliminary
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Lessons from LHC run1:
the SM has passed most tests with flying colours
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Lessons from LHC runi: no clear sign of new physics
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Lessons from LHC runi: no clear sign of new physics

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: March 2016

ATLAS Preliminary
\s=7,8,13 TeV

Model &7y Jets ET [Lap™) Mass limit V5=7,8TeV | 5=13TeV Reference
L] T T L] L] L] T L] I T T T T L]
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(3)=m(g) 1507.05525
4, 4—qX) 0 2-6jets  Yes 3.2 m(¥})=0 GeV, m(I* gen. §)=m(2™ gen. §) ATLAS-CONF-2015-062
0 43, G—qX (compregsed) mono-jet 1 _3. Jets Yes 3.2 m(z}?}-m(}?)<5 GeV To appear
g g, q_)q([[({[,,/w),\/l 2e,u(off-Z) 2 j?ts Yes 20.3 820 GeV m(¥,)=0 GeV 1503.03290
S 28 8-qaX 0 2-6jets  Yes 3.2 m(E})=0 GeV ATLAS-CONF-2015-062
§ 88, 8oqq¥1 >qqW )%, ; e 5-2 i:iz Yes 323 — m(/\:fz)<35o GeV, m(t*)=0.5(m(¥})+m(z)) ATLAS1-E<’.‘§I\:)F3-:§51 5-076
—qq(Cl/tv/vv e - - 5 e m(¥|)=0 GeV .
e gg gﬂZZ(WZ/Xl o 0 7-10jets  Yes 3.2 m(¥}) =100 GeV 1602.06194
‘@ GMSB (7 NLSP) 1-27+0-1¢ 0-2jets Yes 20.3 g 1.63 TeV tang >20 1407.0603
S  GGM (bino NLSP) 2y - Yes 203 |z 1.34 TeV r(NLSP)<0.1 mm 1507.05493
£ GGM (higgsino-bino NLSP) Y 1b Yes 203 V4 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, 1<0 1507.05493
GGM (higgsino-bino NLSP) Y 2 jets Yes 203 | & 1.3 TeV m(¥?)<850 GeV, cr(NLSP)<0.1 mm, 1>0 1507.05493
GGM (higgsino NLSP) 2e,u(2) 2 jets Yes 20.3 b4 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'/2 scale 865 GeV m(G)>1.8 x 107* eV, m(z)=m(g)=1.5TeV 1502.01518
$ B 2 g-bbY) 0 3b Yes 3.3 m(¥?)<800 GeV ATLAS-CONF-2015-067
> g 323 §—>ID~(] 0-1e,pu 3b Yes 3.3 m(/\./?)zo GeV To appear
S %0 33, gobit) 0-1 e,y 3b Yes 201 |z 1.37 TeV m(E°)<300 GeV 1407.0600
o bibibiobt 0 26 Yes 32 | EAOIGEV m(¥})<100 GeV ATLAS-CONF-2015-066
<8 bbb —nxl 2e,u(SS)  0-3b Yes 32 |k | 325-540 GeV m(¥})=50 GeV, m(¥})= m(¥})+100 GeV 1602.09058
§ S hi, bty 1-2e,p 1-2b  Yes 4.7/20.3 | #117-170 GeV 200-500 GeV m(E%) = 2m(¥}), m(¥))=55 GeV 1209.2102, 1407.0583
@ g i, tl_>Wle or i) 0-2e¢,u 0-2jets/1-2b Yes 203 | 90-198 GeV 205-715 GeV 745-785 GeV m(E))=1 GeV 150608616, ATLAS-CONF-2016-007
% _P: tll‘l, 1ok 0 mono-jet/c-tag Yes 20.3 7 90-245 GeV m(?.)-m(/??)<85GeV 1407.0608
© Q§ 7ifi(natural GMSB) 2e,1(2) 1b Yes 203 |§ 150-600 GeV m(E})>150 GeV 1403.5222
W bbbl +Z 3e,u(2) 1b Yes  20.3 2 290-610 GeV m(¥!)<200 GeV 1403.5222
iy, h—f +h le,u  6Gjets+2b Yes 20.3 b 320-620 GeV m(t})=0 GeV 1506.08616
& rOLR, {—wxl 2e,u 0 Yes 203 |7 90-335 GeV m(¥})=0 GeV 1403.5294
X X.‘ X Sbvey) 2e,pu 0 Yes 203 | X} 140-475 GeV m(¥)=0 GeV, m(Z, #)=0.5(m(¥¥)+m(¥?)) 1403.5294
- )?T 1 X —>tv(Ev) 27 - Yes 203 |X 355 GeV m(&?)=0 GeV, m(z, 7)=0.5(m(¥7 )+m(¥})) 1407.0350
= § X/‘ g—>€l_v[]_€(vv) L) 3e,p 0 Yes  20.3 if,,?g 715 GeV m(¥T)=m(x3), m(¥})=0, m(Z, #)=0.5(m(¥;)+m(¥})) 1402.7029
w S X1X6—>WX 70 2-3e,u 0-2 jets Yes 20.3 )7:,;\"5 425 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | 1408.5294, 1402.7029
XéX —>WX1hX1, h—bb/WW/tt]yy ©HY 0-2b Yes  20.3 ﬁ,}, 270 GeV m(TT)=m(t3), m(¥})=0, sleptons decoupled 1501.07110
XOX3, X33 —lrl 4epu 0 Yes 203 |X;; 635 GeV m(¥3)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Teu+y - Yes  20.3 14 115-370 GeV er<imm 1507.05493
Direct ¥7X| prod., long-lived ¥7  Disapp. trk 1 jet Yes 203 |X 270 GeV m(¥})-m(¥})~160 MeV, r(¥1)=0.2 ns 1310.3675
. Direct ¥1X] prod., long-lived X7 dE/dx trk - Yes 184 | X 495 GeV MYE)-m(¥})~160 MeV, 7(¥5)<15 ns 1506.05332
© @ Stable, stopped g R-hadron 0 1-5jets  Yes 279 |2 850 GeV m(¥})=100 GeV, 10 us<7()<1000 s 1310.6584
S Metastable g R-hadron dEidxtk - - 52 |E e ATV mif))-100 Ge\, r>10 s To appear
2T GMSB, stable 7, 7@ f)+r(e. ) 124 - - 191 | # 537 GeV 10<tanB<50 1411.6795
3 Q GMSB X?—WG long-lived X 2y - Yes 203 | X 440 GeV 1<‘r(/?°)<3 ns, SPS8 model 1409.5542
gg,Xl—mevJe,uv/,u,uv displ. ee/eu/pp - - 20.3 )?3 1.0 TeV 7 <c‘r()(|)< 740 mm, m(3)=1.3 TeV 1504.05162
GGM gg, X|—ZG displ. vix + jets - - 20.3 X 1.0 TeV 6 <cT(¥))< 480 mm, m(3)=1.1 TeV 1504.05162
LFV pp—¥: + X, Vr—ep/et/ut epL,eT.uT - - 20.3 Ve 1.7TeV  45,,=0.11, A135/133/233=0.07 1503.04430
Bilinear RPV CMSSM 2e,1 (SS) 0-3b Yes 20.3 q.8 1.45TeV m(g)=m(g), ctrsp<1 mm 1404.2500
XIX. ,X1 —)WX. A —>eev,,, e, 4e,p - Yes 203 |X; 760 GeV mEY)>0.2xm(FE), 112120 1405.5086
> ,\/1)(, X owi) s, ey, Se,u+t - Yes 20.3 X 450 GeV m(¥1)>0.2xm(¥T), A,3320 1405.5086
‘é 88,8494 0 6-7jets - 203 |z 917 GeV BR(1)=BR(b)=BR(c)=0% 1502.05686
82, g—>qu 1s B - gqq 0 6-7 jets - 203 | & 980 GeV m(¥})=600 GeV 1502.05686
33, §—iyt, [ —>bs 2e,u(SS)  0-3b Yes 203 |2 880 GeV 1404.2500
fify, fi—bs 0 2jets+2b - 20.3 i 320 GeV 1601.07453
f1f1, f1—bl 2e,pu 2b - 20.3 i 0.4-1.0 TeV BR(i} —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, E—>c/\?? 0 2c¢ Yes 20.3 510 GeV m(¥})<200 GeV 1501.01325
L L L L L L L L I L L L L L
. . . .
Only a selection of the available mass limits on new 107! 1 Mass scale [TeV]

states or phenomena is shown.



Lessons from LHC runi: no clear sign of new physics
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Lessons from LHC runi: no clear sign of new physics
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Lessons from LHC runi: no clear sign of new physics
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Lessons from the LHC: “Who ordered that?”
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Who ordered the di-photon excess?
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Who ordered the di-photon excess?

CMS Preliminary 2.7 fo™' (13 TeV, 3.8T)
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The sociology of ambulance chasing

HINT OF NEW BOSON SPARKS FLOOD OF PAPERS

In just 21 days, physicists have posted 150 papers on the arXiv
preprint server about tantalizing results at the Large Hadron Collider.

150 ...................................................................................................................... .

Number of papers submitted
to arXiv (cumulative)

17 Dec 22 Dec 27 Dec 1 Jan
enamre 2015 2016



Key questions for LHC run 2

What is the mechanism of
electroweak symmetry breaking?

— Precision studies of Higgs boson properties

Is there physics beyond the Standard Model
at the TeV scale (SUSY, dark matter, ...)?

— Searches for new particles



BSM models for Higgs physics: top-down
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BSM models for Higgs physics: bottom-up

ATLAS and CMS Preliminary -—ATLAS
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BSM models for Higgs physics: bottom-up
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BSM models for Higgs physics: bottom-up

effective field theories
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e Mmediate between theory and data
e allow to explore the space of theories and signatures
e connect direct and indirect searches for new physics

Simplified models have become standard for SUSY and
dark matter searches at the LHC. We want to construct
simplified models tor Higgs physics to

e cxplore BSM theories that affect the Higgs sector;

e connect measurements of Higgs properties and
direct searches for new physics.
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A simplified model for Higgs physics

Dolan, Hewett, MK, Rizzo (arXiv:1601.07208 [hep-ph])

We take the SM and add

® g scalar singlet S
e o vector-like fermion representation F

S aqguires avev, S = (s + vs), and provides mass for the fermion,
MF = Vr Vs. The Higgs and new scalar fields mix, Ans HTH S2, and thus

we generate new physics eftects in all SM Higgs couplings:

g



A simplified model for Higgs physics

The simplest simplified model with F = T has 5 free and 3 fixed
parameters. We choose:

m2, 0, Vs, mt and 6L

and set mi= 125 GeV, vy = 246 GeV and mi = 173 GeV.



A simplified model for Higgs physics

The simplest simplified model with F = T has 5 free and 3 fixed
parameters. We choose:

M2, 6, Vs, mt and 6L

and set mi= 125 GeV, vy = 246 GeV and mi = 173 GeV.

The parameters are constrained by

e perturbative unitary
e precision EW data: S, T and U

e Higgs cross sections and branching ratios



A fit to the Higgs cross sections and BRs
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A fit to the Higgs cross sections and BRs
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A fit to the Higgs cross sections and BRs
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Need o(pp — hso) x BR(ho — v7v) ~ O(few tb)

2
With BR(hy — ) ~ g((ZZ - ;;; =3 (f) ~ 0.5%

this corresponds to o(pp — ho) = 1pb

mr
and thus yr=—>1
Vg



Is the new the scalar h> the 750 GeV resonance?
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Can restore perturbativity by adding more generations of new fermions.
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A small vs ~ 100 GeV implies a large yr = mr/vs
and a violation of perturbative unitarity.

Can restore perturbativity by adding more generations of new fermions.

However, a large width T'y, =~ 45 GeV as favoured by ATLAS,
would most likely iImply non-perturbative dynamics. (See e.g. 1512.04933)
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Summary

Searches for new physics are increasingly designed

and interpreted in terms of

simplified models rather

than specitic top-down models

Simplified models

e Mmediate between theory and data
e allow to explore the space of theories and signatures
e connect direct and indirect searches for new physics

However
e how do we choose the rig

® do simplitied models provi

Nt simplified model?

de an explanation?

e how to simplified models connect to theory?
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The Higgs boson mass and profile, and the limits from direct
searches tend to push the new physics scale beyond TeV.

New physics is either natural and somewhat elaborate,
or simple and unnatural.



Conclusions

The Higgs boson mass and profile, and the limits from direct
searches tend to push the new physics scale beyond TeV.

New physics is either natural and somewhat elaborate,
or simple and unnatural.

For the LHC-13 we need to

e cxplore a wider range of BSM models
e move towards more model-independent searches:
effective field theories, simplified models.
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Thank you!
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A simplified model for Higgs physics

Different representations for the new fermion result in different patterns
for Higgs cross sections and branching ratios.



A simplified model for Higgs physics

Different representations for the new fermion result in different patterns
for Higgs cross sections and branching ratios.

Consider the Higgs gauge boson coupling ~ h VuW#v
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A simplified model for Higgs physics

L: D) [:Yukawa ‘|‘ [:ga,uge . V(H7 S)
V(H,S)=—p?H'H+ NH'H)>+ S-H'H S

+7FHTHS? +b,5+ %252 + %353 + %S‘l

. it
with -+ H = (jg(h + vir + i¢")

) and S = (s+ vg)

For simplicity, we assume a Zz-symmetry and set a; = b1 = bz = 0.



A simplified model for Higgs physics

L: D) »CYukawa ‘|‘ »Cgauge . V(H7 S)
V(H,S)=—pu?HTH + XNHTH)? + %HTHS
+%HTH S% 4+ 015+ %252 + %333 + %S‘*

. .3'¢,+ B
with  H = (w}g(th’l’H +mg)) and S = (s+ vg)

For simplicity, we assume a Zz-symmetry and set a; = b1 = bz = 0.
H and S mix, to form mass eigenstates h1 and ha:

9 9 ( a% ) 9 9 CL% UJQLI
ms = 2\v 1 — —<— ms = 2b,v (1 | )
1 H 4)\[)4 2 S 4b421 U%

tan(260) = Z_i ??J}_];
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A simplified model for Higgs physics

't Is straightforward to calculate the couplings of the 125-Higgs
to SM particles:

L e - i D T
S = o EeR e SNl e e GG

(3%

For the loop-induced couplings one has

m ¢ ™mmr

2
s Z 9h - 9hTT N VH
ghgg — 47'('2 ( 1S Al/Q(Tf) i Al/Q (TT)) ~ gg% (CQ o )
f
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through Higgs + jet production:

RN
T



The Higgs Pr distribution

One can try to resolve the heavy new fermion in the loop
through Higgs + jet production:
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Higgs pair production

One can try to learn something about the new scalar
sector through Higgs pair production:
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Higgs pair production

One can try to learn something about the new scalar
sector through Higgs pair production:
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Is the new the scalar h> the 750 GeV resonance?

Straightforward test: di-jet searches

o(pp ~» h; - gg) (fb)
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Direct searchesforSand T
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